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Differential propagation of stroma and cancer stem cells
dictates tumorigenesis and multipotency

J Behnan'?, B Stangeland’?*3, SAM Hosainey*>, M Joel®, TK Olsen”®, F Micci’®, JC Glover'?, P Isakson®'® and JE Brinchmann'?'°

Glioblastoma Multiforme (GBM) is characterized by high cancer cell heterogeneity and the presence of a complex tumor
microenvironment. Those factors are a key obstacle for the treatment of this tumor type. To model the disease in mice, the current
strategy is to grow GBM cells in serum-free non-adherent condition, which maintains their tumor-initiating potential. However, the
so-generated tumors are histologically different from the one of origin. In this work, we performed high-throughput marker expression
analysis and investigated the tumorigenicity of GBM cells enriched under different culture conditions. We identified a marker panel
that distinguished tumorigenic sphere cultures from non-tumorigenic serum cultures (high CD56, SOX2, SOX9, and low CD105, CD248,
aSMA). Contrary to previous work, we found that ‘mixed cell cultures’ grown in serum conditions are tumorigenic and express cancer
stem cell (CSC) markers. As well, 1% serum plus bFGF and TGF-a preserved the tumorigenicity of sphere cultures and induced
epithelial-to-mesenchymal transition gene expression. Furthermore, we identified 12 genes that could replace the 840 genes of The
Cancer Genome Atlas (TCGA) used for GBM-subtyping. Our data suggest that the tumorigenicity of GBM cultures depend on cell
culture strategies that retain CSCs in culture rather than the presence of serum in the cell culture medium.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most common primary
tumor of the central nervous system and is highly aggressive, with
a median survival of < 15 months.! The poor prognosis of GBM
even after tumor resection followed by radio- and chemotherapy
is due to the presence of highly infiltrative cells which escape
surgical removal to spread into the normal brain parenchyma, and
to the rapid development of a radiation- and chemotherapy-
resistant cancer stem cell (CSC) population.? Moreover, it is
thought that pronounced tumor cell heterogeneity and differ-
entiation plasticity create additional obstacles to treating these
lethal tumors.?

Tumor formation also involves interactions between the
tumor-initiating cells and extrinsic cellular components recruited
to the tumor such as fibroblasts, endothelial cells, macrophages
and mesenchymal cells or pericytes, all of which contribute
to the tumor stroma and vasculature.*® Although glioma stem
cells (GSCs) can give rise to cellular heterogeneity within a
glioblastoma tumor through their multilineage differentiation
capacity, the existence of non-neoplastic cells within tumor
stroma and experiments that trace the origin of such cells in
animal models suggest that these cells also play a role in tumor
formation.””"°

Establishing glioma cell lines with tumor-initiating properties
that mimic the parental tumor has been a principal aim in
many studies.'””’® The sphere culture technique in serum-free
medium is widely held to enrich numbers of GSCs in culture.'""?

However, this technique has shortcomings such as difficulties in
establishing sphere cultures from some patient biopsies, sponta-
neous differentiation and cell death in some cultures and
difficulties in achieving clonal analysis'® (Behnan, et al., unpub-
lished observations). On the other hand, adding serum to the
primary GBM cell culture medium has been widely accepted to
enrich for non-tumorigenic cells and eliminate the tumorigenicity
of GSC cultures.'"'* One study has reported the tumorigenicity of
cells from a primary gliosarcoma at early passage in serum
condition, and some commercially available glioma cell lines are
tumorigenic in serum condition, but these cell lines were criticized
recently.””"” Another widely used method for enrichment of GSCs
is cell sorting based on CD133 expression.>'® However, this is not
a reliable method as some CD133-negative cells can also be
tumorigenic, and some fresh and in vitro-expanded GBM speci-
mens do not express CD133.'9%°

Thus, the issue of which GBM culture conditions can be used to
enrich for tumor-initiating cells is still controversial. To address
these questions, we have compared the effects of three different
culture conditions, serum-free sphere culture, conventional
adherent culture supplemented with 10% fetal bovine serum
(FBS), and adherent culture supplemented with 1% FBS, bFGF and
TGF-0,>' on cells derived from fresh GBM specimens, focusing
particularly on their subsequent tumorigenic potential. Further-
more, we demonstrate the mesenchymal properties of a subtype
of GBM cells that grow adherently in sphere cultures, and identify
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a mini signature of 12 genes that can subtype the GBM tissues in
The Cancer Genome Atlas (TCGA) set.

RESULTS
Characterization of GBM patient samples

In this work we have used ultrasonic aspiration samples of GBM to
maximize the heterogeneity of cell types obtained from the
tumor. Samples from 21 adult GBM patients were used in this
study (see Experimental set-up in Supplementary Table 1).
Fresh samples were processed directly or within a few hours
after surgery. Pathology analysis on independent core samples
confirmed GBM. Characteristics of patients and histological profiles
from the pathology analysis are shown in Supplementary Table 2.
Preoperative magnetic resonance (MR) images were assessed
for tumor locus, infiltration via the corpus callosum, and the
tumors were classified according to the study by Lim et al?
(Supplementary Table 2).

Identification of a marker panel that discriminates sphere and
serum GBM cultures

To characterize the tumorigenicity of GSCs propagated in vitro
under different culture conditions, we utilized three different
culture protocols on GBM-derived cells from 21 patients. Two are
well-known protocols for GBM-derived cell culture, namely (1)
conditions promoting floating sphere formation in serum-free
medium (sphere culture) and (2) adherent culture conditions in
which medium is supplemented with 10% FBS (AD10). The third
protocol provides adherent culture conditions in which medium is
supplemented with 1% FBS+TGF-a+bFGF (termed AD1), was
established by Murrell et al?' for culturing adult human neural
stem cells (Supplementary Figure 1a). In both adherent culture
protocols, non-adherent cells were removed after 48 h. Under
sphere conditions, out of 21 only 14 cultures enriched for cells that
actually grew as floating spheres, while the other 7 cultures grew
adherently. In our first series of analyses, we focused only on the
14 patient samples that grew as floating spheres. The other seven
patient samples were investigated separately (Supplementary
Table 1).

Cells within tumor spheres exhibited interpatient morphological
differences when dissociated and plated onto an adherent surface.
By contrast, cells enriched in AD1 and AD10 serum cultures were
predominantly fibroblastoid (Supplementary Figures 1a and b).
The In vitro proliferation rate was highest in AD1 cultures
(Supplementary Figure 1c). In vitro self-renewal, evaluated by
single-cell sorting and limited dilution assay on four samples, was
maintained only in sphere cultures, whereas single cells under
AD1 and AD10 culture conditions generated only three to seven
cells in the first generation and stopped proliferating in the
second generation (Supplementary Table 3).

These observations indicate a difference in the cell types that
are enriched under the sphere and serum culture conditions. To
assess the difference at the protein expression level, we
performed flow cytometry analysis on freshly isolated cells and
cells expanded under different culture conditions, utilizing a range
of 44 surface and intracellular markers previously reported for
mesenchymal and neural stem cells (MSCs, NSCs) and GSCs, as
well as hematopoietic and endothelial markers (Supplementary
Table 4). Of the well-known MSC markers CD73, CD90, CD105,
CD9, CD44, CD146, CD166 and PDGFRp, only CD90, CD44 and
PDGFRB were expressed in a high proportion of cells in freshly
isolated samples and sphere cultures, whereas all abovemen-
tioned markers were expressed in a high proportion of cells in
AD1 and AD10 (Figure 1a; Supplementary Figure 2; Supplementary
Table 4). Specific markers for GSCs (CD15, CD133, CD56, SOX2 and
SOX9) were expressed in a low percentage of cells in freshly
isolated samples, and increased in sphere condition. Around half
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of the sphere cultures did not express CD15 and CD133 (three
cultures have < 3%), while almost all the cultures expressed high
levels of CD56, SOX2 and SOX9. GSC markers were essentially
absent in AD1 and AD10 cultures. Of pericyte markers, CD248 and
aSMA were hardly expressed in fresh samples, in a low or
moderate proportion of cells in sphere cultures, but in high
proportions of cells in AD1 and AD10. CD105 was high in all serum
cultures and very low or undetected in sphere culture (Figure 1b;
Supplementary Table 4).

Based on the flow cytometery analysis, we chose eight markers
(CD15, CD133, CD56, SOX2, SOX9, CD105, CD248 and aSMA) for
immunocytochemical analysis (Figure 1c). The fluorescence-
activated cell sorting (FACS) and immunocytochemical results
together indicated that CD56, SOX2 and SOX9 are characteristic of
sphere cultures, whereas CD105, CD248, and aSMA are character-
istic of serum-supplemented cultures. CD15 and CD133 are
specific for sphere culture cells, but do not cover the tumor
heterogeneity. Our data suggest that CD56, SOX2, SOX9, CD105,
CD248 and aSMA represent the best marker panel that can
distinguish cells enriched in sphere and serum cultures.

Cells in sphere cultures have higher neural differentiation
potential, whereas cells in serum cultures have higher
mesenchymal differentiation potential

To investigate the differentiation potential of GBM-derived cells,
we submitted them to neural and mesenchymal differentiation
protocols. Under neuronal differentiation conditions, sphere
cultures gave rise to cells that expressed a spectrum of neuronal
markers (Figure 2a). By contrast, using same laser intensity and
confocal settings, in AD1 and AD10 cultures there was some
expression of B-tublll, nestin and Musashi, but little or no expression
of MAP2, GFAP, NeuN or DCX (Figure 2a). Under mesenchymal
differentiation conditions, osteogenesis was high in both AD1 and
AD10 and low in sphere cultures (Figure 2b), whereas chondrogen-
esis shown by aggrecan staining was strong in AD10, weak in AD1
and absent in sphere cultures (Figure 2b). None of the culture
conditions supported adipogenesis (Figure 2b). Lacking the
differentiation potential into adipocytes was recently explained
by the expression of Gremlin 1 (GREMT) in a subset of bone
marrow-MSCs (BM-MSCs) named osteochondroreticular.?®> We
checked the expression of GREMT in our microarray data set,
and noticed high-expression levels for this gene in both AD1 and
AD10 compared with Sp cultures (Supplementary Figure 3). Thus,
cells in sphere and adherent cultures were characterized
predominantly by multilineage neural and bilineage mesenchymal
differentiation capacities, respectively.

Global mRNA profiling and CGH show similarity between sphere
cultures and original tumor, and between serum cultures and
MSCs

To evaluate these differences at the transcriptional level, we
carried out global mMRNA expression analysis using microarrays on
cells in different culture conditions. Principal component analysis
demonstrated a clear separation of AD1 and AD10 from sphere
cultures and freshly obtained tumor cells (Figure 3a). Hierarchical
cluster showed that the sphere cultures were more closely related
to the fresh tumor cells, whereas AD1 and AD10 clustered
together with other MSC-like cells from brain, BM and adipose
tissue (Figure 3b). We also performed hierarchical clustering using
the genes coding for our marker panel of GSC versus MSC-like
cells. The resulting dendrogram gave similar clustering to the
global analysis (Figure 3c). This, together with box plots of mRNA
relative transcript expression (Supplementary Figure 4), indicates
that the marker panel clearly distinguishes cells in sphere
condition from those in serum conditions, also at the
transcriptional level.
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To test whether the cultured cells had genomic aberrations low passages (P4-P7). Cells enriched in sphere cultures shared
related to those in freshly isolated GBM samples, we carried out a some genomic aberrations with the original tumor. Cells enriched
comparative genomic hybridization (CGH) analysis, using cells at in AD10 cultures exhibited only a few genomic aberrations. By
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contrast, cells enriched in AD1 cultures displayed balanced
genomes by CGH, which means that they are normal stroma
cells, not tumor cells (Supplementary Table 5).

MSC-like cells have perivascular localization, while GSCs are
distributed within tumor stroma in fresh GBM tissues

To confirm that the panel of markers that distinguishes sphere
from serum cultures is expressed by cells in the original
GBM tissue, we performed immunohistochemistry (Figure 4).
We found expression of GSC-associated markers CD15, CD133,
CD56, SOX2 and SOX9 in cells distributed within the tumor
stroma, but limited or absent expression in pericytes surround-
ing the blood vessels. In contrast, CD105, CD248 and aSMA, as
well as other mesenchymal markers were prominent in
perivascular cells, although some expression of CD248 was
present outside the perivascular niche. Neural markers (GFAP, (3-
tublll, MAP2, nestin) were highly expressed throughout the
tumor, often close to the vessels (Figure 4). Thus, cells
preferentially expanded in sphere- versus serum-containing
cultures were differentially localized in primary GBM tissues, and
the differentially expressed markers were maintained during
in vitro culture.

Freshly isolated GBM cells and sphere cultures are tumorigenic

To examine the tumorigenic potential of cells enriched in
the different culture conditions, we transplanted these cells
into one cerebral hemisphere of immunocompromised mice
(Supplementary Table 6). Mice injected with cells from sphere
cultures developed neurological symptoms more quickly than
mice injected with cells from the corresponding fresh tissue
samples (P < 0.01, log-rank test; Figure 5a). Although many factors
contribute to the rapidity of tumor formation and the correspond-
ing onset of neurological symptoms, since the number of injected
cells were equal this will in most cases mean that cells from sphere
cultures developed tumors more rapidly than cells from fresh
tumor samples. Both types of Fr and Sp cells formed highly
invasive tumors that spread into the opposite hemisphere
(Figures 5b and c). The only exception was the sphere culture
derived from patient sample T1311, a secondary GBM, which
induced a low grade-like tumor and animals were killed without
neurological symptoms (Supplementary Figure 5a). The survival
times of mice injected with cells from sphere cultures varied
substantially (Supplementary Table 6). Cells from sphere cultures
also appeared to produce less angiogenic tumors than cells from
the matched freshly isolated samples, based on the expression of
CD31 and the pericyte and mesenchymal markers included in our
panel (CD248, CD105 and aSMA) (Figure 5d; Supplementary
Figures 5b-d). By contrast, cells from both types of serum cultures
generated no tumors at all (Figure 5a; Supplementary Figure 6).
Thus, sphere culture conditions preserved the tumorigenicity of
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the freshly isolated tumor cells, whereas serum culture conditions
depleted of non-adherent cells after 48 h were non-tumorigenic.

Mixed cell cultures: serum culture conditions can support the
growth of a tumorigenic cell subpopulation

It is controversial whether tumor-initiating cells can be maintained
in serum-supplemented culture. Some studies even report that
serum can be used as a differentiation factor that abolishes
tumorigenicity completely within 7 days.'® In the experiments
described above, the creation of adherent serum-supplemented
cultures included the removal of non-adherent cells after 48 h, as
is common practice for primary cultures of adherent cells.
Different properties resulted when we did not remove the non-
adherent cells. This was done in 4 of the patient samples using
AD10 serum conditions and in 2 of the samples using AD1 serum
conditions. After 4-7 days, we found that clusters of predomi-
nantly bipolar cells had formed on top of the adherent
fibroblastoid cells, creating what we call a ‘mixed cell culture’
(Figure 6a). These cultures continued to proliferate (Figure 6b).
FACS analysis using our previously established panel of markers
showed that mixed cell cultures had an expression profile that was
a hybrid between sphere and serum cultures (Figures 6¢ and d;
Supplementary Table 7). Also, CGH analysis showed some of the
same genomic imbalances as in the fresh samples (Supplementary
Table 5). On intracerebral transplantation, cells from mixed cell
cultures generated lethal tumors, in contrast to cells from the AD1
and AD10, although survival was longer than tumors derived from
the sphere cultures from the same patient (P < 0.01, log-rank test)
(Figure 6e). The tumors were invasive, spreading to the opposite
hemisphere, and appeared to be more angiogenic than those
derived from sphere cultures (Figures 6f and g; Supplementary
Figure. 7).

Mixed cell cultures transferred to sphere culture conditions at
P4-P8-formed spheres or semi-attached spheres and continued to
proliferate, whereas serum cultures transferred to sphere culture
conditions stopped proliferating and died off within 3 months.
Thus, it was not serum supplementation per se, but rather the early
removal of non-adherent cells from plated fresh tumor cells that
abolished tumorigenicity in cells from serum cultures.

Transfer of sphere cultures to AD1 serum culture conditions does
not abolish tumorigenicity

To test the effect of serum supplementation on the tumorigenicity
of sphere cultures, we transferred sphere cultures into AD1
conditions. The cells remained proliferative in the new medium
(Figure 7a), and FACS analysis showed decreased expression of
CD133 and CD15, while there was a trend for increase in SOX2 and
SOX9 (P=0.068) (Supplementary Table 8). Intracranial transplantation
of these cells from two of the patients after P6 and P8 induced
tumors more quickly than did the original sphere cultures,

<
Figure 1.

Identification of a marker panel that distinguishes sphere cultures from serum cultures. (a) Quantified FACS data were used for

hierarchical clustering with a distance matrix to determine the level of co-expression. Expression of 44 known markers for GSCs, MSCs, NSCs
and other stroma-contributed lineages was assessed in 37 cell cultures. Each square in the chart represents the Pearson’s correlation between
the expression levels of all 44 tested markers in 2 cell cultures (purple representing the highest and dark blue the lowest correlation, full size
figure with complete sample names and marker designation can be seen in Supplementary Figure S2b). This analysis showed separation into
three categories: fresh, spheres and the adherent cultures. The last category encompassed cells grown in AD1 and AD10. Additional analysis is
presented in Supplementary Figure S2. (b) Hybrid FACS expression profile of selected 8 markers in 13 patients in sphere conditions (Sp), 7 in
AD1 serum cultures and 6 in AD10. The hybrid profile shows that CD133 and CD15 are moderately and differentially expressed among
patients in Sp condition, while are almost absent in both AD1 and AD10. CD56, SOX2 and SOX9 are consistently high in sphere and very low in
both AD1 and AD10. CD105, CD248 and aSMA are low or moderately expressed in sphere and highly expressed in AD1 and AD10.
(c) Immunofluorescent staining of a selected marker panel (CD15, CD133, CD56, SOX2, SOX9, CD248, CD105, aSMA) showed that the first five
markers are expressed in sphere culture (Sp) represented in the first column, and absent in AD1 and AD10 shown in the second and third
columns, while CD248, CD105 and aSMA were highly expressed in serum cultures and absent in Sp. Same laser intensity and confocal settings
were used for comparison. Scale bar, 20 pm.

Oncogene (2017) 570-584

573



Differential propagation of stroma and cancer stem cells
J Behnan et al

574

a DAPI Tublll MAP2 DAPI GFAP Nes DAPI NeuN DAPI DCX Musashi

b AD 1 AD 10 Sp
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Figure 2. Sphere culture-enriched cells showed neural differentiation potential, whereas serum culture-enriched cells showed some
mesenchymal properties. (a) Immunofluorescent staining of neural lineage markers (fTublll, MAP2, GFAP, NeuN, DCX and Musashi) after
3 weeks of in vitro differentiation using the same laser intensity and confocal settings. Sphere culture (Sp) expressed high levels of the neural
differentiation panel, while serum cultures, AD1 and AD10, expressed only Blll and Musashi at lower level. Scale bar, 20 pm. (b) First row:
osteogenic differentiation potential, after 2 weeks, showed that serum cultures, AD1 and AD10, have strong osteogenic differentiation as
opposed to Sp culture. The staining was visualized with alizarin red staining for calcium deposits. Scale bar, 250 pm. Second row: aggrecan
staining showed that chondrogenic differentiation was strong in AD10, weak in AD1 and absent in Sp culture. Scale bar, 50 pm. Third row: oil
red staining for lipid droplets showed that none of the culture condition-derived cultures could differentiate into adipocytes. Scale bar,
250 pm.
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Figure 3. Global mRNA profiling confirmed that sphere cultures are more related to their original tumors, whereas serum cultures are more
related to MSCs. (a) Global expressional analysis showed clear separation between fresh tumors (Fr) and cultured cells in sphere (Sp) or serum
conditions—AD1 and AD10. To visualize similarities or dissimilarities of our data sets, we used principal component analysis (PCA) of gene
expression. PCA simplified the visualization of individual and group differences: Sp cultures were clearly separated from the parental tumors
(Fr), while AD1 and AD10 cultures (purple and red spheres, respectively) were closer to BM- and AT-MSC control lines (black), respectively.
(b) Unsupervised hierarchical clustering using 8700 genes with the most variable expression. Low expression is shown with green color while
high expression is shown in red. Dendogram colors specify spheres, Sp (green) and fresh tissues, Fr (blue) while purple and red represent AD1
and AD10, respectively. AD1 and AD10 clustered together with BM- and AT-MSC. Fresh samples and sphere cultures clustered together with
the main branch, which contains all sphere cultures together and another branch for parental fresh tumors. One human brain tissue sample
from an epileptic patient clustered together with the Fr group. The expression values were log2 transformed. (c) An hierarchical clustering
chart showing the expression of the seven-gene panel that can classify cell cultures into two groups: (a) Spheres and tissues (blue)
that clustered together and (b) adherent cultures (red) that clustered with MSCs controls. The markers of Sp (CD133/PROM1, CD56/NCAM1,
SOX2/50X2, SOX9/50X9) have high-expression levels in Sp cultures, moderate or low in Fr, and low in serum cultures and MSCs. CD248/CD248,
CD105/ENG and aSMA/ACTAZ2 are highly expressed in serum cultures and MSC controls, moderate or low in Fr samples and Sp cultures. The
expression values were log2 transformed.

(P <0.003, log-rank test), while the third patient sample trans-
planted after P3 did not have significant survival difference from
its original sphere (Figure 7b), and the tumors seemed to be more
angiogenic (Figures 7c and d; Supplementary Figures 8a—c).

Exposing cells to serum has been shown to induce epithelial-
to-mesenchymal transition (EMT), which plays a role in
angiogenesis.?* Moving cells from sphere condition to AD1
showed an increase in the mRNA expression of EMT-related
genes (Figure 7e). Thus, AD1 condition did not abolish the
tumorigenicity of sphere cultures, but rather provided cells which
induced rapid and more angiogenic tumors.

Patient samples that grow adherently under sphere culture
conditions exhibit mesenchymal properties and features of mixed
cell cultures

Among the 21 primary cultures that we established in sphere
condition, seven cultures nevertheless grew adherently, suggest-
ing a difference in adherence that precluded the formation of
spheres. These ‘adherent’ sphere cultures had a high proliferation
rate (Figure 8a), and exhibited osteogenic and chondrogenic
(Figure 8b), but not adipogenic differentiation potential (not
shown). Because these patient samples have mesenchymal
properties, we will hereafter refer to them as the mesenchymal
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Figure 4.

Cells expressing MSC markers have perivascular localization, while cells expressing GSC markers spread within tumor

parenchyma in fresh human GBM tissue. Immunofluorescent staining for a selected panel of GSC markers (CD15 (red), CD133 (green),
SOX2 (green), SOX9 (red), CD56 (red)), neuronal markers (GFAP(green), B-Tubllli(red), Nestin (green) and MAP2 (red)), pericyte and
endothelial markers (aSMA (green), CD248 (purple), CD105 (purple) and CD31 (red)), GSC and MSCs Marker (YKL-40 (red), PDGFR-a (green),
PDGFR-p (red), CD73 (green), CD90 (red). The GSC and neuronal markers have limited or undetected expression in perivascular cells.
Pericyte markers (a®SMA, CD248, and CD105) have strong expression specifically in perivascular cells except CD248 which could stain a few
cells spreading away from the vasculature spot. The other MSC markers were expressed in both perivascular and tumor parenchyma. Scale

bar, 20 pm.

group (‘Mes’), and sphere culture derived from these patients as
‘Sp-Mes'. Sp-Mes cells from two different patient samples were
transplanted intracerebrally into severe-combined immunodefi-
ciency (SCID) mice and generated invasive tumors that spread to
the opposite hemisphere (Figure 8c). Interestingly, FACS analysis
showed a hybrid expression profile similar to that of the mixed cell
cultures (Supplementary Table 9; Supplementary Figure 9).

Comparing the mesenchymal and the sphere-forming
patient subgroups in terms of the expression of EMT-related
genes showed that the mesenchymal group of both freshly
isolated cells (Fr-Mes) and sphere cultures (Sp-Mes) had higher
EMT expression levels than Sp and their parental fresh tumor (Fr)
(Figure 8d).

The hybrid expression profile of the six-marker panel, combined
with mesenchymal differentiation capacity and EMT gene profile,
prompted us to make a more detailed molecular characterization
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of the Mes-subgroup sphere cultures. To accomplish this, we used
the established classification gene set of Bhat et al.?> to classify
sphere cultures into two distinct groups: mesenchymal and
proneural. Hierarchical clustering using the 1000 genes set of
Bhat et al.?® showed that Sp-Mes expressed predominantly the
mesenchymal signature of Bhat et al.*®> (Supplementary Figure 10),
while four of the five sphere cultures clustered together and
expressed predominantly the proneural signature of Bhat et al’s
cluster 2. Comparison of gene expression profiles of Sp with
proneural signature and Sp-Mes with mesenchymal signature
identified 118 differentially expressed genes (DEGs) (Figure 8e).
The four clustered sphere cultures expressed predominantly
classical and proneural genes, whereas the Sp-Mes cultures
expressed predominantly mesenchymal genes (Supplementary
Figures 11a and b). Previously, TCGA has classified all GBM
tissues into four distinct transcriptional subtypes: Proneural,



Differential propagation of stroma and cancer stem cells
J Behnan et al

100
g 75 4
e —— T1402 Fr
. —— T1402 Sp
3 —— T1402 AD1
S 25- == T1402 AD10
0 T T T T T T T 1

0 20 40 60 80 100 120 140 160

Days

Figure 5.

DAPI Nes

o

DAPI CD31 aSMA

Tumorigenecity is conserved in fresh and sphere cultures, but not in serum cultures. (a) Kaplan—-Meier survival analysis of fresh tumor

(Fr) and cultured cells under different conditions showing that only Fr and Sp culture induced tumor, but not serum cultures AD1 and AD10.
The Sp-induced tumor has significantly shorter time than the Fr-induced one (P < 0.01). (b) Representative H&E staining of tumors induced by
Fr, Sp, AD1 and AD10. Scale bar, 1000 pm. () Immunofluorescent staining with human-specific nestin (red) and DAPI showing the infiltrative
malignant glioma feature in both Fr and Sp. Scale bar, 500 um. (d) An overview and zoom-in image of immunofluorescent staining of CD31
(green), aSMA (red) and DAPI. Higher expression for CD31 and aSMA was noticed in Fr compared with Sp. Scale bar, 500 pm in overview image

and 50 pm in zoom-in.

Mesenchymal, Classical And Neural using 840-gene set.*® By
comparing the list of 118 DEGs with TCGA 840-gene signature, we
identified 12 genes that categorized the TCGA-GBM tissues into
three subtypes: Mesenchymal, Classical and Proneural (Figure 8f).
While our subtype using the 12-gene signature overlapped with
the TCGA subtype of Mesenchymal, Classical and Proneural
categories, this 12-gene signature could not clearly define

the Neural subtype. The neural tumors from TCGA were
spread between our Proneural and Classical subtype mainly
(Supplementary Figure 11b). Merging all our 36 expression
profiles, including the BM-MSCs and adipose tissue stem cells
(AT-MSC), with the 173 GBM tissues of the TCGA core set showed
that the Mesenchymal subtype is divided into two groups: (1)
'Tissue mesenchymal' identified with three genes (TGFB1, S100A4
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and DAB2) that were predominantly expressed in GBM tissues
(approximately one third of the Mesenchymal subtype), (2)
'Culture mesenchymal' identified with three genes (COLATAT,
COLA1A2 and THBST) that were highly expressed in cells of ADT,
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of the parental tumors of Sp-Mes (Fr-Mes) were of Proneural
subtype, while the parental tumors of all Sp were of Mesenchymal
subtype (Supplementary Figure 12).

Thus, the Sp-Mes cultures exhibit several biological properties of
MSCs, and using the subtyping by Bhat et al'*> demonstrates that
the Sp-Mes cultures have a mesenchymal expression profile.
Further analysis revealed a differentially expressed set of 12 genes
shared between our 118 genes and the 840 genes of TCGA, which
alone could subtype the TCGA-GBM tissues into 3 main subtypes.

DISCUSSION

Identifying optimal culture conditions for GBM has been the aim
of many studies.""'® Although sphere culture is considered the
gold standard for propagating GBM in vitro, it has many
limitations, including spontaneous differentiation and cell death
in some cultures, difficulties in achieving clonal analysis, and most
importantly, the success rate in establishing primary sphere
cultures ranges only from 50 to 70%''? (Behnan et al,
unpublished). This means that at least one third of the patients
will be missed in studies using sphere culture to characterize and
target GSCs. However, including samples that grow adherently
under sphere culture conditions will allow growth of tumori-
genic cells from a wider range of patients. To cover the
heterogeneity among GBM patients, we have suggested a panel
of markers (high CD56, SOX2, SOX9, and low CD105, CD248,
aSMA) that can distinguish tumorigenic cultures from non-
tumorigenic cultures derived from different patients. For the first
time, we have introduced the concept of the mixed cell culture,
tumorigenic cells grown in serum conditions, and characterized
it phenotypically and functionally. Finally, we characterize the
group of sphere cultures that grow adherently (Sp-Mes) and
identify 118 genes differentially expressed between our sphere
and Sp-Mes cultures. Twelve genes from this set were shared
with the 840 genes of TCGA.%® Interestingly, these 12 genes
alone were able to subtype the GBM tissues from TCGA into
three subtypes almost as accurately as the original signature of
840 genes.

MSC-like cells in serum conditions

We consider the type of cells that are derived from GBM samples
grown under serum culture conditions to be MSC-like cells and
not MSCs. Although our transcriptome analysis and the protein
expression of a range of MSC markers indicate similarity to MSCs,
the typical multilineage differentiation capacity was limited. These
cells showed differentiation potential into osteoblasts and
chondrocytes. However, the chondrogenic differentiation of
adherent cultures that we carried out in an alginate scaffold was
different from typical chondrogenic differentiation of BM- and AT-
MSCs in this system, where our cells did express the cartilage-
specific proteoglycan, aggrecan, but not type Il collagen, which is
another typical differentiation marker for chondrocytes derived
from BM-MSCs.?® Moreover, none of the serum cultures exhibited

«
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adipogenic differentiation capacity. This, in addition to the high-
expression level of GREMT in AD1 and AD10 cells suggests a
similarity between mesenchymal stromal cells in GBM and
osteochondroreticular stem cells.

Identification of a marker panel for tumorigenic GBM cell
cultures
Currently, there is no universal marker for GSCs. To look for
markers that distinguish sphere culture cells from adherent serum
culture cells, we performed extensive phenotype analysis of
surface and intracellular markers of GSCs, MSCs and NSCs. The
marker panel that we picked from our FACS analysis contains
three markers (CD56, SOX2, and SOX9) that were previously
reported for GSCs and/or NSCs. CD56 is seldom used as a GSC
marker,?® but it has high to moderate expression in 19 out of our
20 sphere cultures. SOX2 has been shown to be expressed in a
subset of GSCs that belong to Classical, Neural and Proneural
subtypes but not the Mesenchymal subtype.3® Our FACS analysis
showed that SOX2 was expressed in all 20 sphere cultures, but it
was relatively low in one secondary GBM which induced a low
grade-like tumor in vivo (T1311 Sp). The difference in SOX2
expression within the mesenchymal subtype between this work
and our work could be due to the methods used. They have used
immunofluorescent staining, while we used a quantification
method with FACS. Actually, in their study we noticed perinuclear
staining for SOX2 in the Mesenchymal subtype cultures, but these
cultures were defined as SOX2 negative.® SOX9 expression has
recently been reported in GBM tissue and the U251 glioma cell
line, but not in primary cultures' In our set, SOX9 has high to
moderate expression in 17 sphere cultures, absent in 1 secondary
GBM (T1311 Sp), and < 2% in 2 other sphere cultures. The other
marker of MSCs and pericytes in our panel CD105 has been
previously reported to stain for endothelial markers in GBM
tissue,® while CD248 and aSMA were reported to be expressed by
pericytes in GBM tissue and GSC-differentiated pericytes.® Our
data also show colocalization of CD248 and aSMA in pericytes of
GBM tissue. Although CD133 was not expressed in around half
of our sphere cultures, this marker is one of the most frequently
used CSC markers, where tumorigenicity was associated with
the CD133 positive fraction only.>'® Importantly, many dis-
advantages have been reported with using this marker:
(1) mRNA expression is not correlated to protein expression,>
(2) CD133 expression varies during cell cycle,** (3) the CD133-
negative population has tumor-initiating capacity®® and (4)
CD133 is not expressed in all patient samples. In our data set,
11 out of 20 of primary sphere cultures expressed CD133
ranging from 2 to 48%. However, we show that CD133-negative
cells have in vitro self-renewal, serial clone formation and
tumorigenic capability. Also, CD133 expression is affected by
changing culture conditions.

CD15 has also been said to enrich for GSCs.>> However, only 6
out of our 20 primary sphere cultures expressed CD15, ranging
from 1 to 34% of the total cell population.

Figure 6.

Adherent serum cultures that express GSC markers 'mixed cell culture' are tumorigenic. (a) Light image microscopy for the

morphology of mixed cell culture. Scale bar, 500 pm. (b) The mixed cell culture continued the normal proliferation kinetic. (c) FACS analysis
showing the difference in marker expression between mixed cell culture (AD10Mix) and AD10. The high expression of CD56, SOX2, SOX9, and
relative low expression of CD105 represents a marker panel that distinguishes mixed culture from regular non-tumorigenic serum culture.
FACS gate was set on total population after excluding cell debris and doublets. (d) Hybrid FACS expression profile for the four mixed cell
cultures derived from the four patient samples that generate spheres in sphere conditions. Error bar indicates mean + s.e.m. (e) Kaplan-Meier
survival analysis of mixed cell culture compared with cells from different culture conditions with the representative sample T1341. T1341
AD10Mix (red), Sp (blue), AD1(purple) and AD10 (green). The mixed cell culture took a longer time than Sp to develop a tumor (P < 0.01).
(f) A fluorescent overview image and zoom-in field of a tumor induced by mixed cell culture stained with human-specific nestin (red) and
DAPI showing a large tumor that infiltrated the second hemisphere. Scale bar, 500 pm. (g) A fluorescent overview image and zoom-in field of
tumor induced by mixed cell culture stained with CD31 (red), CD248 (green) and aSMA (purple) showing the angiogenesis. Scale bar, 500 um.
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Figure 7. Moving cells established in sphere condition into AD1 accelerated the cell proliferation kinetics in vitro and in vivo and induced more
angiogenic tumor. (a) Cell proliferation kinetics of Sp cells derived from three different patients after being moved to AD1 condition (AD1
from Sp). The cells acquired a higher proliferation rate in the new condition. (b) Kaplan-Meier survival analysis of Sp and AD1 from Sp. Cells
from three different patients in both conditions were injected intracranially (100 000 cells in 4 pl per mouse), three to four mice in each group.
T1341 and T1311 were kept longer in AD1 condition and transplanted after P6 or P9, respectively. The tumors formed by these cultures took a
significantly shorter time than the original Sp (P < 0.003 for T1341 and P < 0.0002 for T1311). (c) An overview image of tumors induced by Sp
and AD1 from Sp. Tissue sections are stained with human-specific nestin (red) and DAPI. Scale bar, 500 pum. (d) Immunofluorescent staining of
CD31(red), CD248 (green), aSMA (purple) and DAPI of Sp and AD1 from Sp. The tumor induced by AD1 from Sp is more angiogenic. Scale bar,
50 pm. (e) Quantitative reverse transcription-PCR anlaysis of EMT-related genes and CD248 show that moving Sp cells into AD1 conditions
results in relative increased expression of EMT genes, these were done on three different patients. The value is mean +s.e.m.
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Thus, the idea of having one universal marker for GSCs is a big
challenge. Our results show that the tumor-forming cells express
high levels of CD56, SOX2 and SOX9, while CD15 and CD133 are
specific, but absent in a high proportion of samples. On the other
hand, the non-tumorigenic stromal cells express high level of
CD105, CD248 and aSMA. Therefore, we suggest that a panel set
of CD56, SOX2, SOX9, CD105, CD248 and aSMA could cover the
heterogeneity among GBM patients.

Mesenchymal subtype of GSCs growing adherently

One third of the samples in this study grew adherently
under sphere condition. This growth pattern was reported
previously.’*?” The difference in growth pattern between cells
in sphere conditions most likely reflects differences in adhesion
properties. Lottaz et al.>® reported subtyping of 17 GSCs into 2
groups: group | of GSCs was CD133* and expressed the Proneural
signature, while group I, grew semi-adherently, was CD133™ and
expressed a Mesenchymal signature. However, our data indicate
that CD133 is not a perfect predictive marker for subtyping of
GSCs. Rather, adherent growth in sphere conditions was highly
specific for cells of the Mesenchymal subtype. Interestingly, our
MRI analysis of the seven patient tumors that gave rise to the
Sp-Mes subtype had the same pattern of invasion, characterized
by contact with SVZ and spread into the white matter, without
invasion into the cortex.?? Thus, the samples that grow adherently
in sphere condition have a specific growth pattern in patients and
in vitro, and express a mesenchymal signature. In our set of 118
DEGs between Sp and Sp-Mes, only 12 genes were shared with
the TCGA 840-gene signature.®® Interestingly, 5 of these 12 genes
were not in Bhat et al.'s*® set of 1000 genes. These 12 genes alone
separated the TCGA-GBM tissues into three groups: Mesenchymal
identified by six genes, Classical by two genes and Proneural by
four genes, whilst the TCGA Neural subtype predominantly
expressed genes from both the Classical and Proneural subtypes.
We propose that the 12-gene set can be used for simplified and
quick subtyping of GBM tissues.

Primary mixed cell cultures in serum-containing medium are
tumorigenic
Current dogma says that primary GBM cells cultured in serum
conditions will not give rise to transplantable tumor-forming
cells.""3” Only when cells were cultivated up to high passage
(>P10) and underwent in vitro transformation did they acquire
tumorigenic potential with a different pathohistology from GBM.""
Exceptions are known for one case of a primary gliosarcoma cell
culture, and for commercial GBM cell lines.'>®

Here, for the first time, we are introducing the concept of mixed
cell culture. This term was chosen because non-adherent cells
were allowed to remain in serum-containing cultures until the first
medium change. This allowed adherent, mesenchymal cells to act
as a feeder layer for the non-adherent, tumorigenic cells. This
culture system worked well using both serum conditions, AD1 and
AD10, and the cells were shown to be tumorigenic in P2-P9 of the
tested cultures. It was previously suggested that dedifferentiation
from a non-tumorigenic to a tumorigenic phenotype could explain
tumorigenicity in a single case of gliosarcoma cells growing in
serum conditions.'> Rather than dedifferentiation, we believe the
explanation to be a cell culture strategy that allows the
tumorigenic cells to remain in the culture. Some of our mixed
cultures were kept for 6 months continuously in AD10 and still
they had a high percentage of CD56-, SOX2-, SOX9-positive cells,
and they were able to form spheres again. Using fresh tumor
samples from the operation theatre directly without cryopreserva-
tion could be another reason for the retention of tumorigenicity in
mixed cell cultures in serum. Finally, it is possible that secretion of
GREM1 by the stromal cell feeder layer promotes tumor cell
survival and proliferation in this system.>® We believe that the
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tumor cells derived from these cultures are true GBM cells and not
in vitro-transformed cells because (1) the CGH analyses show
imbalances also found in the parental fresh sample, (2) cells
transplanted from early passage cultures gave rise to invasive
tumors, and (3) the histology analyses showed invasive tumors
crossing into the opposite hemisphere. Tumors derived from
mixed cultures containing necrotic regions were highly angio-
genic and enriched with pericytes.

In summary, we show that GBM cells enriched under classical
serum cultures after removing non-adherent cells on day 2-3 are
non-tumorigenic tumor stroma cells that lack the expression of
GSCs markers. In contrast to this, a mixed cell culture in serum
condition can be established by not removing floating cells. These
cells express hybrid phenotype of GSC and MSC markers and are
tumorigenic. Also, when cells growing as spheres are transferred
to serum condition, AD1, they retain their tumorigenic properties.
Thus, the presence of serum does not impact on the tumor-
igenicity of GBM cells, as long as the cell culture strategy allows
the tumorigenic cells to remain in the culture. Furthermore, we
identify a marker panel that distinguishes tumorigenic from non-
tumorigenic cultures with: high SOX2, SOX9 and CD56, and low
CD105, CD248 and aSMA. We also show that GBM cells that grow
adherently in sphere condition (Sp-Mes) have mesenchymal
properties. Comparing Sp-Mes cultures with sphere cultures of
the Proneural subtype allowed us to identify 12 genes that alone
were sufficient to subtype the TCGA-GBM tissue samples.

MATERIALS AND METHODS

Tumor patient sampling and cell culture

The brain tumor samples were acquired from 31 consenting GBM patients,
human GBM. Only 21 patient samples were able to be grown in sphere
conditions and these were used in this study. All experimental procedures
were carried out according to the guide of the Norwegian National
Committee for Medical Research Ethics after being approved by the
Regional Ethical Committee (REC South-East S-07321d). Tumors were
histologically classified as GBM according to World Health Organization
(WHO) criteria. The cells were obtained by ultrasonic aspiration with a
Sonoca 300 ultrasonic dissector/aspirator (S6ring, Quickborn, Germany)
perioperatively. Cells were washed and spun down to remove erythrocytes.
Tumor cells were grown in sphere condition (serum free) containing
DMEM/F12-GlutaMAX medium (Invitrogen, Paisley, UK), basic fibroblast
growth factor 10 ng/ml, epidermal growth factor 20 ng/ml (both R&D
Systems, Minneapolis, MN, USA), B27-supplement 1:50 (Invitrogen),
Penicillin/Streptomycin 100 U/ml of both (Lonza, Basel, Switzerland),
Heparin 1 ng/ml (Leo Pharma, Ballerup, Denmark) and HEPES 5 mm (Lonza,
Vervier, Belgium), and in two serum conditions: (1) DMEM/F12-GlutaMAX
medium supplemented with 1% FBS, 2% B-27, 10 ng/ml basic fibroblast
growth factor, 20 ng/ml TGFa, 10 mm HEPES (Lonza, BioWhittaker) and
2.5 ug/ml heparin (Leo Pharma AS, Esbjerg, Denmark);?' (2) DMEM/F12-
GlutaMAX medium, 10% FBS. The cells were seeded at a density of 13000
cells/cm?. In regular cell culture practice, we change the medium 48-72 h
after plating the cells from fresh tumor samples and wash twice with PBS
to clean away dead cells and cell debris, so all non-adherent cells are
thrown away. For mixed culture, we did not remove non-adherent cells,
and the medium was changed gently without washing.

MR image analysis

T1-wieghted images with contrast enhancement, and T2-weighted images
were obtained and analyzed for each of the glioblastoma tumors. In
addition, diffusion-weighted imaging together with apparent diffusion
coefficient images was analyzed as well for the same GBM species.

Flow cytometry analysis

Cells from fresh samples that were processed into single cells without
being in culture and cultured cells from different conditions were first
washed with FACS buffer (PBS containing 4% FBS). (Supplementary
Method and Supplementary Method Tables) showing the antibodies that
were used for surface and intracellular staining. For intracellular staining,
cells were first fixed and permeabilized using BD Cytofix/Cytoperm Kit
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(Torreyana Rd, San Diego, CA, USA), and then incubated overnight with
primary antibodies, after washing cells were incubated with matched
secondary antibodies for 2 h. Cells were then washed before being
analyzed by flow cytometer, LSRFortessa cell analyzer (BD Bioscience, San
Jose, CA, USA). At least 10 000 events were counted.
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Figure 8. Sphere cultures that grow adherently (Sp-Mes) express mesenchymal properties and belong to mesenchymal subtype GSCs. The 12-
gene signature can subtype the TCGA samples in a manner similar to the 840-gene identifier TCGA-gene set. (a) Cell proliferation kinetics of
Sp-Mes compared with Sp cultures group, three cultures from different patients are represented for each group. (b) Bilineage mesenchymal
differentiation of Sp and Sp-Mes into osteoblasts and chondrocytes. The Sp-Mes showed strong differentiation capacity into osteoblast (first
row) and chondrocytes (second row), contrary to Sp cultures. Osteo-differentiation is visualized with red staining for calcium deposits. Scale
bar, 250 pm. Chondrocytes are stained for aggrecan. Scale bar, 50 pm. (c) A fluorescent overview image of tumors induced from Sp-Mes and a
mixed culture of this tumor AD1Mix. Tissue sections are stained with human-specific nestin (red) and DAPI. Scale bar, 500 um. (d) Relative
MRNA expression by quantitative reverse transcription-PCR for EMT-related genes and CD248 as a pericyte marker show that Sp-Mes and the
original fresh tumor (Fr-Mes) have higher EMT profile. A significant difference was seen between cultured Sp and Sp-Mes in most genes SNAIT,
SNAI2, TWIST1, TGF-3 and STAT3, while CDHT tends to be higher in Sp-Mes, but not significantly. CD248 was significantly higher in Fr-Mes and
corresponding Sp-Mes. The value is mean +s.e.m. Mann-Whitney test was used for statistical significance (*P < 0.05). (e) Comparing
transcriptional profiles of the Sp group with those of the Sp-Mes group identified 118 genes that were differentially expressed genes (DEGs).
Supervised hierarchical clustering using this set confirmed separation into two groups. Red and green colors indicate highly and lowly
expressed genes, respectively. (f) Hierarchical clustering using our 12-gene signature resembles the TCGA classification. The 12-gene signature
was created by merging our set of 118 DEGs with the TCGA identifier set (840 genes). The 12 genes present in both sets could classify GBM
tissues of TCGA data set into three subtypes: proneural identified with four genes (P2RX7, STMN4, SOX10 and ERBB3), classical with two genes
(ACSBGT and KCNF1) and mesenchymal with six genes (§100A, DAB2, TGFB1, THBS1, COL1A2 and COL1AT). The GBM samples of neural subtype

were fused with proneural and classical subtypes mainly and did not have specific genes in our 12-gene mini signature.

FACS into a 96-well plate (1-3 cells/well) and were grown in sphere
conditions or serum conditions for 3 weeks to generate the first
generation, then the resultant sphere or colonies were trypsinized and
plated using a limited dilution assay, to get second generation and then
third generation cells.

Neural differentiation. Single cells dissociated from GSC- and MSC-like
cells were plated in DMEM/F12-GlutaMAX medium (Invitrogene, Paisley,
Scotland, UK) supplemented with 4% FBS, pencillin/streptomycin, HEPES,
B27-supplemented with retinoic acid.

Osteoblastic differentiation. Cells were plated in triplicate at 10000
cells/well in 24-well plates. Cultured cells were grown in osteogenic
differentiation medium (Grand Island, NY, USA) for 2 weeks. Undiffer-
entiated cells in original growth medium were used as a negative control,
BM- and AT-MSCs were used as positive controls. Alizarin red staining was
used to visualize calcium deposition.

Adipogenic differentiation. ~Cells were plated in triplicate at 20 000/well in
24-well plates. Cultured Cells were grown in adipogenic differentiation
medium as previously reported.'® Undifferentiated cells in original growth
medium were used as negative control, and BM- and AT-MSCs were used
as positive controls.?® The induction of adipocytes was assessed after
2 weeks using oil red O stain (Sigma-Aldrich, Co, St Louis, MO, USA) as an
indicator of intracellular lipid accumulation.

Chondrogenic differentiation. Chondrogenic induction was performed by
pelleting cultured cells (5x 10° cells per pellet) and then by putting them
through the process of preparing alginate scaffold following an established
protocol.?® Chondrocyte differentiation was evaluated by aggrecan and
Collagen-2 staining after 3 weeks of differentiation.

In all three assays, the medium was replaced twice a week and controls
were grown in the original medium for each condition."®

In vivo transplantation

The experimental protocol was approved by the Norwegian National
Animal Research Authority project licence no FOTS-id 4785 and 5940.
The animal experiments were performed in accordance with the
European Convention for the Protection of Vertebrate Animals used
for Experimental and Other Scientific Purposes (ETS 123) and The Guide
for the Care and Use of Laboratory Animals>® Six to 8-week-old
SCID mice were purchased from Scanbur (Scanbur AS, Karlslunde,
Denmark). About 100 000 dissociated tumor cells in 4 pl neurobasal
medium were intracranially injected in the right striatum of SCID mice
(0.5 mm forward from bregma, 1.5 mm lateral and 2.5 mm ventral from
the dura) using a 10 pl Hamilton syringe with a 33-gauge needle.
To inhibit the back-flow through the injection canal, the needle was left
in the brain for 2 min and withdrawn gradually (1 mm with waiting time
for 2 min). Mice were allowed to recover; their health status was closely
monitored, and immediately killed when they started showing neuro-
logical symptoms.

Statistical and bioinformatic analysis

Survival analysis and the Mantel-Cox log-rank were performed using
GraphPad Prism 6 (GraphPad Software, LA Jolla, CA, USA). The quantifica-
tion in the marker panel is shown as a percentage of the mean+s.e.m.
Quantitative PCR data were analyzed using the Mann-Whitney test, and a
P-value < 0.05 was considered significant.
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