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Despite advancements in pediatric brain cancer modeling using animal models, which have 
significantly improved our understanding of the biology underlying the disease, the in vitro 
culture of brain tumor cells remains an indispensable tool in preclinical research due to its 
simpler methodology and lower costs. However, no optimal culture conditions have yet been 
defined to maintain primary pediatric brain tumor cells, while preserving their original 
characteristics. 

 In this study, we established primary cell cultures from a collection of pediatric brain 
tumor biopsies and explored various culture conditions. We compared tumor cell morphology 
over different passages and assessed the effect of prolonged culturing on tumor karyotype 
heterogeneity.

 Overall, we were able to generate short-term cultures of all pediatric brain tumor 
types, including low-grade glioma, high-grade glioma, medulloblastoma, ependymoma, and 
others types of tumors (e.g., teratoma and papilloma) with an average culture rate of about 64% 
(27/42). The highly aggressive brain tumor types like high-grade glioma had the highest culture 
rate of 100%, and those cultures could be maintained for a prolonged period. Surprisingly, 
the different culture conditions that we employed had no apparent effect on the cultures. 
For instance, tumor cell morphology remained similar, and also long-term maintenance did 
not improve. We noticed though, that prolonged culturing of these primary pediatric brain 
tumor cells induced loss of karyotype heterogeneity. This prompted us to design a strategy 
based on inducible LargeT and hTERT expression that should stimulate long-term culture 
propagation. Whether this strategy also limits the loss of karyotype heterogeneity be removing 
selective pressure, awaits further investigation. 

Abstract
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Brain tumors constitute the main solid cancer in children and are the leading cause of 
cancer-related death in childhood1,2. There are several types of pediatric brain tumors 
(PBT), including low-grade glioma (LGG), high-grade glioma (HGG), medulloblastoma 
(MB) and ependymoma (EPN)2–4. Additionally, non-neural tumors can also manifest in the 
brain such as choroid plexus tumors, meningioma, and germ cell tumors2,3. Current available 
treatments for PBT patients include surgery, cranio-spinal radiation, and chemotherapy. 
While these improve survival rate, they also cause lifelong side effects like cognitive and 
neurological damage in survivors1. Thus, it is essential to further finetune PBT treatment.  
 
 Several multi-omics pediatric brain cancer studies, including genomic, 
transcriptomic, epigenomic, and proteomic studies, have greatly expanded our knowledge 
of tumor biology, as well as the distinct characteristics of PBT compared to their adult 
counterparts5. From the genomic point of view, PBTs were found to have a relatively low 
somatic mutational rate, and each brain tumor (sub)type harbors a unique set of mutations6,7. 
However, aberrancies in the epigenetic landscape were also frequently detected across tumor 
subtypes8. Moreover, the cellular origin of the different types of PBT was found to be a 
highly heterogeneous population of neural (progenitor) cells homed in distinct regions of 
the developing brain9–11. Together, the vast number of pleiotropic features of the different 
PBT has made the development of new treatments for patients highly challenging, as it is 
plausible that each tumor type requires a uniquely tailored approach.     
 
 Disease modeling has significantly advanced our understanding of fundamental 
PBT biology. Notably, these models also contribute to the improvement of diagnostics and 
identification of novel therapeutic approaches specific to pediatric patients12–15. Several models 
of PBT exist to date, including the traditional in vitro tumor cell lines, in vivo genetically 
engineered mouse models (GEMMs), and in vivo or in ovo patient-derived xenograft (PDX) 
models16. Each of these models has several advantages, but also limitations. The in vitro 
cell line models that have been used for decades, are the simplest, most quickly established, 
and most rapidly expandable models, but hardly represent the original tumor since they 
are primarily clonal and have undergone substantial genetic drift following isolation17,18. 
The in vivo mouse models are typically more representative since they mimic brain cancer 
initiation and progression in a more natural microenvironment. Yet, these models are costly, 
technically challenging, and often have limited complexity in terms of heterogeneity and 
mutational  landscape19–21. The PDX models may be the most representative, since they are 
derived from primary human tumor cells and therefore recapitulate the complex genetic 
background found in human cancers22,23. However, these models are limited by the rate of

Introduction
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engraftment and require complicated procedures that include the availability of recipient 
mice and stereotactic surgical equipment at the day of surgery, and serial transplantation for 
PDX propagation24–26. Furthermore, recipient mice are immunodeficient, precluding the 
formation of a bona fide tumor microenvironment26. Lastly, it has been shown that also in 
PDX models, clonal selection takes place27,28.

 Mostly lacking in these brain tumor models are primary cell cultures of the various 
brain tumor types that can be sustained in vitro for some time without overt loss of tumor 
characteristics. Such cultures could potentially (partially) replace mouse-based models, are 
cheaper and more practical, and could for instance be useful for drug screening purposes. 
However, until so far, correct culture conditions have not been defined that allow primary 
culturing of the brain tumor subtypes that are notoriously difficult to culture, including 
medulloblastoma. Here, we have explored different approaches to set up such primary 
cultures.

Primary PBT cell culture conditions
The primary PBT samples (n=42) were obtained from tissue biopsies taken during surgery. 
The use of tumor material for this study was approved by the local ethics committee and 
informed consent was given. Immediately after reception of the biopsy material, tumor tissue 
was rinsed with ice cold PBS and kept on ice at all times. Tumor tissue was cut into several 
pieces (approximately 3 mm diameter in size) using surgical blades that were processed into 
cell suspensions for setting up cell cultures, storage in RNAlater (Thermo Scientific), and 
storage as snap frozen tissue. 

 Several conditions were tested to optimize the cell cultures that included different 
dissociation techniques, basal media compositions, growth factor combinations, coating 
methods, and oxygen concentrations. In short, for tissue dissociation, three different methods 
were tested, namely Accutase, Liberase, and a mixture of Trypsin/EDTA/DNase (TED). We 
also tried mechanical disruption. Two types of basal media were used: Basal media A and Basal 
media B, each containing different supplements. The composition of the two basal media and 
growth factor combinations are listed in Table 1.

 To obtain single cell suspensions from the biopsy material, tissue pieces were cleaned 
from possible necrotic tissue/areas and minced into very small pieces using a surgical blade, 
transferred into falcon tubes, then washed using ice cold PBS. Tissue dissociation was done 
by incubation at 37°C for 15 min with either Accutase (Gibco), Liberase, TED reagent, or by

Materials and methods
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mechanical dissociation using a p1000 filter tip. Tubes were shaken every few minutes, 
followed by trituration with a p1000 filter tip and washing with basic DMEM/F12 media. 
The single cell pellet was re-suspended in basic DMEM/F12 media, followed by filtration 
through a 70 μm cell strainer. Tumor cell cultures were then set up according to the outline 
shown in Table 1. At later stages in the project, cultures were kept in more simple serum-
free culture media containing DMEM/F12 supplemented with 1% N2 (Life Technologies), 
20 ng/ml human EGF and bFGF (PeproTech); or serum-containing media consisting

Basal media A
DMEM/F12
4.5 mM HEPES
0.15% Glucose 10%
1% N2
2% B27
1% A/A
1% NEAA 
BSA solution
β-Mercaptoethanol

GF mix 1
EGF (50 ng/ml)
bFGF (50 ng/ml)

GF mix 2
EGF (50 ng/ml)
bFGF (50 ng/ml)
SHH (100 ng/ml)
JAG1 (20 ng/ml)
NT3 (100 ng/ml)
BDNF (100 ng/ml)

GF mix 3
EGF (50 ng/ml)
bFGF (50 ng/ml)
2.5% serum

Plate coating 
Uncoated
poly-Ornithine/ 
Laminin-coated 
(1 μg/ml)

Oxygen concentration
Normoxic (20%)
Hypoxic (5%)

Basal media B
DMEM/F12
10 mM HEPES
0.6% Glucose
1% N2
2% B27
1% A/A
1% NSF
10 ng/ml LIF
0.06 mg/ml NAC

GF mix 1
EGF (50 ng/ml)
bFGF (50 ng/ml)

GF mix 2
EGF (50 ng/ml)
bFGF (50 ng/ml)
SHH (100 ng/ml)
JAG1 (20 ng/ml)
NT3 (100 ng/ml)
BDNF (100 ng/ml)

GF mix 3
EGF (50 ng/ml)
bFGF (50 ng/ml)
2.5% serum

Plate coating 
Uncoated
poly-Ornithine/ 
Laminin-coated 
(1 μg/ml)

Oxygen concentration
Normoxic (20%)
Hypoxic (5%)

Table 1. Different conditions for optimizing PBT in vitro culture. A/A=Antibiotic/Antimycotic; NEAA=Non-Essential 
Amino Acid; NAC=N-acetyl-L-cysteine; EGF=Epidermal Growth Factor; bFGF=basic Fibroblast Growth Factor; SHH=Sonic 
Hedgehog; BDNF=Brain-derived Neurothropic Factor; GF=Growth Factor. 
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of DMEM/F12 with 2.5% serum (Gibco). To allow the cells to adhere, 1 μg/ml Laminin 
(Sigma) was added to the culture media (except for the non-coated cultures). Primary tumor 
cultures were maintained either in hypoxic (5%) or normoxic (20%) O2 concentration.                   

Chick embryo / CAM in ovo method for tumor propagation
Fertilized chicken eggs were purchased from Poultry Farm Het Anker, Ochten, the 
Netherlands. Before they were used for the experiment, eggs were placed at room 
temperature overnight. The next day, 3 ml of albumin was removed from the eggs using a 
syringe, after which the eggs were horizontally incubated at 38°C with 60% humidity in the 
MG200 Hovabator (Savimat). On day 6 of embryo development, a window was created on 
top of the egg shell using scissors followed by inoculation of a tumor cell pellet (3x106 cells/
egg) onto the chorioallantoic membrane (CAM) of the embryo. To this end, tumor cells 
were harvested from normal culture plates and incubated for 30 minutes with fluorescent 
staining solution CellTracker Green (15 μM) to allow in ovo identification. Then, the 
cells were resuspended in 25 μl culture media mixed with 25 μl Matrigel to generate a cell 
pellet, which was placed onto a scratch made in the CAM and the egg window was closed 
using scotch tape. Tumor growth was followed by (fluorescent) microscopic imaging on 
an Olympus stereomicroscope. Tumors were harvested at embryonic day 14 for analysis or 
serial transplantation. For the latter, a single cell suspension was prepared from which a 
Matrigel pellet was made that was further processed as described above. 

Single cell Whole Genome Sequencing (scWGS) 
The snap-frozen primary tissue and single cell culture of pediatric medulloblastoma samples 
were used for scWGS as described previously (Chapter 4 of the PhD thesis of Irena Bockaj, 
2021). Briefly, the cell suspension from fresh and cultured material were cryopreserved in 
10% DMSO. For snap-frozen tumor tissue, on the day of surgery single nuclei were isolated 
prior to the sort using a sucrose gradient ultracentrifugation step as described elsewhere29. 
For single nuclei sorting, cells were resuspended in staining buffer (1M Tris-HCL pH 
7.4, 5M NaCl, 1M CaCl2, 1M MgCl2, 7.5% BSA, 10% NP-40, ultra-pure water, 10 mg/ml 
Hoechst 33358, 2 mg/ml Propidium Iodide (PI), and kept on ice for 15 min to facilitate 
lysis. G1 phase single nuclei, as assessed by PI and Hoechst staining, were sorted into 96-
well plates on a MoFlo-Astrios flow cyctometer (Beckman Coulter). Nuclei were lysed and 
DNA was barcoded, followed by automated library preparation (Agilent Bravo robot) 
as described previously29. Single-cell libraries were pooled and analyzed on an Illumina 
HiSeq2500 sequencer. Sequencing data were analyzed with the R2-package AneuFinder as 
previously described30. 
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Retroviral transduction 
Retroviral plasmid pBABE-neo LargeT cDNA was a gift from Dr. Bob Weinberg (Addgene 
plasmid #1780)31. Phoenix producer cells were transfected with this plasmid using Fugene 
HD transfection (Promega). Retrovirus-containing supernatant was harvested 36 hours 
after transfection. Tumor cell cultures were transduced with retrovirus for 8 hours in the 
presence of 8 μg/mL Polybrene (Sigma). 

Immunostainings 
Tumor cells were fixed with 4% formaldehyde (Sigma), permeabilized with 0.1%Triton 
X-PBS, and blocked with 5% normal goat serum in PBS. Primary antibodies were Nestin 
(1:100) (Santa Cruz), TuJ1 (1:750) (Fitzgerald) and GFAP (1:400) (Dako). Following overnight 
incubation, secondary antibodies were applied (Alexa Fluor 488; 1:500) (Invitrogen). Cells 
were counterstained with DAPI and imaged on a Leica inverted fluorescence microscope.

RT-PCR
Detection of LargeT expression in the tumor cells was done using conventional RT-
PCR. Briefly, mRNA was isolated using the RNeasy minikit (Qiagen) according to 
the manufacturer’s instructions. Subsequently, cDNA was synthesized from 1 μg 
mRNA by RevertAid Reverse Transcriptase (200 U/μL) (Thermo Scientific). PCR 
was done using Phusion HF polymerase (2 U/μL) (Thermo Scientific) and primers 
(LgT-cDNA FWD: 5’-TGGAGGGGAGTCCAGAGATT-3’ and LgT-cDNA REV: 
5’-ATGGTGACTATTCCAGGGGGA-3’) (IDT) on a thermal cycler for 35 cycles using the 
following PCR program: 95°C denaturation for 10 sec, 60°C annealing for 10 sec, 72°C 
annealing for 20 sec. PCR products were examined on 2% agarose gels (Thermo Scientific).

Results and Discussion

Establishing primary PBT cultures from fresh tumor biopsies 
Accurate disease models for the various types of PBT that maintain original tumor 
characteristics, yet at the same time are practical and affordable, are rare13,17. The majority of 
in vitro models consists of established cell lines that have been used for decades and therefore 
have deviated from the original cellular heterogeneity, towards a more homogenous, clonal 
population17,18. Here, we attempted to establish primary cell cultures from fresh PBT 
biopsies at diagnosis (collected from the University Medical Center Groningen between 
2012 and 2017) that would faithfully represent the original tumor. Our sub-aim was to 
generate cultures that could at least be propagated for several passages, such that adequate 
cell numbers were generated for subsequent experiments. We already knew that apart 
from high-grade gliomas (HGG) and the incidental non-glial brain tumor, it is notoriously
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difficult to generate PBT cell lines that both reliably resemble the original tumor, and at 
the same time can be propagated for a number of passages. Therefore, we hypothesized 
that current culture conditions are not fully supportive for transformed neural cells. For 
instance, it has been shown that multipotent neural stem cells can only be maintained in 
culture when EGF and bFGF are supplemented32. Similarly, intestinal (and colon cancer) 
stem cells require the presence of Wnt and R-Spondin factors to propagate33. This prompted 
us to include different combinations of (pro-neural growth) factors in our protocol for the 
initial brain tumor culture attempts. Furthermore, we presumed that certain neural cells 
prefer to grow as adherent monolayers, while others might grow better as neurospheres. 
We therefore also offered poly-Ornithine/Laminin-coated plates in addition to standard 
tissue culture plastic to the primary cells to stimulate cell adhesion. Additionally, we tested 
different methods for primary tumor dissociation, since not all tumor extracellular matrix 
(ECM) will have an equal composition. Lastly, we incubated the cultures both at atmospheric 
(normoxic, 20%) and hypoxic (5%) oxygen concentrations, as it has been shown previously 
that human fibroblasts, which typically undergo replicative senescence at normoxia, can be 
cultured for prolonged times under hypoxic conditions (Fig. 1a)34.  

 Before subjecting the tumor cells to the various culture conditions, we first 
aliquoted the biopsy material and processed it for different purposes. Typically, surgically 
resected tissue (which was mostly treatment naïve) from different types of PBT was received 
towards the end of the day. This tissue was divided for either tumor cell culture, snap 
freezing and cryopreservation, or storage in RNAlater. The tumor tissue used for tumor 
cell culture was then further processed by washing, removal of necrotic tissue, dissociation, 
and filtration to obtain single cell suspensions, as shown in Fig. 1b (for additional details, 
see Materials and methods).

 By using the different protocols as outlined above, during the first year we found 
that we were able to culture the majority of the tumors, but only for a limited time. In rare 
cases, cultures could be passaged more than two or three times, but typically cultures could 
not be passaged. Surprisingly, noneof the protocols that we tested improved the culture 
efficiency. This suggests that neither the growth factors that we supplied, nor the method

 ► Figure 1. Establishment of primary PBT cell cultures. (a) Schematic overview of the different conditions used to optimize 
the protocol for primary PBT culturing. (b) Schematic overview of tumor tissue processing following surgery. Brain tumor tissue 
from fresh biopsies was divided into at least three parts for different purposes. The tissue part for setting up cell cultures was 
subsequently washed, dissociated, and filtrated to obtain a single cell suspension. (c) Representative images of an MB (PBT-1) 
culture in serum-free and serum-containing media, with and without the addition of a coating agent, poly-Ornithine/Laminin. 
(d) Morphology of PBT cultures in serum-free and serum-containing media upon prolonged culturing. Representative images 
of an MB (PBT-28), a HGG (PBT-29), an EPN (PBT-31), and an LGG (PBT-33) culture. Scale bars indicate 200 μm. NA=not 
applicable. (e) Fluorescent microphotographs showing DAPI (blue) and Nestin; TuJ1; or Gfap (green) expression in PBT-
1 cultures maintained in serum-free and serum-containing media. (f) Graph showing the culture rates of the various PBTs. 
MB=medulloblastoma; LGG=low-grade glioma; HGG=high-grade glioma; EPN=ependymoma, p=passage. 
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of dissociation that we used, nor the oxygen concentration, had an obvious impact on cell 
culture rate (Fig. 1a). However, we did observe morphological differences under the various 
conditions. In serum-free media, cells tended to form floating neurospheres that started to 
attach when the plates were coated with poly-Ornithine/Laminin (Fig. 1c). Cells grown 
in the presence of 2.5% serum had a higher propensity to attach to the plate, which was 
further stimulated by poly-Ornithine/Laminin (Fig. 1c). These observations are in line 
with previous research, in which primary mouse brain and human glioma cells formed 
neurospheres in serum-free media, while the addition of a coating agent allows these cells 
to adhere35.
 
 Based on these initial observations (years 1-2 of the project), for practical purposes 
we decided to culture subsequent tumors in more simple serum-free and serum-containing 
media only. Fig. 1d gives additional examples of tumor cell morphology under these two 
conditions. Interestingly, MB cells appeared to grow better in serum-containing media as 
monolayer cultures, than in serum-free media as neurospheres. The HGG cultures on the 
other hand typically grew well under all conditions, and were mostly adherent. We also 
analyzed the expression of stem cell (i.e., Nestin) and differentiation markers (i.e., TuJ1 and 
GFAP) in MB cells (PBT-1) cultured under serum-containing or serum-free conditions 
(Fig. 1e). While we did not see much difference in Nestin expression, more TuJ1 and GFAP 
positive cells were present under serum conditions. This is in agreement with previous 
findings that tumor stem cell characteristics are lost upon culturing in serum-containing 
media, indicating that serum-free media may be better at preserving the original biology of 
the tumor36.

 In the course of approximately half a decade, we obtained a total of n=42 tissue 
samples from different PBT types, including LGG (10/42), HGG (4/42), MB (14/42), and 
EPN (5/42). We also received a few choroid plexus tumors, meningioma, and germ cell 
tumors (9/42) that were classified as “Others” in our study. Table 2 summarizes tumor 
diagnosis, classification, and cell culture status of all these cases. As mentioned above, not 
every tumor was able to grow in culture. The average culture rate, as defined by tumors 
that were able to be cultured divided by all tumor samples, is 64% (27 cultures/42 tissue 
samples). Individually, the different tumor types have a culture rate ranging from 40-100% 
(Fig. 1f). HGG has the highest culture rate of 100% because from the 4 tissue samples that 
we received, all were able to expand in culture (25% expanded for more than 5 passages 
and 50% expanded over 10 passages). While MB, LGG and EPN initially proliferated, 
their cultures could typically not be maintained after 5-10 passages and never thereafter. 
These differences in growth ability of primary tumors may partially be explained by 
the aggressiveness of the tumors. PBTs that manage to survive in culture conditions are 
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often also fast growing in the patient17,37. It is also possible that the extent and type of 
damage to the tumor genome, as well as intra-tumoral heterogeneity and the ability to 
mutate (and thus adapt to culture conditions) play a role38. Lastly, stemness versus a more 
neuronal phenotype of the tumor cells might determine how well they grow in culture, as it 
is difficult to culture neuronal cells for longer periods of time37,39.        

Sample Diagnosis Classification Culture Passaging 

PBT-1 Medulloblastoma MB yes 6

PBT-2 Germ cell tumor Others yes 5

PBT-3 Mature teratoma Others yes 11

PBT-4 Medulloblastoma MB yes 3

PBT-5 Pilocytic astrocytoma LGG yes 6

PBT-6 Medulloblastoma MB yes 4

PBT-7 Pilomyxoid astrocytoma LGG no N/A

PBT-8 Medulloblastoma MB no N/A

PBT-9 Medulloblastoma MB no N/A

PBT-10 Ependymoma EP no N/A

PBT-11 Ganglioma Others no  N/A

PBT-12 Glioblastoma HGG yes 6

PBT-13 Diffuse astrocytoma LGG yes 4

PBT-14 Medulloblastoma MB no N/A

PBT-15 Medulloblastoma MB no N/A

PBT-16 Meningioma Others no N/A

PBT-17 Pilocytic astrocytoma LGG yes 2

PBT-18 Glioblastoma HGG yes 12

PBT-19 Glioblastoma HGG yes 4

PBT-20 Medulloblastoma MB yes 5

PBT-21 Medulloblastoma MB yes 3

PBT-22 Low-grade astrocytoma LGG yes 1

PBT-23 Pilocytic astrocytoma LGG no N/A

PBT-24 Medulloblastoma MB yes 4
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PBT-25 Medulloblastoma MB yes 6

PBT-26 Ependymoma EP yes 5

PBT-27 Choroid plexus papilloma Others no N/A

PBT-28 Medulloblastoma MB yes 5

PBT-29 Glioblastoma HGG yes 10

PBT-30 Choroid plexus papilloma Others yes 1

PBT-31 Ependymoma EP yes 2

PBT-32 Pilocytic astrocytoma LGG yes 0

PBT-33 Pilocytic astrocytoma LGG yes 0

PBT-34 Medulloblastoma MB yes 3

PBT-35 Medulloblastoma MB yes 3

PBT-36 Low-grade astrocytoma LGG no N/A

PBT-37 N/A Others no N/A

PBT-38 Choroid plexus papilloma Others yes 0

PBT-39 Ependymoma EP yes 0

PBT-40 Ependymoma EP no N/A

PBT-41 N/A Others no N/A

PBT-42 Pilocytic astrocytoma LGG no N/A

Table 2. Summary of UMCG PBT samples with their diagnosis, classification, and performance in cell culture conditions. 
MB=medulloblastoma; LGG=low-grade glioma; HGG=high-grade glioma; EPN=ependymoma. N/A=not applicable. 

The in ovo method for propagating primary brain tumor cells
Another factor preventing efficient tumor cell culturing might be lack of support from the 
(tumor) microenvironment. In order to provide an in vivo microenvironment to the cells 
that is more practical and affordable than for example a recipient mouse, we attempted to 
propagate primary tumor tissue using the chorioallantoic membrane/CAM (in ovo) assay. 
This method has been shown previously to be beneficial in preclinical glioma studies 
because it provides a dense capillary network supporting the tumor cells that at the same 
time is immune-deficient40. Furthermore, various other tumor types have been reported to 
be successfully engrafted into the chicken egg, supporting this method as a valuable tool 
and as an alternative PDX platform41. However, it had not yet been demonstrated if this 
assay could also be used for serial transplantations, which would be vital for our aim of 
generating tumor cell cultures that can be maintained for longer periods.    
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Figure 2. Propagating primary PBT cells using the in ovo CAM method. (a) Schematic overview of the experimental setup 
of tumor cell propagation using the CAM (chorioallantoic membrane) in ovo method. At day 0, fertilized chicken eggs were 
incubated horizontally at 38°C to Hamburger Hamilton stage 18 (HH18). A small amount of albumin was removed to lower the 
growing chick embryo, preventing it from sticking to the egg shell. At day 6, a window was created on top of the egg shell for 
examination and a tumor cell pellet in matrigel was inoculated onto a wound made on the CAM. As these tumor cells were also 
treated with a fluorescent CellTracker, they could be live visualized using fluorescence microscopy. Tumor cells were allowed to 
grow and engraft, then harvested at day 14. (b) Representative images showing engraftment of A2780 ovarian carcinoma and 
GG16 glioblastoma tumor cells on the CAM at 4 and 7 days after inoculation.   
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 In essence, the CAM assay works by inflicting a small wound in the CAM of the 
developing chick embryo at day 6 (HH stage 28), onto which a cell suspension, pellet or tissue 
piece can be placed. These cells will become vascularized in the following days as the wound 
heals40. We started by optimizing the protocol using established human ovarian carcinoma 
(A2780) and glioblastoma (GG16) cell lines, of which the latter had been shown to be very 
efficient in conventional mouse PDX modeling42. The experiment started by removing some 
albumin from freshly fertilized eggs to lower the embryo. Subsequently, these eggs were 
incubated at 38OC for approximately six days until the chick embryos reached the HH stage 
28, as depicted in Fig. 2a. At this time, a window was created in the egg shell. Donor tumor
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cells were fluorescently labelled using a CellTracker dye allowing easy identification and 
mixed with Matrigel. The fluorescently labelled cell pellet was then inoculated onto a small 
scratch made in the CAM with a pipette tip. Tumor cells were allowed to proliferate and 
analyzed up to day 14, at which point they were harvested for another round of inoculation.

 We observed that at day 4 after inoculation, engraftment of both ovarian carcinoma 
and glioblastoma cells onto the CAM could be detected as determined by CellTracker 
fluorescence (Fig. 2b). When we examined tumor growth at 7 days after inoculation, the 
glioblastoma cells were still proliferating, while the ovarian carcinoma cell pellet appeared 
reduced in size (Fig. 2b). Unfortunately, when we tried to transplant the GG16 glioblastoma 
cells either as single cells or as partially disrupted cell pellet, they did not grow again in 
the CAM assay (not shown). Therefore, we decided that the CAM assay is not suitable for 
setting up long-term brain tumor cultures.

Loss of karyotype heterogeneity in tumor cell cultures upon in vitro culturing
The failed CAM experiments prompted us to revert to the conventional cell cultures and 
look for another, molecular approach to enhance cell culture efficiency. As mentioned, the 
most beneficial models for preclinical research are those that represent the original tumor 
and preserve its intratumoral heterogeneity13,22,43. However, we did not yet know if, and to 
what extent, primary tumor cultures lose their heterogeneity under our in vitro conditions. 
Since we wanted to take this into account in our next strategy, we performed shallow 
single-cell Whole Genome Sequencing (scWGS) on cells directly taken from a MB biopsy 
(PBT-20), as well as on cultured cells from the same tumor at passage 1 (PBT-20; p1) and 
passage 3 (PBT-20; p3) (Fig. 3a-b; published previously as part of the PhD thesis of Irena 
Bockaj, 2021). We observed that the initial intratumoral heterogeneity, as represented by 
the high number of cells with different and/or unique karyotypes, was rapidly lost upon 
culturing. This demonstrates that culturing puts selective pressure on the cells, promoting 
the outgrowth of the clone that is most-adapted to cell culture conditions.

 ► Figure 3. In vitro clonal selection threatens the maintenance of tumor culture heterogeneity. (a) Shallow single cell 
Whole Genome Sequencing (scWGS) of primary tumor cells and cultured derivatives from an MB biopsy (PBT-20). Each line 
represents the karyotype of a single cell (27-44 lines/sample) where chromosomes are depicted horizontally. The colors represent 
the ploidy of the corresponding region. Data were analyzed by the R-package Aneufinder. (b) Heterogeneity and aneuploidy 
scores plotted for primary MB tumor biopsy cells (PBT-20) and subsequent cultured cells at the first passage (PBT-20; p1) and 
third passage (PBT-20; p3). (c) Schematic overview of the proposed strategy to reversibly immortalize primary PBT cells. LargeT 
and hTERT will be cloned into a Doxycycline-inducible lentiviral expression construct. Transduction into primary brain tumor 
cultures presumably immortalizes these cells and preserves tumor heterogeneity. (d) Phase contrast images of cultured HGG 
(PBT-29 control) cells before and after retroviral transduction with a control (PBT-29 empty vector) and LargeT gene (PBT-
29 LargeT) containing construct in serum-free media at passage one (PBT-29; p1), and over fifteen passages (PBT-29; p15). (e) 
Confirmation of LargeT expression in the PBT-29 cell culture using conventional RT-PCR. 
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 Taking this into account, we designed a strategy based on the inducible expression 
of the SV40 LargeT and human hTERT genes (Fig. 3c). The idea was that SV40 LargeT, a 
major repressor of p53 and RB function, prevents a premature tumor cell cycle arrest caused 
by tissue culture stress31,44,45 Expression of hTERT on the other hand prevents telomere 
shortening and thereby replicative senescence46,47. Hence, expression of these two genes 
in primary tumor cells might lead to immortalization, and thereby prolonged culturing. 
Whether this strategy would also prevent clonal selection (or genetic drift) remains to be 
determined. On the one hand, inhibition of the major cell cycle checkpoints could reduce 
mutations in these pathways acquired in vitro, as it takes away the pressure to mutate them. 
Yet on the other hand, it is also possible that especially LargeT expression causes further 
genomic instability by inhibiting p5348,49. Nevertheless, we believed that this strategy would 
be worthwhile testing.

 Our ultimate goal was to generate one lentiviral construct containing all required 
elements, to reduce the number of transductions (Fig. 3c). We also wanted the expression 
of LargeT and hTERT to be reversible, as that would allow us to revert the tumor cells 
to their original state once they were expanded and set up for further experiments. In a 
preliminary test, we utilized PBT-29 HGG cells and transduced them with retrovirus 
containing either empty vector (EV) or the LargeT-only construct shortly after the primary 
tumor cell suspension was brought into culture. We then followed the growth of these cells 
over several passages (Fig. 3d) and confirmed LargeT expression using conventional RT-
PCR (Fig. 3e). We observed that at early passages, the PBT-29 transduced cells grew as 
adherent monolayers and had similar morphology as the parental, non-transduced PBT-
29 cells. Interestingly, at higher passage, all PBT-29 cells started to grow as neurospheres, 
suggesting that this change was independent of LargeT expression. However, since the PBT-
29 cells coincidentally belonged to these few tumor cells that are already immortal from the 
start, additional experiments are required to test the immortalizing capacity of LargeT in 
primary tumor cells, as well as the contribution of hTERT. 

 Altogether, in this study we have attempted to set up primary brain tumor cultures 
from 42 different PBT biopsies using different culturing methods. Our aim was to generate 
cultures that could be expanded for at least a few number of passages, such that sufficient cell 
numbers are obtained to allow downstream experiments. Unfortunately, we found that only 
few brain tumors yielded cell cultures that remained proliferative, and this was regardless of 
the different culture conditions applied. Typically, these tumors were HGG, suggesting that 
these tumors harbor currently unknown characteristics that promote propagation outside 
the brain. By peforming CAM assays, where we employed the developing chick embryo 
vasculature to provide an in vivo microenvironment to the tumor cells, we could also not 
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maintain PBT cells, indicating that yet different conditions are required. Since it is known 
that various different PBT types, including medulloblastoma, can be serially passaged 
in immunodeficient recipient mice, we can conclude that a brain niche is sufficient and 
necessary to sustain tumor cell proliferation. Yet these experiments are laborious, costly, 
and logistically challenging, making this method not very practical. Additionally, there 
are also ethical concerns. Therefore, to our opinion the way forward is to either identify 
the extrinsic factors that sustain tumor cell proliferation outside the living organism (for 
which the healthy brain could be taken as a starting point), or alternatively, to understand 
the intrinsic molecular mechanisms driving tumor cell proliferation. Our approach of 
reversibly targeting the cell cycle machinery might be one way to achieve the latter, and we 
hope to shed light on this in the nearby future.     

The data shown in Fig. 3a-b were published previously as part of the PhD thesis of Irena 
Bockaj, University of Groningen, 2021. This work was supported by an Indonesia Endowment 
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