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Pediatric high-grade gliomas of the subclass MYCN (HGG-MYCN) are highly
aggressive tumors frequently carrying MYCN amplifications, TP53 mutations,
or both alterations. Due to their rarity, such tumors have only recently been
identified as a distinct entity, and biological as well as clinical characteristics
have not been addressed specifically. To gain insights into tumorigenesis and
molecular profiles of these tumors, and to ultimately suggest alternative
treatment options, we generated a genetically engineered mouse model by
breeding hGFAP-cre::TrpS3™::Is-MYCN mice. All mice developed aggressive
forebrain tumors early in their lifetime that mimic human HGG-MYCN
regarding histology, DNA methylation, and gene expression. Single-cell RNA
sequencing revealed a high intratumoral heterogeneity with neuronal and
oligodendroglial lineage signatures. High-throughput drug screening using
both mouse and human tumor cells finally indicated high efficacy of Doxor-
ubicin, Irinotecan, and Etoposide as possible therapy options that children
with HGG-MYCN might benefit from.

Recently, tumors originally diagnosed as primitive neuroectodermal
tumors (PNETs) have been reclassified into multiple different pediatric
brain tumor classes'. One clearly distinguishable class of these tumors
are “pediatric high-grade gliomas with MYCN amplification”, hereafter
called “HGG-MYCN?”. This recently described tumor entity was further
characterized by Korshunov et al. and Tauziéde-Espariat et al. as being

highly aggressive pediatric gliomas with a poor prognosis and a
median overall survival of only 14 months**. When compared to other
pediatric glioma, HGG-MYCN present with the worst survival of
subtypes’. Unlike other glioma, HGG-MYCN histologically present with
undifferentiated, densely packed cell nuclei and highly circumscribed
tumors without typical glial features. Molecularly, these tumors often
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carry amplification of the MYCN gene and somatic or constitutional
mutations in TP53**°, Usually, these tumors are treated according to
protocols for high-grade glioma with no specificities or targeted
therapies available.

MYCN is a transcription factor of the MYC family, which consists
of three paralogues: cellular (c-), lung-carcinoma derived (I-), and
neuroblastoma-derived (n-)-myelocytomatosis (myc). Even though all
three share a common structure containing so-called MYC boxes and a
basic helix-loop-helix domain, they show a distinct expression profile
in normal tissue and disease. MYCN is expressed in neural tissues and is
essential for normal central nervous system (CNS) development®’. It
was discovered in 1983 as an amplified gene in neuroblastoma, a
childhood tumor of the neural crest, with similarities to the c-MYC
gene®®, Shortly after its discovery, MYCN was associated with high-risk
neuroblastoma and poor prognosis'® ™.

MYCN has also been described to be involved in a number of
further tumor entities, spanning hematologic malignancies™", lung
cancers”, and malignancies of the nervous system'™. In CNS tumors,
MYCN is mainly involved in tumorigenesis of retinoblastoma®,
medulloblastoma™?, and glioblastoma® >,

Although a few mouse tumor models driven by alterations of
MYCN have been described, none of them have developed gliomas
with similarities to human HGG-MYCN. The most prominent MYCN-
driven tumor models mimic human neuroblastoma, in which MYCN
expression, driven by tyrosine-hydroxylase (TH)- or dopamine-f3-
hydroxylase- (Dbh)-cre, leads to the development of aggressive
tumors, modeling the human disease’*”. Forcing MYCN expression in
the hindbrain by the Gltl-promoter induced the development of
tumors, which resemble human medulloblastoma (MB) with the
highest similarity to group 3 MB?. This mouse model is well estab-
lished as a group 3 MB model although MYCN is usually associated
with group 4 MB%. Furthermore, mutated MYCN is able to transform
different types of neural stem cells (NSCs) leading to medullo-
blastoma- and glioblastoma-like tumors in hind- and forebrain,
respectively’®. On the other hand, forced expression of wild-type
MYCN in the hindbrain or entire CNS does not necessarily lead to brain
tumor development®* Given the lack of existing mouse models for
HGG-MYCN on one hand and the urgent need for alternative treatment
modalities for this aggressive disease on the other hand, we here aimed
to develop a murine model for HGG-MYCN mimicking their human
counterparts. As HGG-MYCN often carry both alterations, MYCN
amplifications and TP53 mutations, we generated a mouse model with
combined expression of wild-type human MYCN and a loss of Trp53,
which, on its own, induces glioma development in mice with a long
latency and reduced penetrance®.

In this work, we successfully generate a mouse model for HGG-
MYCN by inducing MYCN expression and simultaneous 7rp53 deletion
in hGFAP-cre expressing cells (hGFAP-cre:TrpS3™"":Isl-MYCN), and
show that these mice develop large forebrain tumors with 100%
penetrance within 90 days. These tumors recapitulate human HGG-
MYCN histologically and molecularly. We use a multi-omic approach to
dissect the tumor biology of murine gliomas as well as high-
throughput drug screening to identify alternative treatment options
for these aggressive tumors.

Results

HGG-MYCN tumors represent a distinct tumor entity and fre-
quently carry alterations in TP53 and MYCN

Studies published on the recently discovered rare HGG-MYCN entity
describe a group of aggressive pediatric gliomas, which form a distinct
cluster in global DNA methylation analysis"****. We collected respec-
tive data from published and five in-house cases of HGG-MYCN diag-
nosed by DNA methylation profiling and used a reference set of
pediatric brain tumors to confirm the distinctiveness of these tumors
by Uniform Manifold Approximation and Projection (UMAP). We

included the most common brain tumors as well as potential differ-
ential diagnoses and analyzed the global DNA methylation of 2514
tumors, including 47 HGG-MYCN (Fig. 1a). Clinical information of the
HGG-MYCN patients revealed a median age of 8 years with only 4 out
of 89 patients older than 20 years (range: 1-56 years, Fig. 1b). Sex
distribution was almost balanced (Fig. 1c). DNA sequencing informa-
tion was available for 47 cases, and we found TP53 mutations in 68%
and MYCN amplifications in 60% of those cases (Fig. 1d, e). Thirty-six
percent of the analyzed cases carried both a loss of 7P53 and an
amplification of MYCN (Fig. 1f). HGG-MYCN were detected throughout
the entire brain with a preponderance of tumors occurring in the
frontal and temporal lobe (Fig. 1g). The tumors presented with multi-
ple chromosomal aberrations and, in part, a clearly visible MYCN
amplification (n=19) as visualized in a heatmap of the copy number
variations of 47 tumors as well as by Fluorescence-in situ hybridization
(FISH) or immunohistochemistry (IHC). IHC showing accumulated p53
indicating a mutated TP53 (Fig. 1h-1).

hGFAP-cre driven loss of p53 and expression of MYCN induce
brain tumor formation in mice

In order to generate an appropriate mouse model for HGG-MYCN,
we exploited the Cre-LoxP system to simultaneously induce the
deletion of Trp53 and force expression of human wild-type MYCN
under the control of the hGFAP promoter. This promoter is active
from embryonic day (E) 13.5 onwards and targets radial glia, which
later differentiates to distinct cell types of the CNS, including neu-
rons, oligodendrocytes, astrocytes, and adult neural stem cells®.
Loss of p53 is accomplished by an allele carrying loxP-sites after
exon 1 and 10 in the Trp53 gene, leading to a large deletion in the
gene upon recombination. The expression of MYCN is achieved by
inserting an allele into the ubiquitously expressed Rosa26 locus,
where a stop codon flanked by two loxP sites is preceding the MYCN
open-reading-frame (Fig. 2a).

All hGFAP-cre::TrpS37":Isl-MYCN animals (n =24) developed neu-
rological symptoms within 90 days of life with the first animals being
symptomatic around postnatal day 40 (Fig. 2b). The animals abruptly
presented with hydrocephalus and akinesia and were sacrificed as
soon as symptoms appeared. Upon necropsy, large forebrain tumors
and enlarged ventricles were macroscopically found (Fig. 2c). Midbrain
and hindbrain as well as the spinal cord and other organs appeared
macro- and microscopically normal. This was of particular interest,
since MYCN amplifications and/or TP53 mutations have also been
observed in a subset of spinal ependymoma as well as in pediatric
medulloblastoma®??. In this model, none of the microscopically
analyzed mice (n=17) showed overexpression of MYCN in these
regions.

Histological examination of the murine brains revealed large, cell-
dense tumors of the forebrain with a heterogeneous cell morphology
(Fig. 2d, S1). To determine the timing of tumor initiation, we sacrificed
animals at postnatal day (P) 7 and 37 prior to the establishment of any
symptoms. At P7, no tumor lesion was detected by histological
examination of the brains of six mice, whereas at P37, tumor lesions
were detected in all analyzed mice (n=35). These small tumor lesions
presented with densely packed, highly proliferating cells in the out-
ermost layer of the olfactory bulb (OB) (Fig. S1).

Genetic analysis of the tumors developing in hAGFAP-cre::Trp53™:Isl-
MYCN mice showed a recombined stop codon as well as a recombined
Trp53 allele as expected (Fig. 2e). We also analyzed potential copy
number variations (CNVs) of three representative mouse tumors (Fig. 2f).
Due to the genetic engineering, all three mouse tumors revealed an
amplification of the Rosa26-locus with the inserted MYCN on chromo-
some 6 (asterisk in Fig. 2f). Moreover, they showed chromosomal aber-
ration private to one tumor as well as recurrent chromosomal
aberrations appearing in at least two of three tumors at chromosomes 7,
14, or 16 (Fig. 2f). This suggests that the combination of MYCN and Trp53
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Fig. 1| Tumors of the DNA methylation class HGG-MYCN carry MYCN amplifi-
cations and TP53 mutations. a UMAP of global DNA methylation profiling of 2514
cases of multiple brain tumor entities including the most common brain tumors as
well as potential differential diagnoses including 47 HGG-MYCN using the 10,000
most differentially methylated CpG sites. b Age distribution of n=89 HGG-MYCN
tumors with a median age of 8 years (bounds of box =3-13, whiskers = min:1,
max:22). ¢ Sex distribution of 106 HGG-MYCN. d 47 HGG-MYCN were screened for
TP53 mutations, of which 68% carried a mutation. e The same 47 cases as in (d) were
analyzed for their MYCN status. f Of the same 47 cases shown in (d) and (e), only 8%
carried no TP53 or MYCN alteration, whereas 36% of those carry both alterations.
g Tumors can be found throughout the entire brain with the majority of cases

located in the temporal and frontal lobes. h Heatmap showing copy number var-
iations of 47 HGG-MYCN. The copy number profile of such tumors is imbalanced
with a clearly visible MYCN amplification (Chr. 2), highlighted by the arrow. MYCN
amplifications can also be detected by FISH analysis (representative case shown in
(i), three independent tumors showing this amplification were analyzed), while IHC
may serve as a surrogate marker (representative case in (j), the same three tumors
were analyzed). k Nuclear p53 accumulation indicating impaired p53 function can
be detected by IHC (representative case, three independent tumors were analyzed).
I Representative CNV plot of a HGG-MYCN with a magnification of chromosome 2
with the MYCN amplification (CNV plots of 47 tumors were generated). Scale bar in
i=5pm, inj & k=50 pm. Source data are provided as a Source Data file.

alterations induce further genomic changes that may be needed for
tumor development.

We next characterized the mouse tumors by microscopy to see
whether they resemble their human counterparts. Tumors of both
species showed irregularly shaped, densely packed cell nuclei
(Fig. 2g, n) and were positive for MYCN (Fig. 2h, o). They were also
highly proliferative (Fig. 2i, p) and expressed Nestin (Fig. 2j, q), SOX2
(Fig. 2k, r), OLIG2 (Fig. 21, s), and GFAP (Fig. 2m, t). Other histological
markers were also similarly expressed in mouse as well as
human tumors: Neurofilament, NeuN, and Synaptophysin were not
expressed but tumors of both, mouse and human, expressed
TubB3 (Fig. S2).

So far, the cell-of-origin as well as time and place of tumor onset
for HGG-MYCN is unknown. Therefore, we decided to investigate
tumor development in other cell populations of the developing CNS
by breeding animals with the same genetic alterations in other target

cell populations. We bred Sox2-cre:Trp53™::Isl-MYCN and Blbp-
cre:Trp53™M::1sl-MYCN mice, which initiate recombination upon E6.5
or E9.5, respectively. The Sox2-mediated recombination was embry-
onically lethal (Fig. S3a) with severely underdeveloped animals at
E16.5 (Fig. S3b-d). The Blbp-mediated recombination also led to
prenatal lethality except for two animals surviving until PO and two
until P18, on which they presented with hydrocephalus (Fig. S3e).
Histologic examination of the P18 brains showed no signs of tumor
development, suggesting rather a developmental defect as the cause
for the hydrocephalus (Fig. S3f-h).

Mouse HGG-MYCN molecularly resemble their human
counterparts

We next investigated whether murine and human tumors shared
similarities regarding their DNA methylation profiles. We used bead
chip arrays to detect the methylation status of 285,000 CpG sites of
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Fig. 2 | Mouse HGG-MYCN develop within the first 100 days of life and match
their human counterparts histologically. a Genetics of the HGG-MYCN mouse
model. Cre is expressed under control of the hAGFAP promoter, which targets dif-
ferent cell populations shown on the right. The floxed alleles of Trp53 and MYCN are
depicted, loxP sites are shown as red arrowheads, and primers for genotyping and
proof of recombination are shown as green arrows. b Kaplan-Meier survival curve
of mice with HGG-MYCN (n = 24) as percent survival, light red area showing the
asymmetrical 95% confidence interval. ¢ Macroscopic image of a mouse brain
carrying an HGG-MYCN (arrow). d Hematoxylin and Eosin (H&E) stained brain with
a large forebrain tumor (arrow). e Representative PCR result of genotyping and the
detection of allele recombination. Results are shown for cultured mouse tumor
cells (1), fresh mouse tumor tissue (2), ear biopsy of a mouse not carrying the Cre
recombinase (3), ear biopsy of a mouse with an HGG-MYCN (4), and (5) a wild-type

mouse carrying none of the transgenes. Bands result from the primers indicated by
green arrows in (a). The same PCR was performed for all animals generated in the
study including the n =24 animals included in the Kaplan-Meier survival analysis.
f Copy number variation plots of three mouse HGG-MYCN. An amplification of the
Rosa26-locus, in which the MYCN is inserted, is visible in all three samples (marked
by the star). Other recurrent copy number changes are observed in at least two of
the tumors (marked by the rectangle). g-t Inmunohistochemical comparability of
mouse and a human HGG-MYCN. The pictures show representative micrographs,
all stainings were performed independently on at least three samples. EP ear punch,
FlFloxed allele, M marker, Rec recombined allele, WT wild-type allele. The scale bar
in c and d corresponds to 2 mm, and the scale bar in (g-t) corresponds to 20 pm.
Source data are provided as a Source Data file.

the mouse genome. Of these sites, 141 CpG sites were identical to the
human 850k (EPIC) array. The beta-values of these 141 sites were suf-
ficient to distinguish different human brain tumor entities according to
the visualization via UMAP. When clustering the methylation data of
the murine tumors with the most common pediatric brain tumors as
well as potential differential diagnosis, mouse HGG-MYCN (hot pink)
showed the highest similarity to the human HGG-MYCN (light pink,
Fig. 3a). As a control, we included tumors of Mathl-cre:SmoM2*
mice, which are a well-known murine model for sonic hedgehog
medulloblastoma (SHH-MB)* and which were located nearest to
human SHH MB, as expected (Fig. 3a).

Next, we generated transcriptomic profiles of the murine
tumors and compared them to gene expression data of human HGG-
MYCN and other pediatric brain tumors'. The visualization of gene
expression profiles by UMAP analyses revealed the highest simi-
larity between mouse HGG-MYCN (hot pink) to their human

counterparts (light pink, Fig. 3b). Again, SHH-MBs served as an
internal control with high similarities between murine (red) and
human SHH-MB tumors (dark red). We further analyzed the simi-
larity of gene expression profiles by calculating the Euclidean dis-
tance of averaged transcriptome data per group and performed an
agreement of differential expression (AGDEX??) analysis. Both ana-
lyses confirmed the high similarity between mouse and human
HGG-MYCN (Fig. 3c, d, Euclidean distance: HGG-MYCN - mouse
HGG-MYCN=24.4, AGDEX: HGG-MYCN mouse HGG-MYCN,
AGDEX cos: 0.190659811, p-value=0.007). When we compared
MYCN expression in human and mouse HGG-MYCN relative to other
human gliomas or healthy mouse tissue of the OB and cerebellum
and the SHH-MB mouse model, and performed gene set enrichment
analysis (GSEA) for MYCN target genes, we found that MYCN itself
as well as its target gene sets are significantly enriched in tumors of
both species, human and mouse (Fig. 3e, f, two-sided Welch’s-t-test,
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Fig. 3 | Mouse HGG-MYCN match their human counterparts molecularly.

a UMAP of global DNA methylation. Betavalues of 141 identical CpG sites between
mouse and human were used for comparison of similarity. Mouse methylome data
were generated with the lllumina Mouse Methylation bead chip array and com-
pared to human data generated with the EPIC array. The three mouse tumors (in hot
pink) show most similarity to the human HGG-MYCN group (pink). b UMAP of
global gene expression data. Eleven mouse tumors were profiled by RNA sequen-
cing and their gene expression profile was compared to published gene expression
data of human ,CNS PNET“ tumors 1. Data were normalized for interspecies dif-
ferences by employing RNA Seq. data of Mathl-cre:SmoM2"** mouse tumors and
human SHH medulloblastoma. ¢ Distance plot of mouse HGG-MYCN and mouse
SHH-MBs and human tumors based on the 500 most significantly expressed genes.
Mouse tumors showed most similarity to human HGG-MYCN and human SHH-MB,

respectively. The values of the Euclidean distance are displayed, and the asterisk
marks the smallest values and thereby highest similarity. d AGDEX analysis of
mouse HGG-MYCN also shows the high similarity between murine and human
tumors (analysis based on 14,416 orthologous genes). The values of the AGDEX
analysis with their respective p-values are given. The asterisk marks the smallest
p-value and thereby highest similarity. e, f Human and mouse HGG-MYCN show
significantly higher MYCN expression compared to other glioma entities or control
tissue (from mouse olfactory bulb (OB) or cerebellum) and comparable expression
to the SHH-MB mouse model as well as highly significant enrichment for MYCN
target genes. Human tumors: non-mycn, n =40, HGG-MYCN n =7. Mouse data: OB
tissue n =3, mouse HGG-MYCN n =11., two-sided Welch’s-t-test, human: p = 0.0002,
95% confidence interval =2.001 to 4.320, murine= p = 0.0002, 95% confidence
interval =2.143 to 4.085. Source data are provided as a Source Data file.
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human: p=0.0002, 95% confidence interval =2.001 to 4.320, mur-
ine= p=0.0002, 95% confidence interval =2.143 to 4.085).

Single-cell transcriptomics of mouse HGG-MYCN revealed a high
intratumoral heterogeneity with neuronal and oligodendroglial
tumor cell population

As knowledge about the cellular architecture and the cell-of-origin of
HGG-MYCN is lacking and no single cell RNA sequencing (scCRNA seq)
data of HGG-MYCN is available, we employed scRNA seq to dissect the
cellular composition of these murine tumors. We profiled the single
cell transcriptomes of seven mouse tumors using 10X genomics
technology. The cells were harvested from OB/tumor tissue on P43
(n=2),P70 (n=2),P77 (n=2),and P92 (n =1). SCRNA seq. resulted in 23
distinct clusters (Fig. 4a). The tumor cell clusters were clearly identified
based on their increased expression of human MYCN and the firefly
luciferase (FLUC) reporter gene (Fig. 4b). The remaining clusters were
unequivocally assigned as non-malignant cells of different types by a
combination of differential gene expression (DGE) analysis and com-
parison with known highly specific marker genes of distinct tumor
microenvironment (TME) cell types (Fig. 4c, S4).

Based on their similarities in the gene expression patterns, the
seurat algorithm divided the tumor cells into distinct clusters
(Fig. 4a—c). These tumor cell clusters were split into three larger areas:
clusters 0 and 13 were composed only of cells of the most mature
tumor (P92 tumor), clusters 1/2/3/4/9/15/18 were composed of cells
resembling oligodendrocytic-lineage (OL) cells and cluster 5 expresses
a neuronal-like signature.

In order to define the gene expression signatures of the different
tumor cell populations, we employed a combination of DGE and
functional gene network analysis as well as gene ontology (GO)
annotation to identify the differences and similarities of distinct clus-
ters within the murine HGG-MYCN (Fig. 4d). These analyses clearly
show an oligodendrocytic tumor cell population, a neuronal tumor cell
population, and a third tumor population, which is transcriptionally
clearly distinct and expresses markers of neither cell lineage. Tumor
cells of this cluster were solely harvested from the most mature tumor
of a 92-day-old mouse.

In order to determine the potential cellular origin of the murine
tumor cells, we compared gene expression profiles of the different
tumor cell clusters to a reference dataset of the ventricular zone/
subventricular zone (VZ/SVZ) of the mouse. We used logistic regres-
sion to identify similarities between the reference clusters and our
tumor cells. This analysis reveals a high similarity of HGG-MYCN tumor
cells with adult neural stem (aNSC) and transit-amplifying neural pre-
cursor cells (TAC). Some tumor cell clusters (5,0,13,3) also show
similarities to neuroblasts (NB) and some clusters to cells of the oli-
godendrocytic lineage (1,15,0,13,3). These results suggest that murine
HGG-MYCN may originate from multipotent stem or progenitor cells
in the SVZ that differentiate into both glial and neuronal lineages.

To understand the tumor development further, we investigated
the tumor cells of the different stages of tumor development. The
comparison of the TME and the tumor cell clusters at P43, P70, P77,
and P92 revealed a reduction of TME cells throughout tumor devel-
opment and a change in tumor cell populations (Fig. 4f). The tumor
cells of the youngest mice are mostly OL-like. At P70, the NB-like tumor
cell population appears which is also detectable at P77. At P92, only a
small proportion of tumor cells can be assigned to the OL- or NB-like
type but instead most cells belong to a unique cell population which
we therefore called P92-tumor.

Sensitivity of HGG-MYCN cells to Doxorubicin, Etoposide and
Irinotecan in an in vitro drug screen

Next, we used our mouse model to identify improved therapeutic
options to treat HGG-MYCN, since standard treatment is still ineffi-
cient. For this, we performed a high-throughput drug screening of 639

compounds in a human HGG-MYCN cell line (pbt-04) and a cell line
isolated from our mouse model (pn003, Fig. 5a, Supplementary
data 1). To expedite clinical use, we analyzed drug response using a
clinical anticancer library comprising nearly 80% of FDA-approved
drugs. The chosen drugs encompass both standard chemotherapy and
targeted therapy for various types of cancer. The selection doesn’t
limit to the blood-brain barrier permeability since, due to the recent
development of materials science and nanotechnology, multiple stra-
tegies could be used to deliver drugs across BBB.

We determined the drug response by comparing the normalized
area under the curve (AUC) of a cell viability assay. We then focused on
the 100 compounds, that were most efficient in reducing cell viability
in both, mouse and human cells. Among these 100 compounds, we
found 18 drug classes represented by more than two drugs, suggesting
a specific mechanism of action against these tumors (Fig. 5b). Thirty of
these drugs are FDA approved, and for 14 of those, CNS permeability
has been described (Fig. 5¢). By focusing on the FDA approved drugs,
we identified 12 compounds that are already used for the treatment of
pediatric brain tumor patients and can therefore be considered rela-
tively safe to use also in HGG-MYCN patients (Fig. 5d, e).

The top three compounds, that are FDA approved and used to
treat pediatric brain tumor patients, are Doxorubicin, Etoposide, and
SN38 as the active metabolite of Irinotecan. All three compounds
showed high efficacy against our HGG-MYCN cell lines, mixed
response in other adult and pediatric glioblastoma reference cells and
had almost no effect on healthy fibroblasts (Fig. 5f-h).

Discussion

We show that combined loss of p53 and forced expression of MYCN in
neural precursor cells is sufficient to drive brain tumor formation. Mice
carrying these alterations in cells targeted by hGFAP-driven recombi-
nation develop large forebrain tumors. These murine tumors show a
similar histology and marker expression as human tumors of the
methylation class “pediatric high-grade glioma MYCN”. In addition, we
found the highest similarity between mouse tumors and HGG-MYCN
compared to other aggressive pediatric brain tumors in DNA methy-
lation and gene expression profiles.

We investigated the single cell transcriptomic landscape of the
tumors and could show a tumor evolution of the mouse tumors by
analyzing different mouse ages and stages of tumor development. We
included mouse samples of early tumor onset at P43, further devel-
oped tumors at P70 and tumors of symptomatic mice at P77 and P92.
During tumor development, we observed changes in the TME but also
a change in the tumor cell populations. At P92, a unique tumor cell
population is detected. This mouse was exceptional in survival, as only
4.4% of animals survive until P90. This might explain the differentness
of the observed tumor cell population from the other six mouse
tumors but as we could only generate data of this one exceptionally
long surviving mouse, we cannot draw definite conclusions.

The age of disease onset differed between mice and humans, with
children having a median age of disease onset of eight years and mice
becoming symptomatic in adolescence. This difference might be due
to species differences in maturation of neural cells or depending on
environmental influences. As the age of disease onset is before adult-
hood in both species and the molecular biology of mouse and human
tumors is very similar, we consider our model as a reliable model for
the human disease.

Alterations in MYCN and TP53 also occur in other human brain
tumor entities, such as medulloblastoma. To investigate whether the
same transgenes will lead to different brain tumors in other target cells
and further characterize the cell-of-origin of our tumors, we used dif-
ferent promoters to drive Cre expression in the developing brain. We
employed the Sox2 promoter, which is expressed earlier in embryonic
development (E6.5 instead of E13.5), and the Blbp promoter, which is
expressed from E9.5 onwards. In fact, Swartling et al. described that
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Fig. 4 | Mouse HGG-MYCN reveal a high intratumoral heterogeneity with oli-
godendroglial and neural cell populations and a time-resolved change in
tumor composition. a UMAP of single cell RNA sequencing data of seven mouse
HGG-MYCN (2xP43, 2xP70, 2xP77 and 1x P92) including 24.938 cells. 23 cell clus-
tered were identified by the Seurat algorithm. b To identify tumor cell clusters,
expression of human MYCN and Luciferase (FLUC), were plotted. ¢, d Cell clusters
were annotated by analysis of marker gene expression. This revealed immune as
well as stromal cell clusters and three main superclusters of tumor cells. Tumor
superclusters consist of an oligodendroglial-like, a neuronal-like, and a cluster
which was only detected in the most mature mouse tumor. e Cell clusters were
compared to a reference atlas of the VZ/SVZ of the mouse by logistic regression.
Similarity in gene expression is displayed in red, less similarity in blue. Mouse tumor

0% 50% 0% 50% 0% 50% 0% 50% 100%

cell clusters show similarity to precursor cells of the stem cell niche, suggesting a
tumor origin in this region. f UMAP and bargraph depiciting the changes in cell
composition of samples of different mouse ages. The TME content is reduced in
later tumor stages. Early tumors are only OL-like, during tumor development, an
NB-like population appears. At P92, a unique tumor cell population is detected,
showing neither OL nor NB-like features. AC astrocyte, aNSC adult neural stem cell,
DC dendritic cell, EC endothelial cells, EPN ependymal cells, MES mesenchymal, MG
microglia, migr. DC migratory dendritc cells, MOL mature oligodendrocyte, mural
fibroblasts, pericytes, smooth muscle cells etc., NB neuroblast, OL oligoden-
drocytic, OPC oligodendrocytic precursor cell, PC pericytes, SMC smooth muscle
cells, TAC transit amplifying cell, TME tumor microenvironment, UMAP uniform
manifold approximation and projection.

Nature Communications | (2023)14:7717



Article

https://doi.org/10.1038/s41467-023-43564-w

a Top100 b c
Onalespib
”b . Approval status of Top 100
ot Drug classes in Top 100
Valrubcin .
s Tubulin-i Abl-i ) FDA approved and clinically
e emeth ALK-i employed and able to enter
"
Midostaurin the CNS (n=14)
" Topoisomerase—j Ikylating agent
Daunorubicin .
Obatoclax Proteasome-i nthracycline
Aurancin
Ganetespib FDA approved and
Trichostatind _ - o
owsotices Pro-apoptotic; Antimetabolite clinically employed
| Foretinib (n=1 6)
100
1 Zotaciclo
- 38 (rinotecan) Aurora-i not FDA approved
Debios52 (n=70)
Adoorabicin
NMs1286937 o )
Etoposide Multikinase-i
Nocodazole
| Flavopiridol
VEMMAE Hsp90—|
S| Mitoxantrone
| BIB47325
| Tivantinib
Domatinostat MDM2-i
Clofarabine mTOR-i
— viaiss
weos
d FDA approved drugs of Top 100 e .
1¥3023414 Position in Top 100 Substance
Ceritinib
a7 1 Doxorubicin
i‘é!?&l‘l 4 Daunorubicin
‘:;Zr::.:"mmn 7 SN38 / Irinotecan
mincine Employed in 10 Etoposide
Apariquone i . :
B pediatric brain! 11 Mitoxantrone
SThioguanine Employed in P 5 15 Melohal
P umors (n=12) elphalan
228 other tumors 18 6Thioguanine
Copanisb ~ ‘
attin (n=18) 20 Chlorambucil
Chlorambuci -
Omipalisib 21 Belinostat
selinostat —
Apitolisib 26 Axitinib
Azsion —
Dimethylenastron 28 EplrUbICIn
Genz644262 29 Cobimetinib
Mitomycinc
bu
Moctingt
e f Negative AUC of Doxorubicin 9 Negative AUC of SN38/Irinotecan h Negative AUC of Etoposide
A — (10 nM - 100 uM) (10 nM - 100 uM) (10 nM - 100 uM)
liptcine ~
82536 ’é-o 33
PHATO3887 32, )
Teniposide Geo, &2
w2aa9 s, B0 ¢
s 9% 88 e &
Ancitabine %P 3 ,555
Volasertib
ot e\ B
Tenovinl oo | o a
cummosat ol b\ § e .
Satraplatin i, L ; DY
Cobimetinib : . b 4 ]}
oot N ’ 228 i
Nintecanib [ . Firos B
CH5132799 ' i Fibro6 I |LN308 | H ¥
i - ] H \ gioro?!
'/
i NY..
craate § B % e 59/;, © 4
Berzosertiy N < e, :
to10 & R WS
xibulin . .2 - o
e 3 3
fosfamide 5 2
B ET
Aspa026
AMG232
Dovitinib
.pediatric HGG-MYCN adult GBM . pediatric HGG .healthy control
AuC
Nno response

39 l
pbt04  pn003 full response
(human)(mouse)

Fig. 5 | High throughput drug screen indicates efficacy of Doxorubicin, Eto-
poside, and Irinotecan for the treatment of HGG-MYCN. a Heatmap of the AUC
in a drug screen of 639 substances in human (pbt-04) and murine (pn003)
HGGMYCN cell lines. A darker color indicates a stronger response. b Among the top
100 substances of the drug screen, we detected 18 drug classes with at least two
substances. The most prominent were anthracyclins, aurora inhibitors, Hsp90-
inhibitors, multikinase inhibitors, and topoisomerase inhibitors. ¢ Of the top 100
most effective substances in the screen, 30 were FDA approved. Of those, 14 have

been described to be delivered into the CNS. d Of the 30 FDA-approved substances,
12 have been used to treat pediatric brain tumor patients as depicted in (e). f~-h The
top three substances Doxorubicin, SN-38 (active metabolite of Irinotecan) and
Etoposide are efficiently impairing growth of HGG-MYCN cells, while showing a
mixed effect on other glioma cell lines and almost no effect on healthy fibroblasts.
Depicted is the negative AUC (1 minus the respective AUC). AUC area under the
curve. AUC values are supplied in Supplementary data 1. Source data are provided
as a Source Data file.

MYCN drives different brain tumor types depending on the cell of
origin®’. However, although both promoters have previously been
described to drive medulloblastoma formation in mice***, none of the
generated animals developed any brain tumors. The embryonal leth-
ality of MYCN expression and TP53 loss in Sox2- as well as Blbp-
expressing cell populations implies that the physiologic expression of
at least one of the two genes is essential during normal CNS devel-
opment in this timeframe. This indicates a similar function in human

CNS development which could be a hint to the time of human HGG-
MYCN development.

We particularly examined the cerebellum and the spine of our
hGFAP-cre:Trp53™::Isl-MYCN mice for signs of tumor development.
Since no tumors were detected we conclude that loss of p53 and
overexpression of MYCN, despite being expressed there, is either not
sufficient for the development of medulloblastoma or spinal ependy-
moma or other promoters may be needed. However, we cannot rule

Nature Communications | (2023)14:7717



Article

https://doi.org/10.1038/s41467-023-43564-w

out that hGFAP-cre:Trp53™""::Isl-MYCN mice died from their forebrain
tumors prior to the development of further lesions. Together with the
scRNAseq data, we can deduce that the cell of origin for the murine
HGG-MYCN is most likely a relatively undifferentiated precursor cell
that is able to differentiate into the oligodendroglial and neuronal
lineage as we identified cells differentiating along both lineages in our
tumors.

We neither detected any glioma in the cerebellum of the mice,
although in humans, at least a few cerebellar cases of HGG-MYCN have
been described in the literature*’. In our mice, tumors appear to
initiate in the OB, which may be caused by differences in the sensory
input of mice and humans. Brain tumor development and especially
glioblastoma formation is known to be dependent on sensory input,
and in humans, other brain regions, such as visual and hearing systems,
might be more prone to tumor development***. In addition, tumor
development in our mouse model coincides with the area of adult
neurogenesis in mice, which is highest in the SVZ, from where cells
migrate into the OB. In humans, the highest rate of adult neurogenesis
can be found in the striatum and almost no neurons are added to the
OB after initial development*. This species difference in neurogenesis
might also contribute to differences in tumor location.

Concluding, our mouse model of HGG-MYCN has limitations in
modeling the human disease. The genetic alteration driving the mouse
tumors are observed in humans, but the combination of both is only
found in 36% of human tumors. Therefore, our mouse model is
genetically only mimicking this subset of human tumors. In addition,
also the age of tumor onset, the localization of tumors, as well as the
exact copy number alterations are different between mouse and
human HGG-MYCN. We show similarities between the two species on a
molecular level including gene expression and DNA methylation, but
these methods are also not a definite proof for the translational rele-
vance of our model. However, all employed methods for comparing
mouse and human tumors including histology, transcriptomic, and
epigenomics indicate a resemblance of human HGG-MYCN by mouse
HGG_MYCN. The observed differences most likely depend on species-
dependent differences in neurogenesis and external stimuli as dis-
cussed above. A genetically engineered mouse model has inherent
limitations as mice are different from human in many aspects. There-
fore, conclusions drawn from mouse models can only answer some
questions of human tumor development. Anyways, modeling a tumor
in an intact organism with a functional immune system and a complete
organ system, will help understand aspects of the tumor. Employing a
mouse model together with other techniques of modeling human
tumors will help increasing the treatability and survival of patients.
MYCN was discovered in 1983 by its tumor-driving role in
neuroblastoma®’, a tumor of the sympathetic nervous system, and
mouse models, in which tumors were initiated by amplification or
forced expression of MYCN, were neuroblastoma models. Apart from
these murine neuroblastoma, a few MYCN-driven brain tumor models
have been described. One model, generated by transduction of NSCs
with a mutationally stabilized MYCN and transplantation of respective
cells into nude mice, generated forebrain tumors with features of
glioma. However, at that time, techniques were limited to thoroughly
compare the molecular landscapes of mouse and human tumors®.

We combined MYCN amplification with an hAGFAP-mediated loss of
Trp53. The latter alone has been described to induce formation of
IDHwt/H3wt glioblastoma with a penetrance of 100%, although tumor
formation occurs significantly later in life than tumor development in
our HGG-MYCN mice®. So, neither a hGFAP-mediated MYCN
amplification® nor a hGFAP-mediated TP53 loss™ is sufficient to drive
HGG-MYCN formation. Only the combination of both alterations
cooperate to induce such tumors. A possible mechanism of how these
two alterations co-act to induce tumor formation is that MYCN drives
cell proliferation, but only in cells that are genetically unstable for
example by a loss of Trp53. This increased proliferation can lead to

tumor formation, whereas cells with a functional p53 will activate cell
cycle checkpoints and prevent uncontrolled proliferation.

We show that cells derived from our mouse model can be
cultivated in vitro and be employed for preclinical testing, which
is required as a preparation for the in vivo application of
potential drugs.

We employed our mouse model and a human cell line to find
potential therapies in a high-throughput drug screen. Thereby, we
identified Etoposide, Doxorubicin, and Irinotecan as potential treat-
ment options in patients with HGG-MYCN. All these substances are
used in the treatment of pediatric brain tumors and can therefore be
considered safe to use. We think that using these substances instead or
in addition to the current treatment with radiation and optionally
Temozolomide might substantially improve patient survival, although
further in vivo studies are required. These in vivo studies could include
the comparison of the current treatment with radiation and Temozo-
lomide and Irinotecan, Etoposide, Doxorubicin and any combination
of those substances. In addition, more targeted treatments described
for other MYCN driven tumors like for example AURKA-, CDK2/9- and
DNA replication repair inhibitors could be tested. In addition, it might
be useful to employ our mouse model as well as PDX models of HGG-
MYCN in such treatment studies. Our here described mouse model
mimics the human disease regarding histology, DNA methylation as
well as gene expression. In summary, we believe that it can serve as a
reliable preclinical model for this poorly understood brain tumor
entity.

Methods

All work performed in this project complies with all relevant ethical
regulations including animal protection laws of the state of Hamburg
and the local ethical standards and regulations at the University
Medical Center Hamburg-Eppendorf (§12 HmbKHG). Only anonymized
human data were included in the project and informed consent of all
human patients was obtained.

Transgenic animals

The generation of hAGFAP-cre*®, Blbp-cre*®, Sox2-cre”’, Trp53™8, and Isl-
MYCN*® as well as Mathl-cre::SmoM2™“8 transgenic mouse lines has
been described previously. All animal procedures were performed in
accordance with applicable animal protection laws and approved by
the state of Hamburg (Reference N2019/99). Genotyping was per-
formed by polymerase-chain reaction with primer pairs described in
the original publications (Supplementary Table 1). For all analyses,
mice of both sexes were used in equal numbers. The mice were kept at
22 °C and 45-65% humidity on a 12 h light/dark cycle and water and
food was available ad libitum. The animals were monitored daily by
experienced personnel. All animals were sacrificed upon detectable
neurological symptoms including ataxia and hydrocephalus as
approved by the state of Hamburg. The termination criteria defined
were never exceeded in the study.

Human cell line culture

Pbt04 cells (SCRI, Brain tumor resource lab) were grown in NeuroCult
NS-A Basal Medium (Human) supplemented with NeuroCult NS-A
Proliferation Supplements—Human, Epidermal Growth Factor (EGF);
Fibroblast Growth Factor (FGF) and penicillin/streptomycin (P/S) in
laminin coated flasks.

Primary murine tumor cell culture

For the establishment of murine tumor cell lines, fresh tumors were
dissected and dissociated with Accutase and DNase. After dissociation,
cells were seeded in mouse NSC medium (DMEM/F12 + Glutamax,
HEPES, MEM-Non Essential Amino Acids, P/S, B27 Supplement, EGF,
FGF) and grown in a humidified incubator at 37 °C. As soon as large
spheres formed, they were dissociated with Accutase and re-seeded.
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High-throughput drug screening

High-throughput drug screening using an in-house semi-automated
platform was performed. For this approach, we measured the drug
responses of pbt-04 and a murine HGG-MYCN cancer cell line to 639
small-molecule compounds (including FDA-approved, phase I-1V, and
experimental drugs). All compounds were dispensed using a D300e
Digital printer (Tecan) in a 6-8-point serial dilution covering a con-
centration range from 0.0043 to 25 pM in 1536-well plates (Corning).
After 72h treatment, cell viability was detected by CellTiter-Glo
Luminescent cell viability assay (Promega) using a Spark plate reader
(Tecan). Dose-response to compounds was measured based on a
normalized area under the curve (AUC). The AUC values for all com-
pounds can be found in Supplementary data 1. AUC data of additional
glioma cell lines as well as healthy control fibroblasts were generously
provided for comparison by Marc Remke and Nan Qin.

Histology, immunohistochemistry, and FISH-analysis

For hematoxylin and eosin (H&E) and immunohistochemistry (IHC)
stains, brain tissue was fixed in 4% paraformaldehyde/PBS for at least
12 h. The tissue was dehydrated, embedded in paraffin, and sectioned
at 4 um according to standard protocols. All IHC stains were per-
formed on a Ventana System (Roche) using standard protocols. The
following antibodies were employed: MYCN (Cell Signaling, 517053,
1:1000), P53 (Dako, M7001, 1:800), Ki67 (Abcam, abl6667, 1:100),
Nestin (Abcam, ab221660, 1:2000), SOX2 (Abcam, ab97959, 1:200),
OLIG2 (Millipore, AB9610, 1:200), Cre (Covance / DCS-diagnostics,
PRB-106P, 1:100) and GFAP (Dako, M0761, 1:200). FISH analyses were
performed to detect possible amplifications at the MYCN locus using
standard procedures and a SPEC MYCN/2ql1 dual color probe (Zyto-
vision, Germany).

RNA Sequencing (RNA Seq)

We employed 11 mouse HGG-MYCN tumor samples (6 male and 5
female) as well as 6 mouse SHH-MBs (sex not determined) and three
control samples (2 male and 1 female) of the cerebellum and three of
the olfactory bulb (2 male and 1 female). After isolation of total RNA
with TRIzol (Invitrogen), RNA integrity was analyzed with the RNA
6000 Nano Chip on an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies). From total RNA, mRNA was extracted using the NEBNext Poly(A)
mRNA Magnetic Isolation module (New England Biolabs) and RNA-Seq
libraries were generated using the NEXTFLEX Rapid Directional qRNA-
Seq Kit (Bioo Scientific) as per the manufacturer“s recommendations.
Concentrations of all samples were measured with a Qubit 2.0 Fluo-
rometer (Thermo Fisher Scientific), and distribution of fragment
lengths of the final libraries was analyzed with the DNA High Sensitivity
Chip on an Agilent 2100 Bioanalyzer (Agilent Technologies). All sam-
ples were normalized to 2 nM and pooled equimolarly. The library pool
was sequenced on the NextSeq500 (lllumina) with 1x75bp read
length and 16.1 to 18.6 Mio reads per sample.

For each sample, sufficient quality of the raw reads was confirmed
by FastQC v0.11.8*. Afterwards, the reads were aligned to the mouse
reference genome GRCm38 with STAR v2.6.1¢*® and simultaneously
counted per gene by employing the ~quantmode GeneCounts option.
Counts are based on the Ensembl annotation release 95. Differentially
expressed genes were estimated with DESeq2 v1.22.2°".

RNA Sequencing analysis

Raw fastq files of mouse samples were processed in usegalaxy.eu™.
Low quality reads were detected using FastQC (Galaxy Version
0.73+galaxy0). Trimmomatic (Galaxy Version 0.38.1) was used for
trimming poor quality reads (reads with average quality <20). Reads
were aligned to the mm39.ncbiRefseq.gtf.gz using STAR aligner
(Galaxy Version 2.7.8a+galaxyl) and gene expression was quantified
using featureCounts (Galaxy Version 2.0.1+galaxy2). Deseq2(Galaxy
Version 2.11.40.7+galaxy2) was used for generating VST-normalized

files for all samples. Human gene expression data was obtained from
GSE73038'. Mouse samples were measured in two different batches,
and the VST-normalized files were combined and corrected for batch
effect using ComBat from sva package (3.44.0) in Rstudio (4.2.1). For
comparing mouse (11 tumors with MYCN amp and 7rp53 mutation and
6 SHH tumors) and human data (173 samples), only orthologous genes
were used (n=14,416). In order to correct for species-specific batch
effect, ComBat was applied after combining the mouse and human
data (GSE73038"). Average tumor subgroup-specific gene expression
was used for calculating euclidean distance. Sample-sample distance
plot was visualized using ComplexHeatmap (2.12.1). Limma (3.52.2) was
used for performing differential expression analysis. Top 500 differ-
entially expressed genes (adjusted for multiple testing using
Bonferroni-Hochberg correction and sorted by F-statistic) were
visualized using umap (0.2.9.0) and ComplexHeatmap (2.12.1) in
Rstudio. AGDEX was performed in C++ as described previously®.
AGDEX was based on 14,416 orthologues genes with human sonic
hedgehog medulloblastoma (SHH MB) and mouse SHH MB as refer-
ence group for differential expression of tumor samples in each spe-
cies, respectively. The statistical significance of the observed AGDEX
value was determined via permutation as described®*’. The sig-
nificance of changes in expression of MYCN was determined by
Welch'’s t-test of non-MYCN and HGG-MYCN human tumors and mouse
OB vs. mouse HGG-MYCN. Gene set enrichment analysis (GSEA) was
performed using the software GSEA v4.2.0 of the Broad Institute®* >,
The gene set comprised 344 genes with transcription factor binding
evidence in the MYCN-21190229-SHEP-2IN-HUMAN profile from the
CHEA Transcription Factor Binding Site Profiles dataset®*”. Genes
were ranked by signal-to-noise ratio and statistical significance was
determined via 1000 gene set permutations. P < 0.05 was considered
significant.

Global DNA-methylation analysis

Three mouse HGG-MYCN tumors were employed to methylation array
(two male and one female). After isolation of genomic DNA,
200-500 ng DNA was used for bisulfite conversion by the EZ DNA
Methylation Kit (Zymo Research). Then, the Mouse Methylation Bead
Chip Array (lllumina) covering 285,000 CpG sites on the mouse gen-
ome was used on an iScan device (Illumina).

In order to compare the global DNA-methylation profile of mouse
tumors with that of human samples, we collected human methylation
profiles generated with the Illumina EPIC array, consisting of 850,000
CpG sites. The use of biopsy-specimens for research upon anonymi-
zation was always in accordance with local ethical standards and reg-
ulations at the University Medical Center Hamburg-Eppendorf. Apart
from data generated for diagnostic purposes in-house and by coop-
eration partners, we included data generated and published by Capper
et al. in 2018 (GSE73801)* for the overview of human brain tumor
entities. The raw data were preprocessed and beta values were
extracted with minfi*®. The 10,000 most differentially methylated CpG
sites were used to generate a UMAP with the UMAP package®’.

For the comparison of mouse and human tumors, only EPIC data
were employed and n =431 human brain tumors were included. Beta
values were extracted from human idat files using minfi and the entire
human dataset was quantile normalized. Mouse data were processed
with SeSAMe®° (v1.12.9), beta values were extracted and the data were
quantile normalized. 141 identical CpG sites were extracted from both
datasets and human and mouse datasets were combined. After com-
bination, the mixed mouse-human dataset was quantile normalized
and an UMAP was generated.

The heatmap of the copy number variation (CNV) of 47 HGG-
MYCN was created from idat files. CNV data was generated with the
Conumee package (v1.28.0)°. CNV values of the bin signals were cal-
culated and depicted as a heatmap using ComplexHeatmap. Mouse
CNV plots were created similarly by employing the conumee pipeline
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with a few modifications including using an in-house generated
reference set of normal mouse tissue.

Single-cell RNA sequencing analysis

Mouse tumors of seven hGFAP-cre:TrpS3™::sl-MYCN™™  mice
(43-92 days old, 5 male and 2 females) were isolated and minced.
Samples were digested for 30 min at 37 °C in a freshly prepared solu-
tion of papain (Worthington) in pre-warmed DMEM/FI12 medium
(Thermo Fisher) with DNase (Worthington) and passed through a
40 um cell strainer (Corning). Red blood cells were depleted using ACK
lysis buffer (Thermo Fisher), and single-cell suspensions were cryo-
preserved. After thawing, non-vital cells that stained positive for
7-Aminoactinomycin D (eBioscience) were removed using a BD FACS
Aria I cell sorter (BD Biosciences). Approximately 10,000 vital cells
were used as input for scRNA-seq. Single-index libraries were gener-
ated with Chromium Single Cell 3’ v3.1 technology (10x Genomics) and
sequenced using a NextSeq 2000 sequencing instrument (high-
throughput kit, 100 cycles) at the Genomics Core Facility (University
Hospital Miinster, Germany) after quality control using a Tapestation
2200 (Agilent Technologies). The samples were analyzed with the 10x
Genomics CellRanger v6.0.2 pipeline®® and Seurat R package v4.0.5%.
Raw data were converted to fastq format with the CellRanger mkfastq
function and then aligned against the murine reference transcriptome
mml0 v2020-A with CellRanger count and default values. Seurat
objects were generated for the samples based on the following filter
criteria: at least three cells, a minimum feature count of 200, and cells
with <25% of mitochondrial genes. Outlier cells with a high
nCount_RNA value were classified as doublets and removed (thresh-
old: 40,000-60,000). The filtered data were then normalized, inte-
grated, and clustered with Seurat, using a resolution parameter of 0.5.
Feature plots, UMAPs, dotplots, and heatmap visualizations were cre-
ated with Seurat functions; a cluster-based cell type annotation was
conducted based on the expression of characteristic marker genes per
cell type. Lists of differentially expressed genes per cluster were cal-
culated with Seurat’s findMarkers function, using the MAST test “hin-
ter” using a resolution parameter of 0.5. The genes for each signature
depicted in Fig. 4 are shown in Supplementary Fig. 4.

Finally, a logistic regression analysis based on the approach of
Young et al.** was used to identify similarities between the murine
scRNA-seq clusters and a reference dataset by Mizrak et al.®®
(GSE134918). Briefly, a multinomial regression model was trained on
the chosen reference dataset with the R package glmnet®, and cell
types were predicted for the original mouse data based on this model.
Probabilities per reference cell type were aggregated on cluster level
using R’s mean function, and visualized as heatmaps with the package
pheatmap®”.

Statistical information

Animal survival was depicted as a Kaplan-Meier curve, made and
assessed using GraphPad Prism 9 software. Significant p values are
reported for appropriate figures in the figure legend. The sample
size (n) is given in the figure legend or in the respective figure
panel. Error bars represent the standard error of mean. The cut-off
values for bioinformatic analyses are noted in the respective
methods section. Further information is included in the Reporting
summary.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The DNA methylation and RNA sequencing data including the raw data
generated in this study have been deposited in the GEO database
under accession code GSE227413. The scRNA sequencing data has

been deposited in the GEO database under accession code GSE237237.
The human gene expression data was obtained from GSE73038.
Human DNA methylation data was obtained from GSE73801 and
GSE215240. Mouse scRNA sequencing data publicly available from
GSE134918 was employed in this study. AUC data from other glioma
cell lines were provided by Marc Remke and Nan Qin. Source data are
provided with this paper.
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