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Brain tumors are the leading cause of cancer-related death in children. Genomic studies have provided insights into molecu-
lar subgroups and oncogenic drivers of pediatric brain tumors that may lead to novel therapeutic strategies. To evaluate new
treatments, better preclinical models adequately reflecting the biological heterogeneity are needed. Through the Children's
Oncology Group ACNS02B3 study, we have generated and comprehensively characterized 30 patient-derived orthotopic xeno-
graft models and seven cell lines representing 14 molecular subgroups of pediatric brain tumors. Patient-derived orthotopic
xenograft models were found to be representative of the human tumors they were derived from in terms of histology, immuno-
histochemistry, gene expression, DNA methylation, copy number, and mutational profiles. In vivo drug sensitivity of targeted
therapeutics was associated with distinct molecular tumor subgroups and specific genetic alterations. These models and their
molecular characterization provide an unprecedented resource for the cancer community to study key oncogenic drivers and to

evaluate novel treatment strategies.

and the leading cause of pediatric cancer death. Three broad
histologic tumor categories comprise the majority of malig-
nant pediatric brain tumors: embryonal tumors such as medul-
loblastoma (MB) and atypical teratoid/rhabdoid tumors (ATRT),
high-grade glioma (HGG), and ependymoma (EPN). Genomic and
epigenomic studies have greatly expanded our understanding of the
underlying biology and genetics of these tumors, and have identi-
fied clinically relevant molecular subgroups, some of which should
rather be considered completely distinct diseases'-*. Emphasizing
the importance of integrating molecular and histological diagnoses,
molecular classification has already been translated into standard
clinical practice for MB’. For other tumors, such as EPN, molecular
subgrouping is strongly recommended for future clinical trials'®"".
Molecular subgroups of the various histological entities are char-
acterized by different driver mutations and differences in demo-
graphics, outcome, and response to targeted therapies'?, and they
are probably derived from different cellular origins®. Taken together
this strongly suggests that they may also need to be treated differ-
ently. It is therefore essential to acknowledge and study pediatric

B rain tumors are the most common solid tumors in children

brain tumors as a group of distinct rare diseases, particularly in the
context of novel targeted therapeutic development. To develop such
new strategies in preclinical studies, well-characterized model sys-
tems representing the entire biological spectrum are needed.
Thorough preclinical studies of cancer therapeutics in appropri-
ate models are essential in order to identify and prioritize candi-
dates for further evaluation in humans. Preclinical models are of
particular importance in rare disease, including all pediatric brain
tumors, where human trials may take more than a decade to com-
plete in order to compare two treatment arms'’. In adult oncol-
ogy, large cohorts of patient-derived xenograft (PDX) models have
already been established to function as a preclinical platform and
tool to study tumor biology'*~"". Importantly, the ‘n=1" approach
with these models allows high-throughput in vivo evaluation of
drug responses and has been shown to be predictive of clinical tri-
als". Preclinical trials using well-characterized PDX models will
therefore be essential to identify therapeutic candidates of inter-
est and potential target patient populations. Perhaps most impor-
tantly, the use of well-characterized mouse models may deprioritize
the use of agents in patient groups where they are unlikely to be
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Fig. 1| PDOX of pediatric brain tumors. Schematic illustration of the establishment and characterization pipeline of PDOX models of pediatric brain
tumors with an example of a tumor located in the posterior fossa (for example, MB). Tumors were injected in the brain region of the mice corresponding to

the location of the tumors in the patients.

effective, thus avoiding wasted patient lives, time, and money on
predictably ineffective therapies. However, similar approaches in
pediatric oncology are lagging behind owing to the rarity of the dis-
ease. The few PDX models of pediatric brain cancer described so
far do not adequately represent the multitude of brain tumor sub-
groups. Moreover, existing models have often been established as in
vitro cultures, have not (or only to some extent) been characterized
at a molecular level, and often do not grow orthotopically'*-*.

Here, we describe 30 molecularly characterized patient-derived
orthotopic xenograft (PDOX) models and seven cell lines of mul-
tiple pediatric brain tumor subgroups developed through the
Children’s Oncology Group ACNS02B3 brain tumor biology study.
As a rare and valuable resource, we offer to share these models with
the scientific community to facilitate further investigation of tumor
biology and evaluation of potential cancer therapeutics.

Results

Tumor engraftment. PDOX lines were created from freshly
obtained pediatric brain tumor specimens collected between 2009
and 2014 (Fig. 1). In total, 100 patient tumor samples were ortho-
topically implanted into NOD-scid IL2Rgamma™" (NSG) mice,
of which 30 (30%) engrafted and were amenable to serial passag-
ing. The engraftment rate was 37% (15/41) for MB, 25% (2/8) for
ATRT, 29% (2/7) for other embryonal tumors, 17% (3/18) for EPN,
and 31% (8/26) for HGG (Supplementary Fig. 1a). In our cohort,
engraftment rates did not vary significantly between patient samples
being implanted within hours after surgery (28%; 14/50) and patient
samples being shipped overnight (32%; 16/50) (Supplementary Fig.
1b). In six additional instances (6%; 6/100), we observed develop-
ment of mouse tumors of hematopoietic origin within the brain as
described in other entities and mouse strains*"**. These tumors had
an extremely short latency of less than 3 weeks, were clearly identi-
fied as nonhuman by histologic appearance as well as immunohisto-
chemical staining, and failed in short tandem repeat (STR) analysis.
STR analysis was also used for quality control to confirm genotype
matching between human tumor and PDOX passages. Of the 30
models described here, the majority of tumors (22) were obtained
from surgery at the time of primary diagnosis; three from surgery
of recurrent tumors and five from patient autopsies (Supplementary
Table 1). The interval from implantation of human tumor to pre-
sentation of cranial bulge or tumor-related symptoms in mice was
highly variable. In the initial human-to-mouse passage, referred to
as PO, tumors were observed in as little as 41 days and as long as 326
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days. As tumors were serially passaged in mice, there was a trend
toward shorter latency (Supplementary Table 1). At later passages,
tumor latency was nearly identical between animals in each line,
but varied between different histology-based tumor entities, as well
as between molecular subgroups of disease of similar histology. To
confirm that our PDOX repertoire can be readily shared with the
research community, we tested whether PDOX lines regrow after
cryopreservation and storage in liquid nitrogen. All 22 PDOX
lines tested could be revived, while 98% (52/53) of thawing events
were successful with variable engraftment rates per thawing event
(Supplementary Fig. 1c). Finally, we also generated seven stable cell
lines, four from tumors that also engrafted as PDOX and three from
tumors that did not engraft as a PDOX (independent cell lines). All
cell lines were established directly from the human tumor and pas-
saged at least ten times.

Tumor histology. Histologically, PDOX tumors closely resemble
the human tumors from which they are derived. Representative
comparative histology and immunohistochemical stains from sev-
eral primary human tumors and PDOX models are shown in Fig. 2.
For instance, the characteristic pseudorosette formation present
in primary EPN was maintained in the corresponding PDOX model.
Positive synaptophysin staining, typically seen in MB tumors, was
still present in the MB PDOX models. Also, molecular alterations
detected by immunohistochemistry were maintained in the corre-
sponding PDOX models, such as the absence of SMARCBI/INI1
expression in the ATRT models or, in HGG or PNET models, the
nuclear accumulation of TP53 or overexpression of EGFR. More
detailed histological information for the PDOX models is avail-
able in Supplementary Table 2 and the online PDX Explorer (http://
www.r2platform.com/pdxexplorer) as described below.

Molecular classification and characterization of PDOX models
and cell lines. DNA methylation profiles were used to classify all
models (n=30 early passage [P1-2], n=23 late passage [P4-5], n=7
cell lines) and matching human tumors (n=22) to tumor type and
molecular subgroup>*'"**** (Supplementary Table 3). t-Distributed
stochastic neighbor embedding (¢-SNE) analysis of our methylation
profiles, supplemented with 226 reference profiles representing vari-
ous distinct molecular subgroups of pediatric brain tumors, robustly
grouped the preclinical models into the subgroups of MB, HGG,
ATRT, EPN, and pineoblastoma (PB) (Fig. 3). Methylation profiling
identified 15 MB PDOX models, comprising one MB-WNT, four
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Fig. 2 | Histology and immunohistochemistry are conserved in PDOX. Representative comparative histology showing stable morphologic appearance
of PDOX tumors in reference to the human tumor used to generate the PDOX. Scale bar, 50 um. n=16 biologically independent PDOX lines have been
compared with their matching human tumors as listed in Supplementary Table 2.

MB-SHH, seven MB-Group3, and three MB-Group4; eight HGG
models, two of the K27 subgroup, two of the recently described
MYCN subgroup, and four models of the pedRTK1 subgroup®;
three EPN PDOX models, two of the PFA subgroup, and one of
the RELA subgroup; two ATRT PDOX, one of the SHH subgroup
and one of the MYC subgroup; and two PB PDOX models (Fig. 3).
The three independent cell lines classified as one HGG-pedRTK1,
one HGG-pedRTK2, and one ATRT-SHH line (Fig. 3). Except for
three cases, the molecular classification was in line with the his-
tological diagnosis. One PNET (PBT-06FH) was reclassified as a
HGG-pedRTK1 model; two tumors with embryonal pathology,
diagnosed as MB (PBT-04FH) and supratentorial PNET (PBT-
05FH), were both molecularly classified as HGG-MYCN tumors.
Both these tumors and the associated PDOX lines harbored MYCN
and ID2 amplifications, characteristic for this molecular subgroup
of HGGs*** (Supplementary Fig. 2a,b). To elucidate whether later
PDOX passages and cell lines from the same tumors equally reca-
pitulate the tumor subgroups, we added methylation profiles of later
PDOX passages (n=23) and matched cell lines (n=4) to the analy-
sis (Supplementary Table 3). Patient tumor, corresponding early and
late PDOX tumors, and matching cell lines mapped closely together
within their respective cluster (Supplementary Fig. 3), confirming
that both later PDOX passages and the primary cell cultures faith-
fully recapitulated the original disease. In summary, we have estab-
lished and fully characterized 30 PDOX models in addition to four
matched cell lines and three independent cell lines, representing 14
distinct molecular subgroups of pediatric brain tumors.

Genomic landscape of PDOX models and cell lines. To select
the most appropriate PDOX model or cell line for some preclinical

1754

studies, it is essential to know the underlying mutation pattern
of disease-relevant oncogenes and tumor suppressor genes, even
after accounting for molecular subgroups. Therefore, we per-
formed whole-exome sequencing and low-coverage whole-genome
sequencing for all 30 PDOX models, the three independent cell
lines, and, whenever available, for the matching human tumors
(n=19) (Supplementary Table 3). In addition, we validated poten-
tial driver events in later PDOX passages via Sanger sequencing
and by generating copy-number profiles from DNA methylation
array data (Fig. 4 and Supplementary Table 4). As matching germ-
line controls were unavailable for our series of PDOX models, we
were unable to comprehensively call somatic variants in this study.
Hence, we filtered for variants with a minor allele frequency of less
than 0.1% in the population and highlighted cancer genes recur-
rently mutated in the specific tumor entities, as identified in previ-
ous sequencing studies®””. To avoid false positive mutation calls,
we aligned all sequencing reads to a combined human and mouse
reference genome and neglected all reads aligned to the mouse
genome'””. The results from this method were benchmarked
against alignment to the human reference genome only. Indeed,
mutation calling in our cohort of 19 human tumor and PDOX pairs
resulted in far more mutation calls (6,577) after aligning only to the
human genome than after alignment to a merged reference (2,537)
(Supplementary Fig. 4a). Of the human alignment-exclusive muta-
tions 92.43% (3,734/4,040) were found only in the PDOX and not in
the matching human tumor (Supplementary Fig. 4a). To prove that
these additional mutations are artifacts induced by mouse reads, we
performed whole-exome sequencing on mouse tissue, aligned the
reads to only the human genome, and performed variant calling.
These artifacts overlapped with 98% of the mutations exclusive to
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Fig. 3 | Molecular subgrouping of PDOX models and cell lines. 2D representation of pairwise sample correlations using the 38,854 most variably

methylated probes (s.d.> 0.25) by t-SNE dimensionality reduction. The total

number of samples was 281, consisting of 30 early PDOX passages, 22

matching human tumors, 3 patient-derived cell lines, and 226 reference cases. Reference samples are colored according to their molecular reference entity.

Early PDOX passages are shown as black circles, cell lines as black rectangle

s. Matching human tumors are colored according to their molecular entity and

are linked to the matching preclinical model with black lines. Positions of individual samples within the plot are available in Supplementary Table 3.

the human alignment and did not overlap with mutations shared
between both alignment methods or with mutations exclusive to
alignment to the merged genome (Supplementary Fig. 4b).

The sequencing analyses showed that all models harbored
genetic alterations characteristic for the respective disease (Fig. 4).
Important driver genes, present in the human tumors, were typi-
cally retained in the different passages of the PDOX models and
in the cell lines. For instance, the MB-WNT model Med-913FH
contains the prototypical CTNNBI mutation and two MB-SHH
lines are driven by mutation/loss of PTCH1, while the two other
MB-SHH lines show characteristic MYCN and GLI2 amplifica-
tions in combination with a TP53 mutation (Fig. 4a). Five of
our MB-Group3 lines harbor MYC amplifications, while two
lines have high MYC expression without an accompanying MYC
amplification. One of these two lines, PBT-07FH, carries the
hotspot insertion in KBTBD4”. The MYC-amplified line Med-
211FH additionally shows GFI1B activation, caused by enhancer
hijacking as previously described” (Supplementary Fig. 5a,b).
Another enhancer hijacking event was identified for PRDM6
in the MB-Group4 model Med-610FH, as described recently”
(Supplementary Fig. 5¢,d). The two HGG-K27 models, PBT-01FH
and PBT-03FH, both harbor K27M mutations in H3F3A and
HIST1H3B, respectively. Both HGG-MYCN models carry MYCN
and ID2 coamplifications, but only PBT-05FH presents with an
additional EGFR amplification (Fig. 4b). Two HGG-pedRTK1
models, GBM-311FH and GBM-611FH, generated from primary
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and autopsy tumor, respectively, from the same patient, both
harbor MSH2 mutations, resulting in a hypermutator phenotype
(Supplementary Fig. 5e). The two other HGG-pedRTK1 mod-
els, PBT-02 and PBT-06FH, both carry CDK4 amplifications, but
only one (PBT-06FH) additionally harbors the typical PDGFRA
amplification and a TP53 mutation (Fig. 4b). The EPN-PFA mod-
els express CXorf67, but did not harbor the recently described
mutations™. In addition, both models show gain of chromosome
1q, which is associated with a poor prognosis in this disease®
(Fig. 4c). In the EPN-RELA model, EPD-613FH, the presence
of the defining CIlorf95-RELA fusion (type 1) was confirmed
by RNA-seq” (Supplementary Fig. 5f). In addition, loss of
CDKN2A/B was observed, which is also often seen in this molecu-
lar subgroup"' (Fig. 4c). Finally, both ATRT models showed char-
acteristic SMARCBI inactivation® (Fig. 4d). Systematic evaluation
of all predicted somatic single-nucleotide variants showed that, on
average, 97.73 +0.99% of all mutations were maintained from the
patient tumor to the PDOX (Supplementary Fig. 5g), and, on aver-
age, 4.44% +2.22% of all mutations in the PDOX were not found
in the patient tumor (Supplementary Fig. 5h).

Regarding the three independent cell lines (for which
PDOX tumors did not engraft), we found that both HGG cell
lines have a CDKN2A/B loss, while only the pedRTK2 cell line,
GBM-110FHTC, additionally harbors a BRAF V600E mutation,
which is actually uncommon for pedRTK2 tumors®. The ATRT
cell line, ATRT-311FHTC, shows a typical loss of SMARCBI.
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Fig. 4 | Molecular characterization of PDOX models and cell lines. a-d,Hallmark genomic alterations, including chromosomal changes, amplifications,
deletions, and mutations, are persistent between human tumor, PDOX models at early and late passages, and patient-derived cell lines in MB (a), HGG
(b), EPN (), and ATRT (d). Population frequencies are based on human tumor cohorts (MB: Northcott et al.?’; HGG: Mackay et al.?’; EPN: Pajtler et al.”’;

ATRT: Johann et al.?). *Potential driver mutations with an allele frequency of at least 0.2 in early PDOX passages were validated in late PDOX passages by
Sanger sequencing.

A full list of all identified events in PDOX models, cell lines, and  represents various distinct molecular subgroups of pediat-
matching human tumors is presented in Supplementary Table 4. ric brain tumors, but also intertumor molecular heterogeneity
Altogether, these analyses show that our repertoire not only within these subgroups.
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identified a small population of high MYC-expressing cells in the human tumor and high MYC expression in all PDOX cells. Scale bar, 50 um. n=1PDOX
and human tumor pair. d, B-value density plot showing mean DNA methylation distribution of 450k methylation array probes in paired human tumors,
early PDOX, and late PDOX. n=18 biologically independent trios. e f, Average DNA methylation levels (average p-value) of individual PDOX models

over time. The PDOX models are colored according to their tumor subgroup (Fig. 3). g, Average expression level changes from human tumor to PDOX.
Significantly differentially expressed probes are highlighted in orange (downregulated in PDOX, total count provided: 462 probes; 369 genes) and green
(upregulated in PDOX, total count provided: 54 probes; 48 genes) (P < 0.05 and log,FC >1). n=15 biologically independent pairs. Two-sided moderated
paired t-test with limma. h, DAVID gene enrichment analysis (GO term BP and CC) of significantly higher expressed genes in PDOX passages. The top 20
GO terms ranked by P value are depicted. The dashed line illustrates the P value cutoff 0.05. Full list available in Supplementary Table 5. n=369 genes.
Modified Fisher Exact test corrected by Benjamini method for multiple testing in DAVID.

Unsupervised hierarchical clustering of copy-number pro- primary tumor and other passages (Fig. 5a), indicating that the
files of PDOX tumors, generated from DNA methylation arrays, overall copy-number landscape was preserved between human
showed that PDOX models almost always cluster next to their tumors and PDOX models. Still, we detected several minor
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changes between primary human tumor and PDOX, which sug-
gest continuous evolution of the tumor on serially passaging in
mice. We observed two exceptions with more pronounced changes
between human tumor and PDOX: EPD-710FH gained chromo-
some 1q in the PDOX, and Med-211FH transformed a gain of
chromosome 8 into a MYC amplification in the PDOX model
(Fig. 5b). Both acquired lesions are associated with a worse prog-
nosis in the respective entity*"** and therefore point toward clonal
outgrowth of an aggressive subclonal population of the human
tumor in the PDOX. Indeed, when we analyzed the human tumor
of Med-211FH on a single cell level with immunohistochemistry,
we could detect that only a minority of the tumor cells expressed
MYC at high levels, while in the PDOX model all cells were posi-
tive for MYC, consistent with selection for the MYC-amplified
clone (Fig. 5c). Overall, except for a subclonal TCF4 mutation
in a medulloblastoma, all ‘driver events’ (39) were maintained in
our cohort of 19 PDOX with matching human tumors, while two
new driver events emerged in the PDOX, potentially due to clonal
expansion (Supplementary Fig. 5i). ‘Driver events’ observed in
early PDOX passages were also always maintained in late PDOX
passages (PDOX lines: 23, mutations: 48/48, other alterations:
26/26) (Supplementary Table 4).

Interestingly, analysis of the mutational landscape of our PDOX
cohort compared with mutational frequencies in the respective
tumor populations revealed a strong bias for PDOX models of high-
risk patients across multiple entities. For example, 50% (2/4) of our
MB-SHH models harbor MYCN and GLI2 amplifications (popula-
tion: MYCN 7%, GLI2 9%)*, 71% (5/7) of our MB-Group3 mod-
els harbor a MYC amplification (population: 17%)¥, and both of
our EPN-PFA models carry a gain of chromosome 1q (population:
25%)"" (Fig. 4). These high-risk models also grew faster in mice than
did other models for example, MB high-risk (P0, mean latency 73
days) versus average risk (P0, mean latency 175 days, P=5.3x107)
(Supplementary Table 1).

Molecular fidelity of PDOX models. To analyze the fidelity of the
PDOX models in relation to their matching human counterpart on
a genomic scale, we compared the average DNA methylation levels
of paired human tumors, early PDOX passages, and late PDOX pas-
sages. In general, global DNA methylation levels were highly simi-
lar between human tumors and PDOX models (Fig. 5d). Average
correlation of average DNA methylation between human tumor,
early PDOX passage, and late PDOX passage showed a correlation
coefficient of higher than 0.99 and pairwise comparisons detected
less than 0.2% differentially methylated probes (human tumor-early
passage: 215 (0.047%); human tumor-late passage: 517 (0.11%))
(Supplementary Fig. 6a—e). Tracking the overall DNA methylation
per model, we observed that some tumors acquired hypomethyl-
ation over time, while others gained overall methylation (Fig. 5e,f),
which probably points to individual continuous evolution per
model rather than any systematic changes introduced by the murine
environment.

Pairwise comparison of PDOX and human tumor samples on
the gene expression level (n=15) also showed a very high correla-
tion (Pearson’s coefficient 0.99) (Supplementary Fig. 6f) and only
identified 369 genes with significantly reduced expression and 48
with increased expression in the PDOX samples, compared with the
corresponding patient samples (Fig. 5g and Supplementary Table 5).
DAVID pathway enrichment analysis identified that genes with
reduced expression were mostly associated with human stroma,
which is replaced by murine stroma in the mouse (Fig. 5h and
Supplementary Table 5). Genes with increased expression in the
PDOX models were mostly associated with cell cycle activation,
possibly reflecting either increased cell purity in the mouse or some
selection for more rapidly dividing cells (Supplementary Fig. 6g and
Supplementary Table 5).
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We concluded that all PDOX models faithfully recapitulate the
human tumors from which they are derived and remain relatively
stable when being passaged in mice. With the exception of rare
events of clonal outgrowth, only minor changes were observed
between human tumors and PDOX models or between different
passages of PDOX models, probably reflecting a natural continuous
evolution of cancer as well as species-specific change of the micro-
environment.

Therapeutic response confirms genetic vulnerability predicted
by molecular analysis. To assess whether genomic vulnerabilities
identified by molecular analysis could be translated into potential
therapeutic targets, two comparisons between predicted sensitive
and resistant tumor models were made. First, two PDOX models
(PBT-04FH and PBT-05FH), both molecularly classified as mod-
els representing HGG-MYCN tumors and both harboring a MYCN
amplification, but differentiating by EGFR amplification and over-
expression in only one model (PBT-05FH), were evaluated for sen-
sitivity to EGFR kinase inhibition with erlotinib. PBT-04FH (no
EGFR amplification) and PBT-05FH (EGFR amplification) tumors
were treated with erlotinib at 2mg per mouse daily by oral gavage.
Mice transplanted with EGFR-amplified PBT-05FH tumors sur-
vived significantly longer on treatment compared with the vehi-
cle-treated control group (26 versus 6 days; P=0.0001) (Fig. 6a).
Treatment with erlotinib completely abolished EGFR phosphoryla-
tion in PBT-05FH (Supplementary Figs. 7a and 8a-d). In contrast,
mice transplanted with the low EGFR-expressing tumor model
PBT-04FH fared worse on erlotinib treatment, with a median sur-
vival of only 8 days compared with 17 days for the vehicle group
(Fig. 6b), due to erlotinib-induced weight loss, while at the same
time tumor-related weight loss was not delayed (Supplementary
Fig. 7b). In a second comparison, two MB-SHH models, each with a
different mutational status, were treated with the smoothened (SMO)
inhibitor, vismodegib. Med-1712FH harboring a PTCHI mutation
had an improved median survival of 16 days when treated with vis-
modegib, versus 10 days for the vehicle-treated cohort (P=0.0502)
(Fig. 6¢). As expected, SHH pathway genes were downregulated
in Med-1712FH after treatment with vismodegib (Supplementary
Fig. 7¢). In contrast, Med-813FH, driven by MYCN and GLI2
amplifications, showed no improvement in median survival: 6 days
with vismodegib treatment versus 8.5 days with vehicle treatment
(Fig. 6d). In a similar approach, orthotopic brain tumors started
with a luciferase-labeled subline of Med-1712FH were treated with
the SMO inhibitor erismodegib, which also led to potent downregu-
lation of the SHH pathway (Supplementary Fig. 7d). Following the
relative luciferase signal over time, we observed a drastic response to
the inhibitor while the tumors of the vehicle group progressed expo-
nentially (Fig. 6¢). Three weeks after treatment start, 86% (12/14)
of the treated animals showed regression (<70% of initial signal)
(Fig. 6f), highlighting the potential clinical impact of targeted ther-
apy in pediatric neuro-oncology.

A recent publication by Pei et al. proposed to treat high-risk
MB driven by MYC amplification with the histone deacetylase
(HDAC) inhibitor panobinostat®. Indeed, panobinostat signifi-
cantly increased survival of mice harboring Med-114FH tumors
(MB-Group3, MYC amplification) compared with controls (29.5
versus 12 days, P=0.0294) (Fig. 6g). The genetically engineered
SmoAl model of MB-SHH has also been shown previously to
respond to HDAC inhibition***, and we therefore evaluated pano-
binostat in a PDOX model representing high-risk MB-SHH patients
who are not responsive to SMO inhibitors and carry TP53 muta-
tions and MYCN/GLI2 amplifications. Mice transplanted with Med-
314FH cells (MB-SHH, TP53, MYCN, GLI2) survived significantly
longer when treated with panobinostat than vehicle controls (20
versus 9.5 days, P=0.0011) (Fig. 6h). Treatments with panobino-
stat also led to an increase in acetylation of histone 3, confirming
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Fig. 6 | Preclinical evaluation of targeted therapeutics shows differential response to therapy based on molecular drivers. a-d, Kaplan-Meier analyses
of PBT-O5FH treated with erlotinib 2 mg per mouse or vehicle daily by oral gavage; n=7 per group (P=0.0001) (a), PBT-04FH treated with erlotinib 2 mg
per mouse or vehicle daily by oral gavage; n=9 per group (P=0.0188) (b), Med-1712FH treated with vismodegib 1 mg per mouse daily for 5/7 days by
oral gavage; n=10 per group (P=0.0502) (c), and Med-813FH treated with vismodegib 1 mg per mouse daily for 5/7 days by oral gavage; n>9 per group
(P>0.99) (d). Two-sided log-rank (Mantel-Cox) test. e, Med-1712FH treated with erismodegib 30 mg kgor vehicle daily for 5/7 days by oral gavage.
Average relative luciferase signal normalized to luciferase signal at treatment start over the period of the study (vehicle, black; erismodegib, red). Mean +
s.e.m.. f, Waterfall plot at 3 weeks treatment with erismodegib or vehicle showing the relative change from baseline of treatment of start of the luciferase
signal per individual animal. Each bar represents one mouse that is colored based on its treatment group (vehicle, black; erismodegib, red). g-j, Kaplan-
Meier analysis of Med-114FH treated with panobinostat 20 mg kg'daily for 5/7 days by intraperitoneal injection; n=10 per group (P=0.0294) (g),
Med-314FH treated with panobinostat 10 mg kg™ or vehicle daily for 5/7 days by intraperitoneal injection; n> 8 per group (P=0.0011) (h), Med-114FH
treated with palbociclib 120 mg kg™ or vehicle daily for 5/7 days by oral gavage; n=10 per group (P=0.1768) (i), and Med-314FH treated with palbociclib
100 mg kg™ or vehicle daily for 5/7 days by oral gavage; n> 8 per group (P=0.0013) (j). Two-sided logrank (Mantel-Cox) test.

the inhibition of HDACs (Supplementary Figs. 7e and 8e). Another
potential novel treatment option for medulloblastoma are CDK4/6
inhibitors such as palbociclib*. Treatment with palbociclib resulted
in inhibition of retinoblastoma phosphorylation (Supplementary
Figs. 7f and 8f,g), a significant survival advantage for Med-314FH-
bearing animals (median survival: 31 versus 9.5 days, P=0.0013)
(Fig. 61), and an improved median survival for Med-114FH-bearing
mice (17.5 days versus 12 days, P=0.1768) (Fig. 6j).

A resource for the community. Due to the rarity of pediatric brain
tumors and the multitude of different entities, subgroups, and addi-
tional inter-tumoral heterogeneity, it is critical that the scientific
community is able to study this repertoire of preclinical models ade-
quately representing the entire spectrum of pediatric brain tumors.
To make our PDOX resource available to the scientific community,
we share our PDOX models and cell lines through the brain tumor
resource lab website (http://www.btrl.org), which facilitates access
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to all models described here, as well as additional models currently
undergoing molecular characterization. The molecular and histo-
pathological data are available and can be explored through the R2
PDX Explorer (http://www.r2platform.com/pdxexplorer), allowing
scientists all over the world to find the right PDOX line for a par-
ticular scientific question (Supplementary Fig. 9). A summary of
the essential information for each PDOX or cell line model is avail-
able online in the PDX Explorer and at the brain tumor resource
lab website (see example, Supplementary Fig. 10). Furthermore, 44
additional external PDOX lines are listed on both websites, includ-
ing their molecular subgroups and contact details of the responsible
principal investigator.

Discussion

Faithful model systems are critical tools for cancer research to
facilitate the study of tumor biology and anticancer therapy in vitro
and in vivo. The 30 PDOX models and three independent cell lines

1759


http://www.btrl.org
http://www.r2platform.com/pdxexplorer
http://www.nature.com/naturemedicine

RESOURCE

NATURE MEDICINE

described here are each representatives of rare molecular subgroups
of human disease, and collectively comprise a good representation
of malignant pediatric brain tumors. PDOX models allow for con-
tinued interaction between tumor cells and the microenvironment
of the central nervous system, which appears to reduce molecular
adaptation to artificial growth conditions observed in many can-
cer cell lines**. The molecular characterization of these models,
including histology, methylation status, gene expression, and DNA
sequencing, indicates that these models are highly similar to the
tumors they are derived from and therefore provide an unprec-
edented resource to study pediatric brain tumors and cancer path-
ways in a more endogenous setting. Many of the models described
here are derived from human tumors for which there are currently
no preclinical in vivo models available, including, but not limited to,
non-MYC-amplified MB-Group3, KBTBD4-mutant MB, PRDM6-
driven MB-Group4, hypermutated HGG, HGG-MYCN, different
subgroups of ATRT, pineoblastoma, and EPN-PFA. Overall, this
is the first description of a molecularly well-annotated cohort of
PDOX models for pediatric brain tumors that is available to the
entire scientific community.

The importance of evaluating diverse and clinically relevant pre-
clinical tumor models within a single disease can be exemplified
in MB, the most common embryonal brain tumor in children. MB
are notoriously difficult to grow in cell culture conditions. However,
in our hands 15 of 41 different MB patient samples successfully
engrafted as PDOX in mice. The PDOX models of MB presented
here represent all molecular subgroups that have been described
so far. As expected, we established a disproportionate number of
models representing the most aggressive and deadly subgroups of
disease, including Group 3 MYC-amplified tumors and SHH path-
way tumors with TP53 mutation. Both subgroups represent the MB
tumors with the worst prognosis, and these patients are most des-
perately in need of novel therapeutic options*'.

Selection for high-risk tumors also holds true in other entities,
for example EPN-PFA, EPN-RELA, HGG-K27M or HGG-MYCN,
and has also been described in PDX cohorts of adult cancers*. In
the example of HGG-MYCN, we showed that in-depth molecular
profiling of the PDOX models can pave the way for novel therapeu-
tic strategies. In the context of this very aggressive tumor subgroup,
with a median overall survival of less than 12 months®, an EGFR
amplification predicted the response to erlotinib in one PDOX pair.
Intriguingly, in a molecularly stratified cohort of 36 HGG-MYCN
patients, 25% harbor an EGFR amplification®, which makes our
finding applicable to a defined patient subpopulation. The fail-
ure of erlotinib in clinical trials for adult HGG highlights that this
concept needs to be validated in more independent PDOX models
and needs to be developed further into a combination therapy—*.
However, due to the rarity of the disease, our repertoire of PDOX is
currently underpowered to systematically answer this question for
pediatric patients.

PDOX models offer a number of distinct advantages over other
preclinical models. Although the stroma in PDOX mouse models
is of non-human origin, the composition of the tumor microenvi-
ronment in most cases compares well with the structure in human
tumors’. PDOX tumors are never exposed to cell culture conditions,
and can be seeded into PO mice within hours of surgical resection.
This technique provides an excellent opportunity to develop mod-
els for diseases without known molecular drivers. Once practiced,
orthotopic xenograft implantation can be an efficient process taking
only a few minutes per mouse to perform. We were able to create
PDOX tumor lines from 30% of the human tumors we implanted,
a below-average rate compared with other pediatric or adult can-
cers’”, irrespective of whether material was implanted on the same
day as the operation or shipped overnight. Once beyond the earli-
est passages, the time to an observable tumor was reliably less than
three months, with few exceptions in slower growing molecular
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subgroups (for example MB-Group4 or PB). A brain tumor resected
from a single mouse regularly provides enough cells to seed new
tumors in over 20 naive mice, making it possible to perform large-
scale studies with a small starting group and in a reasonable amount
of time. PDOXs provides a model system for growing human tumor
cells with minimized exposure to foreign agents in a microenviron-
ment that resembles the host.

Generally, a high level of genomic stability between PDOX mod-
els and their matching human tumors was observed, but there were
a few exceptions: for instance, the MYC amplification in the Med-
211FH model or the 1q gain in the EPD-710FH model probably
appeared due to a clonal selection process of minor cell populations
of the human tumor during progression of a xenograft tumor, as pre-
viously reported in other disease models such as breast cancer'”*.
It is highly likely that this selection process reflects normal tumor
evolution, as, for example, MYC amplifications are more common
in relapses than in primary MB*. To gain further insights into these
processes, additional in-depth comparative genomic approaches
will be necessary, which would, however, require proper germline
controls that were lacking for this study. Furthermore, researchers
should be cautioned about the risk of development of mouse tumors
at the site of orthotopic implantation. Standard comparative histo-
logic evaluation of PDOX passages by an experienced pathologist,
as well as STR analyses, should be considered as necessary and suf-
ficient methods to differentiate human from mouse tumors.

In summary, we have established and molecularly character-
ized 30 unique PDOX models and three new cell lines of pediatric
brain tumors that provide a valuable resource to assess new thera-
peutic approaches and to better understand the basis for therapeu-
tic sensitivity or resistance, particularly in rare tumor types where
fundamental disease etiology remains either elusive or where no
successful therapy options exist. In the era of precision medicine,
access to a large repertoire of molecularly well-characterized model
systems is essential to test new, targeted treatment strategies. By
sharing the models and the molecular data, we want to pave the
way for large, collaborative preclinical approaches in the future. The
PDX Explorer as an interactive online platform will facilitate this
endeavor as an expandable central hub for (pediatric brain tumor)
PDOX. In addition, the paucity of potentially confounding genomic
variations in pediatric brain tumors may create opportunities to
address hypotheses focused on key drivers and oncogenic pathways
that are relevant in many other pediatric and adult cancers.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
$41591-018-0207-3.
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Methods

Patient samples. Brain tumor tissue was obtained through the Children’s Oncology
Group brain tumor biology study ACNS02B3 (NCT00919750). The ACNS02B3
study was approved by the Institutional Review Board of each participating
Children’s Oncology Group institution. Informed consent of the parent or

legal guardian, and patient assent when appropriate, was obtained according to
institutional regulatory standards before surgery or autopsy. Fresh tumor tissue
for research was selected by the pathologist or surgeon at each treating institution
after clinical diagnostic tissue was obtained. Approximately 100 mg of fresh tissue
was placed in a 15-ml polypropylene tube with DMEM-F12. Samples from Seattle
Children’s were transferred on wet ice and processed within hours of patient
surgery. Other samples from across the United States and Canada were shipped
overnight on wet ice and typically processed within 24h of surgery. Patient age,
gender, and preliminary diagnosis were provided at the time of tissue shipment.
Final institutional pathologic diagnosis was provided once available. Patient tumor
tissue was triturated with an 18 G needle, to yield a single cell suspension. The
resulting suspension of cells was filtered through a nylon mesh 100-pm sterile
cell strainer (Fisher Scientific, 22363549) and concentrated to 50,000 cells pl! in
serum-free DMEM in preparation for intracranial xenograft into five recipient
mice. Cells from the remaining sample (2-3 million) were plated for growth in
tissue culture. Up to 1 million remaining cells were used for pathogen testing.

Xenograft development. Xenograft of tumor cell suspension was carried out

in immune-compromised mice (Nod-scid IL2Rgamma™" or athymic nude)
immediately following processing. Female athymic Nu/Nu mice were purchased
(Jackson Laboratories or Harlan Laboratories; now Envigo Laboratories). NSG
mice were obtained from the laboratory breeding colony, established by breeding
pairs purchased (Jackson Laboratories). All mice were maintained in accordance
with the National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals with approval from the Fred Hutchinson Cancer Research
Center Institutional Animal Care and Use Committee (IR no. 1457).

Analgesia was administered by subcutaneous buprenorphine injection
approximately one hour before beginning the procedure. Mice were anesthetized
using inhaled isoflurane. Establishment of anesthesia was determined by
monitoring respiratory rate and toe pinch reflex. The surgical site was prepared
by shaving the fur between the ears and partially down the neck. Puralube Vet
Ointment sterile ocular lubricant (MWI Veterinary Supply, 027505) was applied
to both eyes, and a 1-ml subcutaneous bolus of sterile saline (Braintree Scientific,
SYS 5-5) was administered. Surgery was performed in a clean surgical field. The
surgical site was cleaned by scrubbing the skin with a cotton swab impregnated
with betadine (Santa Cruz Biotechnology, sc-359867) followed by a sterile 70%
ethanol wipe (Fisher Scientific, 22-363-750). An incision of ~1 cm was made
along the mediolateral line starting between the ears and ending near the back
of the skull using a disposable scalpel (Exel Int., 29550). Using cotton-tipped
applicators (Puritan, 25-806 10WC) the skull was exposed and cleaned of any
minor connective tissues or blood. Once the area was clean, a handheld microdrill
(Cell Point Scientific, Ideal Microdrill, 67-1000) with a 0.9 mm burr (Fine Scientific
Tools, 19007-09) was used to create a burr hole into the cortex or cerebellum,
corresponding to the in situ location of the source tissue. Cell suspension (2 pl;
100,000 cells) was deposited into the intracranial space by inserting a 10 pl Rainin
Pipette-Lite fitted with a 2-10 pl ART tips barrier non-filtered pipette tip (Thermo
Scientific, 2139). A small piece of surgical foam (Pfizer Injectables, 09-0396-05)
was placed onto the burr hole before pulling the incision closed and bonding the
skin together with veterinary-grade surgical glue (3M, Vetbond). Following closure
of the incision, mice were removed from isofluorane and transferred to a clean
recovery cage placed on a heat mat for the duration of recovery. After recovery
mice were returned to their home cage.

Mice implanted with patient-derived tumor cells were monitored regularly
for signs of tumor formation, which can include distension of the calvarium, head
tilt, reduced feeding, weight loss, dehydration, hunched posture, eye irritation, or
poor grooming habits. On observation of symptoms mice were euthanized and
tumor presence was confirmed visually during tissue resection. Tumor tissue was
formalin-fixed, cryopreserved, and processed for serial transplantation into a new
cohort of mice.

Tissue culture. The growth conditions for our primary human pediatric cancer
cell lines are a modification of Lee et al.*. Cell lines were grown in NeuroCult
NS-A Basal Medium (Human) plus NeuroCult NS-A Proliferation Supplements
(Human) (Stem Cell Technologies, 05750 and 05753). The media also contained
a final concentration of 20 pg ml™" each of epidermal growth factor and fibroblast
growth factor (Preprotech, AF-100-15 and 315-09). Before seeding cells, Petri
dishes or flasks were coated with laminin from Engelbreth-Holm-Swarm murine
sarcoma basement membrane (Sigma-Aldrich, 1.2020). A solution of 1 mg ml™
laminin in Dulbecco’s phosphate-buffered saline without calcium chloride, without
magnesium chloride (ThermoFisher Scientific, 14190250) was used to cover the
bottom of the tissue culture-treated dish or flask at 37°C for 1-3h.

Tumor pathology. A pediatric pathologist (B.C.) evaluated PDOX tumors
in comparison with primary human tumor for all samples obtained from

Seattle Children’s and Children’s Oncology Group samples when available.
Immunohistochemistry analyses were performed on 4 um paraffin sections of

the whole-brain mounts stained using an automated Ventana Benchmark Stainer.
Sections were incubated with primary antibodies (brand/catalog number/lot
number/dilution): TP53 (Proteintech/10442-1-AP/1/1:50), PDGFR-a (Santa

Cruz Biotechnology/Sc-338/A2811/1:100), Olig 2 (Immuno-Biological Laborat
ories/18953/1B-327/1:250), LIN28A (Cell Signaling Technologies/3695/2/1:50),
GFAP (DAKO/M0761/00083681/1:400), Ki-67 (DAKO/M7240/00090216/1:100),
INI-1 (BD Biosciences/612110/23247/1:300), EGFR (Invitrogen/280005/7877
70A/1:100), C-MYC (Thermo Scientific/MAI-980/0OA179819 /1:200), N-MYC
(Novus Biologicals/23960002/T00308A1/1:500), Synaptophysin (Abcam/ab32127/
GR312544-10/1:300), Beta-Catenin (Abcam/ab16051/GR3185177-1/1:200),

and GAB-1 (Merck Millipore/06-579/2942435/1:800 (with a diluent containing
Casein (Roche, 760-219). All antibodies were diluted in phosphate-buffered
solution. Slides were incubated with biotinylated secondary antibodies, followed by
incubation with the streptavidin and biotinylated peroxidase complex, both from
the ultraView Universal DAB Detection Kit (Ventana Medical Systems, 760-500).
Sections were counterstained with hematoxylin and mounted.

DNA and RNA isolation. Total RNA extraction was performed from snap-

frozen tumor tissues using TRIzol (Invitrogen), the Qiagen miRNeasy Mini Kit
(Qiagen), and analyzed on an Agilent Bioanalyser (Agilent Technologies) for
quality assessment. Only samples with an RNA integrity number (RIN) > 6.0 and
no evidence of ribosomal degradation were analyzed for gene expression. Genomic
DNA was isolated using Qiagen DNeasy Blood & Tissue Kit (Qiagen) and used for
methylation and sequencing analysis.

Gene expression array analysis. PDOX samples with sufficient quantity and
quality of RNA were analyzed on the Affymetrix GeneChip Human Genome
U133 Plus 2.0 Array at the Microarray Department, University of Amsterdam, The
Netherlands. Sample library preparation, hybridization, and quality control were
performed according to protocols recommended by the manufacturer. The MAS5.0
algorithm of the GCOS program (Affymetrix Inc) was used for normalization
of expression data. Detection P values were assigned to each probe set using the
MAS5.0 algorithm. Quality of the arrays was ensured by inspection of the beta-
actin and GAPDH 5'-3' ratios as well as the percentage of present calls generated
by MAS5.0. Data were analyzed using R2 (http://R2.amc.nl)".

Differentially expressed genes were estimated with linear models using the
limma package in R*. RMA normalization was performed with the simpleaffy
(v. 2.46) package in R*. Only genes that were expressed in at least one sample
were considered for the analysis (>100 intensity). Differential expression was
calculated with a moderated paired t-test using limma (v. 3.6.29)** and P values
were corrected for multiple testing with the Bonferroni method (P> 0.05).
Significant genes, which change more than twofold between groups, were used
for the follow-up analysis. DAVID 6.7 (https://david-d.ncifcrf.gov/) was used for
pathway enrichment analysis using the GOTERM_BP_DIRECT and GOTERM_
CC_DIRECT gene ontology annotations™".

DNA methylation array analysis. Whole-genome DNA methylation data

for 81 samples presented in this study were generated from fresh frozen and
formalin-fixed, paraffin-embedded material (Supplementary Table 3), using
Tllumina Infinium 450k Methylation BeadChip Arrays (450k arrays). Methylation
profiling was performed according to the manufacturer’s instructions at the
DKFZ Genomics and Proteomics Core Facility, Heidelberg, Germany. All
analyses were performed in R version 3.3.0 (Development Core Team, 2016).
Downstream analyses as described in Hovestadt et al.” were performed in

R using p-values. Reference cases of primary human tumors for subgrouping
were taken from various previous publications as indicated in Supplementary
Table 3. Normalization and generation of beta values was performed as described
in Sturm et al.”.

The following filters were applied to filter out probes that yield inaccurate
methylation levels: removal of probes targeting the X and Y chromosomes
(n=11,551), removal of probes containing a single-nucleotide polymorphism
(dbSNP132 Common) or the following base for type I probes (n=7,998), and
probes not mapping uniquely to the human reference genome (hgl19) (n=3,965).

For unsupervised hierarchical clustering, we selected the most variably
methylated probes across the dataset (s.d.>0.25). Distance between samples was
calculated by using 1 minus the weighted Pearson correlation coefficient as the
distance measure. Pairwise Pearson correlation was calculated using the wtd.cors
function of the weights package version 0.85. We used the probe standard deviation
subtracted by 0.25 as the weight, giving more variable probes greater influence.
This matrix was used to perform the t-SNE analysis (Rtsne package version 0.11)"".
The following non-default parameters were used: theta=0, is_distance="T, pca=F,
max_iter=2,000.

Copy-number variation analysis from 450k methylation array data was
performed using the conumee Bioconductor package version 1.0.0. Two sets of
50 control samples displaying a balanced copy-number profile from both male
and female donors were used. Scoring of focal amplifications and deletions and
chromosomal gains and losses was performed by manual inspection of each
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profile. Unsupervised hierarchical clustering of copy-number variation profiles
was performed by using 1 minus Pearson correlation coefficient as the distance
measure and average linkage for hierarchical clustering.

Differential methylation analysis. Differential methylated probes between

groups of human tumor, early PDOX and late PDOX passage were performed as
described in Mazor et al.”. In short, beta values for individual GpG sites were made
more Gaussian using the logit transformation. The transformed beta values were
subtracted between patient-matched human tumor, early PDOX, and late PDOX
passage and compared using limma (v. 3.6.29). Differentially methylated CpG
were defined as those with a nominal P> 0.05 and an average methylation change
between groups>=0.2 or=<—0.2.

Whole-exome and whole-genome sequencing. The whole-genome libraries,

as well as the exome libraries, were prepared according to Agilent SureSelectXT
Target Enrichment System for Illumina Paired-End Sequencing Library kit
following the manufacturer’s instructions. Briefly, genomic DNA was sheared by
acoustic fragmentation (Covaris) to an ~300-base-pair (bp) insert size for whole-
genome libraries and to a 150-170-bp insert size for exome libraries, followed by
size selection. Exome capturing was carried out with Agilent SureSelect Human
All Exon V4 or V5 bait library in-solution capture reagents. The quality of the
libraries was assessed with the Agilent 2100 Bioanalyzer. Sequencing was done on
an [llumina HiSeq2000 instrument with paired-end 100-bp runs or 125-bp runs
(v3 and v4) at the DKFZ Genomics and Proteomics Core Facility, Heidelberg,
Germany (see Supplementary Table 3).

Whole-genome and -exome sequencing data were processed with a
standardized workflow. The alignment and variant calling procedures were
adapted from a pipeline developed in the context of the ICGC Pan-Cancer project
(https://github.com/ICGC-TCGA-PanCancer). Briefly, reads were aligned to
a reference genome using bwa-mem (v. 0.6.2). A merged human and murine
reference genome (based on hs37d5 and GRChm38mm10) was used for capturing
contaminating reads derived from mouse tissue. Aligned reads were sorted
by coordinates and duplicates were marked using biobambam bamSort and
bammarkduplicates (v. 0.0.148).

Single-nucleotide variation (snv) calls were based on SAMtools (v. 0.1.19)
mpileup and short insertion/deletion (indel) calls on Platypus (v. 0.7.4), followed
by specially tailored quality filters taking into account coverage, frequency, and
surrounding sequence of variants. Additional filtering was performed by removing
mutations in typical artifact genes and positions, which were found mutated at
non-hotspot locations in multiple samples, therefore being most likely single-
nucleotide polymorphisms or artifacts. Variants were annotated using ANNOVAR
(http://annovar.openbioinformatics.org/en/latest/).

Due to lack of availability of the matched germline, we excluded all snvs/indels
that fulfilled at least one of the following criteria:

e >0.01% minor allele frequency in 1000g2015aug (in any population) (1,000
Genomes Project)

«  >0.01% minor allele frequency in exac03 (in any population) (latest Exome
Aggregation Consortium datasets)

e >0.01% minor allele frequency esp6500siv2 (in any population) (latest
NSHLBI-ESP project with 6,500 exomes)

Afterwards, we highlighted genes that were reported to be mutated in a
reference cohort of primary tumors (only for MB* and HGG*). Furthermore,
we highlighted genes in databases of known cancer genes (http://cancer.sanger.
ac.uk/census/)®, tumor suppressors (http://bioinfo.mc.vanderbilt.edu/TSGene)®,
and oncogenes (http://www.uniprot.org). The entire list of genes can be found in
Supplementary Table 4. For comparisons of the mutational landscape of individual
human tumors and PDOX, we compared mutation calls of both samples. If
mutations were only found in one sample by the variant calling pipeline, we
performed an mpileup on that position in the other sample and checked whether
this position was covered in this sample. Only mutations that were covered and
were negative in the mpileup, were annotated to be lost in the sample. Based on
this analysis, the following confidence classes emerged: PASS: mutation called
via pipeline; LOW_SCORE: mutation did not pass the quality threshold in this
sample, but passed it in the paired tissue; MPILEUP_RESCUE: mutation found in
paired tissue and not found in sample via regular variant calling. However, mpileup
confirmed the presence of this mutation; MPILEUP_RESCUE_LOW: MPILEUP_
RESCUE, except that there were no 10 reads covering the position and/or 3 reads
on the mutant base; MANUAL_CURATION: mutation was manually curated (low
pipeline score in both tissues); NOT_FOUND: mutation found in paired tissue,
but was not detected by either pipeline or mpileup in this tissue; NOT_FOUND_
NO_COVERAGE: mutation found in paired tissue, but was not detected by either
pipeline or mpileup in this tissue. However, there were no 10 reads covering the
position and/or 3 reads on the mutant base (excluded from some analyses); NOT_
FOUND_NO_MPILEUP: mutation found in paired tissue, but was not detected
by the pipeline in this tissue. However, no mpileup was performed on this position
(indel only) (excluded for some analyses).

Copy-number variation plots from low-coverage whole-genome sequencing
data were generated by determining the read count within 10-kb windows along
the genome in a tumor and a pseudo-control sample without any copy-number
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alterations, to account for ambiguously covered regions. Coverage is displayed as
the log, ratio of read counts in tumor versus the control sample, normalized for the
total read count in each sample.

RNA sequencing. A tumor DNA library was prepared from poly(A) + RNA

using the Illumina TruSeq RNA Kit v2 and sequenced on an Illumina HiSeq2500
(paired-end 100 bp, rapid mode). RNA-seq reads were mapped by STAR algorithm
version 2.3.0e” using 1,000 genomes as reference for the primary alignment.

The index for the alignment was constructed with Gencode version 17 transcript
annotations. BAM file conversion and sorting was performed by SAMtools®*’

(v. 0.1.17 (r973:277)) and duplicates were marked by Picard version tools (https://
github.com/broadinstitute/picard (v. 1.90)). The deFuse (v. 0.6.1) algorithm® with
default parameters was used for gene fusion predictions.

Animal studies. All animal experiments were conducted in accordance with legal
and ethical regulations and approved by the regional council (Regierungsprisidium
Karlsruhe, Germany; G-259/14) or IACUC (Seattle). Mice were housed in
individually ventilated caging in the Center for Preclinical Research, DKFZ or the
Fred Hutchinson Cancer Research Center and monitored daily for the presence

of tumor-related symptoms. Sample sizes were chosen to minimize the number of
animals required to get significant results.

Preclinical experiments. Seattle. Orthotopic xenografts were surgically implanted
as described above with tumor cells originating from symptomatic intracranial
tumors in donor mice. Adult male and female NSG or athymic nude mice between
8 and 16 weeks of age were used in these experiments. The time between surgical
implant of tumors and initiation of treatment was based on the typical latency
between surgery and symptomatic tumor for each tumor model. When the first
mouse in the cohort became symptomatic with a cranial bulge, the entire cohort
was randomized into experimental groups of vehicle or drug treated. Experimental
groups were normalized for age, gender, and severity of brain tumor symptoms.
Vismodegib-treated mice received 1 mg per mouse of vismodegib (Selleckchem,
$1082) by oral gavage, five days on two days off in a vehicle of 0.5% methylcellulose
with 0.2% Tween-80 in water. Erlotinib-treated mice received 2 mg per mouse
erlotinib (Selleckchem, S7786) by oral gavage in a vehicle of 1% methylcellulose
with 0.1% Tween-20 in water, every day for up to 30 days. Panobinostat
(Selleckchem, S1030)-treated mice received 10 mg kg™ (NSG host mice, Med-
314FH) or 20 mg kg' (athymic nude host mice, Med-114FH) by intraperitoneal
injection, five days on two days off in a vehicle of 48% PEG-200, 2% DMSO, and
2% Tween-80 in water. Palbociclib (LC Labs, P-7788)-treated mice received

100mg kg' (NSG host mice, Med-314FH) or 120 mg kg™' (athymic nude host mice,
Med-114FH) by oral gavage, five days on two day off in a vehicle of 48% PEG-200,
2% DMSO, and 2% Tween-80 in water. Mice were monitored daily for symptoms
of tumor progression until moribund. Tumors were collected after euthanasia and
frozen or fixed in 10% formalin. Differences in survival were evaluated using the
logrank (Mantel-Cox) test.

Heidelberg. Med-1712FH cells were labeled with luciferase using pGreenFire
lentivirus and subsequently after one passage GFP-positive cells were FACS sorted.
Cells (100,000) were intracranially injected into the cerebellum of NSG mice.
Animals received pre-emptive carprofen analgesia and were anesthetized with
isoflurane. Postsurgically, analgesia was continued with carprofen. Twelve weeks
after injection, animals were randomized into vehicle (0.5% methyl cellulose/0.5%
Tween-80) and erismodegib (MedChem Express, HY-16582) (30 mg kg™, five days
on, two days off) groups according to their luciferase signal and treated for four
weeks. For luciferase imaging, animals were injected with 150 mg kg™ Luciferin
solution (Promega) and imaged using an IVIS100 or IVIS Lumina luminescence
imager with an exposure time of 5min. Animals were euthanized as soon as they
showed tumor-related symptoms or lost more than 20% of their initial weight prior
to study entry. After 70 days, we terminated the study. Kaplan-Meier analysis was
done using GraphPad Prism, and statistical significance was calculated using a
logrank test.

Validation of mutations. Driver/cancer mutations with an allele frequency of at
least 20% found in human tumor or early PDOX passages were validated in late
PDOX passages by Sanger sequencing. Segments of DNA were amplified via PCR
using the HotStarTaq Plus Master Mix Kit (Qiagen, 203643). Primers used for these
reactions are listed in Supplementary Table 6. PCR products were purified with the
QIAquick PCR Purification Kit (Qiagen, 28106) and sent for Sanger sequencing to
GATC Biotech (Konstanz, Germany).

Quantitative reverse transcription PCR for target engagement. For target
engagement, tumor-bearing animals were treated with erismodegib 20 mg kg™
(MedChem Express, HY-16582) or vehicle daily by oral gavage for 2 days or
vismodegib 1 mg per mouse (Selleckchem, $1082) or vehicle daily by oral gavage
for 4 days and then euthanized 4h after the last dosing. Quantitative reverse
transcription PCR (qQRT-PCR) was performed from total RNA with the Power
SYBR Green RNA-to-CT 1-Step Kit (ThermoFisher Scientific, 4389986) according
to the manufacturer’s specifications on the 7900HT Fast Real-Time PCR System
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(ThermoFisher Scientific). Probes used for qRT-PCR are listed in Supplementary
Table 6. Transcript levels were determined by absolute quantification using a
standard curve and then normalizing the expression levels to the housekeeping
gene TBP.

Western blot for target engagement. Mice bearing orthotopic PBT-05FH tumors
were treated with 2 mg per mouse erlotinib (Selleckchem, S7786) or vehicle by oral
gavage daily for 4 days and euthanized 4h after the final dose. Mice bearing Med-
314FH orthotopic tumors were treated with 10 mg kg! panobinostat (Selleckchem,
§1030) or vehicle by intraperitoneal injection or 100 mg kg! palbociclib (LC

Lab, P-7788) or vehicle by oral gavage daily Monday through Friday. Med-

314FH tumors were collected 4h after the final dose administered to moribund
mice. All tumor tissue was collected and stored frozen until further processing.
Samples were lysed in Complete M-PER Mammalian Protein Extraction Reagent
(ThermoFisher, 78503) with proteases inhibitors (ThermoFisher, A32955) and
phosphatase inhibitors (Sigma, P5724 and P0044). From each sample 100 ug for
protein extract was run under reducing conditions on a 4-12% Bis-Tris Nu-PAGE
gel (ThermoFisher, NP0321) and transferred to a 0.2 um pore size nitrocellulose
membrane (ThermoFisher, LC2000) by semi-dry transfer methods. Immune
blotting was performed using standard techniques. Primary antibodies were: EGFR
(1:1,000, #4405 S), phospho-EGFR Y845 (1:1,000, #6963 S), phospho-EGFR Y1069
(1:1,000, #2236 ), Acetyl-Histone H3 Lys9 (1:1,000, #9649), RB (1:1,000, #9309),
and phospho-RB $780 (1:1,000, #9307) (Cell Signaling Technologies); and b-Actin
(1:5,000, #926-4221; Li-Cor). Secondary antibodies used were: IRDye800CW
donkey anti-mouse IgG and IRDye680RD goat anti-rabbit IgG (1:15,000, #925-
32212 and #925-68071; Li-Cor). Membranes were scanned on a Li-Cor Odyssey
CLx Imaging System.

Statistical analysis. Statistical analysis was performed using GraphPad Prism
software or the R Statistics environment. Unless otherwise indicated, mean values
were always given with a confidence interval of «=0.05. Group comparisons were
performed using Student’s ¢-test or analysis of variance (analysis of variance), based
on whether two or more groups were compared, respectively. Tests were always
performed two-sided and adjusted based on whether the variances of the two
populations were equal or unequal (F-test). Within box plots, the box illustrates
the borders of the lower and upper quartile, and the line within the box represents
the median. The whiskers highlight the limits of the nominal range inferred

from the upper and lower quartiles. To compare engraftment rates and mutation
frequencies between populations we used the MedCalc software (https://www.
medcalc.org/calc/comparison_of_proportions.php) using the N—1 chi-squared
test as recommended®>®. Weight curves of erlotinib-treated and vehicle-treated
animals were compared by performing linear regressions in GraphPad Prism and
comparing the slopes. The statistical significance of Kaplan-Meier survival curves
was assessed using the logrank (Mantel-Cox) test using GraphPad Prism. P values
of 0.05 or lower were considered statistically significant for all experiments.

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

Data availability
PDOX lines described here, as well as additional lines being developed and
characterized, are catalogued online and shared with other researchers at the Brain

Tumor Resource Laboratory (http://www.btrl.org). In addition, an online summary
of each model and interactive access to the molecular and histopathological data
can be found in the R2 PDX Explorer (http://www.r2platform.com/pdxexplorer).
Short-read sequencing data are available at the European Genome-phenome
Archive (http://www.ebi.ac.uk/ega/), hosted by the European Bioinformatics
Institute, under accession EGAS00001002536. Methylation and gene expression
data have been deposited in the Gene Expression Omnibus (GEO; http://www.ncbi.
nlm.nih.gov/geo) under accessions GSE99994 and GSE99961.
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Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistical parameters

When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main
text, or Methods section).

/a | Confirmed

>

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

OO0

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

OO 0OX

XX
X XOOO X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars
State explicitly what error bars represent (e.g. SD, SE, Cl)

Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection Living Image (PerkinElmer) was used to collect and evaluate bioluminescence signals.

Data analysis The following software was used for data analysis: R 3.3, GraphPad Prism 5 and 6

Array analysis:

R2 (http://R2.amc.nl), simpleaffy (v. 2.46), DAVID 6.7 (https://david-d.ncifcrf.gov/), rtsne (v. 0.11), limma (v. 3.6.29), minfi (v. 1.6.1),
conumee (v. 1.0), weights (v 0.85)

Whole exome and whole genome sequencing:
pipeline developed in the context of the ICGC Pan-Cancer project (https://github.com/ICGC-TCGA-PanCancer), bwa-mem (v. 0.6.2),
biobambam (v. 0.0.148), SAMtools (v. 0.1.19), Platypus (v. 0.7.4), ANNOVAR (http://annovar.openbioinformatics.org/en/latest/)

RNA sequencing:
STAR algorithm version 2.3.0e, SAMtools (v. 0.1.17 (r973:277)), Picard (v. 1.90), defuse (v. 0.6.1)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Short-read sequencing data are available at the European Genome-phenome Archive (http://www.ebi.ac.uk/ega/), hosted by the European Bioinformatics Institute
under accession number EGAS00001002536 (developmental page: https://ega-archive.org/studies/EGAS00001002536). Methylation and gene expression data have
been deposited in NCBIs Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo) under accession numbers GSE99994 and GSE99961.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Fig 1-5: Sample size was determined by tumor samples and PDOX models available.
Fig 6: Historic use of the included models established an average survival of 8 days after the first mouse becomes symptomatic, with a
standard deviation of 4 days. The minimum sample size of 7 allows us to observe significant survival differences greater than 1.5 standard
deviation units (6 days) with 80% power in a 2-sided test with 0.05 level of significance.
Supplementary Fig. 7: Minimum sample size for target engagement experiments was at least three animals in order to be able to calculate
statistical differences. For RT-qPCR (only c,d) analyses three technical replicates were performed per animal (in at least biological triplicates).

Data exclusions  Fig 1-5: NA
Fig 6: Mice were excluded from survival studies if they experience and adverse event requiring euthanasia that is unrelated to tumor burden.
One mouse was excluded from figure 6A due to error in dosing.

Replication All attempts at replication were successful.

Randomization Fig 6: a,b,c,d,g,h: Mice were randomly assigned to treatment groups, balancing for equal males and females in each group. Mice with
observable tumor burden (i.e. Head bulge) were evenly and randomly divided between treatment and vehicle groups.
Fig 6: e,f: Animals were randomized into treatment groups based on signal intensity.

Blinding Fig 1-5: NA

Fig 6: Animal studies were performed non-blinded due to limited personal. Furthermore, typical side effects (e.g. tooth growth defects
observed with SMO inhibitors) identify the treatment groups anyway.

Reporting for specific materials, systems and methods

Materials & experimental systems Methods

>

/a | Involved in the study n/a | Involved in the study

OOX OO

Unique biological materials
Antibodies
Eukaryotic cell lines

|:| Palaeontology
Animals and other organisms

Human research participants

|X| |:| ChlIP-seq
|X| |:| Flow cytometry

|X| |:| MRI-based neuroimaging
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Unigue biological materials

Policy information about availability of materials

Obtaining unique materials

Antibodies

Established PDOX models are available at www.btrl.org, and all other materials are available from commercial vendors as
indicated in the Methods section of the manuscript.

Antibodies used

Validation

Brand/Cat#/Lot#/dilution

Antibodies used for immunohistochemistry analysis:

Primary antibodies:

TP53: Proteintech, Rosement, IL/10442-1-AP/1/1:50

PDGFR-a: Santa Cruz Biotechnology Inc., Dallas, TX/Sc-338/A2811/1:100
Olig 2: Immuno-Biological Laboratories/18953/1B-327/1:250

LIN28A: Cell Signaling Technologies, Danvers, MA/3695/2/1:50

GFAP: DAKO, Carpinteria, CA/M0761/00083681/1:400

Ki-67: DAKO, Carpinteria, CA/M7240/00090216/1:100

INI-1: BD Biosciences, San Jose, CA/612110/23247/1:300

EGFR: Invitrogen, Carlsbad, CA/280005/787770 A/1:100

C-MYC: Thermo Scientific, Waltham, MA/MAI-980/0A179819 /1:200
N-MYC: Novus Biologicals, Littleton, CO/23960002/T00308A1 /1:500
Synaptophysin: Abcam, Cambridge, UK/ab32127/GR312544-10/1:300
Beta-Catenin: Abcam, Cambridge, UK/ab16051/GR3185177-1/1:200
GAB-1: Merck Millipore, Burlington, MA/06-579/2942435/1:800 (with a diluent containing Casein [product code #760-219,
Roche Ventanal])

Secondary
ultraView Universal DAB Detection Kit: Ventana Medical Systems, Oro Valley, AZ/760-500/-/-

Antibodies used for western blotting analysis:

Primary antibodies:

EGFR: Cell Signaling Technologies, Danvers, MA/#44055/4/1:1000

phospho-EGFR Y845: Cell Signaling Technologies, Danvers, MA/#69635/1/1:1000
phospho-EGFR Y1069: Cell Signaling Technologies, Danvers, MA/#22365/17/1:1000
Acetyl-Histone H3 Lys9: Cell Signaling Technologies, Danvers, MA/#9649/13/1:1000
RB: Cell Signaling Technologies, Danvers, MA/#9309/11/1:1000

phospho-RB $780: Cell Signaling Technologies, Danvers, MA/#9307/13/1:1000
b-Actin: Li-Cor, Lincoln, NE/#926-42212/C71026-01/1:5000

Secondary antibodies:
IRDye800CW donkey anti-mouse IgG: Li-Cor, Lincoln, NE/#925-32212/C70502-03/1:15000
IRDye680RD goat anti-rabbit IgG : Li-Cor, Lincoln, NE/#925-68071/C71214-01/1:15000

Antibodies used for Immunohistochemistry analysis:

All antibodies are first optimized on a set of positive and negative control tissues based on expected staining patterns described
in the literature. The full validation workup requires the stain to perform as expected on a set of at least 10 different positive
controls and 10 different negative controls. In general full validation includes testing to confirm that antibodies work after
freezing (on tissue that was used diagnostically as an intraoperative frozen section), after decalcification, and on autopsy tissues
whenever possible. Positive and negative controls are performed every time the antibodies are run.

Antibodies used for western blot analysis:
All primary antibodies are from Cell Signaling Technologies (Danvers, MA), which performed significant testing of the individual
antibodies:

“CST scientists test all our products in relevant applications such as western blotting, immunoprecipitation,
immunofluorescence, immunohistochemistry, flow cytometry, and chromatin immunoprecipitation. When an antibody is
recommend for a particular application, it indicates that the antibody has passed rigorous application-specific testing standards.
Additionally, our scientists create specialized (optimized) immunostaining protocols for individual products, saving you time and
reagents. We routinely test our antibodies on multiple species including human, monkey, mouse, and rat. The high quality of our
products is the most important consideration at CST.”

In particular:

EGFR (CST #4405S): EGF Receptor (15F8) Rabbit mAb detects endogenous levels of EGF receptor proteins. The antibody does
not recognize other proteins of the ErbB family.

Product page with citations and validations: https://www.cellsignal.com/products/primary-antibodies/egf-receptor-15f8-rabbit-
mab/4405

Data sheet: https://media.cellsignal.com/pdf/4405.pdf
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phospho-EGFR Y845 (CST #6963S): Phospho-EGF Receptor (Tyr845) (D63B4) Rabbit mAb recognizes endogenous levels of EGFR
protein only when phosphorylated at Tyr845. This antibody may detect other activated ErbB family members.

Product page with citations and validations: https://www.cellsignal.com/products/primary-antibodies/phospho-egf-receptor-
tyr845-d63b4-rabbit-mab/6963

Data sheet: https://media.cellsignal.com/pdf/6963.pdf

phospho-EGFR Y1069 (CST #2236S): Phospho-EGF Receptor (Tyr1068) (1H12) Mouse mAb detects endogenous levels of EGF
receptor only when phosphorylated at Tyr1068. This antibody does not recognize EGF receptor phosphorylated at other sites,
but may cross-react with other activated ErbB family members. Non-specific staining of smooth muscle may be observed in
paraffin-embedded tissues.

Product page with citations and validations: https://www.cellsignal.com/products/primary-antibodies/phospho-egf-receptor-
tyr1068-1h12-mouse-mab/2236

Data sheet: https://media.cellsignal.com/pdf/2236.pdf

Acetyl-Histone H3 Lys9 (CST #9649): Acetyl-Histone H3 (Lys9) (C5B11) Rabbit mAb detects endogenous levels of histone H3 only
when acetylated on Lys9. This antibody does not cross-react with other acetylated histones.

Product page with citations and validations: https://www.cellsignal.com/products/primary-antibodies/acetyl-histone-h3-lys9-
c5b11-rabbit-mab/9649

Data sheet: https://media.cellsignal.com/pdf/9649.pdf
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RB (CST #9309): Rb (4H1) Mouse mAb detects endogenous levels of total Rb protein. The antibody does not cross-react with the
Rb homologues p107 or p130, or with other proteins.

Product page with citations and validations: https://www.cellsignal.de/products/primary-antibodies/rb-4h1-mouse-mab/9309
Data sheet: https://media.cellsignal.com/pdf/9309.pdf

phospho-RB S780 (CST #9307): Phospho-Rb (Ser780) Antibody detects endogenous levels of Rb only when phosphorylated at
Ser780. The antibody does not cross-react with Rb phosphorylated at other sites. Product page with citations and validations:
https://www.cellsignal.de/products/primary-antibodies/phospho-rb-ser780-antibody/9307

Data sheet: https://media.cellsignal.com/pdf/9307.pdf

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) PDOX models and cell lines were generated from patient tissue through the Children’s Oncology Group ACNS02B3 brain
tumor biology study. Further details about the population characteristics are outlined in the section below (Human research
participants: population characteristics).

Authentication Authentication based on single tandem repeat analysis (STR) and SNPs on Infinium HumanMethylation450 BeadChip. If
available these profiles were always compared to the human tumor from which the model system was derived from.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination. Results available at www.btrl.org. Overall pathogen testing
includes: EBV, Ectromelia, EDIM, HAdV, Hantaan, HCMV, Hepatitis A, Hepatitis B, Hepatitis C, HHV6, HHV 8, HIV1, HIV2,
HPV16, HPV18, HSV 1, HSV 2, HTLV 1, HTLV 2, LCMV, LDEV, MHV, MNV, MPV, MVM, Mycoplasma pulmonis, Mycoplasma sp.,
Polyoma, PVM, REO3, Sendai, Seoul, Sin Nombre, TMEV, VZV

Commonly misidentified lines  nA
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals PDOX development: female Nod-scid IL2Rgammanull (NSG) or athymic nude mice between 8-16 weeks of age
Fig 6 a,b,c,d,h; Supplementary Fig. 7 a,b,c,e,f: male and female NSG mice between 8-16 weeks of age
Fig 6 e,f; Supplementary Fig. d: female NSG mice between 6-16 weeks of age
Fig 6 g; Supplementary Fig. 7 e,f: athymic nude mice between 8-16 weeks of age

Wild animals The study did not include wild animals.

Field-collected samples The study did not include field-collected samples.

Human research participants

Policy information about studies involving human research participants

8102 dy

Population characteristics Patients of the PDOX cohort (n = 30): median age of 6.35 (range 1.8 — 19); gender: n = 17 male, n = 13 female; primary/relapse: n
=21 primary disease, n = 9 relapsed disease (5/9 collected at autopsy), n = 1 NA, entity: n = 2 atypical teratoid/rhabdoid tumor, n
=3 ependymoma, n = 8 high-grade glioma, n = 15 medulloblasotma, n = 2 pineoblastoma.

Recruitment Model systems were generated through the Children’s Oncology Group ACNS02B3 brain tumor biology study.
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