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ABSTRACT
◥

Relapse is the leading cause of death in patients with medulloblas-
toma, the most common malignant pediatric brain tumor. A better
understandingof themechanisms underlying recurrence could lead to
more effective therapies for targeting tumor relapses. Here, we
observed that SOX9, a transcription factor and stem cell/glial fate
marker, is limited to rare, quiescent cells in high-riskmedulloblastoma
withMYCamplification. Inpairedprimary-recurrent patient samples,
SOX9-positive cells accumulated in medulloblastoma relapses. SOX9
expression anti-correlated with MYC expression in murine and
human medulloblastoma cells. However, SOX9-positive cells were
plastic and could give rise to aMYChigh state. To follow relapse at the
single-cell level, an inducible dual Tet model of medulloblastoma was
developed, in which MYC expression was redirected in vivo from
treatment-sensitive bulk cells to dormant SOX9-positive cells using
doxycycline treatment. SOX9 was essential for relapse initiation and
depended on suppression of MYC activity to promote therapy
resistance, epithelial–mesenchymal transition, and immune escape.
p53 and DNA repair pathways were downregulated in recurrent
tumors, whereas MGMT was upregulated. Recurrent tumor cells
were found to be sensitive to treatment with an MGMT inhibitor
and doxorubicin. These findings suggest that recurrence-specific
targeting coupled with DNA repair inhibition comprises a potential
therapeutic strategy in patients affected by medulloblastoma relapse.

Significance: SOX9 facilitates therapy escape and recurrence in
medulloblastoma via temporal inhibition of MYC/MYCN genes,
revealing a strategy to specifically target SOX9-positive cells to
prevent tumor relapse.

SOX9 expression is essential for the initiation of relapse and dissemination in human
medulloblastoma while also creating a therapeutic vulnerability to targeted MGMT
inhibition and doxorubicin treatment.
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Introduction
Standard treatment of medulloblastoma (MB) includes surgery,

craniospinal irradiation, and chemotherapy, and is effective in up to

70% to 75% of the patients. Despite this, the harsh treatment often
leads to long-term side effects or radiation-induced secondary tumors.
An unfavorable outcome is almost always preceded by disease pro-
gression and relapse. Median survival for MB recurrence is less than
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2 years (1). It is generally believed that recurrence progresses from a
small number of tumor cells that escape surgical resection and
radiotherapy and become resistant to chemotherapy (2).MB is divided
into four molecular subgroups (WNT, SHH, Group 3, and Group 4)
according to their gene expression signature (3). Group 3 and Group 4
MBs are biologically related groups of tumors that lack profoundWNT
or SHH pathway signatures. They can further be divided into distinct
subtypes comprising almost two-thirds of patients where a certain
Group 3 subtype has the poorest survival (4). MB relapses usually
match the molecular subgroup of the primary tumor, but a consid-
erable proportion of Group 3 and Group 4 recurrences include distant
metastasis compared with SHH recurrences that emerge close to the
location of the initial tumor (1, 5, 6). The data suggest that the cells
giving rise to the recurrences in SHH tumors are fundamentally
different from recurrences in Group 3 and Group 4 tumors.

MYC and MYCN oncogenes are frequently amplified in Group 3
and Group 4 MB and correlate with poor prognosis. In recurrent
MB, MYC gene amplifications commonly occur together with TP53
mutations or loss (7). SOX9 is an HMG-box transcription factor
in the SOX family of proteins and has an important role in neural
stem cell (NSC) as well as glial development of the CNS (8, 9). SOX9
was recently described as a reliable marker, together with SOX2, for
latent cancer cells involved in cancer metastasis (10). SOX9 has
further been implicated in tumor migration and drug resis-
tance (11, 12). We previously showed that the ubiquitin ligase
FBXW7 regulates SOX9 levels posttranslationally and when
FBXW7 is mutated or depleted, SOX9 promotes increased metas-
tasis and generates more treatment-resistant MB (12, 13). An
increased understanding of the process of tumor recurrence and
the molecular characterization of migrating cells evading therapy is
needed to develop better therapies targeting recurring tumors. Here
we show how rare populations of SOX9-positive cells accumulate in
a unique set of primary-recurrent patient samples. We then gen-
erated a novel mouse model in which we can follow the accumu-
lation of these dormant cancer cells during tumor relapse at the
single-cell level. We finally provide means of specific targeting of
these therapy-resistant SOX9-positive cell types.

Materials and Methods
Experimental models and subject details
Patient samples

Paraffin-embedded tissue sections from paired primary and recur-
rent human MB samples were obtained from Dr. Ulrich Sch€uller and
the tissue archive of the Center for Neuropathology, Hospital of
University of Munich, in accordance with the Declaration of Helsinki
and after patients had given their written informed consent. Approval
was obtained from the institutional review boards of the hospital.
Data on the DNA methylation levels of two CpGs (cg12434587 and
cg12981137) in the MGMT promoter was derived from 450K
methylation array (Illumina) analysis of Genomic DNA from 11
Group 3 and 19 Group 4 matched primary-recurrent MB pairs from
patients treated at UK CCLG institutions and collaborating centers
and generated as described previously (7). In addition, paraffin-
embedded tissue sections from paired primary and recurrent human
MB samples were obtained from Dr. Steven Clifford and Dr. Rebecca
Hill, Newcastle University, Newcastle upon Tyne, United Kingdom.
Written informed consent was obtained from all subjects and human
tumor investigations were conducted in accordance with the Decla-
ration of Helsinki and with approval from Newcastle/North Tyneside
Research Ethics Committee. We also used transcriptome and DNA

copy-number data for SOX9, MYC, and MYCN genes in 64 primary
human MB specimens that were obtained and analyzed as described
previously (14).We used transcriptome data from 763 primary human
tumors. Their expression profiling with the classification of the four
different subgroups has been described previously (15).

Animal models
Several different transgenicmouse lines were used in this study. The

Glt1-tTA; TRE-MYCN:Luc (GTML) model and the bioluminescence
imaging using luciferase has been described previously (13, 16). Mice
carrying Sox9-rtTA transgene were kindly provided by Dr. Michael
German (University of California San Francisco, UCSF, San Francisco,
CA) and crossed with TRE-MYCN:Luc to generate the STML mice in
an FVB/N background. Tg(Sox9-EGFP)EB209Gsat (pSox9-GFP) ani-
mals were obtained fromMutantMouse Resource & Research Centers
(MMRRC) facility atUniversity ofCaliforniaDavis,Davis, CA.Glt1-tTA
was crossed with pSox9-GFP to generate the GTML; pSOX9-GFP
model and Glt1-tTA was crossed with Sox9-rtTA strains in the FVB/N
background and were both kept as double heterozygotes. Athymic
Nudemice were obtained from Envigo andNOD SCID gamma (NSG)
mice from Jackson Laboratory. Animals were euthanized upon the
development of tumor symptoms (hunched back, paralysis, reduction
of fur quality, weight loss, and tilted head) or 1 year posttransplanta-
tion. Sections from tumors from Ptchþ/�/Math1-SB11/T2Onc ani-
mals were obtained from Dr. Michael Taylor (University of Toronto,
Toronto, Ontario, Canada) and generated as described previously
(17). All experiments were performed in accordance with national
guidelines and regulations and were approved by the Institutional
Animal Care and Use Committee at UCSF or the Uppsala Animal
Experiment Ethics Board at Uppsala University.

Orthotopic transplantation
Injections of tumor cells into mouse brains were performed as

thoroughly described elsewhere (13, 18) and as follows. For allograft
and in vivo transplantation studies, adult nudemice were anesthetized,
and cerebellar allografts were generated by injection of 100,000 cells
into the cerebellum. Mice were monitored until the phenotypic
presentation of a brain tumor, at which point, they were euthanized.
At sacrifice, whole brains were excised, and biopsies were taken for
experimental procedures. PDX models used included BT084 (meta-
static SHHMB established in Dr. Till Milde’s lab), Med-211FH, Med-
411FH (metastatic Gr. 3 MBs established in Dr. Jim Olson’s lab), and
ICb-1572MB (metastatic Gr. 3MB established in Dr. Xiaonan Li’s lab)
all obtained from Dr. Robert Wechsler-Reya’s lab and used as
described elsewhere (18). Orthotopic PDX growth was studied in the
brain and spinal cord in NSG mice that were maintained in animal
facilities at Sanford BurnhamPrebysMedicalDiscovery Institute (SBP)
and the Sanford Consortium for Regenerative Medicine. All experi-
ments were performed in accordance with national guidelines and
regulations and were approved by the Institutional Animal Care and
Use Committee at SBP and the University of California San Diego or
the Uppsala Animal Experiment Ethics Board at Uppsala University.

Doxycycline treatments
Doxycycline (dox) was delivered ad libitum to the mice in vivo via a

dox rich (625 mg/kg) diet (Harlan Laboratories/Envigo).

Cell lines
Tumor cells (GTML,GTS, and pre-GTS)were isolated as previously

described from tumor-bearingmice (13) and cultured as neurospheres
in serum-free conditions with neurobasal (NB) media, additional
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B27 supplement, 100 units penicillin, and 0.1 mg/mL streptomycin, 2
mmol/L L-glutamine, 1:500 antibiotic–antimycotic, 20 ng/mL EGF,
and 20 ng/mL FGF2. Human MB002 primary cell cultures were
obtained from Dr. Yoon Jae-Cho and cultured in serum-free condi-
tions, 1:1 of neurobasal media (-vitamin A) and DMEM/F12 with
sodium pyruvate, NEAA, HEPES, GlutaMAX, 100 units penicillin
and 0.1 mg/mL streptomycin, B27 supplement, 20 ng/mL EGF and
20 ng/mL FGF2, 1� LIF and 1� Heparin (as previously described
ref. 19). Stable doxycycline-inducible SOX9wt and SOX9CPD mutant
cell lines were generated as described previously (12). Lentiviruses
were first packed inHEK293T cells by the specified pTRIPZ lentivector
with the packaging plasmids, psPAX2, and pMD2.G. Supernatants
containing viral particles (48–96 hours posttransfection) were used to
infect the target cells in the presence of freshly added hexadimethrine
bromide (8 mg/mL). Seventy-two hours posttransfection, the cells were
selected and maintained in an appropriate culture medium containing
puromycin (0.125–0.5 mg/mL). CHLA-01-MED and CHLA-01R-MED
were obtained from ATCC and cultured in L-glutamine and HEPES
supplemented DMEM/F12 (Thermo Fisher Scientific, 11330057) with
additional 100 units penicillin and 0.1 mg/mL streptomycin, B27
supplement, with or without growth factors; 20 ng/mL EGF and 20
ng/mL bFGF. Human cell lines were authenticated at ATCC and were
used after a low number of passages in culture after being obtained. All
cell lines including primary cells from mice used were used in low
(maximum15–20) passages and routinely tested forMycoplasma (using
MycoAlert Mycoplasma Detection Assays from Lonza) before use in
experimental settings.

Method details
All reagents and resources used in this paper are specified in

Supplementary Table S5.

Minimal residual disease
Adult nude mice were injected with 200,000 GTML2 or GTML3

cells into the cerebellum and followed for tumor development with
IVIS. Three weeks posttransplantation (at tumor presentation) mice
were grouped; untreated (sacrificed due to tumor burden) and dox
treated. Dox was administered ad libitum for 7 days, after which, they
were followed for an additional 10 days (minimal residual disease) or
followed until tumor relapse. Mice were sacrificed and brains were
harvested at the above-indicated time points.

Flow cytometry and cell sorting
Tumor-burdened GTML;Sox9-eGFP mice were sacrificed and

tumors dissociated, cells cultured as we described above. Cells were
harvested, accutased, andfilteredwith a 30mmcell strainer, then sorted
for GFP-positive (SOX9) cells (488_FITC-A) and GFP-negative cell
population. For the cisplatin treatment experiment, cells were treated
with cisplatin for 24 hours before cell sorting. The BD FACSMelody
was used for sorting and quantifying in this experiment. MB002-
pSOX9-GFP cells were dissociated using accutase and sorted for GFP
expression (488_FITC-A). The BD FACSariaIII was used for this
experiment and was analyzed using BD FACSDiVa version 8.0.

IHC
Brains were fixed in 4% PFA and embedded in a paraffin block.

pre-GTS1 sphere cultures were fixed in 4% PFA for a minimum of
12 hours at 4�C and then embedded in HistoGel, followed by
paraffin embedding. 6 to 7 mm sections of paraffin-embedded tissue
were used for all staining. The complete protocol for the IHC was
described previously (16).

Immunofluorescence
Mouse brainswere isolated, dehydrated, and embedded inparaffin. Six

micrometers brain sections were deparaffinized, hydrated, and antigen
retrieved. Sections were blocked in 10% donkey serum with 1% BSA for
1 hour and then incubated with primary antibodies overnight at 4�C,
followed by washing and secondary antibody for 1 hour protected from
light. After washing nuclei were visualized with DAPI (5 mg/mL) for
5 minutes. Finally, sections were washed and mounted with Fluoro-
mount. Images were taken using Leica DMi8 fluorescent microscope.

Lentiviral constructs
pSOX9-Luc/GFP was generated by replacing the CMV promoter of

pBMN(CMV-copGFP-Luc2-Puro) with the human SOX9 promoter.

RNAscope
RNAscope Technology is a cutting-edge ISH technology based on

Advanced Cell Diagnostics (ACD) unique, patented probe design
strategy that enables simultaneous signal amplification and back-
ground noise suppression (www.acdbio.com). RNA scope was per-
formed according to the manufacturer’s instructions (ACD). We used
specific probes detecting mouse Sox9 (ACD-401051-C2) and human
MYCN(ACD-417501). The detectionwas performed on 6mmsections
of paraffin-embedded tissues. Sections were deparaffinized and pro-
cessed according to the manufacturer’s instructions. For our staining
ofMYCN and Sox9, we used RNAscope-Fluorescent Multiplex Detec-
tion Reagents (ACD-320821), Pretreatment Kit-FLFF (ACD-320842),
RNA Scope Wash Buffer (ACD-310091), and 10� Pretreat (ACD-
320043). We used recommended HybEZ oven to incubate the samples
in the humidity control tray at 40�C.

Western blot analysis
Protein (20mg)was loaded in 4% to 12%Bis-Tris gels and transferred

to an iBlot nitrocellulose membrane. ECL secondary antibodies
(1:5,000)were detected using SupersignalWest PicoChemiluminescent
Substrate.

Doxycycline treatments
For in vitro experiments, doxycycline hyclate (Sigma) was dissolved

in PBS and added to culturing medium (1 mg/mL).

Doxycycline induction or SOX9 in MB002-SOX9CPDmt

One mg/mL of doxycycline was added to MB002-SOX9CPDmt in
culture media. For stable SOX9 overexpression, new DOX was added
every 48 hours. For recovery experiments, cells were cultured in dox-
conditionedmedia for 24 hours, after which, they were spun down and
resuspended in fresh media for continued cell culturing in normal
conditions and harvested 8, 24, 48, and 72 hours after dox removal. The
cell pellet was lysed and analyzed for protein content using Western
blotting.

Drug treatment and proliferation assay
To assess cell proliferation, 10,000 cells were plated in triplicates in a

96-well plate. Proliferation was measured every 24 hours for 5 days
using Resazurin colorimetric assay. TheMGMT inhibitor lomeguatrib
was dissolved inDMSO and added to cells 24 hours post-cell plating to
a final concentration of 20 mmol/L. Thiotepa was dissolved in DMSO
and added similarly to a final concentration of 10 to 100 mmol/L.
Doxorubicin was dissolved in H2O and added to a final concentration
of 200 nmol/L. Spheres frompre-GTS1 cells were treatedwith cisplatin
at a final concentration of 10 mmol/L. The number of SOX9-positive
cells per sphere was counted in 10 spheres in treated (cisplatin) and
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untreated (DMSO) conditions. Statistical significance was calculated
using an unpaired nonparametric Mann–Whitney test.

Long-term proliferation with doxycycline treatment
GTML and pre-GTS cells were seeded in triplicates of 10,000 cells

per well in polyornithine and laminin-coated 96-well plates. Twenty-
four hours post-seeding (0 hour), dox was added to cells (final
concentration 1 mg/mL). Seventy-two hours after the first dose of
dox, a second dose was added to fresh media. DMSO was used as a
control. Fresh media was given to cells on days 7 and 10 of the
experiment. Every 48 hours proliferation was measured using a
resazurin-based assay.

CRISPR-CAS9 targeting Sox9
CRISPR-Cas9 gene editing of Sox9 was performed using Integrated

DNA Technologies (IDT) Alt-R CRISPR-Cas9 system and protocol
(Alt-R CRISPR-Cas9 System: Delivery of ribonucleoprotein com-
plexes into Jurkat T cells using the Neon Transfection System). Three
individual crRNAs targeting Sox9 were selected (GUUCACCGAU-
GUCCACGUCGGUUUUAGAGCUAUGCU, ACCAUGUCGGAG-
GACUCGGCGUUUUAGAGCUAUGCU, GAAGGGCUACGACU-
GGACGCGUUUUAGAGCUAUGCU). These were combined with
ITDs tracrRNA ATTO 550. pre-GTS1 cells (5 � 105) were electro-
porated using theNeon Transfection System 10 mLKit (setting 7; pulse
voltage: 1,200, pulse width: 30, number of pulses: 1), with a combi-
nation of the three Sox9 targeting crRNAs, all at a concentration of
1.8 mmol/L, to excise a segment of the Sox9 gene, seeded as single cells
in 96-well plates and visually inspected for fluorescent labeling. Single
positive cells were expanded to form monoclonal cell lines. pre-GTS1
cells were electroporated resuspended in Buffer R only and then
expanded from single cells to create control cell lines. Sox9 gene
editing was validated using PCR (forward primer CCGGCCCCAG-
GAGAACACCTT, reverse primer GTGAGTGCAGCCCGCGTCCC)
and protein levels were investigated using Western blot analysis
(ab185966). Cell line identity was confirmed using PCR targeting the
Sox9-rtTA construct specific to the GTS mouse strain.

RT-qPCR
RNA was isolated using TRizol and RNeasy Mini Kit. RNA con-

centration was measured with Qubit RNA BR Assay Kit. cDNA
synthesis was done using SuperScript VILO cDNA Synthesis Kit.
qPCR experiments were run in triplicates with 2.5 ng RNA using
SYBR Green PCR Master Mix or PrimePCR (Bio-Rad Laboratories)
SYBR Green Assay on StepOnePlus Real-Time PCR System or CFX96
Touch Real-Time PCRDetection System. Primer sequences formouse
GTML cells for Sox9,MYCN, andGapdh have been used and analyzed
as described previously (13). Primer sequences are found in Table 1.

Cytokine array
Cell lysates (200 mg) and supernatants (2 � 106 cells 48 hours in

culture) were analyzed using Proteome Profiler Mouse XL Cytokine

Array and instructions were followed accordingly. ECL secondary
antibodies (1:5,000; GE Healthcare) were detected using SuperSignal
West Femto Maximum Sensitivity Substrate. Results were analyzed
with ImageJ software and negative controls were used as background.
The experiment was performed twice, and the figures show represen-
tative images.

Chase assay
MB002-SOX9CPDmt and EV cells were treated with doxycycline

(1mg/mL) orDMSO for 4hours, afterwhich, cycloheximide (100mg/mL)
was added. Cells were harvested at the indicated time points and analyzed
with Western blotting for cMYC.

Doxycycline sensitivity prediction
The 2,000 genes with the most significantly higher expression in

DMSO-treated compared with doxycycline-treated GTML3 cells were
considered to represent a doxycycline sensitivity score. Single-sample
gene set enrichment analyses (ssGSEA) was performed with this
signature on scRNA data fromGTML-pSOX9-GFP cells. The ssGSEA
enrichment score was then correlated to SOX9 expression in the
GTML-pSOX9-GFP cell line.

Pre-GTS orthotopic allografts
Adult nudemice were injected with 200,000 pre-GTS1 or pre-GTS2

cells into the cerebellum and followed for tumor development. At
tumor presentation mice were grouped; untreated (sacrificed due to
tumor burden) and dox treated. Dox was administered ad libitum for
30 days, after which, they were followed until tumor relapse.Mice were
sacrificed and brainswere extracted at the above-indicated time points.

Whole cerebellum irradiation
Athymic Nude-Foxn1 nude mice were intracranially implanted

with 1.0 � 105 GTML2 or GTML3 cells. Mice-bearing tumors were
randomized into treatment groups 20 days after implantation. Image-
guided whole-cerebellum irradiation was delivered with the SARRP
microirradiator (XStrahl, Inc.). In brief, a 10 � 10 mm beam was
delivered at 2 Gy/day, 5 days on and 2 days off, for a total of 36 Gy for
both cell lines.

mRNA decay assay
MB002 CPDmt cells were treated with 1 mg/mL of dox or DMSO.

After 24 hours, translation was stoppedwith 10mg/mLActinomycinD
and RNA was collected after 30 minutes, 1 and 2 hours. MYC RNA
levels were analyzed with qPCR using PrimePCR primers for hcMYC
with HGAPDH as a control. Primer sequences are shown in Table 1.

Single-cell RNA-seq experiments
For single-cell library preparation on the 10� Genomics plat-

form, we used the Chromium Single Cell 30 Library & Gel Bead Kit
v3 (PN-1000128), Chromium Single Cell 30 Chip Kit v2 (PN-
1000127), and Single Index Kit T Set A (PN-1000213), according
to the manufacturer’s instructions in the Chromium Single Cell 30

Reagents Kits V3.1 User Guide. Just before cell capture, GTML;
Sox9-eGFP, and GTS2 cell lines were harvested, accutased, and
filtered with a 30 mm cell strainer, then spun at 300 g for 5 minutes
followed by resuspension in PBS with 0.04%BSA on ice. A total of
17,000 cells were loaded per lane on the chip, aiming to capture
10,000 single-cell transcriptomes. All samples were processed in
parallel, on the same day. The resulting cDNA libraries were
quantified on an Agilent TapeStation and sequenced on an Illumina
NovoSeq 6000.

Table 1. Sequences of primers used for qPCR.

Primer name Primer sequence (50 to 30)

SOX9 (human) TCAACGGCTCCAGCAAGAACAAG
ACTTGTAATCCGGGTGGTCCTTCT

PrimePCR primers Bio-Rad
cMYC (human) Seq N/A cat#qHsaCID0012921
GAPDH (human) Seq N/A cat#qHsaCED0038674
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Single-cell RNA-seq data analysis
The Cell Ranger v3.3.0 pipeline was used to process data gen-

erated using the 10� chromium platform. This aligns sequencing
reads to the mouse reference genome mm10 v3.0.0. Following
alignment, gene expression matrices were generated. Using the
Seurat v3.0 package in R, we first removed cells with a low number
(<200) of unique detected genes and genes (<3) with a low number
of cells, then we removed the cells with unique detected genes less
than 500 or great than 7,000, finally, we removed cells in which the
proportion of the UMI count attributable to mitochondrial genes
was greater than 20%. Umap of SOX9/KI67 and cell-cycle analysis
in GTML; SOX9-GFP and GTS cells were generated using the
Seurat package.

We revisited the scRNA data using the following methods to
generate Fig. 4E and Supplementary Figs. S4M and S4N. For
analysis of human medulloblastoma samples, previously published
single-cell RNA sequencing data were acquired from the Gene
Expression Omnibus (GEO), accession number GSE119926. Log-
transformed TPM data were analyzed using the seurat R package
(v4.1.0). Cell-cycle scoring was performed using the seurat built-in
gene sets for G2–M and S phases. Variable features (n ¼ 2,000) were
identified in each sample individually and sample integration was
performed. When identifying integration anchors, the two Gr3/Gr4
samples with the highest number of cells were used as reference.
When integrating samples, the k.weight parameter was set equal to
the cell number of the sample containing the fewest cells. After
integration, data were scaled with regression for cell-cycle scores.
Principal component analysis (PCA) was performed and in subse-
quent clustering and UMAP analyses, 30 PCAs were used.

For analysis ofGTS andGTML cell line samples, raw, fastqfiles were
aligned to a custom reference containing all mm10 transcripts as well
as human MYC. Building the reference and alignment and gene
expression quantification was performed using cellranger v6.1.2
(10x Genomics). For downstream analyses, filtered .h5 files were
imported into Seurat (v4.1.0). Only cells with >500 UMIs and
>300 genes detected were imported. For QC, the percentage of
mitochondrial gene expression was calculated for each cell (%mito).
Cells with %mito more than 2 SDs above the median were discarded.
Cells with (log nFeature) less than 2 SDs below the median were
discarded. In the next step, the DoubletFinder v2.0.3 package was used
to identify putative doublets, which were filtered out. Clusters with
only mitochondrial or no informative markers identified were also
filtered out.

In the downstream analyses, cell-cycle scoring was performed on
normalized data using the mouse orthologs of the human genes
included in the seurat package. Next, SCTransform was performed
while regressing for cell-cycle scores. For clustering and UMAP
analyses, 30 PCAs were used and clustering was performed using a
resolution level of 0.8.

For gene set enrichment analyses (GSEA) of markers identified
in single-cell clusters from GTS/GTML cell lines as well as publicly
available human MB data, genes with adjusted P values < 0.05 were
ranked in order of increasing P values and analyzed using the
online tool gProfiler (ordered query) and the following gene sets:
gene ontology (GO) GO:MF, GO:CC, and GO:BP (BioMart release
2021–12–15), Kyoto Encyclopedia of Genes and Genomes (KEGG;
release 2021–12–27), Reactome (BioMart release 2022–01–03),
Wikipathways (release 2021–12–10), and the following MSigDB
gene sets: MH (mouse-human ortholog) hallmark gene set v0.3,
M2.CGP gene set v0.3, c2.CGP v7.4, and h.all.v7.4 (Hallmarks
gene set).

Assay for transposase-accessible chromatin using sequencing
experiments

Assay for transposase-accessible chromatin using sequencing
(ATAC-seq) with in-house Tn5 of GFPþ cells and GFP� cells from
GTML;Sox9-eGFP and GTS cells was performed as described (20).
Briefly, 50,000 cells were centrifuged 500 � g for 5 minutes at room
temperature. The cell pellet was resuspended in 50 mL lysis buffer
(10 mmol/L Tris-HCl, pH 7.4, 10 mmol/L NaCl, 3 mmol/L MgCl2,
0.01% Igepal CA-630) and centrifuged immediately at 500 � g for
10minutes at 4�C.The cell pellet was resuspended in 50mL transposase
mixture [25mL 2�TDbuffer (20mmol/L Tris, 10mmol/LMgCl2, 20%
dimethylformamide, 22.5 mL dH2O and 100 nmol/L in-houseTn5)]
and incubated at 37�C 30 minutes. After transposition, the mixture
was purified with the QiagenMini-Purification Kit and eluted in10 mL
Qiagen EB elution buffer. Sequencing libraries were prepared follow-
ing the original ATAC-seq protocol. The sequencing was performed
on Illumina NovaSeq at Novogene Europe.

ATAC-seq data analysis
ATAC-seq paired-end reads were trimmed for Illumina adapter

sequences and transposase sequences using an in-house script
and mapped to hg19 using Bowtie2 (21) v2.1.0 with parameters—
very sensitive. Over �11 million mapped reads were generated
in each sequencing library and used for downstream data mining.
Duplicate reads were removed with Picard (http://picard.source
forge.net) v1.79. Peak calling was performed by MACS2 (22)
narrow peak mode with parameters: q 0.01 –nomodel –shift 0.
Overlapping peaks from all samples were merged into a consensus
peak list. The number of unique and properly paired reads mapped
to each peak for each sample was quantified to calculate the Pearson
Correlation. The insert size of fragments was estimated from the
distance between the pair-ended reads and plotted against the
frequency in a histogram. To identify genes with regions of differ-
entially opened or closed chromatin, respectively, we performed
differential analyses (via the edgeR package) of ATAC-seq peaks
between conditions. Subsequently, peaks were mapped to the closest
gene within 20 kB and up to 2,000 genes with the closest associated
peaks were selected for downstream gene-set overlap analyses.

DNA methylation profiling
DNAmethylation profiling was conducted on the Illumina Methy-

lationEPIC platform and was performed by the Uppsala SNP&SEQ
Technology Platform in Uppsala (www.genotyping.se). Preprocessing
of raw IDAT files was conducted in R using the MethPed (1.6.0),
IlluminaHumanMethylationEPICanno.ilm10b2.hg19 (0.6.0), and
IlluminaHumanMethylationEPICmanifest (0.3.0) packages. Probes
were removed, if any sample had an associatedP-valueP> 0.01. Average
b values were extracted after normalization on red-green channels using
the preprocessNoob scheme. Average b after normalization with the
preprocessNoob function from the minfi (version 1.24.0).

Sequencing data preparation
Total RNA was sequenced using the IonProton System in the

Uppsala Genome Center, SciLifeLab, Uppsala University. For the
dox-treated GTML and pre-GTS cells, raw sequencing reads were
mapped to the mm9 genome assembly according to facility stan-
dards, and the according gene-specific read counts were used
directly. For GTS and GTML tumors, we mapped raw sequencing
reads to the mm9mouse genome using a two-round approach of the
STAR alignment algorithm, followed by a subsequent alignment of
unmapped reads using BOWTIE2 in local mode. Gene-specific read
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counts were then obtained via the featureCounts function from the
Subread package.

Differential expression analysis
Differential gene expression analyses were conducted in R using the

edgeR package, including a normalization for differences between raw
library sizes via the calcNormFactors function in conjunction with the
TMMmethod. GTS and GTML tumor samples were processed in two
mixed batches and displayed batch-related biases. To account for those
batch effects, differential expression analyses between GTS andGTML
tumors were conducted by including the batch as a factor in the edgeR
design matrix. Genes were considered significantly differentially
expressed if their FDR corrected P value q < 0.05.

Removal of batch effects.
Although differential expression analyses were conducted by

including batches as a factor in the design matrix, various types of
data visualization required the removal of batch effects among the
GTML and GTS datasets before figure plotting. For this purpose, we
applied the removeBatchEffect function from the R package limma.

Mapping of orthologs and translation of human gene symbols
All translation between different identifiers within the same species

or between ortholog genes inmice and humans were conducted via the
biomaRt package in R. Specifically, where necessary, Ensembl gene ids
obtained after mapping to the Gencode mm9 annotation track were
mapped to official mouse gene symbols. Mouse gene symbols (GTML
and pre-GTS cells) and Ensembl gene ids (GTML and GTS tumors)
were further mapped to their human orthologs and translated to
HGNC symbols to facilitate cross-species analyses and GSEA.

GSEAs
All GSEAswere performed in theGenePattern (https://genepattern.

broadinstitute.org/) platform and using the GSEA preranked method.
Specifically, for every comparison, genes were scored as S ¼ �sign
(logFC) � log10(P-value), where the logFC and P-value were
obtained from the respective edgeR differential expression analysis,
and the score was used as the gene ranks. Subsequently, the ranked
gene lists were analyzed using the GSEAPreranked framework on
seven different gene set databases (H, hallmark gene sets; CGP,
chemical and genetic perturbations; CP:KEGG, KEGG gene sets;
CP:REACTOME, reactome gene sets; TFT, transcription factor tar-
gets; BP, GO biological process; C6, oncogenic signatures) and using
the classical scoring scheme. Gene sets were considered significantly
enriched if their associated FDR corrected P value q < 0.05.

MB subtype classification
The possible MB subtype affiliation of the mouse samples was

estimated using the Metagene code for cross-platform, cross-species
projection of transcription profiles (23). As an MB reference set, we
merged three gene expression data sets, that is, 763 samples from (15),
123 from CBTTC (24), and 170 from (25). The merged data were
batch-normalized using ComBat (26) and samples that could not be
robustly classified into their annotated subgroup were discarded,
resulting in a total of 997 MB samples. Using the metagene software,
GTML and GTS expression profiles were then projected onto the MB-
specific metagene space, subsequently classified via a support vector
machine, and processed via a principal component analysis. To
confirm the resulting classification, we simultaneously also projected
a set of 20 MB PDX samples (18) onto the same MB data set and
processed them alongside the GTML and GTS samples.

Differential expression and survival analysis in MB samples
To compare the expression of SOX9 and SOX2 between primary

andmetastaticMB tissues, we used expression data of 22 samples from
paired primary and metastatic compartments comprising 6 patients
classified as Group 4, 2 patients classified as Group 3, and 1 patient
classified as SHH (27). The processed expression of both the SOX9 and
SOX2 genes was downloaded from the R2: Genomics Analysis and
Visualization Platform (http://r2.amc.nl). For patients with multiple
metastatic compartments linked to the same primary tumor, the mean
value over all metastatic compartments was used to represent the
corresponding metastatic expression. The significance of differences
between primary and metastatic expression means was calculated
using the paired Student t test. We also used the Delattre set in R2
(https://r2.amc.nl) containing 57 samples analyzed using the Human
Genome U133 Plus 2.0 Array (u133p2) arrays but excluded typical
nodular/desmoplastic SHH tumors, as well as apparent b-catenin,
mutated WNT tumors from the analysis when comparing primary
with posttreated samples. When calculating expression differences
between different groups they were considered significantly different
when P < 0.05, as calculated using the one-way analysis of variance
(ANOVA) test included in the R2 online software. For survival
analyses in Kaplan–Meier plots, we used a 10-year/120-month time
point as a cut-off for survival due to the potential risk to include
secondary tumors and further excluded nodular/desmoplastic MB
samples from the Group 3 and Group 4 analysis from the Cavalli set to
not risk including tumors from typically desmoplastic SHHMBs (15).
The P value for survival curves is calculated using a log-rank test of
reported patient survival data as described in R2 (https://r2.amc.nl).
Only a priori fixed cut-offs (median, average, first or last quartiles)
were used to calculate P values in the Kaplan–Meyer survival analysis.

Data availability
Raw andprocessed sequencing data have been deposited in theGEO

(https://www.ncbi.nlm.nih.gov/geo/) and are available via the acces-
sion number GSE162080.

Quantification and statistical analysis
Animal survival statistics

All animal experiments were conducted once. Animal survival was
graphically shown as a Kaplan–Meier curve, made and assessed using
GraphPad Prism 7 software. The P value for survival curves is
calculated using a log-rank test.

IHC and immunofluorescence quantification
All micrographs shown are representative images of the respective

mouse strain tumors. Where appropriate for statistical analysis and
IHC quantification, at least three representative micrographs from at
least three individual tumors were analyzed in Fiji ImageJ and QuPath
bioimage analysis softwares. Staining positivity was expressed as a% of
the total cell population.

Quantification of metastatic dissemination
Quantification of metastatic dissemination was assessed via histo-

logical examinationof hematoxylin and eosin (H&E)–stained transverse
sections of the spinal cord. Each spinal cord was divided into several
smaller, transverse regions before being processed, andmultiple sections
were taken per spinal cord. Metastatic dissemination was considered
either positive or negative—where positivity was determined as a clear
aggregate of 10 or more tumor cells. The number of analyzed animals is
shown in the respective figures.

SOX9-Positive Cells in MYC-Driven Brain Tumor Recurrence
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Reporting of P values, sample size, and statistical significance
Significant P values are reported for appropriate figures either in the

figure legend or in the respective figure panel. Sample size (n) can be
found in the figure legend or the respective figure panel. Error bars
represent the standard error of the mean.

Randomization and inclusion/exclusion criteria
Animals included in the allograft studies had no inclusion/exclusion

criteria before being stratified into treatment or vehicle groups. After
sacrifice, the presence of a physical tumorwas confirmed by pathologic
examination and H&E staining in the brain or spinal cord. Animals
that were found dead without obvious signs of tumor (primary tumor
penetrance studies) were marked as censored. No other data were
excluded from the analysis and reporting in this study.No blindingwas
carried out at any stage of the study.

Results
SOX9 is induced in therapy-resistant brain tumor cells and
accumulates during relapse

We first characterized SOX9 expression changes following MYCN
depletion, using dox treatment of cultured tumor cells derived from
our TetOFF-inducible Group 3 MB model (GTML), where the Glt1
promoter drivesMYCN and luciferase expression (16). We previously
showed that long-term (30 days)MYCNdepletion fromdox treatment
almost always leads to recovery and complete treatment response of
GTML animals that developed large brain tumors. After 48 hours of
dox treatment of GTML tumor cells in vitro, MYCN levels were
suppressed, and we detected a significant increase in Sox9 expression
(Fig. 1A; Supplementary Fig. S1A). Although SOX9-positive cells are
rare (2–3%) in GTML tumor biopsies, we observed an increased
number of SOX9-positive cells after only 6 hours of dox treatment
in vivo (Fig. 1B, top). Regardless of dox treatment duration, SOX9 and
the proliferation marker Ki67 rarely co-stained in GTML tumors,
whereas SOX9-negative tumor cells were significantly more prolifer-
ative [Fig. 1B (bottom); Supplementary Fig. S1B].

We next wanted to study SOX9 expression following radiation and
chemotherapy used in standard treatment.MB tumor cell lines isolated
from crosses of GTML with mice expressing GFP under control of the
SOX9 promoter (GTML-pSOX9-GFP) showed GFP activity in 2% to
5%of all cells (Supplementary Figs. S1C–S1F). First, we treatedGTML-
pSOX9-GFP cells with cisplatin and found a significant increase of
GFP after 24 hours (Fig. 1C). The GFP-positive population was less
sensitive to dox treatment (Supplementary Figs. S1G and S1H), in
agreement with our previous results showing that SOX9 confers
treatment resistance in tumor cells (12).

Next, we treated mice transplanted with GTML tumor cells in the
cerebellum, with fractionated hindbrain radiotherapy in vivo over
3.5 weeks with 36 Gy. All irradiated tumors returned but relapses with
longer latency had an increased number of SOX9-positive cells as
compared with early recurrences or non-irradiated transplants
(Fig. 1D; Supplementary Fig. S1I). Apart from being more SOX9-
positive, the late recurrence had more dividing SOX9-positive cells
compared with the non-irradiated GTML tumors, seen as a higher
percentage of PCNA and SOX9 co-stained cells (Supplementary
Fig. S1J). Further, although non-irradiated transplants did not present
metastatic lesions in the spinal cord, all irradiated tumors did (Sup-
plementary Fig. S1K).

Moving on, we asked if SOX9 is increased also in patient samples
after treatment and if it is associated with recurrence. We, therefore,
matched primary-recurrent patient biopsies (n ¼ 21) from MBs of all

four subgroups and counted cells positive for SOX9. SOX9-positive
cells were significantly enriched in recurrences of both Group 3 and
Group 4 samples (Fig. 1E and F). In addition, SOX9 was found to
correlate with poor survival inGroup 3MB (Fig. 1G), but not inGroup
4 and SHH subgroups (Supplementary Figs. S1L and S1M). There was
no significant difference in SOX9 levels in SHH tumor pairs and too
few matched WNT samples with recurrences for us to draw any
conclusions (Fig. 1F).

Patients with M3 MB (i.e., macroscopic metastatic disease with
spinal cord dissemination) have a worse prognosis as compared with
patients with M0–M1 status (no metastases or micrometastases in the
CSF; ref. 28). By studying our previous dataset of SOX9-immunos-
tainedMBbiopsies (12), we found an increase of SOX9-positive cells in
Group 3 M3 tumors and recurrent Group 3 MB, as compared with
primaryM0–M1cases (Fig. 1H). Therewas an accumulation of SOX9-
positive cells in recurrent Group 4 tumors and a significant increase of
SOX9-positive cells in M2–M3 as compared with M0–M1 Group 4
tumors (Supplementary Fig. S1N), which is in line withM status being
a predictor of poor prognosis in Group 4 MB (15). In addition, we
found that SOX9was elevated in themetastatic compartment ofGroup
3 and Group 4 patients from a smaller collection of paired primary/
metastatic resections (Supplementary Fig. S1O).

As SOX2-positive cells are known to drive hierarchical growth and
relapse in SHH tumors (29), we also studied SOX9 levels in several
Ptch-deficient mouse tumors (2). All tumor cells in primary SHH
tumors and their metastatic lesions were strongly positive for SOX9
(Supplementary Fig. S1P), consistent with our previous observation of
high SOX9 activity in human SHH tumors (13). Immunostainings
only revealed a partial overlap of SOX9 and SOX2 in GTML tumors
(Supplementary Fig. S1Q) and SOX2 levels did not correlate with poor
survival in Group 3 samples (Supplementary Fig. S1R).

When combining all the findings we conclude that SOX9 is cor-
relating with poor prognosis in Group 3 MB and that SOX9-positive
cells are accumulating after standard treatment, during malignant
progression, and following relapse in bothmousemodels and patients.

SOX9 anticorrelates with MYC and marks quiescent cells in
Group 3 patients with MB

To characterize differences in the SOX9-positive and SOX9-nega-
tive tumor cell population in the GTML model, we first used ATAC-
seq to study GFP-sorted cells from GTML-pSOX9-GFP tumors. GFP-
positive cells showed significant enrichment in SOX9 and other SOX
(SOX2/3/6/10) and POU (OCT2/4/6/11) family members from
HOMER motif analysis. Genes including Sox9 with regions of differ-
entially opened chromatin that correlated with a quiescent molecular
cell signature (30) in GFP-positive as compared with GFP-negative
cells were shown using ssGSEAs against gene sets from quiescent and
actively dividing NSCs (Fig. 2A; Supplementary Table S1). Sox9 high
expressing cells in GTML tumors using scRNA-seq (Fig. 2B) also
correlatedwith nondividing cells residing in theG0–G1 cell-cycle phase
(Supplementary Figs. S2A and S2B). Further, the scRNA-seq data of
GTML tumor cells showed two populations with either high expres-
sion of Sox9 or MYCN (Fig. 2C). However, there was also a smaller
population with an intermediate expression of both Sox9 and MYCN
(Fig. 2B and C). To confirm that the cell types identified are tumor-
associated cells and to overcome the problems with poor MYCN
antibodies for IHC, we used the RNAscope technique to stain-specific
RNA sequences for mouse Sox9 mRNA and human MYCN mRNA
(in the TML transgene) in situ. GTML tumors stained strongly for
MYCN and as expected, fewer cells were positive for Sox9 (Supple-
mentary Fig. S2C).
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We next wanted to investigate this heterogeneity in cells from
patients with MB. We started by determining the protein levels of
SOX9 and MYC in the only publicly available MB primary-recurrent
cell line pair, the Group 4 CHLA-01-MED and CHLA-01R-MED
tumor cells (31). Again, decreasedMYCexpression and higher levels of

SOX9 were specifically found in the recurrent cell line (Fig. 2D). In a
cohort of 64 humanMB samples (14), we found SOX9mRNA levels in
MYC/MYCN amplified cases to be significantly lower than the levels in
MYC/MYCN non-amplified cases (Supplementary Fig. S2D, top). This
was further validated in a larger cohort of 470MBGroup 3 and Group

Figure 1.

SOX9 is induced in therapy-resistant brain tumor cells and accumulates during relapse. A, Expression of Sox9 in GTML tumor cells after 48 hours dox treatment
(Student t test; �� , P¼ 0.0059). B, Top, IHC showing SOX9 in GTML tumors after 6 hours, 7 days, and 30 days of dox administration in vivo, as well as an untreated
GTML tumor. Bottom, IF showing SOX9 andKi67 in GTML tumors after 6 hours, 7 days, and 30 days of dox administration in vivo, aswell as an untreated GTML tumor.
The analysis shows an increase of nonproliferating SOX9 expressing cells in the GTML model (see also quantification in Supplementary Fig. 1B). C, Quantification of
GFP-positive cells in of GTML-pSOX9-GFP using cell sorting. The analysis shows that 24 hours cisplatin treatment increases the number of SOX9-positive cells
compared with DMSO control. Student t test comparing the percentage of GFP-positive cells between DMSO and cisplatin treatment; ���� , P < 0.0001.
D, Quantification of SOX9 positive cells in tumors from transplanted GTML2 cells, irradiated with 2 Gy/day for 3.5 weeks (total 36 Gy). Tumors from mice that
took the longest to relapse had more SOX9-positive cells. One-way ANOVA; ���� , P < 0.0001. See also Supplementary Fig. 1I for representative IHC images.
E,Representative images of IHC SOX9 staining of primary and recurrent tumors of all four MB subgroups. F,Quantification of SOX9-positive cells inWNT (n¼ 1), SHH
(n ¼ 6 as well as one re-operated relapse), Group 3 (n ¼ 6 as well as one re-operated relapse), and Group 4 (n ¼ 6) MB. The number of SOX9-positive cells is
significantly higher in recurrent Group 3 (���� , P < 0.0001) and Group 4MB (�� , P¼ 0.00113) compared with the primary tumor [Student t test, recurrence II (n¼ 1) is
not included in the analysis]. G, Kaplan–Meier plot showing 10-year overall survival in Group 3 MB with high SOX9 levels (n¼ 28) and low SOX9 levels (n¼ 78; from
ref. 15) at last quartile cut-off, excluding MB with extensive nodularity or tumors with desmoplastic histology. High SOX9 levels correlate to poor overall survival of
Group 3 MB. H, Percentage of SOX9 levels in low (M0–M1) and high (M3) stage metastatic Group 3 MB aswell as recurrent tumors of the same subgroup from ref. 12.
SOX9 protein levels are higher in recurrent Group 3 MB than in primary M0–M1 stage tumor (Student t test; � , P ¼ 0.0161). See also Supplementary Fig. S1.
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Figure 2.

SOX9 anticorrelates with MYC andmarks quiescent cells in Group 3 patients with MB. A,Genes with higher ATAC-seq peaks in GFP-positive GTML-pSOX9-GFP cells
significantly overlap with a quiescent signature (Fisher exact test; P < 0.05). B, Boxplot comparing the ssGSEA scores for a quiescent NSC signature between the
groups fromC, indicating that Sox9 highGTML cells appear significantlymore quiescent thanMYCN-high and intermediate cells (Welch t test; P <0.05).C, Single-cell
sequencing of GTML cells indicates that there exist three populations with regards to Sox9 and MYCN expression; MYCN exclusive/Sox9 exclusive/intermediate
population with an expression of both MYCN and Sox9. The top �1% of cells with the highest MYCN and Sox9 expression, respectively, and �1% of cells with
intermediary expression were selected for the analysis in B. D,Western blot showing protein levels of SOX9 and MYC, with actin as loading control in CHLA-01-MED
and CHLA-01R-MED. SOX9 is higher in the recurrent cell line. E, The total numbers and percentages of cells with any (>0) expression of either MYC, SOX9, both, or
neither in diagnostic Group 3 MBs (data from ref. 32). F, Cells from E with only SOX9 expression display a significantly higher ssGSEA score for a quiescent NSC
signature as compared with cells with only MYC expression (Welch t test; P < 0.05). G, MB002 cells were transduced with lentiviral vectors encoding inducible EV,
SOX9WT, or SOX9CPDmt. The transduced cell lines were treated with dox for 8 or 24 hours and analyzed for protein levels of SOX9, cMYC, and GAPDH. After the
induction of SOX9, cMYC levels decreased. Thedecreasewasmorepronouncedwhen the stabilized SOX9CPDmtwas induced.H,MB002-SOX9CPDmtwas treatedwith
dox for 24 hours (for SOX9 induction), afterwhich, theywere resuspended in freshmedia. SOX9, cMYC, and cyclophilin B (CypB) proteinwere analyzedwithWestern
blot at 8, 24, 48, and 72 hours after dox removal. After 72 hours, protein levels decreased but neither SOX9 nor cMYCwas restored to start levels. I,Quantification by
FACS of GFP-positive (þ), negative (�), and intermediate cells in FACS sorted GTML-pSOX9-GFP cell line, directly after sorting, 48 hours, 1 week, and 3 weeks after
sorting. The number of GFP-positive cells in the positive population quickly dropped while it slowly increased in the negative population. See also Supplementary
Fig. S2.
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4 samples (15), in which SOX9 expression was anti-correlated with
MYC (Supplementary Fig. S2D, bottom). We finally analyzed scRNA-
seq data of human MB samples (32) and found a few SOX9-positive
cells in humanGroup 3MB biopsies compared with theMYC-positive
population that made up most cells (Fig. 2E). By comparing ssGSEA
SOX9-positive cells in patient samples also presented with a signifi-
cantly more quiescent signature as compared with MYC-positive
populations (Fig. 2F).

We then asked if SOX9 regulates MYC expression in human brain
tumors. We overexpressed inducible wild-type (WT) SOX9 and
mutationally stabilized (CPDmt) SOX9 (12) in MYC-amplified
MB002 cells. SOX9 induction, especially the CPDmt, led to down-
regulated MYC protein after 8 hours and brought it to almost
undetectable levels after 24 hours (Fig. 2G). However, following dox
washout, SOX9 subsequently diminished and MYC levels increased
again (Fig. 2H), suggesting that SOX9 temporally regulates MYC in
this setting. We further investigated the SOX9–MYC interaction in
GTML-pSOX9-GFP cells after sorting out SOX9-positive and SOX9-
negative cells and leaving them in normal stem cell cultures. Two days
after cell sorting, the number of highly GFP-positive cells dropped to
70% whereas the intermediate (GFP low) and GFP-negative cells
increased. After a few weeks most cells were negative (Fig. 2I).
Interestingly, GFP-negative cells were shown to generate a few (2%)
GFP-positive cells after a week in culture (Fig. 2I). These results
suggest cell plasticity and that sorted SOX9-positive cells quickly
become negative without any selection pressure in culture. There
seemed to be a balance in favor of the SOX9-negative, MYCN high
stage, in agreement with the notion that few SOX9-positive cells reside
in GTML tumors or human tumors.

To see if MYC was directly regulated by SOX9, we checked its
mRNA levels and methylation status in the SOX9-inducible MB002
cell lines (12). TheMYC promoter (0–1.5 kb upstream of TSS) was not
methylated upon SOX9 induction as seen using EPIC array analyses
(Supplementary Fig. S2E). Both 8 and 24 hours of SOX9 induction
(Supplementary Fig. S2F) significantly downregulated MYC mRNA
levels (Supplementary Fig. S2G). By comparison, the more obvious
suppression of MYC at the protein level suggests an indirect
regulation or perhaps a posttranslational modification. Still, neither
an Actinomycin D treatment nor a cycloheximide chase assay
showed any difference in the RNA or protein stability of MYC
upon SOX9 induction (Supplementary Figs. S2H and S2I). SOX9
overexpression did however lead to suppressed cMYC phosphor-
ylation (at residues T58 and S62) and reduced proliferation (PCNA-
positivity; Supplementary Fig. S2J).

In summary, we found that the rare SOX9-positive cells in GTML
and human biopsies likely make up a quiescent tumor cell population
distinct from the MYC/MYCN expressing majority of cells. We also
identified an intermediate population expressing both transcription
factors and that the tumor cells could move between these three
populations.

The recurrence process is SOX9-dependent and reproduced in a
novel dual tet transgenic GTS model

Knowing that SOX9-positive cells are more prevalent in metastatic
recurrent tumors and accumulate upon standard treatment, we next
wanted to see if SOX9 cells are present in minimal residual disease
(MRD) that can be detected in patients with MB (33). To generate a
mouse model for MRD, we transplanted mice with two GTML cell
lines (GTML2 and GTML3) with different levels of SOX9 (Supple-
mentary Fig. S3A) and did a short dox treatment of 7 days. GTML3
tumors that were more SOX9 positive were less sensitive to dox and

presented with luciferase signals as high as treatment start already
7 days post-dox treatment (Supplementary Fig. S3B). GTML2 cells that
were less SOX9 positive, however, responded well to dox treatment,
leaving 1% of the luciferase signal (photons/sec) relative to treatment
start in GTML2, and slowly recovering (Supplementary Fig. S3B). This
dynamic is similar to a residual disease seen in patients where relapses
arise several months or years after initial standard treatment (33). Dox
significantly extended the overall survival of GTML2 mice to
16.5 weeks, and all mice presented with relapses (Supplementary
Fig. S3C). We found more SOX9 positive cells both at MRD (defined
as a time point 10 days post-dox treatment) and in recurrent tumors,
compared with untreated GTML2 controls (Supplementary Fig. S3D),
which is similar to what we found in relapses following long-term
irradiation of these cells (see Fig. 1D).

To specifically study and target SOX9-expressing cell populations
in vivo, we employed a Sox9-rtTA transgene (34) driving reverse tTA
(TetON) from the Sox9 promoter (Fig. 3A). First, we asked if MYCN
can induce tumors from SOX9-positive cells. We crossed mice car-
rying Sox9-rtTA with mice carrying TML (STML) and thus created a
TetON system whereMYCN is activated in Sox9-expressing cells with
dox. We followed 56 mice that were put on a dox diet starting from
various time points: embryonal day 0, newborn (P0), and 3 weeks old
animals (P21). None of these STML mice developed any tumors on
continuous dox administration over 6 months (Supplementary
Fig. S3E), suggesting SOX9-positive cells are likely not cells of origin
for these tumors.

The increased expression of Sox9 in our residual disease model (see
Supplementary Figs. S3A–S3D) as well as in human recurrences
(see Fig 1E–H) suggest that SOX9 is involved in a relapse mechanism
rather than in tumor initiation. We then crossed the GTML (TetOFF)
model with the above Sox9 (TetON) model and generated a dual Tet
system in a triple transgenicGlt1-tTA; TML; Sox9-rtTA (GTS) model.
In the absence of dox, GTS mice are identical to GTML mice as the
rtTA molecules produced under the control of the Sox9 promotor are
inactive (TetOFF). However, when GTS mice are given dox,MYCN is
no longer driven by the Glt1 promoter but by the Sox9 promoter
(TetON). As dox is removed, MYCN is again driven from the Glt1
promoter (TetOFF; Fig. 3A). At tumor presentation, the GTML mice
(n¼ 25) were given a dox diet for 30 days and the tumors subsequently
regressed (Fig. 3B) as previously shown (16). GTS mice (n ¼ 24)
developed similarly large primary tumors and recovered after a 30-day
dox diet (Supplementary Fig. S3F). However, 45 to 120 days after dox
removal, all the GTS mice presented with recurrences (Fig. 3B;
Supplementary Fig. S3F). Recurrent GTS tumors showed no signifi-
cant differences in apoptosis or cell proliferation as compared with
GTML tumors (Supplementary Figs. S3G and S3H) and resembled a
large cell anaplastic or classic MB histology. Typically, the recurrent
tumors stained strongly for Ki67 compared with remnant primary
tumors that silently remained in the brain of mice months after
sufficiently curative 30-day dox treatment, as previously described
in the GTML model (Supplementary Fig. S3I; ref. 16). Recurrent
tumors in GTS mice were more metastatic and mainly localized to
the forebrain as compared with tumors in GTML mice that were
most often found in the hindbrain (Fig. 3C–E). GTS forebrain
recurrences (fGTS) most often had spinal metastases as compared
with recurrences preferentially located in the hindbrain or the
cerebellum (hGTS; Fig. 3F). GTML and GTS metastases presented
with SOX9-positive cells at similar numbers as compared with their
corresponding intracranial tumors (Fig. 3G). Overall, fGTS recur-
rences had significantly more SOX9-positive cells than both hGTS
and GTML tumors (Fig. 3G; Supplementary Fig. S3J). Taken
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Figure 3.

The recurrence process is SOX9-dependent and reproduced in a novel dual Tet transgenic GTS model. A, Schematics of the GTS recurrence model. Left, primary
tumor formation (GTML). In the absence of dox, the TML (TRE-MYCN-Luc) transgene is expressed in Glt1-positive cells (bidirectional expression), leading to MB
primary tumor formation in the GTML model. Dox administration will halt MYCN expression (TetOFF) in the Glt1-positive cell population. Right, starting recurrence
with dox (GTS). When combining the GTML TetOFF model with the TetON model, dox will simultaneously force the expression of the TML transgene in Sox9-
expressing cells.When the primary tumor is presented,mice are given a 30-daydox regimen (the Tet-switch), atwhich time, the TetON system is active.Mice are then
taken off dox to reactivate the TetOFF system and followed for tumor recurrence. B, Kaplan–Meier plot and scheme of dox treatment showing mouse survival in the
GTS recurrence model. Primary tumor (GTML, TetOFF-driven) was treated with and cured after 30 days of dox administration. Tumors recurred after 45 to 120 days
post-primary tumor onset/start of dox treatment (Log-rank Mantel–Cox test; P < 0.0001). C, Quantification of tumor localization in the GTML and GTS models.
Seventy percent of GTS recurrences were located in the mouse forebrain in contrast to GTML tumors that most often are found in the hindbrain. D, H&E staining of a
whole mouse brain with relapsed GTS tumor. The tumor recurrences were most often situated in the forebrain. Spinal cord metastasis can be found in GTS-relapsed
tumors. Arrows, metastatic cells surrounding the spinal cord. E, Only 9.6% of H&E-stained sectioned spinal cords from GTML samples presented with spinal
metastases (mets) as compared with 53.8% in GTS samples. F, Histogram comparing the occurrence of spinal metastases in GTS recurrences in the hindbrain or
forebrain region. The majority of spinal metastases were found in forebrain relapse specimens. G, SOX9 in disseminated tumor cells in corresponding spinal cords
from representative individual mice with metastatic spread (top; arrows) as compared with SOX9-positive cells in primary GTML, hGTS, and fGTS tumors (bottom).
H, Cell viability (Alamar blue) of GTML versus pre-GTS cells under long-term dox treatment. Pre-GTS cells started to recover after dox treatment in vitro, but
GTML cells did not (Mann–Whitney; �� , P < 0.01). I, Kaplan–Meier plot showing survival probability of nude mice injected with pre-GTS1 and 2. Pre-GTS cells
gave rise to primary tumors that were treated with dox for 30 days. The tumors later relapsed (log-rank Mantel–Cox test; P ¼ 0.01). J, Cell viability (Alamar blue)
of CRISPR-Cas9 edited and control pre-GTS1 cells under long-term dox treatment in vitro. Control cells started to recover after dox treatment, but Sox9-edited
pre-GTS1 cells (sgSox9) did not. Unpaired t test; ���� , P < 0.0001. See also Supplementary Fig. S3.
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together, the pathology, distant location, and dissemination of
recurrent tumors induced using the GTS system resemble that of
metastatic or relapsed human MB (1), which was also seen following
transplantation of three human Group 3 PDX MB cells that
similarly disseminated and were presented with significantly less
dividing (Ki67þ), SOX9-positive cells in their metastatic compart-
ment (Supplementary Fig. S3K and S3L).

Culturing GTS cells in dox, forcing overexpression ofMYCN from
the Sox9 promoter slows down the proliferation of GTS tumor cells
in vitro (Supplementary Fig. S3M). To know if this suppression is
enough to block tumor relapse in vivo, we introduced a cohort of
GTS mice treated with dox for a prolonged period of 6 months,
resulting in tumor regression and no relapses (Supplementary
Fig. S3N). This implies that transient expression of the tumor
driver MYC in quiescent SOX9-positive tumor cells is a necessity
for relapse in MYC-driven tumors as similarly shown in SOX9-
driven breast cancer progression (35).

We then hypothesized that the few SOX9-positive cells in the
primary GTML tumor were the cause of the GTS recurrences. We
started by testing if we could mimic the GTS relapses in vitro. GTML,
pre-GTS1, and pre-GTS2 cells (from two primary, non-dox treated
GTS tumors) were treated with dox for 5 days. After 10 days in culture,
GTML cells had completely stopped proliferating whereas pre-GTS
cells instead started to recover similarly to what we saw in vivo
(Fig. 3H; Supplementary Fig. S3F). The latter could be continuously
passaged and showedproliferation rates comparable with parental pre-
GTS cell lines. Pre-GTS1 and 2 cells also generated primary tumors in
mice and relapsed after 30 days of dox treatment (Fig. 3I). These data
ruled out the possibility that SOX9-positive cells were nontumorigenic
cells that had infiltrated the brain tumor.

Next, we used CRISPR knockout and depleted Sox9 in pre-GTS1
cells. A clonal gSox9 cell line (pre-GTS1 gSox9) was compared with
two clonal control lines (pre-GTS1 Ctrl1–2; Supplementary Fig. S3O).
All three lines generated brain tumors after around 3 weeks post-
transplantation in vivo. However, when culturing these three lines only
the pre-GTS1 gSox9 line failed to recover after dox removal (Fig. 3J)
providing that SOX9 is essential for rescuing cells in the GTS recur-
rence model.

Overall, MB recurrence is recapitulated in the novel GTS mouse
model of MB relapse in which relapse is dependent on a small
population of SOX9-expressing tumor cells.

Recurrent MBs molecularly resemble primary MBs but are more
inflammatory and immune evasive

To analyze the molecular differences between primary and recur-
rent tumors, we performed RNA-seq analysis and started with a cross-
species comparison against various types of brain tumors, demon-
strating a clear affiliation of both GTML and GTS tumors with MB
(Supplementary Fig. S4A). Subsequently, we employed a cross-species
analysis against MB patient data. The recurrent GTS tumors (n ¼ 6)
clustered near the primary GTML tumors (n ¼ 7) and both were
strongly aligned with Group 3 MB (Fig. 4A).

Despite both tumor models affiliating with Group 3 MB, a differ-
ential gene expression analysis suggested substantial transcriptional
differences between them (Supplementary Table S2). By using pre-
rankedGSEAs, we found significant enrichment of gene sets associated
withMYC pathway and cell proliferation in GTML; and with gene sets
associated with inflammatory responses, JAK/STAT, and NF-kB
signaling in GTS (Fig. 4B). MYCN was repressed specifically in the
forebrain (fGTS) tumors and there was an increase of Sox9mRNA and
protein levels in GTS tumors regardless of their location (Supplemen-

tary Figs. S4B and S4C). Typical immune escape markers like Galectin
9 (Lgals9; ref. 36) and PD-L1 (Cd274; ref. 37) were significantly
upregulated in fGTS (Supplementary Fig. S4B). Further, genes impli-
cated in extravasation and migration, like Ccl2 and Ccr2 (38), were
found to be upregulated inGTS recurrences (Supplementary Fig. S4B).
In line with this, we found that genes with both increased ATAC-seq
signals and upregulated RNA-seq expression in GTS tumors signif-
icantly overlapped with cell locomotion (GO_LOCOMOTION; Sup-
plementary Fig. S4D). Among theGSEA results, we also identified gene
sets of cytokine pathway activation, for example, KEGG_CYTOKI-
NE_CYTOKINE_RECEPTOR_INTERACTION that were upregu-
lated in GTS tumors as compared with GTML tumors (Fig. 4B). A
deeper analysis, by comparing fGTSs and hGTSs using GSEA, showed
that the inflammatory response was a feature of the distant recurrences
(Supplementary Fig. S4E). Accordingly, we used an array with more
than 100 selected cytokines to identify differentially activated cytokine
proteins in GTML and fGTS tumor cells. AlthoughVEGF and IGFBP2
were dramatically reduced, IL12B and IGFBP5 were increased more
than three-fold in recurrent cells with an additional accumulation of
secreted IGFBP5 also in the supernatants from fGTS cell cultures
(Supplementary Fig. S4F).

When performing theGSEAof hGTS and fGTS, we found increased
enrichment in tumor escape from immune cells and T-cell activation.
We also found significantly higher levels of Arg1 and Il10 (Supple-
mentary Fig. S4G) in fGTS, indicating an accumulation of tumor-
associated macrophages (TAM). To understand the increase, we
investigated the number of macrophages and T cells in the tumors.
First, Ibaþ cells showed a spiky, activated morphology in all tumors
with a significantly increased accumulation in GTS recurrences as
compared with primary GTML tumors. Next, we found significant
recruitment of Cd3þT cells to the fGTS tumors as comparedwithwhat
we found in hGTS or normal GTML tumors. Finally, to rule out that
MYCN suppression from 30 dox treatment is causing this phenom-
enon, we also studied GTML tumors that had been treated for 30 days
but we found no difference in immune cell activity to that observed in
GTML tumors (Supplementary Figs. S4H and S4I).

We next used scRNA-seq to characterize the SOX9-population in
both mouse models. We found that Sox9-expressing cells were more
numerous in GTS cell lines (�39%) compared with GTML cell lines
(�5%; Fig. 4C and D). As seen in a dot plot comparative analysis of
scRNA-seq data, Sox9 is present in a single, distinctly definedKi67 and
Slc1a2 (Glt1) low cluster (Cluster 10) in GTML tumors. Glt1-expres-
sing cells instead correlate with more proliferative cells (like cluster 8)
that express low levels of Sox9. Given the dox switch, Slc1a2 is more
downregulated in GTS clusters and only present in the cluster with the
highest MYCN activity (Fig. 4E).

In contrast, several clusters with Sox9 expression exist in GTS cells
(Fig. 4E). The cells with the highest level of Sox9 expression in GTS
(cluster 5) showed lower expression of MYCN and Ki67 (Fig. 4E). In
support of this, high Sox9 expression correlated with the G0–G1 cell-
cycle phases and was mainly distinct from proliferative Ki67 expres-
sing cells, seen as distribution in aUmap plot (Supplementary Fig. S4J).
In addition, the GTS cells with the highest Sox9 expression, distinct
from MYCN-expressing cells correlated better with a quiescent sig-
nature (Supplementary Figs. S4K and S4L). Still, Sox9-positive clusters
in GTS have generally higher levels of Ki67, especially compared with
cluster 10 in GTML cells (Fig. 4E). This was also seenwhen comparing
the differentially upregulated genes in different clusters using GSEA
and when further including scRNA data from human samples (Sup-
plementary Fig. S4M). In Group 3 MB, SOX9 is elevated in cluster 5,
which also exhibits a less proliferative phenotype (Supplementary Figs.
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Figure 4.

Recurrent MBsmolecularly resemble primary MBs and are more inflammatory and immune evasive. A, PCA plot showing the affiliation of primary GTML tumors and
recurrent GTS tumors with expression profiles of MB subgroups (data from refs. 15, 25) Northcott and MB PDXs (18) following cross-platform projection via the
Metagene (23) Tamayo method. B, GSEA results for 32 selected key gene sets from six pathway categories significantly enriched in either the GTS (green) or GTML
(blue) tumors. C andD, Single-cell sequencing read counts forMYCN and Sox9 in GTML (C) and GTS (D), indicating that the percentage ofMYCN-positive (reads ≥ 2)
cells remained largely unchanged between the two tumor models, whereas the GTS tumor revealed an increased percentage of Sox9-expressing cells. See also
Supplementary Fig. S4 and Supplementary Table S2. E, Dot plots of transgenic MYCN and murine Sox9, Mki67, and Slc1a2 gene expression in GTML (left) and GTS
(right) cell lines. Cluster IDs are indicated along the y-axis. The size of the dot indicates the percentage of cells in the cluster that expressed the gene, and the color
intensity indicates the average expression level in the cluster. F,Enrichment plots of pathways significantly altered in 48-hour dox-treated pre-GTS tumor cells (gray)
compared with 48-hour dox-treated GTML tumor cells (blue). G, Bar plots showing the logFC for selected genes from the gene sets depicted in F as calculated by
edgeR between GTML and pre-GTS cells under dox treatment. See also Supplementary Fig. S4 and Supplementary Tables S3 and S4.
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S4M and S4N). Among other genes found commonly upregulated in
both SOX9-expressing humanGroup 3 (cluster 5) and Sox9-expressing
GTML cells (cluster 10) are Sox2, Igfbp5, and markers of mammary
stem cells (Lee_Mammary_Stem_Cell_UP and Jechlinger_Epithe-
lial_To_Mesenchymal Transition_UP; Supplementary Fig. S4M).Nei-
ther primary Group 3MB nor GTML cells have undergone epithelial–
mesenchymal transition (EMT). In contrast, Sox9-expressing GTS
cells have already gone through EMT. Instead, these cells show
markers mimicking E2F loss (Igelsias_E2F_Targets_UP), markers of
migration (GO:BP_Locomotion), and are expressing Igfbp5. But, they
also present with markers that might protect them from T cells
(Supplementary Fig. S4M). One such factor is the “don�t eat me” factor
Cd47, which was previously shown to be a useful target in Group 3
MB (39). They further express genes upregulated upon defective T-cell
regulation (Li_Induced_T_To_Natural_Killer_UP), which was also
upregulated in SOX9-positive human Group 3 MB (Supplementary
Fig. S4M).

After 48-hour dox treatment, the viability of GTML tumor cells is
more than halved. This should thus be a critical time point where
SOX9-positive cells will start developing resistant cell clones. To detect
early changes in surviving recurrent cell clones, we comparedRNA-seq
profiles of pre-GTS and GTML cells treated with dox for 48 hours to
untreated control cells.MYCNwas downregulated in both GTML and
pre-GTS cells. Sox9was upregulated in both dox-treated GTML but to
a larger extent in dox-treated pre-GTS cells as expected. In contrast,
Slc1a2 (Glt1) decreased in dox-treated pre-GTS comparedwith GTML
(Fig. 4F; Supplementary Fig. S4O; Supplementary Tables S3 and S4).
Gene sets differentially enriched in dox-treated pre-GTS cells included
hallmarks for stemness, migration, and EMT (Fig. 4F). As SOX9-
positive cells survive dox treatment, we expected to find genes involved
in cell death inhibition. For example, the anti-apoptotic regulator Bcl2
was differentially upregulated in dox-treated pre-GTS cells. Again,
genes involved in the negative regulation of cell proliferation (includ-
ing Igfpb5) were upregulated in pre-GTS cells (Fig. 4G). As we recently
reported in metastatic Group 3 MB, the Notch pathway and Twist1,
drivers of dissemination of these tumors (40), were also significantly
elevated in dox-treated pre-GTS cells (Fig. 4F and G). In GTML cells,
cell-cycle genes/mitotic markers were instead enriched (Fig. 4F
and G). All in all, our data suggest that SOX9-positive tumor cells
start to reconstitute recurrent cell clones through distinct signaling
pathways shortly after oncogene-targeted dox treatment.

MB recurrences respond to MGMT inhibition and doxorubicin
therapy

When we treated pre-GTS tumorspheres with cisplatin, we saw
increased cell death but also a significant increase in the number of
SOX9-positive cells surviving the treatment, similar to GTML cells
(Supplementary Fig. S5A; Fig. 1C). SOX9 expression was also signif-
icantly upregulated in MB biopsies from patients given standard
therapy as compared with expression in treatment-na€�ve patients
(Supplementary Fig. S5B). We, therefore, reasoned that we could use
our novel GTS model to find specific targets for treatment of relapsing
tumor cells.

In the previously described GSEA between dox-treated GTML and
pre-GTS, we found DNA-repair genes to be downregulated, except for
Mgmt, which was upregulated (Supplementary Fig. S5C; Fig. 4F). In
addition, we saw a significant downregulation of Trp53 in GTS tumors
(Supplementary Fig. S5D), which has a central role in the DNA repair
response and that is often lost in MB recurrence (7). Other genes
involved in typical DNA repair processes like Brca2, Rad51, Parp1,
Xrcc2, Fancb, and Fancc were also downregulated in our GTS model

(Supplementary Figs. S5E–S5J). As mentioned,Mgmt was found to be
significantly elevated in pre-GTS cells (see Supplementary Fig. S5C),
but also upregulated in fGTS tumors (Fig. 5A). MGMT is a deal-
kylating DNA methyltransferase important in the direct reversal of
DNA repair. It is implicated in treatment resistance in glioblastoma
(GBM) and is significantly upregulated in recurrent GBMs (41). High
MGMT levels result in significantly worse overall survival in Group 3g
and Group 4a subtypes of MB (Fig. 5B), typically driven byMYC and
MYCN amplification, respectively (15). AndMGMT levels are indeed
highest in Group 3 MB (Supplementary Fig. S5K). When overexpres-
sing SOX9 in human MB cells, MB002, we also found a fast upregula-
tion of MGMT, suggesting that SOX9 is promoting its expression
(Fig. 5C). We used ATAC-seq and found that the Mgmt promoter
region was more open in the more SOX9-positive fGTS cells as
compared with hGTS cells (Fig. 5D). We then investigated the
methylation status ofMGMT in a set of 30 (11 Group 3 and 19 Group
4) paired primary and relapsed MB samples. We focused on two CpG
probes, previously used to study the association between MGMT
promoter methylation and gene expression (41). Most patients with
MB displayed hypomethylation in the primary tumors, whereas 1
patient with hypermethylated MGMT promoter underwent demeth-
ylation upon recurrence. Still, a potent MGMT inhibitor, lomeguatrib,
significantly decreased the proliferation of GTS cells but did not show
efficacy in GTML cells (Fig. 5E). In combination with the alkylating
agent thiotepa, often used in high-risk Group 3 MB therapy, lome-
guatrib decreased the proliferation of fGTS cells even further (Sup-
plementary Fig. S5L).

Next, we wanted to find drugs that could be used to treat distant/
metastatic recurrences. A GSEA against a drug database of chemical
perturbations revealed several drug signatures differentially enriched
between the metastatic fGTS and local hGTS tumors. It suggested that
the latter might be more sensitive to doxorubicin treatment. Our
prediction was strengthened by ATAC-seq data, indicating that genes
with more open chromatin in fGTS cells significantly overlapped with
doxorubicin-related (APOPTOSIS BY DOXORUBICIN_DN) gene
sets (Fig. 5F and G). When treated with 200 nmol/L doxorubicin,
fGTS cells were completely depleted after 72 hours as compared with
GTML and hGTS cells where nearly half of the cells were still viable
(Fig. 5H). After a shorter 24-hour exposure, doxorubicin specifically
lowered SOX9 protein levels in fGTS cells whereas SOX9 levels instead
increased in GTML and hGTS cells (Fig. 5I). In contrast, MYCN levels
were left unaltered in all treated cell lines (Supplementary Fig. S5M).

To conclude, MGMT inhibition in combination with alkylating
agents could potentially benefit patients with relapsed Group 3 MB,
which manifest with hypomethylated MGMT, and doxorubicin
presents as a promising future treatment for metastatic recurrent
Group 3 MB.

Discussion
Recurrent tumors and metastasis are associated with poor prog-

nosis in MB (1, 42). It was recently shown that SOX2-positive and
OLIG2-positive cells driven by Ptch1 loss were capable of propagating
SHH-dependent MB and inducing recurrence (29, 43). However,
neither SOX2 nor OLIG2 correlates with poor prognosis in Group
3 and Group 4MB, which are different biological entities as compared
with WNT or SHH MB, as further anticipated when studying their
distinct methylation profiling (15).

SOX9 is not essential for SHH-driven MB formation from granule
cell precursors (44) but has recently been shown to drive radiation-
induced resistance and recurrence in MB upon Ptch1 loss from
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contributing astrocyte-like cells (45). Non-proliferative tumor cells are
defined by a SOX9-driven quiescence program dependent on the
retinoic acid pathway in head and neck tumors (46) or by a WNT-
driven suppression mechanism in breast tumor latency (10). By using
advanced modeling and diversified profiling of mRNA and protein at
the single-cell level, we identified pathways that are overrepresented in
the recurrent GTS tumors as well as in Group 3 patient samples. As we
expected, based on the tumor’s pathology, pathways involved in cell
migration, motility, and adhesion, were upregulated in the recurrent

tumors. Apart from increased SOX9 expression, the elevated levels of
the chemokine ligand CCL2 and its receptor CCR2 in forebrain GTS
tumors that relapsed to a distant site away from the primary location
are striking and correlate well with recent reports ofMB dissemination
patterns and metastasizing through circulating tumor cells in the
blood (38). Similarly, the transformation of microglia to become
tumor-associated and Arg1þ and the upregulation of typical immune
escape markers like PD-L1, Lgals9, and Il10 suggests that forebrain
recurrences indeed try to protect themselves against infiltrating T cells

Figure 5.

MB recurrences respond to MGMT inhibition and doxorubicin therapy. A, Expression levels ofMgmt in primary GTML tumors (n¼ 7), and recurrent hGTS (n¼ 2) and
fGTS tumors (n¼ 3) from RNA-seq (Mann–Whitney test). B, HighMGMT levels significantly correlated with a poor 10-year overall survival in Group 3g and Group 4a
MYC and MYCN high MB subgroups (from ref. 15 at median cut-off). C, Western blots showing induction of SOX9 in MB002-SOX9CPDmt using dox also leads to
increasedMGMT protein already after 2 and 8 hours.D,ATAC-seq of oneGTS hindbrain cell line (hGTS1) and oneGTS forebrain cell line (fGTS2) showopen chromatin
at the MGMT promoter in fGTS2, suggesting that MGMT expression is induced in distant recurrences (Student t test). E, Cell viability (Alamar blue) after 24, 48, and
72 hours of lomeguatrib (20mmol/L) treatment of GTML3 versus hGTS1 and fGTS2 cell lines. TheGTS cell lines aremore sensitive to lomeguatrib treatment compared
with GTML3. Student t test; �� , P ¼ 0.0010. F, Genes with significantly higher ATAC-Seq peaks in the fGTS2 cell line as compared with the hGTS1 line overlapped
significantly (P < 0.05) with genes downregulated with doxorubicin treatment. G, Normalized enrichment scores from a GSEA comparing hGTS1 and fGTS2
expression profiles against the CGP (chemical and genetic perturbation) database of gene sets; significantly enriched drug treatment gene sets are highlighted.
H,Cell viability (Alamar blue) after 24, 48, and 72 hours of doxorubicin (200 nmol/L) treatment ofGTML3, hGTS1, and fGTS2. fGTS2was significantlymore sensitive to
doxorubicin treatment comparedwith hGTS1. Student t test; ���,P <0.0001. I,Western blots depicting SOX9protein levels in GTML3, hGTS1, and fGTS2 after 24 hours
of doxorubicin treatment (200 nmol/L). See also Supplementary Fig. S5.
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in this fully immunocompetent animal model. A similar type of
macrophage-induced immune suppression has similarly been seen
following irradiation of SHH tumors (47), suggesting this modulation
of TAMs can be triggered following standard treatment.

The approach of combining a TetOFF system representing
the bulk cells of the tumor with a TetON system representing
distinct clones of dormant tumor cells can be applied for studying
heterogeneity in other cancer models and especially for evaluating
the properties of defined cell types within the tumor. Our
data confirm that relapsing cells avoid therapy by entering a
dormant quiescent state. Still, our single-cell analysis suggests that
a larger cluster of intermediate SOX9-positive cells emerge that
retain MYC expression in relapses. We also concluded that the
SOX9-positive, resistant tumor cells are plastic and can rapidly
reduce SOX9 levels and return to an MYC high state later in the
relapse process when the tumor is expanding. This suggests that an
upfront treatment or a treatment at the MRD state would
be deemed necessary to efficiently remove these SOX9-positive
therapy-escaping cells.

Downregulation of p53 and numerous DNA repair pathways
observed in recurrent tumors are most likely an escape route for the
tumor cell to avoid getting trapped by the repair machinery. Direct
targeting of this route might thus be efficient, but it is difficult to treat
something that is suppressed. In contrast, MGMT, involved in the
direct reversal repair pathway, correlates with poor prognosis inGroup
3 patients, was upregulated and indeed seemed to have a functional
role in recurrent mouse tumors as its specific inhibition not only
suppressed relapses but also successfully potentiated the effects of
standard MB therapy.

Apart from MGMT targeting, our combined bioinformatics
results suggested doxorubicin as a therapy for targeting SOX9-
positive relapses and for downregulation of the SOX9 protein.
Doxorubicin is used in the therapy of patients with hematologic
and solid pediatric cancer (48), including atypical teratoid/rhabdoid
tumors in the CNS but the drug cannot efficiently cross the blood–
brain barrier (BBB) despite enhanced drug efficacy from pegylated
liposome formulations. Still, novel techniques using aptamer-
doxorubicin conjugates have shown greatly improved BBB perme-
ability with successful treatment of brain metastases (49). When
such or similar doxorubicin formulations will be approved for use in
patients, they should be considered, especially for children with
recurrent MYC-driven brain cancer, who currently are in great
demand of better treatment options (7).
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