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Abstract 

 
Glioblastoma (GBM) is the most frequent and most aggressive primary adult brain tumour, with an expected 

survival time of only 12-15 months from diagnosis and a 5-year survival rate of 5%. Despite intensive research, 

treatment outcomes for GBM have barely improved over the past decades. Invasion of tumour cells into the 

surrounding brain tissue and significant genetic and transcriptional heterogeneity have impeded therapeutic 

progress.  

In the work presented here, we harness recent advances in organoid generation and single-cell sequencing 

technologies to establish an experimental model system of glioblastoma invasion into brain organoids. We 

establish human brain organoids from induced pluripotent stem cells (iPSCs) and co-culture them with 

fluorescently labelled patient-derived GBM cells. Tumour cells invade into organoids within three days and extend 

membrane-bound microtubes that are up to 450 μm long, mirroring the formation of GBM cell networks previously 

observed in vivo. Invasion is visualised and quantified by tissue clearing and confocal microscopy. Our model is 

highly scalable and reproducible, enabling the study of the invasion process on clinically relevant timescales of 

less than one month in high-throughput applications.  

Single-cell transcriptomics analyses of GBM cells before and after co-culture with organoid cells reveal substantial 

interpatient heterogeneity, but also identify transcriptional changes that are consistent across patients and may thus 

be generally implicated in the interactions of tumour cells with normal brain cells. Novel treatment strategies 

targeting tumour invasion and microtube formation could therefore provide clinical benefit to GBM patients in the 

future.  

Together, these results demonstrate the utility of our experimental system for modelling glioblastoma invasion in 

vitro to improve our understanding of glioblastoma biology, as well as our ability to develop targeted therapies 

and select personalised treatment approaches for this as yet uncurable disease. 

 

  



 2 

Zusammenfassung 

 
Glioblastome (GBM) sind die häufigsten und aggressivsten primären Hirntumore bei Erwachsenen, mit einer 

Lebenserwartung von nur 12-15 Monaten ab der Diagnose und einer 5-Jahres-Überlebensrate von 5%. Trotz 

intensiver Forschung haben sich die Behandlungsergebnisse für GBM in den letzten Jahrzehnten kaum verbessert. 

Die Invasion von Tumorzellen in das umliegende Hirngewebe sowie die signifikante genetische und 

transkriptionelle Heterogenität erschweren Fortschritte in der Therapie. 

In der hier vorgestellten Arbeit nutzen wir neuere Entwicklungen in der Generierung von Organoiden und der 

Einzelzellsequenzierung, um die Invasion von GBM-Zellen in Hirnorganoide experimentell zu modellieren. Wir 

etablieren humane Hirnorganoide basierend auf induzierten pluripotenten Stammzellen und kultivieren sie 

gemeinsam mit fluoreszenzmarkierten GBM-Zellen. Tumorzellen migrieren innerhalb von drei Tagen in die 

Organoide hinein und entwickeln membranumhüllte, schlauchförmige Ausstülpungen, genannt ‚microtubes‘, die 

bis zu 450 μm lang werden. Sie spiegeln damit die Ausbildung von Netzwerken aus Glioblastomzellen wider, die 

bereits in vivo beobachtet wurde. Mittels Gewebereinigung und Konfokalmikroskopie visualisieren und 

quantifizieren wir die Tumorinvasion. Unser Modell ist hochgradig skalierbar und reproduzierbar und ermöglicht 

so die Untersuchung des Invasionsprozesses innerhalb klinisch relevanter Zeiträume von weniger als einem Monat 

in Hochdurchsatzverfahren. 

Einzelzell-Transkriptomanalysen von GBM-Zellen vor und nach Ko-Kultur mit Organoidzellen offenbaren 

erhebliche Heterogenität zwischen Patienten, identifizieren aber auch übereinstimmende transkriptionelle 

Veränderungen über alle Patienten hinweg, die generell zur Interaktion von Tumorzellen mit normalen Hirnzellen 

beitragen könnten. Neuartige Behandlungsstrategien, die auf die Tumorinvasion und die Bildung von ‚microtubes‘ 

abzielen, könnten daher zukünftig klinischen Nutzen für Patienten mit Glioblastomen bringen. 

Insgesamt demonstrieren unsere Ergebnisse die Anwendung unseres experimentellen Systems zur Modellierung 

der Invasion von Glioblastomen in vitro. Unser Modell kann dazu beitragen, unser Verständnis dieser bislang 

unheilbaren Erkrankung zu verbessern, zielgerichtete Therapien zu entwickeln und personalisierte 

Behandlungsstrategien zu ermitteln. 
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1 Introduction 

1.1 Invasive behaviour and cellular heterogeneity of glioblastoma 
Glioblastoma (GBM) is the most frequent primary adult brain tumour, and also the most lethal (Omuro and 

DeAngelis, 2013; Ricard et al., 2012). In the WHO classification of gliomas, it is designated based on 

histopathological features as a grade IV tumour with a high rate of proliferation and aggressive invasion into the 

surrounding brain tissue. The current 5-year survival rate of GBM is estimated at 5%, and the expected survival 

time is only 12-15 months from diagnosis. These numbers have barely improved over the past decades, despite 

intensive research into GBM biology and novel therapies (Geraldo et al., 2019).  

In the vast majority of cases, the origin of GBM remains unknown. Environmental exposure to ionising or 

electromagnetic radiation, viral infections, and genetic predisposition are all being investigated as potential 

causative factors, but their relevance has not been clearly established. A critical germline alteration predisposing 

patients to different tumour types including GBM has only been detected in a small minority of patients (<5%). 

Multigenetic predisposition also appears to play a minor role, since fewer than 20% of GBM patients present with 

a family history of malignancies (Wrensch et al., 2002).  

As GBM tends to cause unspecific symptoms and diagnostic tools for early detection are not in routine clinical 

use, the cancer is typically diagnosed by standard magnetic resonance imaging at an advanced stage (Müller Bark 

et al., 2020). At this point, GBM presents with invasive projections that diffusely invade into the surrounding 

healthy brain tissue. Curative resection is therefore not feasible; instead, the therapeutic approach of choice is 

usually partial resection followed by adjuvant radiochemotherapy (Lara-Velazquez et al., 2021). Dissemination of 

GBM cells to distant locations also likely contributes to the high rate of recurrence observed for this entity (Paw 

et al., 2015). 

Recent studies have demonstrated the striking invasive potential of GBM cells in vivo through histopathology and 

the use of mouse models. In post-mortem brain samples of GBM patients, widespread dissemination of tumour 

cells throughout both hemispheres and into the cerebrospinal fluid has been observed (Onda et al., 1989). A set of 

recent studies used multiphoton laser-scanning microscopy to track the dynamics of human GBM-derived cells 

injected into mouse brains for up to one year, finding that invasive GBM cells extend membrane-bound 

protrusions, termed microtubes, over distances of up to several hundred micrometres (Osswald et al., 2015). These 

protrusions enable GBM cells to interconnect over long distances and communicate via microtube-associated gap 

junctions. They also render the resulting GBM cell network more resistant to cell ablation, as tumour microtubes 

are used for cell replacement by advancing nuclei to the locations of dead cells within a few days. Finally, toxic 

levels of small molecules that occur in individual cells in response to chemotherapy or radiotherapy can be 

distributed via tumour microtubes across the larger network to result in nonlethal levels, making those therapies 

less effective (Weil et al., 2017). In addition to communicating with other tumour cells, GBM cells are also thought 

to interact with cells of the surrounding healthy brain tissue via soluble factors or direct cell-cell contacts, resulting 

in increased proliferation and invasiveness of the tumour (Broekman et al., 2018). 

Apart from its invasive nature impeding complete surgical resection, another challenge in the treatment of 

glioblastoma is the substantial degree of cellular heterogeneity observed between and within tumours, which is 

becoming increasingly evident at the genetic (Meyer et al., 2015; Sottoriva et al., 2013), epigenetic (Klughammer 
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et al., 2018; Mazor et al., 2016) and transcriptional level (Patel et al., 2014). Based on integrated genomic and 

transcriptomic analyses of primary tumours, a classification comprising four transcriptional subtypes of GBM 

(termed Proneural, Neural, Classical and Mesenchymal) has been established (Verhaak et al., 2010). These 

subtypes may reflect different disease aetiologies or cells of origin of the tumours, and they have clinical relevance 

as different subtypes might be susceptible to different therapeutic approaches. 

1.2 Modelling glioblastoma invasion in vitro 
Due to the therapeutic and prognostic significance of the invasive behaviour of GBM, substantial effort has already 

been invested in understanding the underlying biological mechanisms and cellular dynamics. Attempts to study 

GBM invasion in vivo have largely been limited to mouse models, usually involving the injection or transplantation 

of human GBM cells into a living murine host. While such models may capture the systemic response to GBM 

progression, they are time-consuming and costly, with limited reproducibility, and they do not take into account 

the increased diversity of cell types in human compared to murine brains (Miller et al., 2019). Therefore, a recent 

study aimed to infer functional characteristics of individual invasive GBM cells in vivo from surgical biopsies of 

human patients, although results remained preliminary due to the low number of cells for which data could be 

obtained (Darmanis et al., 2017).  

As an alternative approach to study GBM invasion, a variety of in vitro model systems have been developed in 

recent years that reproduce distinct characteristics of the disease. Most simply, GBM cells may be seeded onto 

artificial extracellular matrix materials, usually collagen-based, and their migration patterns tracked over time in 

three dimensions. However, these materials are an incomplete reproduction of the tumour microenvironment, 

remaining devoid of non-tumour cell types and often also lacking important components of the extracellular matrix 

such as laminin, proteoglycans and fibrous glycoproteins (Vollmann-Zwerenz et al., 2020).  

To represent the cellular microenvironment of GBM more completely, organotypic slice cultures offer a model 

system preserving tissue architecture and three-dimensional (3D) structure in vitro. They have become a useful 

tool for investigating cellular processes in neuroscience as they are amenable to biochemical assays, 

immunohistochemical stainings, and microscopic imaging of fixed or living tissues (Humpel, 2015). Brain slice 

cultures are most often acquired from mice or rats, but to faithfully reproduce the cell type diversity of the human 

brain, they may also be obtained from human fetal tissue. 

Based on recent advances in stem cell technologies, human organoids have emerged as an alternative system to 

model human tissues without the reliance on fetal samples. Brain organoids enable modelling of the healthy human 

brain as well as brain diseases in vitro. As they are usually derived from neural progenitor cells, human brain 

organoids recapitulate the development of neuronal and glial cells, while interactions with immune cells and other 

resident cell types may be modelled using co-culture protocols. Organoids have been used successfully to study 

the mechanisms underlying diverse neurodevelopmental and neurodegenerative diseases, as well as for drug 

screening applications (Chiaradia and Lancaster, 2020).  

To model glioblastoma, recent studies have employed genetic transformation of human brain organoid cells into 

malignant cells, or transplantation of patient-derived tumour cells into organoids, to trace tumour progression in 

vitro (Bian et al., 2018; da Silva et al., 2018; Linkous et al., 2019; Ogawa et al., 2018). A major challenge of 

currently available organoid-based models for glioblastoma is the length of time required to establish and maintain 
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cultures, usually many weeks to months, limiting their usability for clinical applications. Moreover, the invasive 

behaviour of GBM cells and their interactions with healthy brain cells have not been studied in detail using these 

models. To achieve this, appropriate imaging technology is required for morphological assessments, while a 

comprehensive functional characterisation of individual tumour and non-tumour cells may be achieved by novel 

RNA sequencing approaches. 

1.3 Imaging tumour invasion 
Imaging the invasion of tumour cells into tissues by microscopy poses considerable technological challenges. As 

migrating GBM cells may traverse distances of more than 500 µm (Osswald et al., 2015), large tissue samples 

need to be imaged in order to track this process. Cryosectioning of samples, a method frequently chosen to visualise 

the architecture of many other solid tumours, enables the subsequent imaging of adjacent sections and 

reconstruction of a three-dimensional map of the locations of cell bodies or nuclei. However, the faithful tracing 

of tumour microtubes – which are of prime interest in the case of GBM – requires imaging of intact three-

dimensional tissue samples. Different microscopy techniques have been developed over the past decades that can 

be used to address this challenge.  

Confocal microscopy, an imaging technique which uses a spatial pinhole or confocal aperture to block any 

emission of light from out-of-focus planes, excites a specimen within a narrow plane of focus (Smith, 2011). 

Compared to conventional widefield fluorescence microscopy, this leads to a reduction in background signal. By 

moving the focus plane sequentially through the sample in a process known as optical sectioning, large three-

dimensional objects can thus be imaged at superior optical resolution and contrast up to depths of several hundred 

micrometres. However, while detection of signal is limited to a single plane, confocal microscopy requires the 

illumination of the specimen with a double inverted cone of light, resulting in significant photobleaching and 

photodamage. 

For samples that require penetration even deeper into the tissue, two-photon microscopy represents another 

promising technological advance (Kobat et al., 2011). While classic fluorescence microscopy relies on the 

excitation of a fluorophore by absorption of one single photon of a particular wavelength, two-photon microscopy 

uses the combined energy of two photons of a longer wavelength to excite a fluorophore. As the excitation volume 

is limited to the small part of the sample where two photons of appropriate energy are absorbed by the fluorophore 

almost simultaneously, no pinhole aperture is needed for this approach to reduce background signal. The longer 

wavelength photons used in two-photon microscopy are typically in the infrared region; they penetrate tissue more 

deeply and result in less tissue damage due to their lower energy levels, making two-photon microscopy 

particularly valuable for imaging live samples. The main drawback of this technology is the long acquisition time 

necessitated by pointwise scanning of the sample. 

Light-sheet microscopes, on the other hand, enable high-resolution imaging of intact three-dimensional samples 

with fast acquisition speeds (Kumar et al., 2014; Power and Huisken, 2017; Wu et al., 2013). Here, illumination 

and detection axes are separated such that fluorophores are excited in a single thin layer with a scanning beam, 

and emitted light is detected along an orthogonal axis. This approach results in superior optical sectioning and 

improves the signal-to-noise ratio while also enabling fast acquisition speeds and low phototoxicity. However, the 

penetration depths offered by current commercially available light-sheet microscopes remain limited compared to 

two-photon microscopes. 
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Apart from choosing an appropriate imaging instrument, sample processing prior to imaging is another key 

determinant of image quality when visualising tumour invasion into tissues. A growing number of tissue clearing 

techniques have been developed that aim to reduce light scattering within the tissue during image acquisition by 

harmonising the refractive index throughout the sample. Broadly, current tissue clearing methods may be grouped 

into two categories: solvent-based techniques, which usually consist of tissue dehydration followed by lipid 

solvation and clearing through matching the refractive index to that of the dehydrated sample, and aqueous-based 

techniques, in which the sample is immersed in a solution with the same refractive index, sometimes following 

active or passive removal of lipids (Richardson and Lichtman, 2015). As different tissue clearing approaches have 

distinct advantages and drawbacks, for example with regard to changes in tissue architecture such as shrinkage or 

swelling, preservation of fluorescent protein emission or compatibility with immunolabelling protocols, a suitable 

approach needs to be selected for each individual application. 

1.4 Single-cell transcriptomics 
Solid tumours represent complex multicellular ecosystems, with diverse neoplastic cells surrounded by immune 

and stromal cell types. The rapid development of single-cell RNA sequencing (scRNA-seq) technologies during 

the past decade has enabled the study of functional cellular heterogeneity in human tumours at unprecedented 

resolution (Suvà and Tirosh, 2019). 

While many different commercial and custom approaches now exist for analysing the transcriptomes of individual 

cells, they usually follow the same sequence of steps. Firstly, single cells are isolated from three-dimensional 

tissues by manual or enzymatic dissociation. RNA extracted from single cells is then reverse transcribed into 

cDNA libraries, which are subsequently amplified and sequenced using next-generation sequencing. Raw 

sequences are computationally aligned to the human genome, resulting in read counts per transcript for each cell. 

These read count distributions are finally subjected to downstream analysis, for example in order to determine 

cellular identities, resolve functional diversity, or infer potential interactions between cell types. As single-cell 

RNA sequencing data is inherently sparse and noisy, computational and statistical approaches have been developed 

that specifically deal with the analytical challenges imposed by this data (Stegle et al., 2015). For instance, methods 

that correct for technical variability and batch effects through adaptations of principal component analysis or the 

detection of mutual nearest neighbours now allow for the merging of transcriptomics data from different 

experiments (Butler et al., 2018; Haghverdi et al., 2018). 

The first realisations of single-cell RNA sequencing relied on manual pipetting, but a number of commercial 

systems now simplify the processing of many individual cells in parallel through harnessing microfluidics or 

robotics. The WaferGen iCell8 system, which was used for the experiments presented in this thesis, dispenses a 

solution of single cells at limiting dilution into a chip containing 5,184 nanowells. An integrated microscope is 

employed to identify nanowells containing viable single cells, which are then processed for cDNA library 

generation. More recent commercial scRNA-seq technologies, such as the popular 10x Genomics Chromium 

system, can process several thousand cells at once and offer a more user-friendly setup with a smaller bench 

footprint.  

For glioblastoma, scRNA-seq studies have already uncovered different malignant cell states and transcriptional 

programmes related to e.g. proliferation and immune signalling, with substantial heterogeneity between patients 
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(Neftel et al., 2019; Patel et al., 2014). However, GBM invasion and the interaction of tumour cells with normal 

human brain cells have not been specifically addressed yet. 

1.5 Aims and significance of the current work 
In the work presented here, we developed an experimental model system to study glioblastoma invasion into 

human brain organoids in a reproducible manner on clinically relevant timescales of less than one month. Our aim 

was to study the invasion process by imaging and single-cell transcriptome analyses. To this end, human brain 

organoids were generated from induced pluripotent stem cells (iPSCs) and co-cultured with fluorescently labelled 

patient-derived GBM cells. Invasion was visualised and quantified using confocal microscopy on previously 

cleared tissues. To study the interaction of GBM cells and normal brain cells of the neuronal lineage at a functional 

level, scRNA-seq was performed on tumour cells before and after co-culture with organoid cells. Our combined 

experimental and computational approach thus allowed us to identify transcriptional programmes implicated in 

GBM invasion and suggest potential therapeutic targets.  
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2 Methods and Materials  

Sections in the following chapter are reproduced, with minor adaptations, from the corresponding publication 

(Krieger et al., 2020), and were written by myself. All experiments and analyses were performed by myself, unless 

otherwise indicated. 

2.1 Glioblastoma cell culture 
Primary tumour samples were received from Frankfurt University Hospital (Edinger Institute). Informed consent 

was obtained prior to surgery. Experiments involving human patient material were performed in accordance with 

the Declaration of Helsinki and were approved by the ethics committee of the University Cancer Center Frankfurt, 

project number SNO_01_13. Patient-derived GBM cell cultures were established by our collaborators Dr. Tanja 

Eisemann, Dr. Heike Peterziel and Prof. Peter Angel at the German Cancer Research Center, as described 

(Eisemann et al., 2019), and were transferred to our laboratory after cell dissociation and freezing. After thawing, 

we cultured cells in suspension culture in 75 cm2 ultra-low attachment flasks in Neurobasal medium (Gibco) 

supplemented with 2 mM L-glutamine (Life Technologies), 1x B27 (Gibco), 2 μg/ml heparin, 20 ng/ml EGF and 

20 ng/ml bFGF (R&D Systems). For passaging, spheroid cultures were dissociated using Accutase (StemCell 

Technologies) when they had reached diameters of ~100 μm, every 1-3 weeks. To confirm the invasive capacity 

of GBM cells in hydrogel matrix, spheroids were embedded in Matrigel (Corning).  

2.2 Lentiviral labelling and FACS sorting 
Second-generation replication-incompetent lentivirus was produced by FuGENE transfection (Promega) of 

HEK293T cells with the expression plasmid LeGO-G2, complemented with the packaging plasmids psPAX2 and 

pMD2.G (all from Addgene). GBM cells were infected on three consecutive days by spinoculation at 800 g for 

30-60 minutes, and GFP-expressing cells were isolated by FACS. Lentivirally labelled GBM cells were maintained 

in neural maintenance medium, a 1:1 mixture of N-2 and B-27-containing media (N-2 medium: DMEM/F-12 

GlutaMAX, 1× N-2, 5 μg/ml insulin, 1 mM L-glutamine, 100 μm nonessential amino acids, 100 μM 2-

mercaptoethanol; B-27 medium: Neurobasal, 1× B-27, 200 mM L-glutamine), and passaged every 1-3 weeks as 

described above.  

2.3 Cerebral organoid culture 
The iPS cell line 409b2 was obtained from Riken Institute (Wako, Japan). For routine culture, iPSCs were 

maintained in mTeSR1 medium (StemCell Technologies) on tissue culture plates coated with Matrigel (Corning) 

and passaged every 4-5 days using Gentle Cell Dissociation Reagent (StemCell Technologies). For organoid 

seeding, iPSCs were dissociated with Accutase (StemCell Technologies) and transferred into AggreWell plates in 

Neural Induction Medium (StemCell Technologies) with 10 μM Y-27632 (StemCell Technologies) at a density of 

1,000 cells per cavity, following manufacturers' instructions. Spheroid formation was confirmed visually after 24 

hours, and spheroids were maintained in Neural Induction Medium (StemCell Technologies) with daily medium 

changes. After 5 days, spheroids were harvested from the AggreWell plates and embedded in Matrigel. Medium 

was changed to neural maintenance medium, supplemented with 50 U/ml penicillin and 50 mg/ml streptomycin, 

and exchanged every 2 days. Neural induction in 2D was performed after plating dissociated iPSCs onto Matrigel-

coated plates, using the same culture media. 
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2.4 Glioblastoma invasion assays 

2.4.1 Invasion into cerebral organoids 

On day 24 of culture, organoids were removed from Matrigel by incubation with Dispase (Sigma) at 37°C, and 

transferred to individual wells of a GravityTRAP ULA Plate (PerkinElmer). Labelled GBM cells were dissociated 

with Accutase and added to the organoid plate in neural maintenance medium at a concentration of 1,000 cells per 

well. Plates were centrifuged at 100 g for 3 min before returning to the incubator. After 2 days, Organoids were 

live stained with 100 nM SiR-actin (Spirochrome). The following day, organoids were harvested, fixed in 2% PFA 

for 30 min, and embedded in Matrigel for immobilization. 

2.4.2 Invasion into MCF10AT spheroids 

MCF10AT cells were cultured in DMEM/F12 medium (Invitrogen) supplemented with 5% horse serum, 20 ng/ml 

EGF, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin, 100 μg/ml insulin and 1% penicillin/streptomycin. For 

organoid generation, single MCF10AT cells were plated in Matrigel (Corning) and allowed to develop for 14 days. 

MCF10AT spheroids were then dissociated with Dispase and co-cultured with dissociated GBM cells in neural 

maintenance medium in GravityTRAP ULA Plates, as described for cerebral organoid co-cultures. 

2.4.3 Invasion into SH-SY5Y spheroids 

SH-SY5Y cells were cultured in neural maintenance medium. To generate spheroids, cells were plated in a 

GravityTRAP ULA Plate (PerkinElmer) at a density of 5,000 cells per well and allowed to develop for 7 days. 

SH-SY5Y spheroids were then co-cultured with dissociated GBM cells in neural maintenance medium, as 

described for cerebral organoid co-cultures. 

2.5 Tissue clearing of fixed organoids and spheroids 
Adapting a previously published method (Hou et al., 2015), tissue clearing of Matrigel-embedded organoids was 

performed with an increasing gradient of fructose solutions over several days (Table 1).   

 

Table 1: Composition of tissue clearing media 
(adapted from Krieger et al., 2020) 
 

Step 
Ingredients of clearing solution (wt/vol)  Duration of 

incubation Fructose Urea α-thioglycerol 
1 35% 48% (8 M) 0.5% 12 hours 
2 40% 48% (8 M) 0.5% 12 hours 
3 60% 37% (6.16 M) 0.5% 24 hours 
4 80% 26% (4.3 M) 0.5% 24 hours 
5 100% 11% (1.8 M) 0.5% 24 hours 
6 100% 11% (1.8 M) 0.5% until imaging 

 

2.6 Immunohistochemistry of organoid slices 
For immunohistochemistry, organoids were fixed with 2% PFA for 30 min, embedded in Tissue-Tek O.C.T. 

compound, and snap-frozen in liquid nitrogen. Frozen samples were stored at -80°C for up to two weeks. 

Cryosections of 8 μm thickness were prepared by Dr. Anja Kühl at the Charité iPATH facility, and slides were 

stored at -20°C. Immunohistochemistry was performed with primary antibodies against KI67 (BD Bioscience 
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#610969), OCT4 (Abcam ab19857), βIII-tubulin (BioLegend #801202), PAX6 (BioLegend #901301), GPC3 

(Sigma HPA006316), CD81 (Invitrogen MA5-13548), DLK1 (Invitrogen MA5-15915), NOTCH1 (CST 4380), 

COL4A5 (LSBio LS-C353940), ITGAV (Abcam ab16821), β-actin (Abcam ab8226), Cx43 (Sigma C6219), GFP 

(Abcam 13970), and appropriate secondary antibodies (Cell Signaling Technology). 

2.7 Imaging 
Confocal images were acquired on an LSM780 Axio Observer confocal laser scanning microscope (Zeiss).  

2.8 Image analysis 

2.8.1 Image pre-processing 

Image pre-processing was performed in ImageJ as follows: To obtain a representation of the organoid, the SiR-

actin signal was subjected to brightness adjustment and Gaussian blurring (sigma = 2), followed by scaling to 2912 

μm3/voxel by bicubic interpolation, and binarization using the Triangle method. To identify the voxels occupied 

by GBM cells, the GFP signal was subjected to brightness adjustment and Rolling-Ball background subtraction 

(radius = 64), followed by scaling to 2912 μm3/voxel by bicubic interpolation, and binarization using Otsu’s 

method.  

2.8.2 Analysis of GBM invasion images 

Downstream image processing was performed in MATLAB as follows: Using binarized images, single cells in the 

Matrigel surrounding organoids were excluded by connected component analysis using the ‘bwlabeln’ function, 

and holes inside the organoid were filled with the ‘imfill’ function. The organoid surface was approximated by 

Delauney triangulation using the ‘delaunayTriangulation’, and normal distances from GBM-occupied voxels to 

the organoid surface were calculated with the ‘point2trimesh’ function. We performed hierarchical clustering of 

voxels based on Euclidean distances and calculated distance matrices to visualize dispersion of GBM cells within 

organoids.  

2.8.3 Tracing of microtube processes 

Processes were tracked using the Simple Neurite Tracer in ImageJ. A total of 120 cells (n=10 cells each from n=3 

organoids for each patient) were randomly selected, and all their processes tracked. 

2.9 Single-cell RNA sequencing 

2.9.1 Isolation of single cells 

For scRNA-seq of GBM cell lines, cells were cultured in neural maintenance medium for 1-3 weeks after 

passaging, until the largest spheroids were ~100 μm in diameter. Cells were then dissociated with Accutase 

(StemCell Technologies), washed twice in PBS, and passed through a 20μm cell strainer (PluriSelect).  

For scRNA-seq of co-cultured GBM and organoid cells, NPC spheroids were generated by inducing iPSCs 

AggreWell plates as described above. After 7 days, NPC spheroids and lentivirally labelled GBM cells from 

separate cultures were dissociated using Accutase (StemCell Technologies), mixed in a 1:1 ratio, and replated onto 

AggreWell plates at 1,000 cells per cavity in neural maintenance medium. After 3 days, mixed spheroids were 

dissociated using Accutase (StemCell Technologies), washed twice in PBS, and passed through a 20 μm cell 

strainer (PluriSelect).  
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2.9.2 Preparation of libraries for scRNA-seq 

Single-cell suspensions were stained with Hoechst and Propidium Iodide (ReadyProbe Cell Viability Imaging Kit, 

Invitrogen) for 10 min at room temperature and cell numbers and viability were checked with a Countess 

automated cell counter (Thermo Fisher). Samples were discarded if cell viability was below 85%. The TakaraBio 

iCELL8 system and the associated Rapid Development Protocol (in-chip RT-PCR amplification) were used for 

single cell isolation, reverse transcription and cDNA amplification (Goldstein et al., 2017). Briefly, cell 

suspensions were distributed into a nanowell chip containing oligo-dT primers with a unique barcode for every 

well. Chips were imaged using an automated fluorescence microscope and frozen at -80°C until further use. 

Nanowells occupied by single cells were identified using the CellSelect software and manually curated in order to 

exclude non-detected doublets or dead cells. After thawing frozen chips, 50 nl of RT/Amp solution was dispensed 

into selected nanowells (Master mix: 56 µl 5 M Betaine, 24 µl 25 mM dNTP mix (TakaraBio), 3.2 µl 1 M MgCl2 

(Invitrogen), 8.8 µl 100 mM Dithiothreitol (TakaraBio), 61.9 µl 5x SMARTScribe™ first-strand buffer, 33.3 µl 

2x SeqAmp™ PCR buffer, 4.0 µl 100 µM RT E5 Oligo, 8.8 µl 10 µM Amp primer (all TakaraBio), 1.6 µl 100% 

Triton X-100 (Acros), 28.8 µl SMARTScribe™ Reverse Transcriptase, 9.6 µl SeqAmp™ DNA Polymerase 

(TakaraBio)). After in-chip RT/Amp amplification (18 amplification cycles, in-chip RT/Amp Rapid Development 

protocol) inside a modified SmartChip Cycler (Bio-Rad), libraries were pooled, concentrated (DNA Clean and 

Concentrator−5 kit, Zymo Research) and purified using 0.6x Ampure XP beads. Concentration and quality of 

cDNA was assessed by a fluorometer (Qubit) and by electrophoresis (Agilent Bioanalyzer high sensitivity DNA 

chips). Next generation sequencing libraries were constructed using the Nextera XT kit (Illumina) following the 

manufacturer´s instructions. Final libraries were sequenced with the NextSeq 500 system in high-output mode 

(paired-end, 21 x 70 for v1, 24 x 67 for v2 chip). Raw sequencing data have been deposited at the European 

Genome-Phenome Archive (http://www.ebi.ac.uk/ega/) under accession number EGAS00001003852.  

2.9.3 scRNA-seq data analysis 

2.9.3.1 Pre-processing 

For pre-processing of single-cell RNA-seq data, the following steps were performed by our collaborator Dr. 

Jeongbin Park, using an automated in-house workflow based on Roddy 

(https://github.com/TheRoddyWMS/Roddy). Read quality was evaluated using FastQC. iCELL8 library barcodes 

from the first 21 bp reads were assigned to the associated nanowell with the Je demultiplexing suite (Girardot et 

al., 2016). Remaining primer sequences, Poly-A/T tails and low-quality ends (<25) were trimmed using Cutadapt. 

Furthermore, since NextSeq (Illumina) encodes undetected bases as incorrect ‘Gs’ with high quality, Cutadapt’s 

‘—nextseq-trim’ option was used for improved quality trimming. Trimmed reads were mapped to the reference 

genome hs37d5 (derived from the 1000 genomes project) using the STAR aligner. Mapped BAM files were 

quantified using featureCounts with reference annotation gencode v19.  

2.9.3.2 Quality control and normalization 

To exclude low-quality cells from further analysis, RNA-seq libraries that contained less than 150 detected genes 

or more than 15% mitochondrial reads were filtered out. Adapting a previously published approach (Puram et al., 

2017), aggregate expression for each gene across all cells was calculated as Ea = log(mean[Ej,1…n] + 1), where Ej 

is the counts-per-million expression value of the gene in cell j. 8,533 genes with Ea > 2 were retained for analysis. 
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2.9.3.3 Comparison of tumour cells from individual and co-cultured samples 

Filtered and normalized data of all patients was combined to identify NPCs and tumour cells in each sample. Using 

the Seurat package as implemented in R (Butler et al., 2018), principal component analysis (PCA) was performed 

prior to clustering, and the ‘FindClusters’ function (with resolution = 0.4) was run on the first 9 principal 

components only. Results were visualized by t-distributed stochastic neighbour embedding (t-SNE (van der 

Maaten and Hinton, 2008)). Clusters containing cells from the NPC-only sample were identified as ‘brain’, 

whereas clusters containing only GBM cells were identified as ‘tumour’. After manual splitting of one of the 

resulting clusters, we obtained 10 clusters representing brain cells (3 clusters), tumour cells from co-cultured 

samples, or tumour cells from unmixed samples. 

Differential expression between mixed and unmixed tumour cells was evaluated using the ‘FindMarkers’ function 

in Seurat. Gene set enrichment analysis (Subramanian et al., 2005) was performed by computing overlaps between 

identified gene signatures and Gene Ontology (GO_C5) gene sets derived from the Molecular Signature Database 

(MSigDB, https://software.broadinstitute.org/gsea/msigdb). Cell state signature genes for G1/S and G2/M cell 

cycle phases were downloaded from a recent study (Neftel et al., 2019). Following their approach, cell state scores 

and cell cycle scores were computed using the ‘AddModuleScore’ function in Seurat. Cell cycle scores were 

calculated based on the combined list of G1/S and G2/M genes. 

2.9.3.4 Analysis of ligand-receptor interactions 

Potential receptor–ligand pairings were analyzed using 2,557 previously published receptor–ligand pairs 

consisting of 1,398 unique genes (Ramilowski et al., 2015), of which 317 were expressed in our data. Adapting a 

previously published approach (Camp et al., 2017), we constructed a cell-cell interaction matrix by summing for 

each pair of cells from the same sample the number of ligand-receptor pairs potentially connecting the pair, with 

one cell type expressing the receptor and the other the ligand (normalized expression cutoff  > 0.5). To identify 

ligand-receptor interactions with likely significance for the invasion process, we then considered each ligand-

receptor pair in turn, and calculated the number of cell pairs connected by this ligand-receptor interaction for each 

possible cell type combination (tumour–tumour, brain–brain, tumour–brain), for each sample. The resulting 

interaction matrix was normalized to the maximum possible number of cell-cell interactions. To identify ligand-

receptor pairs with coherent differential expression across patients, we considered only those ligand-receptor pairs 

with mean normalized expression greater than 0.5 times the mean across all pairs for all tumour-only samples, all 

pairings from mixed samples where tumour cells express the ligand, all interactions from mixed samples where 

tumour cells express the receptor, or the NPC-only sample. These interactions were clustered based on complete 

linkage of Euclidean distances and visualized using the heatmap.2 package in R. For Gene Ontology (GO) analysis, 

we considered those ligand-receptor pairs with mean normalized expression greater than 0.5 times the mean across 

all pairs for one cell type interaction (GBM→NPC, NPC→GBM, GBM→GBM, NPC→NPC), and less than 0.5 

times the mean for the other three. No putative GBM→GBM interactions fulfilled these criteria.       
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3 Results 

Sections in the following chapter are adapted, with minor changes, from the corresponding publication (Krieger 

et al., 2020), and were written by myself. All experiments and analyses were performed by myself, unless 

otherwise indicated. 

3.1 iPSC-derived cerebral organoids provide a scaffold for glioblastoma invasion  
To study glioblastoma invasion in a physiologically relevant 3D context, we adapted an established protocol for 

human iPSC-derived cerebral organoid development (Lancaster and Knoblich, 2014) to achieve streamlined and 

reproducible production of organoids (Fig. 1A).  

 

 

Figure 1: GBM invasion assay (A) Experimental protocol. Following 7 days of neural induction, organoids were transferred to 
Matrigel and matured for 17 days. Organoids were then enzymatically released and co-cultured with GFP-labeled GBM cells 
for 3 days. Samples were embedded in Matrigel again for fixation, tissue clearing and confocal imaging. (B) GFP-labeled tumour 
cells from all 4 GBM patients invade into cerebral organoids (left; scale bars, 250 μm) where they form short-range and long-
range connections (middle, maximum intensity projections over ~200–250 μm depth; scale bars, 50 μm). Invasion is largely 
restricted to neuronal layers, outside of neural progenitor rosettes indicated by dotted lines (right; scale bars, 50 μm). (from 
Krieger et al., 2020) 
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workflow to analyze the invasion process quantitatively 
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4 patient GBM cell lines). We found that, for organoids of 
comparable sizes, the fraction of organoid volume taken 
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cell lines (Figure  2B and Supplementary Figure 3A). The 
distribution of GBM cells within organoids was assessed 

by calculating the distances between GFP+ voxels across 
the same set of organoids. Tumor cells spread widely in 
all cases (Supplementary Figure 3B). To quantify invasion 
depth, we compared the distribution of distances of GFP+ 
voxels from the organoid surface across 12 similarly sized 
organoids for each patient-derived cell line. Invasion depths 
exceeded 100 µm in the majority of organoids (Figure 2C), 
with some cells detected at approximately 300  µm from 
the organoid surface. While migration depth of the most 
invasive cells (90th percentile of invasion depth) was un-
correlated with organoid size, we observed that cells from 
patients F6 and F9 were less invasive than cells from pa-
tients F2 and F3 (Figure  2D and Supplementary Videos); 
this suggests that the in vitro model may be able to re-
produce intertumor heterogeneity in invasive behavior, 
although we cannot currently rule out that the observed 
differences in invasion depth stem from differences in 3D 
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Figure 1. GBM invasion assay. (A) Experimental protocol. Following 7 days of neural induction, organoids were transferred to Matrigel and matured 
for 17 days. Organoids were then enzymatically released and co-cultured with GFP-labeled GBM cells for 3 days. Samples were embedded in Matrigel 
again for fixation, tissue clearing and confocal imaging. (B) GFP-labeled tumor cells from all 4 GBM patients invade into cerebral organoids (left; scale 
bars, 250 µm) where they form short-range and long-range connections (middle, maximum intensity projections over ~200–250 µm depth; scale bars, 
50 µm). Invasion is largely restricted to neuronal layers, outside of neural progenitor rosettes indicated by dotted lines (right; scale bars, 50 µm).
  

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/22/8/1138/5820825 by C

harité - M
ed. Bibliothek user on 22 August 2021



 14 

From 24 days of age, cerebral organoids were co-cultured with fluorescently labelled glioblastoma cells from four 

patient-derived cell lines (Table 2). Samples were fixed after three days and subjected to tissue clearing using a 

fructose-based clearing protocol (Hou et al., 2015), enabling the visualization of tumour invasion by confocal 

microscopy. We found that tumour cells from all four GBM patients readily attached to and invaded into the 

organoids. Tumour cells formed protrusions reaching to other cells over short and long distances (Fig. 1B), 

consistent with tumour microtube formation observed in vivo in mice (Osswald et al., 2015). GBM cells primarily 

invaded into the neuronal layers of the organoids, with little invasion into neural progenitor rosettes. Conversely, 

we did not observe invasion of GBM cells into organoids grown from the breast cancer cell line MCF10AT or the 

neuroblastoma cell line SH-SY5Y. 

 

Table 2: Cell line characteristics  
(adapted from Krieger et al., 2020) 
 
Cell 
line 

Classification Primary/ 
Recurrence 

Sex Age Localization Treatment IDH- (1) ATRX+ (2)  MGMT promoter 
methylation 

GBM-
F2 

Glioblastoma, 
WHO grade IV 

Primary tumour M 65 left occipital none ✓ ✓ ✓ 

GBM-
F3 

Glioblastoma, 
WHO grade IV 

Recurrence 
(after resection 
and re-
resection) 

M 52 right occipital Radio-
chemotherapy 
and surgery 

✓ ✓ unknown 

GBM-
F6 

Glioblastoma, 
WHO grade IV 

Primary tumour M 68 right temporo-
parietal 

none ✓ ✓ ✓ 

GBM-
F9 

Glioblastoma, 
WHO grade IV 
(giant cell 
component) 

Primary tumour F 71 right temporal none ✓ ✓ ✓ 

(1) No expression of IDH1_R132H detected.   (2) Expression of ATRX detected. 
 

 

3.2 Tumour microtube formation recapitulates in vivo behaviour of GBM cells 
We developed a semi-automated image processing workflow to analyse the invasion process quantitatively (Fig. 

2A), which we applied to a total of 66 organoids (n=15-19 for each of the four patient GBM cell lines). We found 

that, for organoids of comparable sizes, the fraction of organoid volume taken up by tumour cells was similar 

across the four patient-derived cell lines (Fig. 2B). The distribution of glioblastoma cells within organoids was 

assessed by calculating the distances between GFP+ voxels across the same set of organoids. Tumour cells spread 

widely in all cases. To quantify invasion depth, we compared the distribution of distances of GFP+ voxels from the 

organoid surface across 12 similarly sized organoids for each patient-derived cell line. Invasion depths exceeded 

100 μm in the majority of organoids (Fig. 2C), with some cells detected at approximately 300 μm from the organoid 

surface. While migration depth of the most invasive cells (90th percentile of invasion depth) was uncorrelated with 

organoid size, we observed that cells from patients F6 and F9 were less invasive than cells from patients F2 and 

F3 (Fig. 2D); this suggests that the in vitro model may be able to reproduce intertumour heterogeneity in invasive 

behaviour, although we cannot currently rule out that the observed differences in invasion depth stem from 

differences in 3D architecture between the scaffold organoids.  
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Figure 2: Morphological features of patient-derived GBM cells invading organoids (A) Image analysis workflow. To 
approximate the organoid surface, organoids were incubated with the live dye SiR-actin; following fixation and clearing, the 
actin signal was binarized and triangulated (top). Above-threshold GFP signal was used as a proxy for GBM cell location 
(bottom). Scale bars, 100 μm. (B) Total tumour cell volume as a function of organoid volume. (C) Distributions of distances of 
tumour voxels from the organoid surface of 12 organoids from each patient cell line with 500–900 μm diameter; each color 
represents one organoid. (D) Invasion depth of the most invasive cells from each cell line (90th percentile) compared with 
organoid size (top) and differences in invasion depth between patient cell lines (bottom; *P < 0.05, **P < 0.01, two-sided 
Student’s t-test). In (D), black horizontal bars indicate mean values and error bars represent standard errors in the mean. 
(adapted from Krieger et al., 2020) 

 

By tracing membrane-bound cellular processes in images, we found that the number of microtubes per GBM cell 

ranged up to 6, with 2.2±0.1 microtubes on average (Fig. 3A). We quantified how many of these microtubes ended 

at other GBM cells, and identified between 0 and 4 such putative intratumoural connections per GBM cell, with 

an average of 1.2±0.1 connections (Fig. 3B). Individual microtubes were up to 450 μm long (Fig. 3C). Consistent 

with our earlier observation of intertumoural heterogeneity of invasive capacity, we found that microtube lengths 

differed between cell lines (Fig. 3C). Interestingly, the cell lines with higher invasive capacity (F2 and F3) also 
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showed longer microtubes; this observation suggests that GBM tumours extending longer microtubes may be able 

to colonise organoids more efficiently in vitro, consistent with recent in vivo reports that microtubes promote 

tumour dissemination by allowing GBM cells to exchange cytoplasmic molecules and even translocate nuclei over 

long distances (Osswald et al., 2015; Winkler and Wick, 2018).  

 

 

 

Figure 3: Development of GBM microtubes in vitro  
(A) Number of tumour microtubes per cell observed 
across 30 GBM cells from each patient. (F) Microtube 
lengths ranged up to almost 450 μm, with GBM cells 
from patients F2 and F3 developing longer microtubes 
than cells from patients F6 and F9 (*P < 0.05, **P < 
0.01, two-sided Student’s t-test). In (C), black 
horizontal bars indicate mean values and error bars 
represent standard errors in the mean. (adapted from 
Krieger et al., 2020) 

 
 

3.3 scRNA-seq reveals transcriptional heterogeneity between tumours 
Our imaging results confirm that iPSC-derived cerebral organoids represent an effective model system for 

quantifying GBM invasion and tumour microtube formation in vitro. To further study heterogeneity of and 

interactions between GBM and organoid cells at the transcriptome level, we developed a more efficient workflow 

that could be applied on clinically relevant timescales and at higher throughput. In the modified assay, dissociated 

7-day-old cerebral organoids were mixed with GBM cells from separate cultures at a 1:1 ratio, and grown in co-

culture for 3 days (Fig. 4A). GBM cells from all four patient-derived cell lines readily mixed with dissociated 

organoid cells (Fig. 4B). With or without addition of GBM cells, dissociated organoid cells efficiently re-

established the characteristic architecture of progenitor rosettes and neuronal layers observed in cerebral 

organoids, and membrane protrusions emanating from tumour cells were visible in all samples (Fig. 4C). After 3 

days of co-culture, mixed spheroids were dissociated and subjected to scRNA-seq. For comparison, we also 

dissociated and sequenced recomposed spheroids of organoid cells that had not been mixed with GBM cells, 

referred to as neural progenitor cells (NPCs) below, and GBM cells from all four patient-derived cell lines that 

had been grown separately as spheroids in the same culture medium (Fig. 4A).  
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Figure 4: Co-culture assay of patient-derived GBM and organoid cells (A) Experimental protocol. Following 7 days of neural 
induction, organoids and spheroids of lentivirally labeled GBM cells grown separately were enzymatically dissociated and mixed 
at a 1:1 ratio. After 3 days of co-culture, mixed spheroids were subjected to imaging or scRNA-seq using the iCell8 system. (B) 
Tumour cells mixed efficiently with organoid cells. (C) With or without addition of GBM cells, dissociated organoid cells re-
established the characteristic 3D architecture of neural rosettes within 3 days. Scale bars, 50 μm. (adapted from Krieger et al., 
2020) 

 

Following pre-processing and quality control, we obtained 5,083 single-cell transcriptional profiles with 

approximately 1,400 genes detected per cell on average (Fig. 5A). PCA-based clustering and 2D visualization by 

t-SNE maps revealed that GBM cells cultured alone clustered separately for each patient (clusters 5, 6, 7 and 9), 

confirming intertumoural heterogeneity (Fig. 5B). We further identified three clusters (clusters 0, 1 and 3) 

containing cells from the unmixed organoids as well as cells from all four mixed samples, and concluded that the 

latter represent the organoid cells in the mixed samples. The remaining clusters (clusters 2, 4 and 8) contain GBM 

cells from patients F2, F3 and F9 after co-culture with organoid cells. As only six such cells were identified in the 

mixed sample from patient F6, they were excluded from further analyses and not displayed here.  
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Figure 5: Single-cell transcriptome data from GBM co-cultured with organoid cells (A) The number of Unique Molecular 
Identifiers (UMIs), the number of genes, and the percentage of mitochondrial genes detected in each sample. F2 to F9: GBM 
cell lines, NPC: neural progenitor cells, m: co-cultures. (B) t-SNE map showing all cells after quality control and PCA-based 
clustering, coloured by sample origin (left), by cluster (middle), and by organoid or tumour cell identity (right). In addition to 
three clusters containing organoid cells, GBM cells clustered separately for each patient and before or after co-culture with 
organoid cells. (adapted from Krieger et al., 2020) 

 

In agreement with previous scRNA-seq studies of GBM (Neftel et al., 2019; Patel et al., 2014), we detected 

heterogeneous expression of gene signatures defining the classical, mesenchymal, neural and proneural GBM 

subtypes (Verhaak et al., 2010) within each patient-derived cell line, indicating that they comprise cells most 

representative of more than one subtype (Fig. 6). On average, cells from patients F2 and F3 mostly corresponded 

to the mesenchymal subtype, while cells from patients F6 and F9 most closely matched the neural subtype; as the 

mesenchymal subtype has been characterized as the most invasive (Carro et al., 2010; Verhaak et al., 2010), this 

is consistent with our earlier observation that F2 and F3 display higher invasive capacity in vitro.  

 10 

 

 

Supplementary Figure 4 | scRNA-seq analysis of GBM co-cultured with organoid cells.   A) Tumor cells from all patient cell lines mix 

efficiently with organoid cells. Scale bars, 50 µm.   B) Top row shows the number of UMIs, the number of genes, and the percentage of 
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Figure 6: GBM subtype analysis of patient-derived cell lines (A) Subtype scores for the classical (CLA), mesenchymal (MES), 
neural (NEU) and proneural (PRO) GBM subtypes were computed for each cell based on the expression of 210 subtype 
signature genes (Verhaak et al., 2010), relative to the aggregated expression of control gene sets expressed at similar levels 
(Methods). (B) Average subtype scores for each patient-derived GBM cell line. (adapted from Krieger et al., 2020) 

 

3.4 Mixing GBM and organoid cells leads to up-regulation of a shared set of genes 
across patients  

Differential gene expression testing between GBM cell clusters from mixed and unmixed samples revealed 

hundreds of genes that were significantly up- or downregulated upon co-culture with organoid cells (adjusted p- 

value < 0.05, log(fold change) > 0.15), and an overlap of 45 genes that were upregulated in all patients (Fig. 7A). 

These included the homeobox transcription factor PAX6, normally expressed in forebrain neural stem cells; the 

gap junction protein alpha 1 (GJA1) coding for connexin-43, which connects tumour microtubes in GBM (Osswald 

et al., 2015); glypican-3 (GPC3), a cell surface heparan sulfate proteoglycan and Wnt activator whose expression 

correlates with invasiveness of hepatocellular carcinoma (Cheng et al., 2008); collagen COL4A5, an extracellular 

matrix constituent; and several lysosomal, vesicular and secretory proteins (Fig. 7B and Table 3). Gene set 

enrichment analysis of the 45 coherently upregulated genes confirmed that genes relating to growth regulation, 

neuronal migration, extracellular secretion and stimulus response were enriched in this group (Fig. 7C). Our results 

thus show that interactions between GBM and organoid cells increase expression of genes required for GBM 
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network formation and invasion, indicating that GBM cells sense the presence of neuronal cells and reactively 

amplify the transcription of genes supporting their dispersion.  

 

 

Figure 7: Single-cell RNA-seq analysis of GBM cell interactions with cerebral organoid cells (A) Volcano plot shows the 45 
genes significantly up- or downregulated across all three patient-derived GBM cell lines upon co-culture with organoid cells 
(adjusted P < 0.05 for each patient separately). Venn diagrams quantify the overlap of differentially regulated genes detected 
from each patient. (B) Expression of differentially regulated genes visualized on a t-SNE map of all cells (t-SNE representation 
identical to Fig. 5B). (C) Gene Ontology–based gene set enrichment analysis of genes upregulated in all patient tumour cell 
lines upon co-culture with organoid cells. (adapted from Krieger et al., 2020) 

 

Table 3: Genes coherently upregulated in GBM cell lines upon co-culture with organoid cells 
(adapted from Krieger et al., 2020) 
 
GPC3 ARGLU1 IGF2BP1 SPAG9 PRTG EIF2S3 COPA GNPDA1 COL4A5 
CRABP1 TMOD3 ARRDC3 DLK1 HSPA8 POLA1 LARS HSP90AA1 LAMP2 
CRABP2 RPS6 SCG5 LIX1 POLR2B PUM1 VPS41 CRYAB KDM4A 
PLP1 EIF4A2 PSAP ANKRD36 ANKRD36C NKTR PAX6 BLOC1S5 COL4A5 
PLCH1 RPL9 TMSB15A SUGP2 MORF4L2 VPS13B HSP90AB1 GJA1 LAMP2 

 

3.5 Potential ligand-receptor interactions between tumour cells and organoid cells  
To investigate the nature of interactions between GBM and organoid cells, we considered the expression of 2,557 

known ligand-receptor pairs (Ramilowski et al., 2015) across our samples, comprising a total of 1,398 unique 

genes. Of these, 317 genes were expressed in our data, with approximately 13% expressed differentially between 
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the same cell types in unmixed and mixed samples (Fig. 8A). Calculating the number of potential interactions 

between brain and tumour cells based on the expression of complementary receptors and ligands, we detected 

substantial crosstalk between cell types (Fig. 8B). Hierarchical clustering of the number of cells potentially linked 

by each ligand-receptor pair revealed a group of ligand-receptor pairs that were expressed at low levels in the 

tumour-only and NPC-only cultures, but presented many potential interactions between tumour cells and organoid 

cells in the mixed cultures (Fig. 8C). These included several collagen-integrin interactions, glypican-3 binding to 

insulin-like growth factor 1 receptor (IGF1R) or the cell cycle regulator CD81, and non-canonical Notch signaling 

(DLK1/NOTCH1, DLK1/NOTCH2). Notably, despite the transcriptional heterogeneity we observed between 

patients, our approach detected consistently expressed potential interactions across all patient cell lines (Fig. 8C). 

Gene set enrichment analysis showed that the ligand-receptor pairs expressed at high levels in co-cultured samples 

are enriched for invasion-related genes (Fig. 8D). Specifically, putative interactions in which GBM cells present 

the ligand and NPCs the receptor are enriched for genes involved in neuron projection development and receptor 

binding, whereas ligand-receptor pairs communicating in the opposite direction are enriched for extracellular 

matrix proteins.  

Many of the candidate ligand-receptor pairs identified in our analysis have been linked with glioblastoma 

progression by previous work. Glutathione S-transferase P (GSTP1) has been shown to bind tumour necrosis factor 

receptor-associated factor 2 (TRAF2) in vivo and in vitro, attenuating tumour necrosis factor (TNF) signaling and 

thus enhancing resilience in tumour cells34. Notch receptors 1 and 2 are known to associate with the transmembrane 

protein Delta Like Non- Canonical Notch Ligand 1 (DLK1), but downstream effects in glioblastoma remain 

unclear and may depend on heterogeneous cell states within the tumour35. Binding of collagens to integrins, 

integrin-associated protein CD47 or Discoidin Domain Receptor Tyrosine Kinase 1 (DDR1) all correlate with 

glioblastoma proliferation and invasion36–39. Integrin α6 (ITGA6) as a receptor for the extracellular matrix protein 

laminin (LAMA1) has also been detected in patient specimens of glioblastoma and contributes to cancer stem cell 

proliferation in vitro40.  

In addition to confirming these established signalling interactions, our in silico screen suggests putative 

interactions which may provide novel therapeutic targets for glioblastoma. Our results suggest Adherens Junction 

Formation Factor (AFDN/MLLT4) as a ligand activating EPH Receptor A7 (EPHA7), which has been linked to 

adverse outcome in primary and recurrent glioblastoma44. Moreover, binding of GPC3 to IGF1R or CD81 is known 

to contribute to hepatocellular carcinoma development and invasiveness41; immunotherapies targeting GPC3, 

which are showing promise in hepatocellular carcinoma42,43, may also benefit glioblastoma patients.  

To validate our findings, we performed immunohistochemistry on cryosections of co-culture spheroids comprising 

NPCs and GBM cells to detect putative ligand-receptor interactions revealed by scRNA-seq. As predicted, we 

observed ligand-receptor pair expression of non-canonical Notch signalling proteins (DLK1/NOTCH1), 

GPC3/CD81, and COL4A5/ITGAV (Fig. 9A), in GBM cells and NPCs within co-culture spheroids. Moreover, 

expression of NICD1 (the cleaved intracellular domain of NOTCH1), indicating NOTCH1 activation, tended to 

increase in GBM cells in co-cultures compared to monocultures (Fig. 9B). These results indicate that GBM and 

organoid cells within co-cultures interact via the expression of receptors and their respective ligands. 
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Figure 8: Potential ligand–receptor interactions between GBM and organoid cells (A) Expression of ligand and receptor genes 
that are significantly upregulated in NPCs or in at least one GBM cell line upon co-culture (adjusted P < 0.05), averaged across 
GBM-only samples (left), GBM cells, or NPCs within mixed samples (middle), and the NPCs-only sample (right). Dot size 
corresponds to the fraction of cells expressing the gene in each group; dot color represents the average expression level. (B) 
The mean number of ligand–receptor pairs potentially connecting cells pairs of the given cell types, based on RNA expression 
levels across GBM-only samples (left), GBM cells, or NPCs within mixed samples (middle), and the NPCs-only sample (right). 
Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; points, outliers. (C) Mean number 
of cell-cell interactions for different cell type combinations and selected ligand–receptor pairs. Hierarchical clustering reveals 
a group of ligand–receptor pairs (middle box) that are expressed at low levels in GBM cells or NPCs alone, but are upregulated 
upon co-culture. (D) Gene Ontology–based gene set enrichment analysis of ligand–receptor pairs preferentially expressed in 
the given cell type combinations. (adapted from Krieger et al., 2020) 
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each group; dot color represents the average expression level. (B) The mean number of ligand–receptor pairs potentially connecting cells pairs of 
the given cell types, based on RNA expression levels across GBM-only samples (left), GBM cells, or NPCs within mixed samples (middle), and the 
NPCs-only sample (right). Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; points, outliers. (C) Mean 
number of cell-cell interactions for different cell type combinations and selected ligand–receptor pairs. Hierarchical clustering reveals a group 
of ligand–receptor pairs (middle box) that are expressed at low levels in GBM cells or NPCs alone, but are upregulated upon co-culture. (D) Gene 
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Figure 9: Changes in GBM ligand-receptor pair expression upon co-culture (A) Immunohistochemistry images show 
expression of ligand-receptor pairs in cryosections of co-culture spheroids comprising NPCs and GBM cells from patients F3 or 
F6. The bottom images merge ligand, receptor and GFP channels. Scale bars, 20 μm. Bar plots indicate the average intensity of 
ligands and receptors, normalized to DAPI intensity, across five images from each patient, in GBM cells (defined by GFP 
expression) and NPCs. Error bars indicate SEM. (B) Immunohistochemistry images show expression of NICD1 (the cleaved 
intracellular domain of NOTCH1), indicating NOTCH1 activation, in cryosections of monoculture and co-culture spheroids 
comprising NPCs and GBM cells from patients F3 or F6. Scale bars, 20 μm. Bar plots indicate the average NICD1 intensity, 
normalized to DAPI intensity, across two to five images per condition, in GBM cells (defined by GFP expression) and NPCs. Error 
bars indicate SEM. (adapted from Krieger et al., 2020) 
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Supplementary Figure 7 | Changes in GBM ligand-receptor pair expression upon co-culture.   A) Immunohistochemistry images show 

expression of ligand-receptor pairs in cryosections of co-culture spheroids comprising NPCs and GBM cells from patients F3 or F6. The 

bottom images merge ligand, receptor and GFP channels. Scale bars, 20 µm. Bar plots indicate the average intensity of ligands and 

receptors, normalized to DAPI intensity, across five images from each patient, in GBM cells (defined by GFP expression) and NPCs. Error 
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4 Discussion  

As the invasive behaviour of glioblastoma has crucial implications for disease treatment and patient outcome, a 

method to study this process efficiently in vitro offers great potential for improving our understanding of 

glioblastoma biology and our ability to develop targeted therapies. To overcome the limitations of previous 

experimental approaches, especially the reliance on murine tissues and the long timescales required for earlier in 

vitro models, we have developed a novel system to model glioblastoma invasion into iPSC-derived human brain 

organoids within an appropriate timeframe for clinical use. As our protocol is based on commercially available 

cell culture plates and media, it is highly scalable and reproducible, making it well suited to high-throughput 

applications. 

To image the invasion of fluorescently labelled GBM cells into organoids, we employed fructose-based tissue 

clearing and confocal microscopy. Alternative tissue clearing protocols were tested but proved either less effective 

or too time-consuming without providing better clearing results. We also trialled different imaging modalities, but 

found that the light-sheet microscope available in our laboratory did not offer sufficient penetration depth while 

our two-photon imaging setup was too slow for this application. We show that, within three days, GBM cells 

seeded onto brain organoids extend microtubes of up to 450 µm in length, with variability between patients.  

By single-cell RNA sequencing, we also detected substantial interpatient heterogeneity at the transcriptional level. 

Nonetheless, we could identify transcriptional changes upon co-culture of GBM with brain organoid cells that 

were coherent across patients, including genes with a role in neuronal migration and secretion as well as stimulus 

response. Our results indicate that targeting tumour microtube formation and GBM invasion might represent a 

therapeutic strategy with potential benefit to all GBM patients.  

4.1 Context of research 
Innovations in RNA sequencing technologies during the past decade have enabled the study of complex tissues at 

single-cell resolution. A major focus of our research group is to study how changes in transcriptional regulation 

correlate with morphological phenotypes. To this end, members of our laboratory are pursuing the integration of 

imaging and transcriptomics data through both experimental and computational advances.  

The work presented in this thesis constitutes one of our first efforts to link information on cellular morphology 

and spatial behaviours with scRNA-seq data. In a study of breast and colorectal cancer spheroids also using the 

WaferGen iCell8 system, we were able to obtain transcriptional and morphological data of the same small tumour 

spheroids, which we correlated for an integrated study of tumour cell heterogeneity (Tirier et al., 2019). While 

single-cell transcriptomes and microscopy images were not derived from the same cells in the glioblastoma study, 

differences in invasive capacity that we observed between patient-derived GBM cell lines may point towards 

underlying molecular determinants of invasion. Current projects in our research group aim to establish a workflow 

for the visualisation of gene expression by RNA in situ hybridisation of hundreds of genes simultaneously in three-

dimensional tissues; this approach could in future allow us to probe transcriptional changes in invasive GBM cells 

more directly using our in vitro model system.  

Despite being one of the first scRNA-seq studies conducted in our research group, the work presented here also 

exemplifies a number of challenges that have resurfaced during subsequent single-cell transcriptomics 

investigations of different tumour entities, including colorectal carcinoma, pancreatic ductal adenocarcinoma and 
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lung adenocarcinoma. Most notably, these include the high degree of interpatient heterogeneity complicating cell 

type assignments, as well as the diversity of functional tumour cell states that partially reflect biological features 

of the tissue of origin. 

4.2 Limitations of this work  
The experimental protocol we developed to model GBM invasion has several limitations that are partly inherent 

in its objectives. As we were aiming for a protocol that could be realised on short timescales without relying on 

fetal brain tissue, our approach uses organoids that are less than one month old and therefore only provide a limited 

representation of the cell type diversity of the mature human brain (Renner et al., 2017). This constraint is common 

to many applications of iPSC-derived organoids across human tissues, and it can presently only be overcome by 

resorting to longer culture periods or more elaborate co-culture systems adding externally generated cell types. 

Another limitation of our approach is that transcriptional changes were inferred from a mixture of GBM and 

organoid cells after a relatively short co-culture period of only three days. To more extensively investigate GBM 

invasion at the transcriptional level, it would be interesting to perform scRNA-seq on GBM cells that have invaded 

into mature organoids for longer time periods. By microdissection of samples prior to dissociation, one could even 

distinguish transcriptional changes that occur in invasive GBM cells from cells within the tumour bulk or non-

invading cells at the organoid surface. However, a large number of samples would need to be processed in order 

to obtain sufficient numbers of invasive GBM cells. 

Finally, we observed variations in invasive capacity between GBM cell lines derived from different patients, 

although we cannot determine with certainty based on our limited number of samples whether they reflect true 

heterogeneity in invasive behaviour between patients. In order to resolve this question, more GBM cell lines would 

need to be derived from a larger cohort. By processing more samples, one could also investigate if differences in 

invasive capacity relate to transcriptional characteristics of GBM cell lines in a reproducible and predictive 

manner. 

4.3 Future research questions  
While this work has demonstrated the utility of our experimental system to model glioblastoma invasion in vitro 

and study transcriptional changes induced by interactions between GBM and organoid cells, it has also highlighted 

several promising avenues for future research. 

In addition to tracing tumour microtube formation in fixed samples, it would be very interesting to conduct long-

term live imaging of the invasion process to follow the formation of an interconnected network of GBM cells in 

real time. As this would require an imaging approach that provides sufficient penetration depth into the tissue 

without prior clearing, but also high image acquisition speed and low phototoxicity, a combination of two-photon 

and light-sheet microscopy could be utilised for this purpose (Truong et al., 2011). 

Our image analyses showed that GBM cells extend microtubes ending at other tumour cells. Additional 

experiments will be required to confirm whether – and at what timescales – tumour cells in vitro form functional 

connections, as previously observed in vivo (Osswald et al., 2015). 
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To arrive at a more comprehensive description of glioblastoma at the single-cell level, imaging and scRNA-seq 

data could also be combined with additional information, such as chromatin accessibility data (Buenrostro et al., 

2015), elucidating the gene regulatory mechanisms underlying tumour invasion and cellular heterogeneity. 

4.4 Clinical applications 
Improvements in therapeutic outcomes for glioblastoma have been hindered by the aggressively invasive 

behaviour of tumour cells, as well as cellular heterogeneity between and within tumours, for decades. The 

association between tumour progression or invasion and the diverse functional characteristics of GBM cells, as 

well as their interactions with normal brain cells, remains poorly understood despite its significance for patient 

outcomes. 

The results presented in this thesis demonstrate an experimental system for modelling and studying glioblastoma 

invasion in vitro, which may contribute to an improved understanding of this crucial feature of GBM. The initial 

insights gained from our scRNA-seq analyses indicate coherent transcriptional changes across patients that are 

implicated in GBM invasion. More detailed investigations of the gene expression signatures underlying this 

process could in future result in novel treatment strategies that limit GBM invasion and network formation.  

Due to its reproducibility and scalability, our model system could also be used for high-throughput screens to 

identify drug candidates, monitoring their action on GBM and normal brain cells. As our approach uses patient-

derived GBM cell lines and iPSC-derived brain organoids, such screens could in principle be conducted in a 

patient-specific manner.  

Ultimately, the work presented here may therefore aid in the development of targeted therapies for glioblastoma 

and the selection of personalised treatment approaches at clinically relevant timescales. 
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Abstract
Background. Glioblastoma (GBM) consists of devastating neoplasms with high invasive capacity, which have been 
difficult to study in vitro in a human-derived model system. Therapeutic progress is also limited by cellular hetero-
geneity within and between tumors, among other factors such as therapy resistance. To address these challenges, 
we present an experimental model using human cerebral organoids as a scaffold for patient-derived GBM cell 
invasion.
Methods. This study combined tissue clearing and confocal microscopy with single-cell RNA sequencing of GBM 
cells before and after co-culture with organoid cells.
Results. We show that tumor cells within organoids extend a network of long microtubes, recapitulating the in vivo 
behavior of GBM. Transcriptional changes implicated in the invasion process are coherent across patient samples, 
indicating that GBM cells reactively upregulate genes required for their dispersion. Potential interactions between 
GBM and organoid cells identified by an in silico receptor–ligand pairing screen suggest functional therapeutic 
targets.
Conclusions. Taken together, our model has proven useful for studying GBM invasion and transcriptional hetero-
geneity in vitro, with applications for both pharmacological screens and patient-specific treatment selection on a 
time scale amenable to clinical practice.

Key Points

1. Organoid technology and single-cell transcriptomics reveal cellular interactions of invasive GBM cells.

2. Transcriptional changes implicated during invasion suggest novel therapeutic targets for GBM.

3. Time scales are amenable to clinical practice and high-content drug screens.
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Glioblastoma (GBM) is the most frequent and most ag-
gressive primary brain tumor.1,2 Despite decades of 
intensive research, average survival time remains at 
12–15 months from diagnosis.3 Surgical resection of GBM 

tumors is rarely complete because the tumor aggres-
sively infiltrates the brain, with cells interconnecting via 
long membrane protrusions (microtubes).4 The resulting 
network enables multicellular communication through 

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, 
provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
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microtube-associated gap junctions, and increases tumor 
resistance to cell ablation and radiotherapy.5 Moreover, 
GBM cells interact with normal brain cells via soluble fac-
tors or direct cell-cell contacts to promote tumor prolifer-
ation and invasion.6

Two major challenges have impeded progress in the 
development of new GBM therapies. Firstly, there is 
increasing evidence for substantial genetic,7,8 epige-
netic,9,10 and transcriptional heterogeneity11 between and 
within human tumors. Recent advances in single-cell RNA 
sequencing (scRNA-seq) technology have enabled the 
transcriptomic analysis of numerous tumor entities at the 
level of individual cells. However, in the case of GBM, re-
section of primary samples has resulted in limited insight 
into interactions between infiltrating tumor and normal 
brain cells, as isolation of neoplastic cells from the tumor 
periphery has proven challenging.12 How cellular heteroge-
neity of GBM cells and their interactions with normal brain 
cells relate to differences in proliferation or invasive ca-
pacity, which ultimately determine patient outcome, thus 
remains unknown.

A second challenge in the advancement of GBM ther-
apies is the current lack of model systems to study de-
fining properties of human GBM, especially invasion into 
the surrounding brain tissue. Previous in vitro models 
have suffered from limited physiological relevance or have 
been incompatible with the time scales for clinical deci-
sion making.6 Recent studies have shown that human ce-
rebral organoids can be used as a platform for tumor cell 
transplantation or genetic engineering of tumors, ena-
bling microscopic observation of tumor development.13–16 
However, tumor cell interactions with normal brain cells 
have not been addressed yet.

Here, we developed an experimental approach to study 
the interaction of GBM and normal brain cells of the neu-
ronal lineage in vitro, on clinically relevant time scales of 
less than 4 weeks. We used induced pluripotent stem cell 
(iPSC)–derived human cerebral organoids as a 3D scaffold 
for the invasion of patient-derived GBM cells and analyzed 
tumor microtube development by tissue clearing, confocal 
microscopy, and semi-automated quantification. In addi-
tion, we performed scRNA-seq of GBM cells before and 
after co-culture with organoid cells and identified a tran-
scriptional program induced by the interactions between 
tumor and normal brain cells, suggesting potential thera-
peutic targets.

Materials and Methods

GBM Cell Culture

Primary tumor samples were received from the Edinger 
Institute of Frankfurt University Hospital. Informed con-
sent was obtained prior to surgery. Experiments involving 
human patient material were performed in accordance 
with the Declaration of Helsinki and were approved by 
the ethics committee of the University Cancer Center 
Frankfurt (project #SNO-01-13). Patient-derived GBM cell 
cultures were established as described.17 Cells were cul-
tured in suspension culture in 75  cm2 ultra-low attach-
ment flasks in Neurobasal medium (Gibco) supplemented 
with 2 mM L-glutamine (Life Technologies), 1x B27 (Gibco), 
2  µg/mL heparin, 20  ng/mL epidermal growth factor and 
20  ng/mL basic fibroblast growth factor (R&D Systems). 
For passaging, spheroid cultures were dissociated using 
Accutase (StemCell Technologies) when they had reached 
diameters of ~100 µm, every 1–3 weeks. To confirm the in-
vasive capacity of GBM cells in hydrogel matrix, spheroids 
were embedded in Matrigel (Corning).

Lentiviral Labeling and FACS 

Second-generation replication-incompetent lentivirus was 
produced by FuGENE transfection (Promega) of HEK293T 
cells with the expression plasmid LeGO-G2, comple-
mented with the packaging plasmids psPAX2 and pMD2.G 
(all from Addgene). GBM cells were infected on 3 consec-
utive days by spinoculation at 800g for 30–60 minutes, 
and green fluorescent protein (GFP)–expressing cells were 
isolated by fluorescence activated cell sorting (FACS). 
Lentivirally labeled GBM cells were maintained in neural 
maintenance medium and passaged every 1–3 weeks as 
described above.

Organoid Culture

The iPSC line 409b2 was obtained from the Riken Institute 
in Japan. For routine culture, iPSCs were maintained in 
mTeSR1 medium (StemCell Technologies) on tissue culture 
plates coated with Matrigel (Corning) and passaged every 
4–5 days using Gentle Cell Dissociation Reagent (StemCell 

Importance of the Study
Human induced pluripotent stem cell‒derived organoids 
have recently emerged as biologically relevant in vitro 
models, while single-cell transcriptomics provides a 
powerful new approach for resolving gene expression 
at the cellular level. Here, we have combined both tech-
niques to study cellular interactions of invasive GBM 
cells in human cerebral organoids. Our GBM co-culture 
assay successfully uncovers transcriptional changes 

implicated in the invasion process as well as poten-
tial ligand–receptor interactions between GBM and 
organoid cells, suggesting novel therapeutic targets 
for GBM. Our approach enables efficient quantitative 
studies of GBM and other invasive tumors in vitro, on 
time scales amenable to clinical practice and high-
content drug screens.
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Technologies). For organoid seeding, iPSCs were disso-
ciated with Accutase (StemCell Technologies) and trans-
ferred into AggreWell plates in Neural Induction Medium 
(StemCell Technologies) with 10  µM Y-27632 (StemCell 
Technologies) at a density of 1000 cells per cavity, following 
manufacturers’ instructions. Spheroid formation was con-
firmed visually after 24 hours, and spheroids were main-
tained in Neural Induction Medium (StemCell Technologies) 
with daily medium changes. After 5 days, spheroids were 
harvested from the AggreWell plates and embedded in 
Matrigel. Medium was changed to neural maintenance me-
dium, a 1:1 mixture of N2- and B27-containing media (N2 
medium: DMEM/F12 GlutaMAX, 1 × N2, 5 μg/mL insulin, 
1 mM L-glutamine, 1 × non-essential amino acids, 100 μM 
2-mercaptoethanol; B27 medium: Neurobasal, 1  ×  B27, 
200  mM L-glutamine) supplemented with 50 U/mL pen-
icillin and 50 mg/mL streptomycin, and exchanged every 
2 days. Neural induction in 2D was performed after plating 
dissociated iPSCs onto Matrigel-coated plates, using the 
same culture media.

Organoid Invasion Assays

On day 24 of culture, organoids were removed from 
Matrigel by incubation with Dispase (Sigma) at 37°C and 
transferred to individual wells of a GravityTRAP ULA Plate 
(PerkinElmer). Labeled GBM cells were dissociated with 
Accutase and added to the organoid plate in neural main-
tenance medium at a concentration of 1000 cells per well. 
Plates were centrifuged at 100g for 3 min before returning 
to the incubator. After 2 days, Organoids were live stained 
with 100  nM SiR-actin (Spirochrome). The following day, 
organoids were harvested, fixed in 2% paraformaldehyde 
for 30  min, and embedded in Matrigel for immobiliza-
tion. Tissue clearing was performed following the fruc-
tose/urea/α-thioglycerol (FRUIT) protocol as described.18 
Immunohistochemistry and control invasion assays using 
MCF10AT spheroids grown in Matrigel or SH-SY5Y spher-
oids were performed as described in the Supplementary 
Methods. Confocal images were acquired on an LSM780 
Axio Observer confocal laser scanning microscope (Zeiss) 
and analyzed using custom scripts in ImageJ and MatLab, 
as detailed in the Supplementary Methods.

Single-Cell RNA Sequencing

For scRNA-seq of GBM cell lines, cells were cultured 
in neural maintenance medium for 1–3 weeks after 
passaging, until the largest spheroids were ~100  µm 
in diameter. Cells were then dissociated with Accutase 
(StemCell Technologies), washed twice in phosphate buf-
fered saline (PBS), and passed through a 20 µm cell strainer 
(PluriSelect).

For scRNA-seq of co-cultured GBM and organoid cells, 
neural progenitor cell (NPC) spheroids were generated by 
iPSC AggreWell plates as described above. After 7  days, 
NPC spheroids and lentivirally labeled GBM cells from sep-
arate cultures were dissociated using Accutase, mixed in a 
1:1 ratio, and replated onto AggreWell plates at 1000 cells 
per cavity in neural maintenance medium. After 3  days, 

mixed spheroids were dissociated using Accutase, washed 
twice in PBS, and passed through a 20  µm cell strainer 
(PluriSelect). Cell isolation, library preparation, and anal-
ysis of scRNA-seq data were performed as described in 
detail in the Supplementary Methods. Briefly, RNA-seq li-
braries that contained at least 150 detected genes and at 
most 15% mitochondrial reads were selected for down-
stream processing. Adapting a previously published ap-
proach,19 aggregate expression for each gene across all 
cells was calculated as Ea = log(mean[Ej,1…n] + 1), where Ej 
is the counts-per-million expression value of the gene in 
cell j. Retained for analysis were 8533 genes with Ea > 2. 
Clustering and differential expression analysis were per-
formed using the Seurat package as implemented in R.20 
Gene set enrichment analysis21 was performed by com-
puting overlaps between identified gene signatures and 
Gene Ontology (GO_C5) gene sets derived from the 
Molecular Signature Database (MSigDB, https://software.
broadinstitute.org/gsea/msigdb). Potential receptor–ligand 
pairings were analyzed based on a list of 2557 previously 
published receptor–ligand pairs,22 by summing for each 
pair of cells the number of ligand–receptor pairs poten-
tially connecting the pair.23

Data Availability

Raw sequencing data have been deposited at the European 
Genome-Phenome Archive (https://www.ebi.ac.uk/ega/
home) under accession number EGAS00001003852. 
Scripts used for analyzing transcriptome data and image 
data (in R, Fiji, and MatLab) are available from the authors 
upon request.

Results

Induced PSC–Derived Cerebral Organoids 
Provide a Scaffold for Glioblastoma Invasion

To study GBM invasion in a physiologically relevant 
3D context, we adapted an established protocol for 
human iPSC-derived cerebral organoid development24 
to achieve streamlined and reproducible production of 
organoids (Supplementary Methods and Supplementary 
Figure 1). From 24 days of age, cerebral organoids were 
co-cultured with fluorescently labeled GBM cells from 
4 patient-derived cell lines (Figure  1A, Supplementary 
Table 1, and Supplementary Figure 1). Samples were 
fixed after 3  days and subjected to tissue clearing using 
the FRUIT protocol,18 enabling the visualization of tumor 
invasion by confocal microscopy. We found that tumor 
cells from all 4 GBM patients readily attached to and in-
vaded into the organoids (Figure 1B). Tumor cells formed 
protrusions reaching to other cells over short and long 
distances (Figure 1B and Supplementary Figure 2A), con-
sistent with tumor microtube formation observed in vivo 
in mice.4 GBM cells primarily invaded into the neuronal 
layers of the organoids, with little invasion into neural 
progenitor rosettes (Figure 1B and Supplementary Figure 
2B). Conversely, we did not observe invasion of GBM 
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cells into organoids grown from the breast cancer cell 
line MCF10AT25 or the  neuroblastoma cell line SH-SY5Y 
(Supplementary Figure 2C).

Tumor Microtube Formation Recapitulates In 
Vivo Behavior of GBM Cells

We developed a semi-automated image processing 
workflow to analyze the invasion process quantitatively 
(Figure  2A and Supplementary Methods), which we ap-
plied to a total of 66 organoids (n = 15–19 for each of the 
4 patient GBM cell lines). We found that, for organoids of 
comparable sizes, the fraction of organoid volume taken 
up by tumor cells was similar across the 4 patient-derived 
cell lines (Figure  2B and Supplementary Figure 3A). The 
distribution of GBM cells within organoids was assessed 

by calculating the distances between GFP+ voxels across 
the same set of organoids. Tumor cells spread widely in 
all cases (Supplementary Figure 3B). To quantify invasion 
depth, we compared the distribution of distances of GFP+ 
voxels from the organoid surface across 12 similarly sized 
organoids for each patient-derived cell line. Invasion depths 
exceeded 100 µm in the majority of organoids (Figure 2C), 
with some cells detected at approximately 300  µm from 
the organoid surface. While migration depth of the most 
invasive cells (90th percentile of invasion depth) was un-
correlated with organoid size, we observed that cells from 
patients F6 and F9 were less invasive than cells from pa-
tients F2 and F3 (Figure  2D and Supplementary Videos); 
this suggests that the in vitro model may be able to re-
produce intertumor heterogeneity in invasive behavior, 
although we cannot currently rule out that the observed 
differences in invasion depth stem from differences in 3D 
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Maximum
projection Zoom-in
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Figure 1. GBM invasion assay. (A) Experimental protocol. Following 7 days of neural induction, organoids were transferred to Matrigel and matured 
for 17 days. Organoids were then enzymatically released and co-cultured with GFP-labeled GBM cells for 3 days. Samples were embedded in Matrigel 
again for fixation, tissue clearing and confocal imaging. (B) GFP-labeled tumor cells from all 4 GBM patients invade into cerebral organoids (left; scale 
bars, 250 µm) where they form short-range and long-range connections (middle, maximum intensity projections over ~200–250 µm depth; scale bars, 
50 µm). Invasion is largely restricted to neuronal layers, outside of neural progenitor rosettes indicated by dotted lines (right; scale bars, 50 µm).
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Figure 2. Morphological features of patient-derived GBM cells invading organoids. (A) Image analysis workflow. To approximate the organoid 
surface, organoids were incubated with the live dye SiR-actin; following fixation and clearing, the actin signal was binarized and triangulated (top). 
Above-threshold GFP signal was used as a proxy for GBM cell location (bottom). Scale bars, 100 µm. (B) Total tumor cell volume as a function of 
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architecture between the scaffold organoids. By tracing 
membrane-bound cellular processes in images, we found 
that the number of microtubes per GBM cell ranged up to 
6, with 2.2  ±  0.1 microtubes on average (Figure  2E). We 
quantified how many of these microtubes ended at other 
GBM cells, and identified between 0 and 4 such putative 
intratumoral connections per GBM cell, with an average of 
1.2 ± 0.1 connections (Supplementary Figure 3C). Individual 
microtubes were up to 450 µm long (Figure 2F). Consistent 
with our earlier observation of intertumoral heterogeneity 
of invasive capacity, we found that microtube lengths dif-
fered between cell lines (Figure 2F). Interestingly, the cell 
lines with higher invasive capacity (F2 and F3) also showed 
longer microtubes; this observation suggests that GBM tu-
mors extending longer microtubes may be able to colonize 
organoids more efficiently in vitro, consistent with recent 
in vivo reports that microtubes promote tumor dissemina-
tion by allowing GBM cells to exchange cytoplasmic mol-
ecules and even translocate nuclei over long distances.4,26

Single-Cell RNA Sequencing Reveals 
Transcriptional Heterogeneity Between Tumors 
and After Co-Culture with Organoid Cells

Our imaging results confirm that iPSC-derived cere-
bral organoids represent an effective model system for 
quantifying GBM invasion and tumor microtube formation 
in vitro. To further study heterogeneity of and interactions be-
tween GBM and organoid cells at the transcriptome level, we 
developed a more efficient workflow that could be applied 
on clinically relevant time scales and at higher throughput. In 
the modified assay, dissociated 7-day-old cerebral organoids 
were mixed with GBM cells from separate cultures at a 1:1 
ratio and grown in co-culture for 3 days (Figure 3A). GBM 
cells from all 4 patient-derived cell lines readily mixed with 
dissociated organoid cells (Figure  3B and Supplementary 
Figure 4A). With or without addition of GBM cells, dissoci-
ated organoid cells efficiently reestablished the character-
istic architecture of progenitor rosettes and neuronal layers 
observed in cerebral organoids, and membrane protrusions 
emanating from tumor cells were visible in all samples 
(Figure 3C). After 3 days of co-culture, mixed spheroids were 
dissociated and subjected to scRNA-seq. For comparison, 
we also dissociated and sequenced recomposed spheroids 
of organoid cells that had not been mixed with GBM cells 
(ie, NPCs) below, and GBM cells from all 4 patient-derived 
cell lines that had been grown separately as spheroids in the 
same culture medium (Figure 3A). Following preprocessing 
and quality control, we obtained 5083 single-cell transcrip-
tional profiles with approximately 1400 genes detected per 
cell on average (Supplementary Figure 4B).

Principal component analysis (PCA)–based clustering and 2D 
visualization by t-distributed stochastic neighbor embedding 

(t-SNE) maps revealed that GBM cells cultured alone clus-
tered separately for each patient (clusters 5, 6, 7, and 9), con-
firming intertumoral heterogeneity (Figure 3D). This was also 
highlighted by differential expression of putative marker genes 
for GBM subtypes27 across patient samples (Supplementary 
Figure 4C). In agreement with previous scRNA-seq studies 
of GBM,11,28 we detected heterogeneous expression of gene 
signatures defining the classical, mesenchymal, neural, and 
proneural GBM subtypes29 within each patient-derived cell 
line, indicating that they comprise cells most representative 
of more than one subtype (Supplementary Figure 5). On av-
erage, cells from patients F2 and F3 mostly corresponded to 
the mesenchymal subtype, while cells from patients F6 and F9 
most closely matched the neural subtype; as the mesenchymal 
subtype has been characterized as the most invasive,29,30 this is 
consistent with our earlier observation that F2 and F3 display 
higher invasive capacity in vitro.

We further identified 3 clusters (clusters 0, 1, and 3) con-
taining cells from the unmixed organoids as well as cells 
from all 4 mixed samples, and concluded that the latter rep-
resent the organoid cells in the mixed samples (Figure 3D). 
The remaining clusters (2, 4, and 8) contain GBM cells from 
patients F2, F3, and F9 after co-culture with organoid cells. 
Note that as only 6 such cells were identified in the mixed 
sample from patient F6, they were excluded from further 
analyses and not displayed here.

Mixing GBM and Organoid Cells Leads to 
Upregulation of a Shared Set of Genes Across 
Patients

Differential gene expression testing between GBM 
cell clusters from mixed and unmixed samples re-
vealed hundreds of genes that were significantly up- or 
downregulated upon co-culture with organoid cells (ad-
justed P < 0.05, log(fold change) > 0.15), and an overlap of 
45 genes that were upregulated in all patients (Figure 3E). 
These included the homeobox transcription factor PAX6 
(paired box 6), normally expressed in forebrain neural stem 
cells; the gap junction protein alpha 1 (GJA1) coding for 
connexin-43, which connects tumor microtubes in GBM4; 
glypican-3 (GPC3), a cell surface heparan sulfate prote-
oglycan and Wnt activator whose expression correlates 
with invasiveness of hepatocellular carcinoma31; collagen 
COL4A5, an extracellular matrix constituent; and several 
lysosomal, vesicular, and secretory proteins (Figure 3F and 
Supplementary Table 2). Gene set enrichment analysis of 
the 45 coherently upregulated genes confirmed that genes 
relating to growth regulation, neuronal migration, extra-
cellular secretion, and stimulus response were enriched 
in this group (Figure 3G). Our results thus show that inter-
actions between GBM and organoid cells increase expres-
sion of genes required for GBM network formation and 

organoid volume. (C) Distributions of distances of tumor voxels from the organoid surface of 12 organoids from each patient cell line with 500–900 µm 
diameter; each color represents one organoid. (D) Invasion depth of the most invasive cells from each cell line (90th percentile) compared with organoid 
size (top) and differences in invasion depth between patient cell lines (bottom; *P < 0.05, **P < 0.01, two-sided Student’s t-test). (E) Number of tumor 
microtubes per cell observed across 30 GBM cells from each patient. (F) Microtube lengths ranged up to almost 450 µm, with GBM cells from patients F2 
and F3 developing longer microtubes than cells from patients F6 and F9 (*P < 0.05, **P < 0.01, two-sided Student’s t-test). In (D) and (F), black horizontal 
bars indicate mean values and error bars represent standard errors in the mean.
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Figure 3. Single-cell RNA-seq analysis of GBM cell interactions with cerebral organoid cells. (A) Protocol for the RNA-seq experiments. Following 
7 days of neural induction, organoids and spheroids of lentivirally labeled GBM cells grown separately were enzymatically dissociated and mixed 
at a 1:1 ratio. After 3 days of co-culture, mixed spheroids were subjected to imaging or scRNA-seq using the iCell8 system. (B) Tumor cells mixed 
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invasion. Comparing our results with 4 distinct cell states 
identified in a recent scRNA-seq study of primary GBM,28 
we noted a consistent shift in cell state composition to-
ward a neural cell–like state in cells from patients F2 and F3 
(Supplementary Figure 6).

Potential Ligand–Receptor Interactions Between 
Tumor Cells and Organoid Cells

To investigate the nature of interactions between GBM 
and organoid cells, we considered the expression of 2,557 
known ligand–receptor pairs22 across our samples, com-
prising a total of 1398 unique genes. Of these, 317 genes 
were expressed in our data, with approximately 13% ex-
pressed differentially between the same cell types in un-
mixed and mixed samples (Figure 4A).

Calculating the number of potential interactions be-
tween brain and tumor cells based on the expression 
of complementary receptors and ligands, we detected 
substantial crosstalk between cell types (Figure  4B). 
Hierarchical clustering of the number of cells potentially 
linked by each ligand–receptor pair revealed a group of 
ligand–receptor pairs that were expressed at low levels 
in the tumor-only and NPC-only cultures but presented 
many potential interactions between tumor cells and 
organoid cells in the mixed cultures (Figure  4C). These 
included several collagen-integrin interactions, GPC3 
binding to insulin-like growth factor 1 receptor (IGF1R) 
or the cell cycle regulator CD81, and noncanonical Notch 
signaling (delta-like noncanonical notch ligand 1 [DLK1]/
Notch 1, DLK1/Notch 2). Notably, despite the transcrip-
tional heterogeneity we observed between patients, 
our approach detected consistently expressed potential 
interactions across all patient cell lines (Figure  4C and 
Supplementary Figure 7). Gene set enrichment analysis 
showed that the ligand–receptor pairs expressed at high 
levels in co-cultured samples are enriched for invasion-
related genes (Figure  4D). Specifically, putative inter-
actions in which GBM cells present the ligand and NPCs 
the receptor are enriched for genes involved in neuron 
projection development and receptor binding, whereas 
ligand–receptor pairs communicating in the opposite di-
rection are enriched for extracellular matrix proteins.

Discussion

Despite its enormous therapeutic and prognostic signif-
icance, efficient methods to characterize the process of 
GBM invasion into human brain at a quantitative or tran-
scriptional level are currently lacking. In this study, we 

present an in vitro model system in which lentivirally la-
beled patient-derived GBM cells invade into human cere-
bral organoids. By tissue clearing and confocal imaging, 
our approach shows that tumor cells extend up to 450 µm 
long membrane-bound processes after 3 days of invasion, 
recapitulating the development of GBM microtubes that 
has been observed in resected primary tumors and repli-
cated in vivo in mice.4 Many of these processes terminate 
at distant tumor cells in our in vitro model, consistent with 
the development of an interconnected GBM network. By 
making GBM invasion experimentally accessible in vitro 
in a 3D tissue-like architecture, our experimental approach 
also enables the correlation of morphological phenotypes 
with transcriptional regulation by integration of imaging 
with single-cell sequencing. Here, scRNA-seq analysis of 
GBM and organoid cells separately or after co-culture re-
vealed transcriptional changes induced by the interactions 
of tumor cells with their environment. Genes implicated 
in stimulus response, neuronal migration, secretion, and 
extracellular matrix were coherently upregulated across 
all tumor samples when mixed with NPCs, indicating 
that GBM cells sense the presence of neuronal cells and 
reactively amplify the transcription of genes supporting 
their dispersion. Among the upregulated genes was GJA1 
(coding for connexin-43), known to enable multicellular 
communication via gap junctions in GBM networks in 
vivo.4

Heterogeneity between and within GBM tumors has 
impeded therapeutic progress for decades,32 with no tar-
geted therapy available yet.33 Consistently, our imaging 
data suggest that GBM cells from different patients vary 
in their invasive capacity, although future studies should 
confirm differences in invasive capacity between GBM 
cell lines within the same organoids. While additional pa-
tient samples and more single-cell transcriptional profiles 
would be necessary to robustly link intertumoral differ-
ences in invasion behavior with specific transcriptional 
changes, our results corroborated the high degree of tran-
scriptional heterogeneity between patients.11 However, 
we also detected a coherent element of transcrip-
tional changes upon GBM and organoid cell co-culture 
indicating that targeting functional processes such as 
tumor microtube formation might improve therapeutic 
outcomes across patients.

Our analysis of ligand–receptor pair expression identified 
candidate pairs that may contribute to the invasion process, 
many of which have been linked with GBM progression by 
previous work. Glutathione S-transferase P has been shown 
to bind tumor necrosis factor receptor–associated factor 
2 in vivo and in vitro, attenuating tumor necrosis factor 
signaling and thus enhancing resilience in tumor cells.34 
Notch receptors 1 and 2 are known to associate with the 

efficiently with organoid cells (see also Supplementary Figure 4). Scale bars, 50 µm. (C) With or without addition of GBM cells, dissociated organoid cells 
reestablished the characteristic 3D architecture of neural rosettes within 3 days. Scale bars, 50 µm. (D) t-SNE map showing all cells after quality con-
trol and PCA-based clustering, colored by sample origin (left), by cluster (middle), and by organoid or tumor cell identity (right). In addition to 3 clusters 
containing organoid cells, GBM cells clustered separately for each patient and before or after co-culture with organoid cells. (E) Volcano plot shows the 
45 genes significantly up- or downregulated across all 3 patient-derived GBM cell lines upon co-culture with organoid cells (adjusted P < 0.05 for each 
patient separately). Venn diagrams quantify the overlap of differentially regulated genes detected from each patient. (F) Expression of differentially regu-
lated genes visualized on a t-SNE map of all cells (t-SNE representation identical to panel D). (G) Gene Ontology–based gene set enrichment analysis of 
genes upregulated in all patient tumor cell lines upon co-culture with organoid cells.
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Figure 4. Potential ligand–receptor interactions between GBM and organoid cells. (A) Expression of ligand and receptor genes that are signifi-
cantly upregulated in NPCs or in at least one GBM cell line upon co-culture (adjusted P < 0.05), averaged across GBM-only samples (left), GBM 
cells, or NPCs within mixed samples (middle), and the NPCs-only sample (right). Dot size corresponds to the fraction of cells expressing the gene in 
each group; dot color represents the average expression level. (B) The mean number of ligand–receptor pairs potentially connecting cells pairs of 
the given cell types, based on RNA expression levels across GBM-only samples (left), GBM cells, or NPCs within mixed samples (middle), and the 
NPCs-only sample (right). Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; points, outliers. (C) Mean 
number of cell-cell interactions for different cell type combinations and selected ligand–receptor pairs. Hierarchical clustering reveals a group 
of ligand–receptor pairs (middle box) that are expressed at low levels in GBM cells or NPCs alone, but are upregulated upon co-culture. (D) Gene 
Ontology–based gene set enrichment analysis of ligand–receptor pairs preferentially expressed in the given cell type combinations.
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transmembrane protein DLK1, but downstream effects in 
GBM remain unclear and may depend on heterogeneous 
cell states within the tumor.35 Binding of collagens to integ-
rins, integrin-associated protein CD47, or discoidin domain 
receptor tyrosine kinase 1 all correlate with GBM prolifera-
tion and invasion.36–39 Integrin α6 as a receptor for the ex-
tracellular matrix protein laminin has also been detected in 
patient specimens of GBM and contributes to cancer stem 
cell proliferation in vitro.40

In addition to confirming these established signaling 
interactions, our in silico screen suggests putative inter-
actions which may provide novel therapeutic targets for 
GBM. Binding of GPC3 to IGF1R or CD81 is known to con-
tribute to hepatocellular carcinoma development and in-
vasiveness41; immunotherapies targeting GPC3, which are 
showing promise in hepatocellular carcinoma,42,43 may also 
benefit GBM patients. Our results also suggest AFDN/MLLT4 
(adherens junction formation factor/myeloid/lymphoid or 
mixed-lineage leukemia) as a ligand activating ephrin re-
ceptor A7, which has been linked to adverse outcome in pri-
mary and recurrent GBM.44 Finally, to our knowledge, the 
significance of fibrillin-integrin binding or of the low-density 
lipoprotein receptor related protein 2 interactions we de-
tected have not been explored in GBM, but might present 
therapeutic opportunities. Further studies should explore 
the functional significance of these putative interactions.

Progress in organoid technology has led to the devel-
opment of several organoid-based in vitro models for 
GBM within the past 2  years. Two studies have demon-
strated that introducing oncogenic mutations in cerebral 
organoids initiates tumorigenesis,13,14 providing a model 
for studying the biological mechanisms underlying GBM 
formation and progression. Linkous et al recently showed 
that patient-derived GBM cells can invade, proliferate, and 
form microtubes within mature, 1–5 months old cerebral 
organoids,16 while da Silva et al demonstrated the feasi-
bility of using younger organoids as a scaffold for GBM 
cell invasion.15 An earlier model used GBM invading into 
macroscopic human engineered neural tissue, with micro-
array data suggesting upregulation of extracellular matrix 
related transcription in one GBM cell line.45,46 Our study 
extends these findings to early-stage organoids generated 
by a highly reproducible and scalable protocol, thus ena-
bling accelerated high-throughput screens. In contrast to 
previous studies, we also provide a transcriptomic charac-
terization at the single-cell level of the GBM cell response 
to surrounding cerebral organoid cells.

Our results thus confirm the biological relevance of 
organoid-based model systems and show that interactions 
between GBM and organoid cells result in transcriptional 
changes detected by scRNA-seq. As our aim was to de-
velop an experimental system suitable for high-throughput 
screens, we used organoids at 7 and 24 days of neural in-
duction and performed scRNA-seq after just 3  days of 
co-culture; this potentially limits the accuracy of our re-
sults, since other cell types such as mature astrocytes are 
not represented in our organoids, and we cannot rule out 
that the transcriptional changes observed are at least partly 
transient reactions to being placed into co-culture.

In the future, we expect that our approach will further 
enable functional studies of GBM invasion that would be 
difficult or impossible to be conducted in vivo, including 
long-term imaging of network formation and multicellular 
communication. While we here used tissue clearing and 
confocal imaging for an endpoint quantification of tumor 
invasion, GBM-invaded organoids are similarly amenable 
to live imaging by two-photon or light-sheet micros-
copy. By combining imaging with recent single-cell RNA 
sequencing methodologies that provide transcriptome 
data for greater cell numbers,20,47 and with other single-
cell sequencing modalities such as chromatin accessi-
bility sequencing,48 our model could thus help resolve the 
functional, transcriptional, and epigenetic factors asso-
ciated with different invasion behaviors of GBM or other 
tumors into human brain. It also provides the basis for 
high-content drug screens to assess patient-specific drug 
action on tumor and healthy brain cells, thus helping to 
identify the most effective drug at clinically relevant time 
scales.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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10 Lebenslauf 

 

Mein Lebenslauf wird aus datenschutzrechtlichen Gründen in der elektronischen Version meiner Arbeit nicht 
veröffentlicht. 
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