Molecular

Oncology

Glioblastoma and cerebral organoids: development and
analysis of an in vitro model for glioblastoma migration

Veronika Fedorova', Veronika Pospisilova’, Tereza Vanova'?, Katerina Amruz Cerna’,

Pavel Abaffy®

, Jiri Sedmik', Jan Raska', Simona Vochyanova', Zuzana Matusova?®,

Jana Houserova*, Lukas Valihrach®, Zdenek Hodny* and Dasa Bohaciakova'-?

1 Department of Histology and Embryology, Faculty of Medicine, Masaryk University, Brno, Czech Republic

2 International Clinical Research Center (ICRC), St. Anne's University Hospital, Brno, Czech Republic

3 Laboratory of Gene Expression, Institute of Biotechnology CAS, BIOCEV, Vestec, Czech Republic

4 Department of Genome Integrity, Institute of Molecular Genetics of the Czech Academy of Sciences, Prague, Czech Republic

Keywords
cerebral organoids; GLICO; glioblastoma;
induced pluripotent stem cells

Correspondence

D. Bohaciakova, Department of Histology
and Embryology, Faculty of Medicine,
Masaryk University Brno, Kamenice 5,
62500 Brno, Czech Republic.

Tel: +420 54949 6052

E-mail: bohaciakova@med.muni.cz

Veronika Fedorova, Veronika Pospisilova,
Tereza Vanova and Katerina Amruz Cerna
contributed equally to this article

(Received 5 May 2022, revised 22 January
2023, accepted 3 February 2023, available
online 18 February 2023)

doi:10.1002/1878-0261.13389

It is currently challenging to adequately model the growth and migration
of glioblastoma using two-dimensional (2D) in vitro culture systems as they
quickly lose the original, patient-specific identity and heterogeneity. How-
ever, with the advent of three-dimensional (3D) cell cultures and human-
induced pluripotent stem cell (iPSC)-derived cerebral organoids (COs),
studies demonstrate that the glioblastoma-CO (GLICO) coculture model
helps to preserve the phenotype of the patient-specific tissue. Here, we
aimed to set up such a model using mature COs and develop a pipeline for
subsequent analysis of cocultured glioblastoma. Our data demonstrate that
the growth and migration of the glioblastoma cell line within the mature
COs are significantly increased in the presence of extracellular matrix pro-
teins, shortening the time needed for glioblastoma to initiate migration. We
also describe in detail the method for the visualization and quantification
of these migrating cells within the GLICO model. Lastly, we show that this
coculture model (and the human brain-like microenvironment) can signifi-
cantly transform the gene expression profile of the established U87 glio-
blastoma cell line into proneural and classical glioblastoma cell types.

1. Introduction

better treatment strategies resulting from improved
models and new analytical approaches to studying glio-

Glioblastoma (grade IV astrocytoma) is the most aggres-
sive and lethal form of brain tumors with extremely
poor prognostic outcome despite intensive therapy. The
median survival of adults with glioblastoma after surgical
resection, radio-, and chemotherapy with DNA alkylat-
ing agent temozolomide is currently 14 months, and the
S-year survival rate is less than 5% [1,2]. Intriguingly, this
S-year survival remains poor, with no apparent improve-
ment over the past decade [3], indicating the need for
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blastoma biology and invasiveness.

It is challenging to adequately model the growth
and migration of patient-derived glioblastoma in vitro.
To this date, numerous reports have shown that upon
transferring the resected tumor tissue to a 2D cell cul-
ture environment, glioblastoma cells lose their original
(patient-specific) identity and heterogeneity. Even after
maintaining glioblastoma tissue in serum-free cell cul-
ture conditions or selecting glioblastoma stem cells

COs, cerebral organoids; DEGs, differentially expressed genes; ECM, extracellular matrix; GLICO, glioblastoma-cerebral organoid coculture
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Modeling migration in GLICO coculture

(GSCs), 2D cell culture invariably generates cell popu-
lations markedly different from the original tumor.
Additionally, the intrinsically invasive behavior of glio-
blastoma cannot be modeled in 2D culture, as it
requires 3D brain(-like) tissue. Therefore, studies thus
far have essentially focused on generating patient-
derived xenografts (PDXs) wusing mice models.
Although they have brought significant improvement
in the maintenance of glioblastoma ex vivo, they
remained challenging to work with and inadequate for
simulating specifically the human brain environment.
Since the advent of 3D cell cultures, glioma spheres
and tumor organoids have become increasingly used.
Additionally, since the description of cerebral orga-
noids (COs) derived from induced pluripotent stem
cells (iPSCs) [4], several reports recently demonstrated
that COs could indeed be used for modeling glioblas-
toma in vitro. As they faithfully recapitulate the devel-
oping human brain, they can either be genetically
modified to develop glioblastoma [5,6] or used as a
scaffold for supporting the growth of patient-derived
glioblastoma tissue [7-12]. Importantly, these studies
are increasingly demonstrating that the glioblastoma-
cerebral organoid (GLICO) coculture model is supe-
rior to other glioblastoma culture systems, likely
because the COs provide the glioblastoma with the
appropriate microenvironment [12]. However, with
their increasing use, reports thus far have employed a
plethora of approaches toward generating GLICO
cocultures (reviewed in [13]) and described a different
ability and the time needed for gliomas to migrate
within the COs. Thus, despite all recent advances, it
remains challenging to recapitulate some aspects of the
GLICO coculture system.

Prompted by the increasing number of studies report-
ing the GLICO model as superior to other glioblastoma
culture systems, we set out to optimize this coculture
system in our hands. Importantly, we aimed to imple-
ment several crucial parameters that were lacking or
not sufficiently specified in the previous reports, namely:
(a) the use of adequately mature COs for co-culture
with glioblastoma; (b) the absence of additional extra-
cellular matrix (ECM) scaffolds/proteins (e.g., Matri-
gel); (c) the development of visualization approach that
would allow us to identify and quantify the extent of
migration within COs; and (d) optimization of isolation
of glioblastoma cells from coculture model with subse-
quent proof-of-concept molecular analytics. As a glio-
blastoma model, we used a well-established,
fluorescently labeled U-87 MG glioblastoma cell line
(further referred to as U87). Our results indicate that
(55-day-old) mature COs support the growth of US87
even without an ECM scaffold, however, with a
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relatively long time needed to initiate cell migration
inside the CO (=30 days). We further show that this
migration is significantly enhanced by extracellular
matrix proteins, such as Matrigel or Geltrex, with
Matrigel also having a substantial impact on glioblas-
toma cell growth. We also report on developing a strat-
egy for visualization and quantification of glioblastoma
cells within COs using confocal microscopy and tissue
clearing that can be adapted for the analysis and quan-
tification of glioblastoma cell migration. Lastly, we
optimized the dissociation of COs into single cells and,
upon FACS sorting of fluorescently labeled glioblas-
toma cells, performed bulk mRNA sequencing. Data
show that 40 days of the coculture of established U87
glioblastoma cell line in human brain organoids signifi-
cantly change their gene expression toward neural cell
identity and induce a switch toward proneural and clas-
sical glioblastoma cell type. Altogether, our results not
only point to the differences between GLICO culture
methods and a significant effect of ECM proteins on
enhanced tumor growth but also bring evidence that
mimicking the human brain microenvironment using
COs is a powerful technique for studying gliomas under
conditions that better represent the in vivo conditions.

2. Materials and methods

2.1. Culture of induced pluripotent stem cells

Three independent human iPSC lines - MUNIi008-A,
MUNIi009-A, and MUNIi010-A (RRID:CVCL_A4PG,
RRID:CVCL_A4PH, and RRID:CVCL_A4PI) derived
and characterized in our laboratory were used to gener-
ate cerebral organoids [14]. The authentication process
of these cell lines is also explained in [14]. As described
previously [14,15], iPSCs were routinely screened for
mycoplasma, grown in feeder-free conditions on
Matrigel-coated dishes (Corning, Corning, NY, USA)
in mTeSR™1 medium (STEMCELL Technologies,
Vancouver, Canada) and passaged using 0.5 mm EDTA
(Thermo Fisher Scientific, Waltham, MA, USA) in PBS
or manually. Primary human fibroblasts for the genera-
tion of iPSCs were obtained from Corriel Institute
based on NIGMS human genetic cell repository Mate-
rial Transfer Agreement.

2.2. Cerebral organoid differentiation and
preparation of thick organoid sections

With a few modifications, the generation of COs fol-
lowed the protocol described in [16,17]. Briefly, to initiate
the embryoid body formation, iPSCs were detached using
Accutase and plated in poly(2-hydroxyethyl methacrylate;
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poly-HEMA; Merck, Darmstadt, Germany) -treated
nonadherent V-shaped 96 well plates at density 2000—
3000 cells per well in mTeSR™1 with 50 um Rho-kinase
(ROCK) inhibitor Y-27632 (Selleckchem, Houston, TX,
USA). On day 2, the medium was changed for
mTeSR™1 without ROCK inhibitor. When embryoid
bodies were at least 400 pm in diameter, the medium
was changed for the Neuroinduction medium [17]. The
Neuroinduction medium was changed every day for
6 days, after which organoids were embedded in 7 puL of
Geltrex™ (Thermo Fisher Scientific). Polymerized Gel-
trex™ droplets with organoids were detached and cul-
tured for 10 days in Cerebral Organoid Differentiation
Medium (CODM [17]) without vitamin A. After 10 days,
the medium was changed for CODM with vitamin A
and organoids were moved to an orbital shaker (0.035 g),
where they were cultured until Day 55. At this time
point, they were used for GLICO model experiments.
The medium was changed regularly every 2-3 days.

For experiments with thick organoid sections, COs
at Day 55 were embedded in 4% agarose (Merck) and
sectioned into 250 pm sections using Vibratome
(Leica, Wetzlar, Germany; settings: frequency 10,
speed 2). Obtained sections were then manually cleared
of the agarose, placed into a CODM medium with
vitamin A and used for the cocultivation with the
spheroid within 24 h.

2.3. Preparation of fluorescently labeled
glioblastoma

GBM primary cell line US7MG (RRID:CVCL_0022)
was obtained from ATCC (Manassas, VA, USA)
previously used in [18,19], and prior to their use, they
were screened for mycoplasma. Ectopically expressing
green fluorescent protein (GFP) or tdTomato was pre-
pared by stable transfection using linearized pEGFP-CI
vector or pcDNA3.1(+)/Luc2 = tdT (Addgene, Water-
town, MA, USA), respectively, and Lipofectamine 2000
(Thermo Fisher Scientific) according to the manufac-
turer’s recommendations. Positive cells were sorted
using FACS.

2.4. U87-GFP/tdTomato cell culture and spheroid
formation

U87-GFP and tdTomato cell lines were grown on cell
culture dishes in DMEM/F12 (Dulbecco’s Modified
Eagle Medium) with 10% FBS, 1% Glutamax, 1%
nonessential amino acids, and 0.5% Penicillin/Strepto-
mycin and passaged using TrypLE (all from Thermo
Fisher Scientific). To generate spheroids, cells were
detached using TrypLE, counted, and seeded at the
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density of 2000 cells per well in a poly-HEMA-treated
nonadherent V-shaped 96 well plate. The plate was
centrifuged at 200 g, 2 min to facilitate spheroid for-
mation. Fluorescently labeled U87 spheroids were used
for GLICO model experiments after 24 h.

2.5. GLICO coculture on an inclined plane and
with ECM protein scaffolds

For setting up a GLICO model without ECM protein
scaffolds, we used poly-HEMA-treated nonadherent 12
well plates with CODM with vitamin A. A single U87-
GFP spheroid was placed on the bottom edge of each
well. Subsequently, a single CO was positioned on the
top of the spheroid. One side of the 12 well plate was
then placed on top of an empty culture dish at an angle
of 45° resulting in an inclined plane. This inclination
ensured the attachment of the glioblastoma spheroid
and the CO. The GLICO was allowed to form for 48 h
in the inclined plate. After 48 h, the attachment of the
spheroid was examined. If the spheroid had not
attached to the CO, both the spheroid and the CO were
repositioned and allowed to attach for another 24 h in
the inclined plate. Subsequently, the plate was kept in
an incubator without shaking, and half of the volume
of the medium was changed carefully every 2 days,
making sure not to separate the GLICO apart. After
4 days, the plate was moved to an orbital shaker
(57 r.p.m.) and cultured until the analysis day. The
medium was changed three times a week.

To create the GLICO model with ECM protein
scaffolds, a single U87-GFP spheroid was placed in
the vicinity of an intact CO or the thick section in an
empty cell culture dish. The two components were
embedded in a 10 pL droplet of Matrigel™ or Gel-
trex™, ensuring the spheroid and the intact CO or
thick section remained in close contact and incubated
for 10 min at 37 °C until Matrigel™ or Geltrex™ poly-
merized. The polymerized droplet with GLICO was
gently transferred into nonadherent cell culture dishes
using sterile spoons and cultured in CODM with vita-
min A on an orbital shaker (0.035 g) until the day of
analysis. The medium was changed three times a week.

2.6. Western blotting

Western blotting was performed as previously
described in [20]. Briefly, samples were lysed in 1%
SDS lysis buffer (50 mm TRIS-HCI, pH 6.8, 1% SDS,
10% glycerol) and sonicated. Protein concentration
was measured using DC™ Protein Assay (Bio-Rad,
Hercules, CA, USA) and adjusted to 1 pg-pL~". Sam-
ples were mixed with bromphenol blue solution (0.2%
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bromphenol blue, 10% 2-mercaptoethanol) and dena-
tured at 95 °C for 6 min. Proteins were then loaded
on a 10% polyacrylamide gel, separated by SDS/
PAGE, and transferred onto PVDF membranes
(Merck). Membranes were blocked in 5% milk (pH
7.4) and incubated with primary antibodies at 4 °C
overnight. The next day, membranes were washed with
TBS-Tween-20, incubated with secondary antibodies
and ECL solution, and imaged using Chemidoc (Bio-
Rad). All antibodies used for western blotting are
listed in Table S1.

2.7. Histological preparation and whole-mount
of organoid samples

Before all immunostaining methods, harvested GLI-
COs were fixed with 3.7% formaldehyde for 1 h. They
were then washed with PBS two times and stored in
sterile PBS at +4 °C until processing.

2.7.1. Immunohistochemistry (IHC)

Fixed GLICO was embedded in 3% agarose (Merck),
followed by paraffin, and sectioned in 2 pum thin sec-
tions. The sections were deparaffinized in xylene, rehy-
drated in descending ethanol series (96-80-70-50%),
and recovered in antigen retrieval (pH 6,
DAKO, Carpinteria, CA, USA) for 20 min per 98 °C.
The sections were then permeabilized in 0.2% Triton-
X-100 (Merck) in PBS and incubated with primary
antibodies at 4 °C overnight. The next day, the sec-
tions were washed multiple times with PBS and incu-
bated with secondary antibodies. Nuclei were
visualized by Hoechst 33342 (Thermo Fisher Scien-
tific). Sections were mounted using Mowiol (Mowiol
4-88, P-Lab, Prague, Czech Republic) and imaged
using confocal microscopy (Zeiss Axio Observer.Z1
with confocal unit LSM 800; Zeiss, Oberkochen, Ger-
many). All antibodies used for immunohistochemistry
are listed in Table S2.

2.7.2. Whole-mount and CUBIC clearing

Fixed organoids were incubated in a CUBICI reagent
at 37 °C for 5-7 days with one CUBICI reagent
exchange (after 3 days) [21]. After incubation, samples
were washed and incubated with Hoechst 33342
(Thermo Fisher Scientific) at 4 °C for 24 h. The GFP
and tdTomato signal of glioblastoma cells was stable
and did not need to be enhanced using specific anti-
bodies. Next, samples were washed and incubated in a
CUBIC2 reagent at room temperature for 24-36 h. All
incubations were done with gentle shaking. Cleared
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and stained organoids were embedded in a mounting
solution in p-Slide 8 Well (IBIDI) for confocal micros-
copy (Zeiss Axio Observer.Z1 with confocal unit LSM
800; Zeiss). Whole-mount and CUBIC clearing buffer
compositions are listed in Table S3.

2.8. Microscopy

The histological sections were imaged with the inverted
microscope Zeiss Axio Observer.Z1 with confocal unit
LSM 800, equipped with solid-state lasers (405, 561, and
640 nm) and Plan-Neofluar 10x/0.30 AIR and Plan-
Neofluar 20x/0.50 AIR objectives using ZEN BLUE soft-
ware (Zeiss). Images with 0.329 x 0.329 x 5.500 um
(10x) and 0.156 x 0.156 x 0.700 um (20x) pixel size
were acquired using GaAsP PMT detectors. The acquisi-
tion parameters for Alexa Fluor 405, 568, and 647 were:
410470, 565-617, and 656-700 nm (emission wavelength
range) and 1.03 us (pixel dwell time). The pinhole was set
to 1 AU-8.2 um (10x) and 1 pm (20x). Line average of
2 was applied to all channels.

Cleared whole-mount organoids were imaged with
the inverted microscope Zeiss Axio Observer.Z1 with
confocal unit LSM 800, equipped with solid-state
lasers (405, 488, and 561 nm) and Plan-Neofluar 5x/
0.16 AIR and Plan-Neofluar 10x/0.30 AIR objective
using ZEN BLUE software (Zeiss). Images were acquired
using GaAsP PMT detectors. The acquisition parame-
ters for Hoechst, GFP, and tdTomato were: 400-486,
486-558, and 575-700 nm (emission wavelength range)
and 1 ps (pixel dwell time). The Line average of 2 was
applied to both channels. The pinhole was set to 1 AU
32 um (5x) and 8.2 um (10x). For z-stack imaging,
slices were acquired with a 16 pm (5x) and 4.1 pm
(10x) z-step size.

2.9. Analysis of glioblastoma cell migration

To evaluate glioblastoma cell migration, we used com-
mercially available software iMARIS version 9.8.2 (Bit-
plane, South Windsor, CT, USA). Detection of
individual glioblastoma cells was performed in IMARIS
using the ‘Surface’ module. For individual glioblas-
toma cell detection, the smooth parameter was set to
0.8 um. Thresholding was based on the background
subtraction with the largest sphere diameter of 5 um
and manual correction of the intensity of each sample.
For splitting touching objects, the seed point diameter
was set to 7 um. Droplet number was filtered using a
quality filter, setting a droplet threshold manually for
each sample. Finally, the samples were evaluated and,
if necessary, the individual cells were split manually.
Manual corrections of the automatic counts were
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performed to ensure that each migrated glioblastoma
cell was appropriately outlined. Subsequently, the
boundary between the glioblastoma sphere and the
migrating glioblastoma cells was determined manually.
The estimated parameters included (a) the number of
glioblastoma cells that migrated from the glioblastoma
sphere within the cerebral organoid, and (b) the short-
est distance of migrated glioblastoma cells to the sur-
face of the glioblastoma sphere. Parameters were
automatically quantified using the iMARIs software and
no selection of data with respect to the size of orga-
noids or spheroids was performed. Data were analyzed
and plotted using GRAPHPAD PRISM version 8 for Win-
dows, GraphPad Software, La Jolla, CA, USA, www.
graphpad.com. Three independent biological specimens
of each GLICO coculture method were used to ana-
lyze glioblastoma cell migration.

2.10. GLICO dissociation and fluorescence-
activated cell sorting (FACS)

Before mRNA sequencing and qPCR, GLICO cocul-
ture models were dissociated, and GFP-positive U87
glioblastoma cells were sorted using FACS. To dissoci-
ate GLICO models, whole organoids were washed in
HBSS (Merck), cut into smaller pieces with a sterile scal-
pel, and dispersed into 125 pL per organoid of papain
(Merck) dissolved in HBSS at 25 U-mL~". Dissociation
was performed in a shaking incubator for 10 min at
37 °C with occasional pipetting using a 1 mL pipette,
followed by 10-fold dilution with cold 2% FBS (Thermo
Fischer Scientific) in HBSS and filtering through 40 pm
cell strainer (Biologix, Lenexa, KS, USA). Cells were
collected by centrifugation at 300 g, 4 °C for 5 min and
resuspended in 500 pL of 2% FBS in HBSS. GFP-
positive cells were sorted using BD FACSAria™ Fusion
cell sorter and lysed in RNA blue reagent (Top-Bio,
Vestec, Czech Republic) for subsequent RNA analysis.
For mRNA sequencing, 40-day-old GLICO coculture
models were used. For qPCR, 20- and 40-day-old
GLICO coculture models were used.

2.11. RNA isolation, bulk mRNA sequencing,
data processing, and analysis

For bulk mRNA sequencing, U87-GFP spheroids were
either cultured alone for 40 days (here referred to as Con-
trol) or cocultured for 40 days with 55-day-old COs using
the inclined plane strategy (here referred to as GLICO).
COs were derived from all three iPSC lines. Both control
and GLICO samples were cultured in the CODM with
vitamin A. After dissociation and FACS sorting, GLICO
samples were harvested into RNA Blue reagent.

Modeling migration in GLICO coculture

Total RNA was isolated from three biological repli-
cates (with five GLICOs in each replicate) for each
condition according to the manufacturer’s instructions
and as described previously [15]. RNA quality was
assessed by TapeStation 2200 (Agilent Technologies,
Santa Clara, CA, USA; 5067-5576 RNA Screen
Tape), and only samples with RINe values > 8.5 were
used for library preparation. Poly-A selected libraries
were made from 500 ng of total RNA using QuantSeq
3’'mRNA-Seq Library Prep FWD for Illumina (Lexo-
gen, Wien, Austria, 015.96) with i5 6 nt Unique Dual
Indexing Add-on Kit (Lexogen, 047.96) with 14-18x
PCR cycles according to the manufacturer’s instruc-
tions. The UMI Second Stranded Synthesis Module
for QuantSeq FWD (Illumina, San Diego, CA, USA,
Read 1; 081.96) was used to allow unique tagging of
individual transcripts with 6 nt long Unique Molecular
Identifiers (UMI). The fragment size and quality of the
libraries were assessed by 5200 Fragment Analyzer
System (Agilent, Santa Clara, CA, USA; DNF-474 HS
NGS Fragment Kit). The concentration of the final
libraries was measured by Qubit® dsDNA HS Assay
Kit (Thermo Fisher Scientific, Q32851) and sequenced
with 75 bp single end reads on Illumina NextSeq®
500/550 (High Output Kit v2.5; 20024906). We suc-
cessfully obtained 15-20 million reads per sample.

Data processing and analysis were performed as fol-
lows: Firstly, the 6 bp long UMIs were removed from
sequences. The quality of raw reads was verified using
FASTQC v0.11.9 and the potential contamination was
screened by FASTQ _SCREEN VO0.11.1 [22]. The ‘TATA’
spacer, low-quality reads, and adaptor
sequences were removed using TRIMMOMATICSE V(.36 with
parameters ‘HEADCROP:4 ILLUMINACLIP: Lexo-
gen_quantseq.fa:2:30:10 LEADING:3 TRAILING:3
SLIDINGWINDOW:4:15 MINLEN:36’. Ribosomal and
mitochondrial reads were removed using SORTMERNA
v2.1b. BAM files with alignment were created with STAR
v2.7.0f (reference Homo sapiens genome version GRCh38;
[23]). The count tables were generated using the script
htseq-count v0.11.4 [24] with annotation version
GRCh38.87 and parameter ‘-m union’. ENSEMBL-IDs
were used as identifiers of transcripts.

The counted data were subsequently analyzed
using R-package DEsEQ2 v1.34.0 [25]. Rlog
transformed data were processed in the principal com-
ponent analysis. Differentially expressed genes (DEGs)
were identified by the command ‘DESEQ’ with default
parameters. ENSEMBL-IDs were converted into Gene
symbol using org.Hs.eg.db v3.14.0 database [26].
DEGs (adjusted P-value < 0.1, log,FoldChange > 0.6
for upregulated, log,FoldChange < 0.6 for downregu-
lated) were plotted with ENHANCEDVOLCANO package
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v1.12.0 [27]. Functional Gene-ontology over-
representation analysis (ORA) was conducted using
CLUSTERPROFILER package v4.2.2 [28,29] by enrichGO
command with parameters “OrgDb = org.Hs.eg.db,
ont = ‘ALL’, pAdjustMethod = ‘fdr’, pvalueCut-
off = 0.1, gvalueCutoff = 0.2, minGSSize = 3”. Enrich-
ment of a custom list of genes specific for different
glioblastoma subtypes [30] was determined by Gene set
enrichment analysis (GSEA). Custom list parameters
were set to baseMean > 20. Heatmaps were con-
structed with compPLEXHEATMAP Vv2.10.0 package using
rlog transformed data. Final data were deposited
under GEO accession number GSE216626.

2.12. gPCR

For protein-coding gene expression analysis, data were
collected from one experiment where GFP-positive
cells were isolated from 10-20 GLICOs and pooled for
each sample. The isolated RNA was transcribed to
cDNA using Transcriptor First Strand cDNA Synthe-
sis Kit (Roche, Basel, Switzerland) according to the
manufacturer’s instructions, and subsequent qPCR
was performed using LightCycler 480 SYBR Green 1
Master kit (Roche) on LightCycler 480 II (Roche). C;
values were calculated using the automated Second
Derivative Maximum Method in 1c480 software
(Roche). The relative gene expression was calculated
by normalization to glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) expression. The mean value of
the relative gene expression of all three time points
was used to calculate fold change. Primers used for
gPCR are listed in Table S4.

3. Results

3.1. Characterization of cerebral organoids and
U87 glioblastoma cell line

To initiate our experiments, we first characterized the two
components needed to establish the GLICO model: (a)
iPSCs-derived cerebral organoids (COs) and (b) the U87
glioblastoma cell line. For the CO generation, we used
three independent iPSC lines (MUNIi008-A, MUNIi009-
A, and MUNIi010-A) derived and characterized in
our laboratory [14]. Organoids were generated using a pre-
viously published protocol [17] with minor modifications as
described in the Section 2. As shown in Fig. 1, all used iPSC
lines can form mature cerebral organoids with typical mor-
phology during development (Fig. 1A) and tissue pattern-
ing at day 55 (D55; Fig. 1B). Immunohistochemistry
further confirmed that they expressed a series of pro-
genitor as well as immature and mature neuronal
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markers, including PAX6, DCX, TUJ, MAP2, BRN2,
and SYNI (Fig. 1C). Thus, our data confirmed that COs
at D55 express features of typical mature tissue and are
suitable for our GLICO model experiments.

As a second component for the GLICO model, we used
the U87, a well-established glioblastoma cell line com-
monly used in brain cancer research [31]. To facilitate
visualization of U87 within CO tissue, we fluorescently
labeled this cell line using GFP or tdTomato constructs as
described in Section 2. Under standard culture conditions,
cells were maintained as an adherent culture and showed
typical U87 morphology (Fig. 1D). Western blotting char-
acterization demonstrated that the U87 cell line expressed
a C-MYC transcription factor. However, despite being of
human brain origin, U87 did not express most of the ana-
lyzed neural or glial markers (i.e., SOX2, SOX1, NR2F2,
Neurofilament Light chain (NF-L), BRN2, N-MYC, and
GFAP), and showed very low or undetectable expression
of neural stem marker PAX6 when compared to the self-
renewing and differentiating neural stem cell (NSC) line
(ESI-017 CoMoNSCs; [32]) (Fig. 1E). For setting up the
GLICO model, glioblastoma cells were induced to form
spheroids by transferring U87 cells to non-adherent con-
ditions. For each spheroid, 2000 cells were used. After
24 h, spheroids exhibited typical morphology with disor-
ganized patterning (Fig. 1F) and were, at this time point,
used for all our experiments.

3.2. Mature cerebral organoids support the
growth of glioblastoma cells but need prolonged
time for migration

Having the primary components of the GLICO model
characterized, we subsequently aimed to optimize (a)
the coculture conditions that would mimic the in vivo
conditions of glioblastoma growth as closely as possi-
ble and (b) the visualization of the glioblastoma and
COs interactions. For the coculture, we first trans-
ferred a single 24-h-old glioblastoma spheroid to the
vicinity of a single 55-day-old mature CO in a 12-well
plate. As depicted in Fig. 2A, we tilted the cell culture
plate for 48 h to ensure the attachment of the glioblas-
toma spheroid and CO (we refer to this strategy as the
‘inclined plane’). Subsequently, COs with attached
glioblastoma spheroids were transferred back to the
orbital shaker and maintained under standard CO cell
culture conditions. Samples for subsequent image anal-
ysis were harvested after 30, 60, and 90 days of
GLICO coculture.

For visualization and image analysis of the GLICO
model, we first used standard thin histological sections
from paraffin embedding (~2 um) or cryosections
(~ 10 pm). However, this technique proved to be
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Fig. 1. Characterization of cerebral organoids and U87 glioblastoma cell line. (A) Representative brightfield microscopy images showing the
morphology of developing cerebral organoids (COs) at day 8 (D8), day 15 (D15), and day 30 (D30). Scale bar = 500 um; n = 3. (B) Hoechst-
stained paraffin sections of representative images of COs derived from MUNII008-A, MUNIi009-A, and MUNIi010-A iPS cell lines showing
their internal organoid organization at D55. Scale bar = 200 um; n = 3. (C) Representative IHC staining images of COs showing the localiza-
tion of neuronal (TUJ, MAP2, DCX, BRN2, and SYN1) and neural progenitor (PAX6) markers. Scale bar = 200 um; n = 3. (D) Representative
brightfield microscopy image of U87 glioblastoma cell line. Scale bar = 200 um; n = 3. (E) Western blotting analysis of neuronal, glial, and
neural stem/progenitor markers in U87, self-renewing neural stem cells (NSCs), and differentiated NSCs. R3-actin serves as loading control;
n = 3. (F) Representative brightfield (top left) and fluorescent (bottom left) microscopy images of U87 spheroids used for coculture experi-
ments and representative GFP* image of U87 spheroid section (right). Scale bar = 200 um; n = 3.

suboptimal as it did not allow us to track the complete
attachment of glioblastoma spheroids onto COs and
quantify the cell migration (data not shown). We thus
optimized the protocol for the whole-mount staining
of CO tissue based on the published CUBIC protocol
[21]. As shown in Fig. 2B, this approach (described in
detail in Section 2) allowed us to image the whole
GLICO tissue, specifically visualize all migrating cells

within the CO and precisely quantify this migration.
To do this, we first identified and delineated the bor-
der between the fluorescently labeled glioblastoma
spheroid and healthy CO tissue (Hoechst-positive cells;
Fig. 2B — left panel). Subsequently, we visualized only
fluorescently labeled cells and marked migrating cells
within CO tissue using pseudocolors with a spectrum
of colors corresponding to the distance from the
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Fig. 2. Mature cerebral organoids support the growth of glioblastoma cells but need prolonged time for migration. (A) A scheme showing the
pipeline of glioblastoma-cerebral organoid (GLICO) coculture using an inclined plane strategy. Twenty-four-hours-old glioblastoma spheroid
(U87) was transferred to the vicinity of a single 55-day-old mature cerebral organoid (CO) in a 12 well plate. The culture plate was tilted for 48 h
to ensure the attachment of the glioblastoma spheroid to CO. Subsequently, the culture plate with GLICOs (COs attached to the glioblastoma
spheroids) was transferred to the orbital shaker and maintained under standard CO cell culture conditions. Image acquisition and analysis were
performed after 30, 60, and 90 days (D30, D60, and D90) of GLICO coculture. (B) Left image: cleared whole-mount GLICO tissue depicting fluo-
rescently labeled glioblastoma spheroid (red) and glioblastoma/CO nuclei (blue). The border between glioblastoma spheroid and migrating glio-
blastoma cells was determined manually using IMARIs software (schematically shown here as the yellow line). Scale bar = 300 um. Right image:
detection of individual glioblastoma cells using semi-automatic image analysis methodology. Glioblastoma spheroid (gray) and cells migrated
within CO tissue are marked using pseudocolor. A spectrum of colors corresponds to the shortest distance of individual cells to the delineated
glioblastoma spheroid/CO border (um). (C) Images of cleared whole-mount GLICO tissues (left) indicate fluorescently labeled glioblastoma
spheroid (green) and glioblastoma/CO nuclei (blue) at days 30, 60, and 90 of GLICO coculture. Visualization of individual glioblastoma cells (right)
showing glioblastoma spheroid (gray) and cells migrated from the glioblastoma spheroid (pseudocolor). A spectrum of colors corresponds to the
shortest distance of individual cells to the delineated glioblastoma spheroid/CO border (um). Scale bar = 500 um. Image analyses were per-
formed from three independent coculture experiments with three GLICOs analyzed per each condition. (D) Violin plot showing the mean short-
est migration distance (um) of glioblastoma migrating cells to glioblastoma spheroid surface. Median of distance at D30 = 82.4 um,
Q1 = 37 um, Q3 = 141 pm, median of distance at D60 = 170 um, Q1 = 93.2 ym, Q3 = 256 um, median of distance at D90 = 121 um,
Q1=49.8 um, Q3 =229 pum. ****L < 0.0001 by unpaired t-test. (E) Bar graph showing the total count of cells migrating from the glioblastoma
spheroid. Mean cell count at D30 = 340 migrating cells, mean cell count at D60 = 2659 migrating cells, mean cell count at D90 = 1797 migrating
cells. Error bars represent the standard error of the mean. The analysis in (D) and (E) compares the length of cocultivation on days 30, 60, and
90 using an inclined plane. Data were collected from three independent experiments.
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delineated glioblastoma spheroid/CO border on the
surface (Fig. 2B — right panel). In addition to visuali-
zation, we also quantified two parameters of cell
migration, that is, (a) the shortest migratory distance
from the glioblastoma spheroid/CO border and (b) the
total number of migrating cells within one organoid
(see below).

Having these parameters of visualization optimized, we
evaluated the samples from three independent biological
replicates harvested after 30, 60, and 90 days of GLICO
inclined plane coculture. As shown in Fig. 2C, the extent
of migration gradually increased over time in cell culture,
with relatively minor migration observed at D30 that sig-
nificantly increased at D60 and D90. Upon quantifica-
tion, the data pointed out that although the longest
distance of individual migrating glioblastoma cells to the
surface of the glioblastoma sphere increased with time,
the mean distance and the distance distribution were sig-
nificantly higher at D60 (median of distance = 170 um,
Q1 =93.2 um, Q3 =256 um) and at D90 (median of dis-
tance = 121 um, Q1 =49.8 pm, Q3 =229 um) than at the
D30 timepoint (median of distance = 82.4 um, Q1 =
37 um, Q3 = 141 pm; Fig. 2D). Additionally, as shown in
Fig. 2E, the total number of migrating cells was very low
at D30 (mean value = 340 migrating cells) and markedly
increased at later time points (mean value at D60 = 2659
migrating cells; mean value at D90 = 1797 migrating
cells), with D60 showing a trend toward a higher number
of migrating glioblastoma cells detected within COs. Alto-
gether, our data showed that coculture of COs with glio-
blastoma spheroids within 30-60 days represents the
optimal setup for future analyses.

Modeling migration in GLICO coculture

3.3. Coculture with ECM proteins enhances the
growth and migration of glioblastoma

Thus far, our optimized coculture approach indicated
that a significantly longer time is needed to establish
the GLICO model compared to some of the previously
reported data (ranging from 2 days to 4 months; [6,8—
11]). However, these reports used relatively young COs
containing Matrigel as a scaffold or Matrigel to sup-
port GLICO coculture. As our mature COs (D55)
were already devoid of ECM droplets, we aimed to
analyze if these ECM protein scaffolds influence the
glioblastoma cell migration within our GLICO model.
As depicted in Fig. 3, we used two different
approaches to test this hypothesis utilizing either (a)
intact D55-o0ld organoids (Fig. 3A; as described above)
or (b) thick (250 um) sections of COs (Fig. 3B; as
described in Section 2), mimicking organotypic brain
slice cultures [33]. For both approaches, the coculture
was supported with two types of commercially avail-
able ECM solutions: growth factors containing Matri-
gel or growth factor-free Geltrex. All experimental
conditions were fixed 30 days after the initiation of
GLICO coculture, and the extent of migration was
visualized and subsequently quantified as described
above. Results from the intact coculture approach
showed that both Matrigel and Geltrex significantly
enhanced the migration of glioblastoma cells inside the
COs (Fig. 3C) in comparison to the ECM-free cocul-
ture system (Fig. 2C: Day 30). Quantification of the
migration confirmed the increased distance of migrat-
ing cells from the glioblastoma/CO border (median

Fig. 3. Coculture with ECM proteins enhances the growth and migration of glioblastoma. A scheme showing the pipeline of
glioblastoma-cerebral organoid (GLICO) coculture using intact 55-day-old organoids (A) or thick (250 um) sections of cerebral organoids
(COs) (B). 24-h-old glioblastoma spheroid (U87) was transferred to the vicinity of a single 55-day-old mature or thick (250 um) section of
COs. GLICO coculture was supported by embedding in a droplet of Matrigel™ or Geltrex™ at 37 °C for 10 min. GLICO was transferred
into nonadherent cell culture dishes and cultured on an orbital shaker under standard CO cell culture conditions. Image acquisition and
analysis were performed after 30 days of GLICO coculture. Images of cleared whole-mount GLICO tissues after 30 days of coculture
based on intact CO (C) or thick (250 pm) sections of COs (D) using Matrigel™ or Geltrex™. The left images show a fluorescently labeled
glioblastoma spheroid (green) and glioblastoma/CO nuclei (blue). The right images visualize individual glioblastoma cells — glioblastoma
spheroid (gray) and cells migrated from the glioblastoma spheroid (pseudocolor). In the case of Matrigel on organoid sections depicted in
(F), the growth of glioblastoma increased to such an extent that it was impossible to evaluate the cell migration after 30 days. A spec-
trum of colors corresponds to the shortest distance of individual migrating cells to the delineated glioblastoma spheroid/CO border (um).
Scale bar = 500 um. Three independent coculture experiments were used for the analysis with three GLICOs analyzed per each condi-
tion. (E, G) Violin plots showing the mean shortest migration distance (um) of glioblastoma migrating cells to glioblastoma spheroid sur-
face. Median distance with Matrigel in intact organoid = 89 um, Q1 = 42.7 um, Q3 = 171 um; median distance with Geltrex in intact
organoid = 123 um, Q1 = 52.8 ym, Q3 = 227 um; median distance with Geltrex in a thick section = 148 um, Q1 = 78 um, Q3 = 239 um.
**%P < (0.0005, ****P < (0.0001 by unpaired ttest. (F, H) Bar graphs showing the total count of cells migrating from the glioblastoma
spheroid. Mean cell count with Matrigel in intact organoid = 1661 migrating cells, Mean cell count with Geltrex in intact organoid = 954
migrating cells, Mean cell count with Geltrex in a thick section = 2505 migrating cells. Error bars represent the standard error of the
mean. The analysis in (D, E) and (G, H) compare the use of Matrigel™ and Geltrex™ against an inclined plane on day 30 (shown in
Fig. 2). Data were collected from three independent experiments.
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distance with Matrigel = 89 um, Q1 = 42.7 um,
Q3 = 171 pm, median distance with Geltrex = 123 um,
Q1 = 52.8 um, Q3 = 227 um; Fig. 3E) and increased
the number of migrating cells (Matrigel mean value =
1661 migrating cells, Geltrex mean value = 954 migrat-
ing cells; Fig. 3F). In comparison to Geltrex, the pres-
ence of Matrigel had a more substantial effect on the
number of migrating glioblastoma cells than on their
distance from the glioblastoma/CO border.

Our second culture system using thick organoid sec-
tions confirmed the previous observations. As shown
in Fig. 3D, the presence of Matrigel on organoid sec-
tions increased the growth of glioblastoma to such an
extent that it was impossible to evaluate the cell migra-
tion after 30 days as the whole thick organoid section
was overgrown by the glioblastoma. In the case of
Geltrex, its presence also substantially stimulated the
glioblastoma cell migration, but the parameters of cell
migration from three independent biological replicates
could be evaluated. Compared to intact organoids,
thick CO sections showed an increased median dis-
tance of migration (148 ym, QI = 78 um, Q3 =
239 um) and the total number of migrating glioblas-
toma cells (mean value = 2505 migrating cells) within
the CO tissue (Fig. 3G,H). Notably, migration param-
eters within organoid sections supported with Geltrex
at D30 were comparable to that of the inclined plane
at D60. Our results thus confirm that both used ECM
protein scaffolds significantly enhance the glioblastoma
cell growth and migration, with the growth factors
containing Matrigel being more potent. It is of note
that while both Matrigel and Geltrex contain ECM
proteins that support the proliferation and growth of
glioblastoma cells, the composition of both products
differs from ECM proteins found in the human brain.
Brain-specific ECM contains mostly proteoglycans and
glycosaminoglycans and low levels of fibrous proteins
such as collagen and fibronectin [34-36]. On the con-
trary, Geltrex and Matrigel are mainly composed of
laminin and collagen and are of mouse origin [37]. We
thus believe the inclined plane method reflects more
closely the situation found in humans in vivo. Impor-
tantly, to what extent these protein cocktails influence
the biological properties of glioblastoma cultured
within the GLICO model remains to be investigated.

3.4. Coculture of glioblastoma cells with COs
significantly changes their cell identity toward
proneural cell type

Finally, to evaluate our GLICO model from the molec-
ular perspective, we used bulk mRNA sequencing as a
model experiment. Using this approach, we determined

Modeling migration in GLICO coculture

changes in the gene expression of GFP" glioblastoma
cells cultured as spheroids for 40 days (Control) or
cocultured with COs within the GLICO model for
40 days without any ECM proteins. As shown in
Fig. 4A, principal component analysis (PCA) revealed
substantial differences induced in the U87 glioblastoma
cells upon 40 days of coculture with the GLICO model.
While three independent replicates of U87 glioblastoma
cell line cultured as spheroids clustered together, three
independent replicates of U87 cocultured with COs
(n = 5 GLICOs in each replicate) were separated from
glioblastoma spheroids and showed broader distribu-
tion across the PCA plot. Visualization of significantly
upregulated and downregulated genes is shown in the
volcano plot (Fig. 4B), with the top 20 differentially
expressed genes (DEGs) in each category depicted in
Fig. 4C. Interestingly, over-representation analysis
(ORA) revealed that genes most significantly upregu-
lated in glioblastoma cells upon co-culture with COs
were related to the regulation of neural development,
neurogenesis, brain development, and morphogenesis
(Fig. 4D). On the contrary, significantly downregulated
genes were most prominently related to cytokine signal-
ing pathway and production, regulation of secretion,
and inflammatory response (Fig. 4D). This data indi-
cated that U87 glioblastoma cells substantially changed
their expression profile toward neural cell fate.

To validate the data from bulk mRNA seq, we
selected a set of neural and glial-specific genes (i.e.,
PAX6, BRN2/POU3F2, NF-L/NEFL, and GFAP)
showing high expression in the GLICO model in com-
parison to independently cultured glioblastoma spher-
oids (Fig. 4E) or standard glioblastoma 2D culture
(Fig. 1E). We then performed their immunohistologi-
cal staining in glioblastoma cocultured with COs and
confirmed that, unlike the original U87 cell line
(Fig. 1E), U87 cells cocultured with COs for 30 days
specifically express markers of neuronal and glial cell
fate (Fig. 4F). To also analyze the dynamics of the
expression of neural markers in U87 glioblastoma cells
during coculture with COs, we performed a qPCR
analysis of the selected neural markers on D20 and
D40 of GLICO coculture. Our data show that the
expression of GFAP, NEFL, and SOX2 gradually
increases in U87 cells from the beginning of coculture
with COs (Fig. S1). However, the expression of PAX6
and MAP2 was induced only later during the GLICO
co-culture, underlying the different dynamics of the
activation of specific markers (Fig. S1).

Lastly, prompted by these observations, we com-
pared our dataset to a gene expression database of
clinically relevant glioblastoma subtypes [30,38]. This
comparison revealed that upon coculture of U87 with
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Fig. 4. Coculture of glioblastoma cells with COs significantly changes their cell identity toward proneural cell type. (A) Principal component
analysis (PCA) showing the differences in gene expression between three independent control U87 spheroid samples (Control 1, Control 2,
Control 3) and three independent samples of U87 spheroids cocultured within the glioblastoma-cerebral organoid (GLICO) model for 40 days
(GLICO1, GLICO2, GLICO3). Five GLICOs were pooled in each replicate. (B) Volcano plot showing significantly upregulated (red) and down-
regulated (blue) differentially expressed genes (DEGs) in U87 cocultured within the GLICO model vs. control U87 spheroids. (C) Heatmap
showing 20 most upregulated and 20 most downregulated DEGs in three samples of U87 cocultured within the GLICO model (GLICO1,
GLICO2, GLICO3) and three control U87 spheroids samples (Control 1, Control 2, Control 3). (D) Over-representation analysis (ORA) showing
20 most upregulated (left) and 20 most downregulated (right) pathways in U87 cocultured within the GLICO model categorized based on
gene ontology analysis. (E) Normalized read counts of selected markers (PAX6, BRN2, NEFL, and GFAP) from bulk mRNA sequencing data
of control U87 spheroids (Control) and U87 cocultured within the GLICO model (GLICO). (F) Representative IHC staining images of U87
cocultured within the GLICO model showing the localization of selected markers PAX6, BRN2, NF-L, and GFAP (yellow) in the U87 spheroid
labeled with tdTomato (red). Scale bar = 200 um. The bottom images show magnification of the area marked with a white square in the
respective top images. Scale bar = 50 um. (G) Enrichment of a custom list of genes in GLICO samples specific for different glioblastoma

subtypes defined in [30,38]. Data were collected from three independent experiments.

COs, glioblastoma cells significantly changed their
identity from mesenchymal to proneural and, to some
extent, also to classical glioblastoma cell type (Fig. 4G
and Fig. S2). Thus, taken together, our data point out
that the CO-specific microenvironment has the poten-
tial to significantly alter the identity of cocultured glio-
blastoma and change its biological properties.

4. Discussion

In this study, we show that mature, 55-day-old COs
derived from three independent iPSC lines support the
growth and migration of the glioblastoma model cell
line U87. Furthermore, we point out that the use of
ECM proteins (i.e., Matrigel and Geltrex) significantly
enhances the migration of U87 cells inside the intact
or sectioned organoids. We also describe methods for
clear and precise visualization and quantification of
migrating glioblastoma cells within intact mature orga-
noids and quantify the extent of migration in each of
the culture conditions used. Finally, we bring evidence
that this coculture model transforms the identity of an
established glioblastoma cell line U87 toward pro-
neural and classical glioblastoma cell types, suggesting
that the CO-specific microenvironment has the poten-
tial to ‘reprogram’ the long-established U87 glioblas-
toma cell line.

To this date, seven reports have provided evidence
that glioblastoma coculture with COs could be a way
to overcome the challenges of inadequate 2D cell cul-
tures and demanding in vivo PDX models. These
reports have used GLICO models (a) to demonstrate
the possibility to coculture COs with glioblastoma
[6,8]; (b) to show that GLICO tumor biology is similar
to that found in patients or animal models [9-11]; or
(c) to provide an insight into molecular players behind
the biology of glioblastoma and its microenvironment
using a single-cell sequencing approach [7,10,12]. How-
ever, these studies markedly differed in numerous

technical aspects of GLICO coculture (such as the use of
COs derived from mice vs. human iPSCs, the use of
12 day old COs to 4-month-old COs, and the use of
Matrigel, to name a few). These differences prompted us
to explore the optimal conditions for the GLICO models
and which technical parameters are crucial for the inva-
siveness of glioblastoma. Our results showed that mature,
55-day-old human COs from three individual iPSC lines
could support the growth of U87 glioblastoma cells upon
simple coculture on an inclined plane.

However, we discovered that it took at least 30 days
to detect migrating U87 glioblastoma cells in COs, with
the majority of migrating cells being detectable around
D60 of GLICO coculture. This observation was in
strong contrast to previous reports showing that glio-
blastoma migration began within several days from
the initiation of coculture [6—12]. Since our result was
observed repeatedly and independently verified using
three different iPSC lines with the same outcome, there
are several possible explanations for this finding, includ-
ing (a) the specific properties of the glioblastoma cell
line, (b) the age of COs used, or (¢) other parameters of
co-culture conditions. Indeed, it has been demonstrated
that significant differences in migration are caused by
the primary GSCs or glioblastoma cell lines used [6,9].
Ogawa et al. [6] showed that the invasiveness of patient-
derived glioblastoma cell lines in COs correlated with
lethality in mice and Goranci-Buzhala et al. [9] also
noted different migratory capacities between primary
and recurrent patient-derived glioblastoma lines. Thus
the significantly longer time needed for the migration of
U87 could be partially caused by the nature of our
experimental cell line.

Additionally, it is possible that the age of COs may
influence the migration of grafted cells. Previously,
Goranci-Buzhala et al. [9] compared 20-, 40-, and
60 day old COs and found that increasing maturity
correlated with the increased integration of glioblas-
toma. And while Linkous et al. [11] did not see
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changes in glioblastoma growth rates in 1- and 4
month old organoids, they did observe a difference in
the growth patterns. GLICO tumors from younger, 1-
month-old COs exhibited large areas of regional prolif-
eration, whereas GLICO tumors from older, 4-month-
old COs displayed a more infiltrative growth pattern.
This suggests that cytoarchitecture or specific compo-
nents of the mature organoid microenvironment can
influence the migration and spread of the tumor.
Lastly, we wanted to verify how other parameter(s)
of coculture, such as the use of ECM proteins, could
influence the ability of glioblastoma cells to migrate
within COs. Indeed, upon detailed inspection of every
GLICO report published to this date, we found that
reports most often used young COs (D12-D30) that
are usually (at this early time point) embedded in
Matrigel for proper maturation. If older COs were
used (that are usually devoid of Matrigel embedding),
then Matrigel was utilized as a scaffold to support
GLICO coculture or added directly to the organoid
growth medium. This prompted us to test whether
ECM proteins could cause the observed discrepancy
and enhance the glioblastoma cell growth. We thus
examined two commercially available products: com-
monly used Matrigel, containing a mixture of growth
factors, and Geltrex, a growth factor-free
alternative. Our results demonstrated that both tested
ECM protein mixtures markedly increased the number
of migrating cells, but not the migratory distance,
compared to simple GLICO coculture without ECM
proteins. This effect was significantly enhanced when
thick organoid sections were used for coculture instead
of intact organoids. Under this condition, coculture
with Matrigel for 30 days resulted in complete over-
growth of the CO section, implying that a much
shorter time could be used when analyzing the migrat-
ing cells within this model. The coculture with Geltrex
for 30 days also enhanced the glioblastoma growth, but
it was comparable to a 60-day-long coculture on an
inclined plane. These results thus show that ECM pro-
teins markedly enhance the glioblastoma growth within
the COs, and thus, any data on cell invasiveness and
migration should be interpreted with caution. Addition-
ally, it would be compelling to analyze to what extent
these protein cocktails influence the biological proper-
ties of glioblastoma cultured within the GLICO model.
This, however, remains to be investigated in the future.
Notably, while setting up the GLICO coculture
model to subsequently evaluate and quantify the
migratory glioblastoma cells, we found out that such
quantification would not be possible using standard
histological sections. We thus optimized the tissue clear-
ing method previously used for the whole-brain and
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whole-body clearing [21]. This method is similar to that
implemented recently by [9] for the GLICO model.
Additionally, we also developed a semi-automated pipe-
line to visualize and quantify migrating cells using com-
mercially available software mmaARis. This pipeline, which
we describe in detail in Section 2, allows users to quan-
titatively evaluate the migration under different cell cul-
ture conditions (as described above).

Finally, we aimed to demonstrate that it was possi-
ble to isolate specifically the fluorescently labeled glio-
blastoma cells after a long coculture period with COs
and analyze them separately from the bulk tissue. We,
thus, performed a proof-of-concept experiment and
used GFP" sorted glioblastoma cells and their respec-
tive controls for bulk mRNA seq. Notably, previous
reports have shown that glioblastomas cocultured with
COs retain a similar gene expression profile to the
original tumor tissue, proving that the coculture sys-
tem is superior to standard 2D culture, possibly due to
the effect of a healthy brain microenvironment [12].
Pine et al. also showed that this coculture enhanced
the expression of proneural- and to some extent also,
classical-type glioblastoma-specific genes. Our results
confirm this finding and demonstrate that the CO
microenvironment can stimulate significant changes in
gene expression even in the well-established glioblas-
toma cell line U87 previously cultured in 2D cell cul-
ture conditions with FBS in the culture medium. We
show that the newly acquired gene expression profile is
closely related to neuronal development, neurogenesis
maturation, and axon guidance, suggesting that U87
glioblastoma acquired neural identity upon coculture.
Some of these results were verified using immunohisto-
chemistry, thus proving that observed results from
bulk mRNA correspond to the newly acquired U87
glioblastoma phenotype. Importantly, a comparison to
a clinically relevant gene dataset for glioblastoma sub-
types [30] confirmed also in our dataset that GLICO
coculture changed the identity toward proneural and
classical cell types. This is a remarkable finding since it
not only supports the findings of Pine et al. [12] but
mainly demonstrates that the CO microenvironment
has the potential to ‘reprogram’ the established gene
expression of such a cell line as U87.

Lastly, our study has several limitations which
remain to be addressed in the future. Major limitation
is the use of U87 cell line, which, despite being a bona
fide human glioblastoma cell line, does not adequately
represent the patient-derived tumor [39]. Thus, more
experimental repeats with several cell lines would
strengthen the provided proof-of-concept data. Addi-
tionally, detailed analysis of how organoid cytoarchi-
tecture affects the invasion routes of glioblastoma has
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not been performed. Which specific organoid compart-
ments influence the glioblastoma migratory phenotype
thus remains to be explored.

5. Conclusions

Taken together, our results demonstrate that mature,
55-day-old cerebral organoids support the growth of
glioblastoma cells in vitro, and their integration and
migration into organoids can be significantly enhanced
using ECM protein scaffolds, such as Matrigel or Gel-
trex. We also describe a pipeline for visualization and
quantification of migrating cells within the whole orga-
noid tissue. Lastly, our proof-of-concept bulk mRNA
seq analysis brings evidence that the coculture of the
U87 cell line with a human brain-like microenviron-
ment significantly changes the glioblastoma cell iden-
tity. And while it has been previously reported that the
GLICO model faithfully preserves the characteristics
of the patient-resected tissue in the in vitro culture, we,
for the first time, demonstrate that this model is also
capable of transforming the gene expression profile of
established U87 glioblastoma cell line into more in
vivo-related phenotype. Which elements of the brain-
like microenvironment within cerebral organoids are
driving these changes remains to be investigated.
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