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Abstract

Background. Atypical teratoid rhabdoid tumors (ATRTs) are highly aggressive pediatric central nervous system
tumors defined by the inactivation of the SMARCB1 gene. Despite the identification of three distinct molecular
subtypes, each defined by unique clinical and molecular characteristics, no subtype-specific therapeutic strategies
are currently available. This highlights an urgent need to deepen our understanding of the cellular heterogeneity
and developmental origins of ATRTs.

Methods. We generated a comprehensive single-nucleus transcriptomic atlas of ATRT samples, integrated it with
single-nucleus ATAC-seq and spatial transcriptomics data, and validated our findings experimentally using patient-
derived ATRT tumoroid models.

Results. Our analyses revealed distinct subtype-specific differentiation trajectories, each resembling different brain
progenitor lineages. We identified key transcription factors that appear to drive these developmental pathways.
Furthermore, a shared cycling, intermediate precursor cell (IPC)-like cell population, interspersed throughout tumors,
was consistently present within all ATRT samples. We demonstrate that these subtype-specific differentiation pathways
can be pharmacologically manipulated in patient-derived ATRT tumoroids. By directing tumor cells along their respec-
tive subtype-specific trajectories, we were able to induce a shift toward more differentiated, non-proliferative states.
Conclusions. Collectively, our findings show that ATRTs recapitulate fetal brain signaling programs in a subtype-
specific manner. This work provides a framework for understanding ATRT heterogeneity and supports the feasi-
bility of maturation-based therapeutic strategies tailored to the molecular subtype of the tumor.

Key Points
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Importance of the Study

Atypical teratoid rhabdoid tumors (ATRTs) are highly
aggressive pediatric brain cancers associated with
poor clinical outcomes and significant intra- and inter-
tumoral heterogeneity. Tumors often develop resist-
ance against commonly given chemotherapeutics,
highlighting the need to develop novel and more effec-
tive targeted therapies exploiting ATRT-specific cancer
characteristics. However, despite being categorized
into three distinct molecular subtypes, no subtype-
specific therapies have been developed for ATRT to
date. More research is thus needed to uncover the

Atypical teratoid rhabdoid tumors (ATRTs) are rare, highly
aggressive pediatric tumors occurring in supratentorial
and infratentorial regions of the brain."? Despite inten-
sive, multimodal treatment regimens, prognosis re-
mains dismal with a median overall survival of around 17
months.®8 While ATRTs are genetically characterized by
the bi-allelic loss of SMARCB1 (95% of cases) or SMARCA4
(5% of cases),"” these tumors can be subdivided into three
major subtypes, ATRT-TYR, ATRT-SHH, and ATRT-MYC,
based on DNA methylation and gene expression profiles.?8
Importantly, the different subtypes exhibit distinct molec-
ular and clinical features,?%8 yet subtype-specific therapies
remain to be developed.

ATRTs originate during early fetal development.® The
distinct epigenetic and transcriptomic subtype signatures
suggest that the ATRT subtypes are derived from different
cellular origins during early brain development.'®" This
notion was supported by studies using genetically engin-
eered mouse models, which demonstrated that Smarcb1
loss in specific cell types at distinct developmental stages
can give rise to either ATRT-SHH or ATRT-MYC.'%-' Notably,
no mouse models of ATRT-TYR have been developed to
date, and its origin remains unknown. Several studies re-
vealed that tumor cells retain gene expression signatures
of their presumed normal cell counterpart, indicative of the
cell of origin.’™'® For instance, the identity of several pe-
diatric CNS tumors was revealed by comparing single-cell
transcriptomes of tumors to those of fetal brain cells, fur-
ther refining cellular hierarchies.19.20

A distinct biological characteristic of pediatric cancers is
a block in developmental maturation. Reverting the malig-
nant phenotype to a benign, non-malignant state could be
a relevant therapeutic intervention. Indeed, retinoic acid
treatment induces differentiation in neuroblastoma,?'??
and combined mTOR and HDAC inhibition has been shown
to result in maturation of malignant rhabdoid tumor cells.'®
To unveil such maturation therapies, increased knowledge
is required of the origin of pediatric cancers as well as the
differentiation block underpinning their development.

In this study, we took a multiomics approach combining
single-nucleus transcriptomics, epigenomic profiling, and
spatial transcriptomics on primary patient-derived ATRT
tissues to define subtype-specific cellular states and dif-
ferentiation trajectories. To validate our findings, we util-
ized patient-derived ATRT tumoroids, providing proof of

biological differences driving each ATRT subtype. This
study presents the first ATRT single-cell multiomics
atlas of ATRTs, encompassing all three molecular sub-
types. We identified a shared cycling, intermediate
precursor (IPC)-like cell population that is at the base
of distinct ATRT subtype-specific differentiation tra-
jectories toward more mature, non-proliferative cell
types. Drug perturbation assays manipulating the IPC-
like population in ATRT tumoroids highlight a potential
therapeutic avenue through maturation therapy tailored
toward the specific ATRT subtypes.

concept for the development of targeted maturation ther-
apies tailored to individual tumor subtypes.

Materials and Methods

Sample Processing and Nuclei Isolation for
snRNAseq and snMultiome

Single-nucleus RNA sequencing (snRNAseq) was per-
formed following established protocols.?®> Samples were
thawed, sectioned into 1-2mm? pieces, and minced in
ice-cold “CHAPS, with salts and Tris” (CS) digestion buffer
for five minutes. Homogenized tissues were filtered twice
through 40 pm cell strainers and washed three times with
“salt-Tris” (ST) detergent buffer. Approximately 20,000
nuclei per sample were loaded into the Chromium single-
cell 3'chip (10X Genomics), and libraries were prepared
using the Chromium Next GEM Single Cell 3' Reagent Kits
v3.1 (10X Genomics). Equimolar pooled libraries (multi-
plexes) were sequenced on a NovaSeq 6000 (lllumina)
sequencer, according to the manufacturer’s instructions.
Single-nucleus Multiome-seq (Gene Expression + ATAC)
(snMultiome) was performed following the manufacturer’s
instructions (10X Genomics). Tissues were minced, hom-
ogenized using a dounce tissue grinder, lysed, then filtered
sequentially through 70 pm and 40 ym filters. Intact nuclei
were sorted based on 7-AAD positivity and nucleus size.

Analysis and Quality Control of snRNAseq Data

Sequencing reads were utilized to generate a count matrix
using cellranger (v7.0.0),% then imported into R (v4.2.0) and
further processed using Seurat (4.9.9.9045)%526 following
standard guidelines.?’

Stringent cutoffs were applied per standard guide-
lines,?” excluding nuclei with fewer than 1000 total number
of unique molecular identifiers (UMI), 500 total number
of genes, and 5% of mitochondrial RNA. Doublets were
removed with scrublet (v0.2.1),2 with patient-specific
cutoffs. Counts were normalized per patient, then merged
and scaled. Dimensional reduction was performed using
principal component analysis (PCA) followed by uniform
manifold approximation and projection (UMAP).2® Data
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integration was conducted using Harmony?° (theta = 1 for
patients, theta = 2 for sequencing technologies).

Clustering and Cell Type Annotation

To identify non-malignant cells, the composition of pa-
tients per cluster was examined. Clusters containing cells
from multiple patients were labelled as tumor microenvi-
ronment (TME), whereas clusters dominated by a single
patient were deemed malignant. Copy-number loss of chro-
mosome 22q was inferred inferCNV,3" with TME clusters
serving as reference (cutoff = 0.1, min_cells_per_gene = 3,
HMM =TRUE, HMM_type = “i6,” window_length =201),
following the method outlined in previous publications.%?
ATRT-TYR clusters exhibiting chromosome 22 loss were
classified as malignant, in line with published data.? TME
cell identities were then assigned from UCell3®-derived en-
richment scores based on the PanglaoDB" reference set.

Tumor cells were annotated based on gene sets from the
human fetal brain atlas,®* recurrent pan-cancer cell states,®®
and PanglaoDB choroid plexus markers. Enrichment scores
drove PCA, UMAP, and clustering. Clusters with unique en-
richment patterns were labeled, prioritizing pan-cancer
states over healthy-cell signatures. Broadly enriched sets
were discarded to ensure specificity. Cells lacking clear sig-
natures were marked “Unannotated.” Figures were gener-
ated using SCpubr package.3®

Validation Datasets

The SMART-seq dataset was provided by the DFKZ, and sam-
ples were processed as previously described.?” Fresh-tissue-
derived 10X v3 3" single-cell RNAseq data was provided by
the lab of Prof. Sam Behjati and generated as previously
described.?®® The single-cell SMARTseq2 dataset was pro-
vided by Dr. Mariella Filbin and processed as described pre-
viously.®’ In brief, raw sequencing reads were aligned to the
hg19 genome using HISAT2 (version 2.1.0). Gene counts
were quantified and normalized with RSEM (version 1.3.0)
to obtain transcript-per-million (TPM) values. Additionally,
bulk-RNAseq deconvolution was performed on a cohort of
25 ATRTs® (ATRT-TYR: 9, ATRT-SHH: 10, ATRT-MYC: 6) using
SPQOTlight following previously described pipelines.3?

Trajectory Analysis

Trajectory analysis through RNA velocity using scVelo,
following standard guidelines® was performed on 10X
Genomics v3 3’ single-cell RNAseq data of an ATRT-TYR
tumor provided by Sam Behjati and previously used as one
of our validation datasets. Tumor cells were identified by
examining chromosome 22 loss using inferCNV and anno-
tated as described above.

Processing of snMultiome Data of Tissues and
Tumoroids

For snMultiome datasets, two tissues or tumoroid samples
of different sex or genotype were pooled. Between 2,000
and 40,000 nuclei were loaded on the Chip J Chromatin

Controller (10X Genomics). Library preparation of gene
expression (GEX) and ATAC library was performed fol-
lowing the manufacturer’s instructions (10X Genomics,
CG000338 Rev D). Libraries were sequenced on the
Illumina platform NovaSeq6000 paired-end under man-
ufacturer specifications (10X Genomics). Data were pro-
cessed with cell ranger-arc v 2.0.0,° Seurat v 4.3.0,%° and
Signac v 1.7.0.4" Reads were mapped to GRCh38, and cell
genotypes were annotated by Souporcell.*? Two datasets
were made for either all snMultiome tissue libraries or
snMultiome tumoroid libraries. Cell ranger-arc aggr func-
tion harmonized peak calling, and term frequency-inverse
document frequency (TF-IDF) was used for normalization.
Human Primary Cell Atlas Data was used as cell type refer-
ence (celldex version 1.6.0)*344 for normal cell annotation.
Normal cells were excluded from downstream analyses.
Tumor cells in either the tissue or tumoroid snMultiome
data were annotated as described above, taking gene sets
from the different cell identities (eg, intermediate pre-
cursor cell (IPC)-like, neural precursor cell (NPC)-like). Cells
falling in between annotations were labelled as interme-
diate cells. UMAP plots were generated via joined clus-
tering of RNA and ATAC (PCA for RNA data = 1:30, LSI for
ATAC data = 2:40).

Differential Motif Analysis

Using the snATACseq data of the snMultiome dataset,
motif activity scores per cell were calculated using
chromvar (version 1.18).%® Differential motif activity
scores were calculated for each ATRT subtype, comparing
subtype-specific IPC-like cells against the mature-like cell
types for each subtype (ATRT-TYR: Cilia-like, ATRT-MYC:
Mesenchymal-like, ATRT-SHH: oligodendrocyte precursor
cell (OPC)-like/NPC-like), excluding intermediate cells.
Filtering criteria were enforced (Log2FC | adjusted p-value
threshold: ATRT-TYR=1 | 1e-40, ATRT-SHH =0.5 | 1e-70,
ATRT-MYC =5 | 1e-40, IPC-like = 2 |0.05).

Connectivity Map

A connectivity map was generated by submitting the top
100 marker genes for IPC-like, NPC-like, OPC-like, and
mesenchymal-like cell populations (COSGR*¢) to CLUE,*
returning a similarity score heatmap for 2,837 compounds.
Positive connectivity scores predict induction of the query
signature across eight tested human cancer cell lines,
while negative scores predict repression. Drugs scoring
positively for NPC-like, OPC-like, and mesenchymal-like
markers, but negatively for IPC-like, were ranked and
selected for further initial in vitro validation of their effect
size measured by dose response curves and marker gene
expression quantified by qPCR.

Tumoroid Culturing

ATRT tumoroids were cultured as previously described.*®
In brief, tumoroids were passaged every 7 days in a
1:4-1:6 ratio, and medium was refreshed every 3-4 days.
Tumoroids were mechanically dissociated and replated in
tumor stem medium (TSM) in suspension plates.
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Drug Treatment for Bulk-RNAseq

To generate dose-response curves, 2,500 ATRT tumoroid
cells were plated in 40 I TSM in 384-well plates (Corning).
Selected drugs (dissolved in DMSO) were tested at final
concentrations of 0.1 nM, 1 nM, 10 nM, 100 nM, 1 yM, and
10 uM (0.25% DMSO), and dispensed into plates using a
Tecan D300e Digital Dispenser. Cells treated with only
DMSO were used as negative controls. IC,, values of each
drug were accessed from the final dose-response curve.

Next, one SHH (AT-SHH04) and one MYC (AT-MYCO08)
tumoroid model were treated with ICy of the drugs for
48 h. Total RNA was extracted using Trizol (Invitrogen).
Sequencing libraries were prepared using the NEBNext
Ultra RNA Library Prep Kit (New England Biolabs) ac-
cording to the manufacturer’s protocol and sequenced
(PE150) using the Illumina NovaSeq 6000 platform
(Novogene).

Data Analysis of Bulk-RNAseq Data

Reads were adapter-trimmed (trim galore v.0.65), aligned to
GRCh38 (STAR v.2.7.2)*° and quantified with featureCounts
v. 1.6.7%° (Gencode v37). Raw counts were processed using
DESeq2%" following standard guidelines. Activity scores
were inferred with decoupleR®? using a custom network of
the top 100 marker genes per cell population.

Immunostainings

Immunofluorescence staining on tumoroids was done as
described,% using the following antibodies: SOX9 (Sigma-
Aldrich, AB5535, 1:200), Ki-67 clone SolA15 (ThermoFisher,
14-5698-82, 1:200), Nestin (R&D Systems, #MAB1259,
1:200), Alexa Fluor™ 488 Phalloidin (ThermoFisher,
A12379, 1:150). Imaging was performed using Leica
SP8. Results were analyzed using Imaris 10.2.0 (Oxford
Instruments plc, Abingdon, UK), and nuclear segmentation
was performed using DAPI signal. Raw intensity values of
S0X9, Nestin, and Ki-67 per nuclei were Z-scored for each
biological replicate.

For immunohistochemistry (IHC), tissues were fixed in
4% paraformaldehyde, dehydrated, and embedded in par-
affin. IHC was performed according to standard protocols
on 5 uym sections, using the following primary antibodies:
LMX1A (Invitrogen, PA5-34470, 1:100), DNER (Proteintech,
24362-1-AP, 1:300), MGP (Proteintech, 10734-1-AP, 1:150),
MYT1L (Thermo Fisher Scientific, PA5-119925, 1:400),
HTR2C (Thermo Fisher Scientific, MA5-32717, 1:50).

Panel Design for Spatial Transcriptomics using
Xenium

In addition to the commercially available Xenium Multi-
Tissue and Cancer panel (377 genes), a custom panel was
created by incorporating 100 additional genes.The top four
differentially expressed genes per cell population were
added (76 genes), together with genes representative of
different immune fractions, and TFs were included to reach

a total of 100 genes. In total, the designed panel comprised
477 genes.

Sample Processing of Xenium Samples

ATRT FFPE tissues were processed, and sections were cut
using the manufacturer’s procedures (Xenium in situ for
FFPE—tissue preparation guide, 10X Genomics protocol
CG000578). In short, FFPE blocks were hydrated for 20 min
in an ice bath, and then 5 ym intact tissue sections were
cut using Leica HistoCore Autocut. Subsequently, tissue
sections were put on 10X Xenium slides and incubated at
42 °C for 3 h.

Data Analysis of Xenium Samples

Output data from the Xenium Onboard Analysis pipe-
line were analysed in R (v4.4.0) using the Seurat package
(v5.1.0). Areas corresponding to distinct tumor samples
were manually partitioned using the selection tool in the
Xenium Explorer software (v3.0.0). Only cells containing at
least 10 detected transcripts were retained for downstream
analysis. We performed automatic cell type annotation
using robust cell type decomposition,® implemented in
the spacexr R package (v2.2.1). The snRNAseq data were
used, with the main tumor and healthy cell annotations
serving as the reference identities. The primary annota-
tions returned by RCTD, corresponding to the reference
cell type yielding the maximum classification score, were
then used to set the identities of cells in the Xenium data.
Neighborhood enrichment analysis was performed inde-
pendently per tumor sample using the SCIMAP Python
package (v2.1.3, Python v3.10.14),%® as implemented in the
spatial_interaction function (default parameters, consid-
ering the 10 nearest neighbors per cell).

Cell Cycle Analysis

ATRT tumoroids (AT-SHH04 and AT-MYCO08, 0.4 million cells
each) were treated with either DMSO, Entinostat (0.8 uM),
Thiostrepton (2.5 yM), or RO31-8220 mesylate (0.5 pM).
After 48 h, cells were labeled with EdU using the Click-iT™
Plus EdU Alexa Fluor™ 647 Flow Cytometry Assay Kit ac-
cording to the manufacturer’s instructions (Thermo Fisher
Scientific, PA5-119925, C10634). Cells were incubated with
10 uM EdU for 4 hours. DAPI (ThermoFisher, #D1306) was
used to stain DNA and acquired with the Beckman Cytoflex
LX flow cytometer. Data analysis was done with FlowJo
Software (BD Biosciences, version 10.10.0).

Annexin V/DAPI Staining

To perform Annexin V/DAPI staining, a previously de-
scribed protocol®® was adapted. ATRT tumoroids
(AT-SHHO04 and AT-MYCO08) were treated with either DMSO,
Entinostat (0.8 uM), Thiostrepton (2.5 yM), or RO31-8220
mesylate (0.5 yM). After 48 and 96 hours, tumoroids were
harvested and mechanically dissociated into single-cell
suspensions. Staining was done with Annexin V—APC (BD
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Biosciences, #550475, 1:100 diluted in Annexin V binding
buffer) and DAPI (ThermoFisher, #D1306, 1:100 of a 200
uM stock) in Annexin V binding buffer supplemented with
2.5 mM Ca2+. Data were analyzed using FlowJo Software
(BD Biosciences, version 10.10.0), as described.%®

Isolation of IPC-like and non-IPC-like Cells

ATRT tumoroids (AT-MYCO07 and AT-MYCO08) were stained
with FITC-conjugated TM4SF1 primary antibody according
to manufacturers’ instructions (Miltenyi Biotec, 130-112-
714, 1:50) at 4°C for 30 min. DAPI (ThermoFisher, #D1306)
was used to stain dead cells. Cells were sorted with a Sony
SH800S cell sorter. 1000 cells that were FITC-positive
(TMA4SF1-positive) or FITC-negative (TM4SF1-negative)
were sorted into individual wells of 96-well plates
(Sarstedt). Cell surface area per well was quantified using
ImageJ software (NIH, Bethesda, MD, USA; version 1.53).

Results

A Single-Cell Atlas of Atypical Teratoid Rhabdoid
Tumors

To map cell states across each of the ATRT subtypes, we
subjected primary tumor tissues of ATRT-SHH (n =9), ATRT-
MYC (n=4), and ATRT-TYR (n=6) to single-nucleus RNA
sequencing (snRNAseq; n = 12) or snMultiome sequencing
(snRNA + snATAC; n=7) (Figure 1A,B, Supplementary
Table S1). From this cohort, 36,601 high-quality nuclei were
obtained (average and median number of transcripts per
nucleus: 5442 and 2531; average and median number of
genes per nucleus: 2128 and 1408) (Supplementary Table
S2). To distinguish tumor cells from cells encompassing
the tumor microenvironment (TME), we first examined
the patient cell composition per cluster. As previously de-
scribed for other tumor entities®”-%" clustering of malignant
cells is typically driven by inter-tumoral heterogeneity,
while non-malignant cells cluster by cell type (Figure 1C,D,
Supplementary Figure S1 A-B). Next, copy number variant
(CNV) profiles were inferred using these normal cell clus-
ters as reference, revealing chromosome 22 loss in ATRT-
TYR tumor cells (Supplementary Figure S1 C-E), consistent
with previous studies."? Finally, we assessed enrichment
for ATRT subtype gene marker sets (Supplementary Figure
S1F, Supplementary Table S3).2" Integration was subse-
quently performed to regress out confounding effects
arising from differential patient identity and sequencing
technology. This resulted in an integrated UMAP, character-
ized, in addition to the TME cells, by the presence of three
main groups of tumor cells, each highly enriched for one of
the ATRT subtypes (Figure 1E,F).

ATRT Subtypes are Characterized by Distinct
Fetal Brain Differentiation Trajectories

We explored whether tumor cell expression patterns
resemble those of normal fetal brain development
(Supplementary Figure S2A). Mapping the expression
of ATRT tumor cells to those of fetal brain cells'®3* and

recurrent tumor cell states®® revealed that each ATRT
subtype was characterized by different developmental
trajectories (Figure 1G, Supplementary Figure S2B,C,
Supplementary Table S4). ATRT-TYR cells displayed ex-
pression similarity with choroid plexus (CP) and cilia cells
(labelled as CP-like and cilia-like). ATRT-MYC cells mostly re-
sembled mesenchymal cells (labeled as mesenchymal-like),
in line with previous research,’®'® and ATRT-SHH cells were
enriched for gene signatures of radial glia cells (RG-like),
neuronal precursor cells (NPC-like), and/or oligodendro-
cyte precursor cells (OPC-like) (Figure 1H, Supplementary
Figure S2D). These findings were validated on the protein
level using IHC staining for selected targets (Supplementary
Figure S3). Interestingly, we identified a tumor population
displaying expression similarity to that of neuronal inter-
mediate precursor cells (IPC-like) (Figure 1G,H). We focused
on these tumor cell populations, labelling the remaining
tumor cells as “Unannotated.” The IPC-like cell population
was found in almost all tumors and thus across the dif-
ferent subtypes (18 out of 19 tumors, accounting for a total
of 0.3% to 11.2% of nuclei, with a median of 2.14%) (Figure
2A, Supplementary Figure S2E). Gene ontology analysis
on differentially expressed genes between the IPC- and all
non-IPC-like tumor cells revealed a significant enrichment
for cell cycle-related genes in the IPC-like cell population
(Supplementary Figure S4 A-D, Supplementary Table S5).
This observation was consistent with the inferred cell cycle
phases for each tumor population, with IPC-like cells map-
ping to the S and G2M phases (Figure 2B).62The availability
of an in vitro ATRT tumoroid system preserving the different
cell states (see below) allowed us to determine whether iso-
lated IPC- and non-IPC-like cells are capable of establishing
tumoroid cultures. We separated IPC- and non-IPC-like cells
from two independent ATRT-MYC models based onTM4SF1
expression, expressed specifically on the non-IPC-like cells
in ATRT-MYC. Notably, no such cell surface markers were
identified for ATRT-SHH. To measure tumoroid-forming ca-
pacity, we seeded TM4SF1-positive or TM4SF1-negative
cells and analyzed their tumoroid-forming capacity as
well as tumoroid size as a measure of proliferation and
self-renewal. For both models, a significant increase in the
size of the tumoroids derived from TM4SF1-negative cells
compared to those grown from TM4SF1-positive cells was
observed. Furthermore, for ATRT-MYC07, we found a sig-
nificant increase in the number of tumoroids grown from
TMA4SF1-negative compared to TMA4SF1-positive cells.
These results suggest that, at least in ATRT-MYC, IPC-
like cells have a higher capacity to proliferate and self-
renew than non-IPC-like cells (Supplementary Figure S5).
Clustering and integration of only IPC-like cells revealed a
subtype-based separation, suggesting that IPC-like cells re-
tain their distinct, subtype-specific transcriptional profiles
(Supplementary Figure S4E-F, Supplementary Table S6).
Pseudotime trajectory analysis, performed on a scRNAseq
dataset generated from an ATRT-TYR tumor, demon-
strated that the IPC-like population indeed seems to be at
the base of the more mature cell populations in this tumor
(Supplementary Figure S4G-H). Importantly, we still ob-
served the IPC-like tumor cell cluster after regressing out
the effect of cell cycle genes before dimensional reduction,
excluding that clustering is solely driven by the expression
of cell cycle genes (Supplementary Figure S6). Furthermore,

920z |4dy g1 uo sasn Aseiqi Auslteaiun Bingsbny Aq L£/6128/092E/2 1/, 2/2101e/ABojoouo-oinau/wod dno-olwapede//:sdiy woly papeojumoq


http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf179#supplementary-data

Blanco-Carmona et al.: A cycling, progenitor-like cell population at the base of atypical teratoid

Sorting

—P  high-quality

nuclei

Tumor resection

v

[ ] ® [ ] wpression B OXv3E BSnapfrozen B ATRT-TYR

Technology Tissue Type  ATRT subgroup

By W ATRT-SHH
® . . > 10X Multiome Viably frozen - ATF'HﬁYC
P T—
Muclei isolation Single-nucleus
sequencing

5’ [ﬁ% () Aswooyos () Neurors
@ Endovoiil () OPC
O mwogia (D) Poricyos

@ AR @ ATRT-SHH @ ATRT-MYC

MNMF Atlas
CP-khe i j
. HPG-ike W -
FGika-tke
]

FNPG-iko
FOPC-lke

.-Imnm-llm

[ Hypouic

Mo sonchy mal—iko

& QAFD & (},&Q ‘:;ﬁfi qf:@‘t’* dﬁ‘f‘ﬁ @’f: P‘goﬁ‘ﬂ

(D) Astocytes () Neurons UCell score @ woie @ iwrune-ike @ RG-ie
@ Endothetal (O) OPC B @ crve @ PG ke (@ Mesenchymal-ke
() microgla  (O) Periytes =008 01 0.15 =02 @ ciaie @ necke (@ Hpode

Figure 1. Generation of a single-nucleus transcriptomic atlas of ATRT. (A) Schematic representation of the sample processing work-
flow. Image partially created from Servier Medical Art (https://smart.servier.com/), licensed under CC BY 4.0 (https://creativecommons.org/li-
censes/by/4.0/) and partially created in BioRender (Paassen, . (2025) https://BioRender.com/ljr50j3). ATRT subtypes are color-coded: ATRT-TYR
in red, ATRT-SHH in blue, and ATRT-MYC in green. (B) Molecular characteristics of the ATRT sample cohort. (C-D) UMAP projection of single-
nucleus transcriptomes (snRNAseq) of ATRT samples colored by patient (C), or TME annotation (D). Grey cells correspond to tumor cells. UMAP1,
x-axis; UMAP2, y-axis. (E-F) Integrated UMAP representation colored by ATRT subtype (E) and TME annotation (F). Grey cells correspond to
tumor cells. UMAP1, x-axis; UMAP2, y-axis. (G) Heatmap depicting enrichment scores for a representative subset of gene sets used in the super-
vised annotation. Choroid plexus markers (CP) were retrieved from PanglaoDB database. Rows: annotated tumor cell populations retrieved by
clustering of the enrichment scores, columns: supervised annotation gene sets. The color gradient is set to comprise [0.05, 0.2]. OPC: oligoden-
drocyte precursor cell; NPC: neuronal precursor cell; RG: radial glia; IPC: neuronal intermediate precursor cell; CP: choroid plexus. (H) Integrated
UMAP representation colored by tumor cell type supervised annotation. Grey cells correspond to TME cells. UMAP1, x-axis; UMAP2, y-axis.
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Figure 2. A proliferative IPC-like population is at the base of ATRT trajectories that are defined by lineage-specific transcrip-
tion factors. (A) Integrated UMAP representation highlighting IPC-like cells colored by ATRT subtype. UMAP1, x-axis; UMAP2, y-axis. (B) Cell
cycle phase proportion across tumor cell populations. (C) Schematic illustration based on the integrated UMAP representation, where different
ATRT subtype-specific trajectories have been showcased. Arrows indicate the possible direction of differentiation within the tumor cell popu-
lation. (D) Heatmap depicting chromvar scores of the most differentially expressed transcription factors (TF) (n = 108) for each cell population,
marking the subgroup-specific differentiation trajectories. Columns are clustered based on cell population identity. Rows are clustered based
on cell population where the indicated TF motif is significantly enriched. TFs called for OPC-like and NPC-like tumor cells were labelled as “SHH
shared.” A set of TFs is highlighted. (E) Enrichment-based UMAP of snMultiome data colored by supervised cell annotations. All unsupervised
cell annotations are combined as “SHH intermediate” or “MYC/ TYR intermediate.” (F) Volcano plot of 633 transcription factors of the Jaspar
database 2020 and their enrichment comparing cilia-like versus IPC-like tumor cells. (G-H) Enrichment-based UMAP of LMX1A either depicting
log-normalized gene expression (G) or motif activity as computed by chromvar scores (H). (1) Average log-normalized gene expression scores of
LMX1A, LMX1B, and OTX2in ATRT-TYR cells grouped by their cell identity label.
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Figure S7D). In summary, our transcriptomic analysis of
ATRT cells uncovered distinct subtype-specific differentia-
tion trajectories that recapitulate gene expression programs
of fetal brain development, and identified a shared IPC-like
population that appears to be at the base of these divergent
tumor lineages (Figure 2C).

Single-Nucleus ATAC-Sequencing Reveals
Differential Transcription Factor Activity Across
ATRT Subtype Trajectories

To identify transcription factors (TFs) that could underlie the
subtype-specific differentiation trajectories, we explored
the snATACseq data from the ATRT samples that were sub-
jected to snMultiome (56X ATRT-SHH, 2X ATRT-TYR, 1X ATRT-
MYC) (Supplementary Figure S8 A, Supplementary Table
S7). Differential TF motif activity scores were calculated for
each subtype, comparing the mature-like tumor cells with
the IPC-like tumor cell cluster (Figure 2D-F, Supplementary
Figure S8 B-D, Supplementary Table S8). A total of 132 TFs
were linked to the differentially enriched motifs identified
in at least one of the mature-like populations, although only
a subset of these TF-motif pairs showed increased TF gene
expression levels (Supplementary Figure S8 FEl). In ATRT-
SHH, we found several TFs that were previously described
to play a role in brain development (eg, POU6F1, RFX4)
(Figure 2D, Supplementary Figure S8 F).8355 Whereas cer-
tain TFs showed specificity for only the NPC or OPC trajec-
tory (Figure 2D, Supplementary Figure S8 C-F), RFX4 was
consistently active and expressed in both SHH trajectories
(Supplementary Figure S8 F-H), suggesting a role for RFX
TFs in lineage differentiation of ATRT-SHH. For ATRT-TYR,
a total of 22 differential motifs were significantly enriched
along the cilia differentiation trajectory (Log2FC > 1, adij.
P-value > 1e-40) (Figure 2F, Supplementary Figure S8 I).
Of note, all 22 motifs shared the consensus sequence 5’
—TAATTA - 3, a DNA binding motif shared by homeobox
gene/homeodomain containing class of TFs.%¢ From these
TFs, LMX1A, LMX1B, and OTX2 displayed increased gene
expression in ATRT-TYR cells (Figure 2I, Supplementary
Figure S81). Previously, other studies described the involve-
ment of OTX2 and LMX1A in ATRT-TYR tumorigenesis.?
No major difference in gene expression of OTX2 was ob-
served along the TYR differentiation trajectory (Figure 2lI).
However, increased LMX1A gene expression and TF motif
accessibility were found along the TYR trajectory (Figure
2G-l). No such increase in LMX1A gene expression was ob-
served in any of the other ATRT subtypes (Supplementary
Figure S8 F), suggesting that LMX1A contributes to tumor
cell maturation in ATRT-TYR specifically. Of note, LMX1A
protein expression was validated by IHC, confirming in-
creased expression ATRT-TYR compared to the SHH and
MYC (Supplementary Figure S9 A-F). Thus, combined
snATACseq with snRNAseq enabled the identification of
trajectory-specific transcription factors, particularly those
driving differentiation within the ATRT-TYR subtype.

IPC-like Cells are Spatially Distributed
Throughout ATRT Tissues

We next examined the spatial organization of the different
cell states in ATRT by performing spatial transcriptomics

using the 10X Genomics Xenium platform and a
custom-made probe panel based on marker genes selected
from our snRNAseq dataset (Figure 3A, Supplementary
Figure S10A-B, Supplementary Table S9). We included
seven patient-derived tumor tissues (3X ATRT-SHH, 2X
ATRT-TYR, 2X ATRT-MYC) (Supplementary Table S10),
which yielded data for an average of 181,457 cells per
tumor section (Supplementary Figure S10C). To delin-
eate tumor cell states and identify cell types of the TME,
we integrated the Xenium gene expression data with the
snRNAseq data using robust cell type decomposition
(RCTD).%* Overall, RCTD-annotated cells exhibited specific
expression of genes identified as markers for certain cell
populations in ATRTs (Figure 3B). Morphologically dis-
tinct structures, such as blood vessels, could also be dis-
tinguished (Figure 3C). The predominant tumor cell states
identified in each ATRT subtype were highly consistent
with our proposed ATRT differentiation trajectories (Figure
3D, Supplementary Figure S10 C-D): CP-like and Cilia-like
cells in ATRT-TYR samples, OPC-like or NPC-like cells in
ATRT-SHH samples, and mesenchymal-like cells in ATRT-
MYC samples. In addition to the more differentiated cell
states, IPC-like cells comprised between ~ 0.8% and 21% of
all malignant cells per sample (median 3.8%), in line with
the snRNAseq data. In agreement with the snRNAseq data,
these cells exhibited significant upregulation of genes
associated with cell cycle progression and proliferation
(Supplementary Figure S10 E).

To investigate the spatial relationships between tumor
cell states in ATRTs, we performed neighborhood enrich-
ment analysis, focusing on IPC-like cells and the dominant
mature-like cell states per tumor. We therefore subdiv-
ided tumor samples based on their central differentiation
trajectories into NPC-enriched (ATRT-05 and ATRT-173),
OPC-enriched (ATRT-256), CP/Cilia-enriched (ATRT-340 and
ATRT-15-RV4), and Mesenchymal-enriched (ATRT-207 and
ATRT-243) groups. As expected, in NPC-enriched, OPC-
enriched, and Mesenchymal-enriched tumors, trajectory-
specific differentiated cell states exhibited strong
spatial enrichment with themselves, indicating that they
co-localize (Figure 3E). This was also the case in CP/Cilia-
enriched tumors, enriched for themselves but strongly de-
pleted for each other, as CP-like and Cilia-like cells appear to
form spatially discrete neighborhoods. IPC-like cells were
generally not enriched for any other cell state, including
themselves, indicating that instead of co-localizing, they
are more diffusely dispersed throughout tumors (Figure
3F).This observation is supported by an examination of the
spatial expression of the proliferation marker Ki-67 (Figure
3F).Together, these data reveal that the different ATRT sub-
types are spatially rather homogenously organized, with
different tumor cell states dispersed across the tumor.

ATRTSs can be Pharmacologically Directed into
their Subtype-Specific Differentiation Trajectory

To explore whether proliferative IPC-like cells can be phar-
macologically directed along respective differentiation
trajectories, we queried publicly available perturbation
datasets?’ for drugs that induce expression changes sim-
ilar to the expression profile of the subtype-specific differ-
entiation trajectories (Figure 4A). This analysis identified
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Figure 3. Spatial transcriptomics reveals IPC-like cells spatially distributed throughout ATRT tissues. (A) Schematic overview
of the sample processing workflow to generate spatial transcriptomics data from ATRT tissue samples. (B) Dot plot showing the expression of
selected marker genes for each annotated cell type in the Xenium data. RCTD annotated cell types are shown on the y-axis and genes on the
x-axis. Dot size corresponds to the percentage of cells from each annotation group that express each gene. Dot color depicts the mean scaled
expression of each gene, constrained between -2.5 and 2.5. (C) Left panel—Xenium cell annotations of ATRT-256. Locations of cell centroids are
plotted and colored by cell type annotation, as shown in the panel legend. Right panels—Zoomed in views of the area highlighted by the black
box on the left panel. The right-top panel shows H&E-stained cells. The bottom-right panel shows polygons corresponding to cell boundaries,
colored by cell type annotation. Scale bars indicate 1 mm (left panel) or 75 pm (right panels). (D) Bar plots depicting the tumor cell type compo-
sition of each tissue sample analyzed using Xenium, as determined by RCTD cell annotations. Samples are grouped by ATRT subtype. (E) Left
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panel—Schematic depicting the outcomes of neighborhood enrichment analysis. Center panel—Dot plot showing the results from neighborhood
enrichment analysis. Target cell types are shown on the x-axis and neighbor cell types on the y-axis. Dot size corresponds to the mean proportion
of the neighbor cell type in the spatial neighborhood of the target cell type. The dot color indicates the mean enrichment score between each pair
of target and neighbor cell types, constrained between -1 and 1. Scores < -0.5 are considered depleted, while scores > 0.5 are considered en-
riched. Samples are grouped by their primary differentiation trajectory. Right panel—Representative fields of view from annotated Xenium data.
Examples were chosen for each group depicted in the center panel. Cells of the tumor microenvironment are colored in light gray. Scale bars:
125 pm. (F) Left panel—Dot plot showing the results from neighborhood enrichment analysis, focusing on interactions between IPC-like cells.
Dot size corresponds to the mean proportion of the neighbor cell type in the spatial neighborhood of the target cell type. The dot color indicates
the mean enrichment score between each pair of target and neighbor cell types, constrained between -1 and 1. Scores < -0.5 are considered de-
pleted, while scores > 0.5 are considered enriched. Samples are grouped by their primary differentiation trajectory. Right panel—Representative
fields of view from annotated Xenium data. Examples were chosen for each group depicted in the center panel. Cells are colored by cell type
(upper row, IPC-like cells in yellow and all other cell types in gray) or by their expression of MKI/67 (bottom row). Scale bars: 125 ym.

HDAC inhibitors (eg, Entinostat), antibiotics (Thiostrepton),
and protein kinase C inhibitors (RO31-8220 mesylate) as
top hits. To test the effects of these drugs on ATRT cells,
we used our previously established patient-derived ATRT
tumoroid models.*® Importantly, snMultiome analysis
showed that ATRT tumoroids contain different tumor cell
states but are enriched for IPC-like cells (AT-SHHO04: 30%,
AT-SHH15: 32%, AT-SHHO05: 2.8%), the target population
for our pharmacologic intervention study (Supplementary
Figure S11 A-G). ATRT-MYC and ATRT-SHH tumoroid
models were treated with the IC,, concentration of each
drug (Figure 4B) for 48 h and subsequently subjected to
bulk-RNAseq (Supplementary Table S11, Supplementary
Figure S12 A). PCA dimensional reduction revealed ATRT
subtype separation along PC_1, while PC_2 differentiated
the treatment conditions (Supplementary Figure S12 B). A
downregulation of IPC-like marker genes was observed fol-
lowing treatment with all three drugs, consistent with EdU-
based cell cycle analysis indicating cell cycle arrest, as well
as evidence of drug-induced apoptosis (Supplementary
Figure S13 A-D). This was further confirmed by gene on-
tology analysis on the differentially expressed genes
between DMSO and Entinostat-treated cells, with cell
cycle-related GO terms enriched in the DMSO condi-
tion (Supplementary Tables S12-13). Furthermore, there
was a correlation between drug-induced gene expres-
sion changes and OPC-like, NPC-like, and mesenchymal-
like markers in both tumoroid models (Figure 4C-D,
Supplementary Figure S12 C, Supplementary Tables S13-
14). On the protein level, a significant downregulation of
the proliferation marker Ki-67, together with an induction
of the neuronal-like marker Nestin, was observed in both
ATRT-SHH and ATRT-MYC tumoroids upon Entinostat treat-
ment for 48 h (Figure 5A-G). Notably, induction of the
neuronal differentiation marker SOX9 was specific to ATRT-
SHH tumoroids (Figure 5A-G). In conclusion, our analyses
demonstrate that cycling, progenitor-like IPC-like cells
can be pharmacologically driven toward a non-cycling,
more differentiated state, offering a potential therapeutic
strategy for ATRT patients.

Discussion

Although several studies have explored the heterogeneity
among ATRT subtypes,?6867 no comparative analyses have
been performed at both the single-cell transcriptomic and

epigenomic levels. Here, we present an atlas of primary
ATRTs that integrates single-cell and spatial transcriptomic
and epigenomic data. By characterizing malignant cell
states, we found that each ATRT molecular subtype ex-
hibits gene expression profiles reflective of distinct fetal
brain lineages. Notably, the presence of these subtype-
specific cell states in ATRT tumoroid models suggests that
they are at least partially intrinsic to tumor cells rather than
solely influenced by the TME. Still, it remains plausible that
these states were initially shaped by the developmental
and anatomical context in which SMARCB1 loss occurred.
Future research using spatial and developmental models
will be critical to determine to what extent (regional) ex-
trinsic factors may influence subtype identities.

In ATRT-TYR, we observed a transition from cho-
roid plexus-like cells toward cilia-like cells, marked by
increasing expression and activity of LMX1A, a transcrip-
tion factor crucial for telencephalic cortical hem cell fate
decisions.®-70 Although established in vitro and in vivo
models for ATRT-TYR are currently lacking, future re-
search into LMX1A and its downstream targets may shed
light on potential oncogenic drivers within this subtype.
In ATRT-SHH, we identified elevated expression and ac-
tivity of POU and RFX TF family members, associated
with differentiation into oligodendrocytic- or neuronal-
like cell states. Given their critical roles in fetal neuronal
differentiation,®37" further studies are necessary to elu-
cidate their functional relevance in promoting differen-
tiation within ATRT-SHH tumors. Lastly, to uncover the
transcriptional regulators underlying the mesenchymal
gene signature in ATRT-MYC, additional tumors of this
subtype must be profiled to provide a greater resolution
into the transcriptional and epigenetic landscape of this
subtype.t471

Interestingly, we identified a tumor cell population
shared across all ATRT subtypes. Although these IPC-like
cells retain subtype-specific gene signatures, likely re-
flecting their distinct cellular origins, they predominantly
exhibit a cycling, progenitor-like phenotype, suggesting a
potential role as tumor-initiating cells driving tumorigen-
esis. Whether this IPC-like population serves as a reservoir
of cancer stem-like cells in ATRT merits further investiga-
tion. We demonstrate that ATRT tumoroids, enriched for
IPC-like cells, can be pharmacologically directed along
their respective differentiation trajectories, indicating that
these cells can generate more mature, differentiated states.
This concept underpins maturation therapy, which aims to
convert malignant cells into harmless, differentiated tissue.
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Figure 4. ATRTs can be pharmacologically directed into their subtype-specific differentiation trajectory. (A) Schematic over-
view of the methodology used for the identification of potential maturation therapies. Image partially created in BioRender. Paassen, I. (2025)
https://BioRender.com/vhbqcr4 (B) Dose-response curves of Entinostat, Thiostrepton, and R031 for the indicated ATRT tumoroid models. Error
bars represent the SD of triplicate measurements of one experiment. (C) Heatmap depicting the Z-scored expression of the top 100 marker genes
from IPC-like, Cilia-like, OPC-like, NPC-like, and Mesenchymal-like tumor cell populations from the snRNAseq cohort for AT-SHH04 (ATRT-SHH,
top) and AT-MYC08 (ATRT-MYC, bottom) tumoroid models. (D) Heatmap depicting the Z-scored expression values of selected genes suitable for

immunofluorescence assays.

Such approaches have proven effective in other pediatric
tumors,® such as retinoic acid treatment for myeloid differ-
entiation in acute promyelocytic leukemia’?73 or neural dif-
ferentiation in neuroblastoma.?'?2 However, clinical trials
using retinoic acid for medulloblastoma and PNET were
largely ineffective,’”* underscoring the tumor-specific na-
ture of maturation therapies.

In this study, we demonstrate drug-induced maturation
in ATRT-SHH and ATRT-MYC tumoroid models using the
HDAC inhibitor Entinostat, the natural cyclic oligopeptide
antibiotic Thiostrepton, and the PKC inhibitor RO31-8220
mesylate. Notably, RO31-8220 was the only PKC inhibitor
that elicited a maturation signature, suggesting its effects
may involve off-target mechanisms beyond PKC inhibition.
HDAC inhibition promoted differentiation programs in both
ATRT-MYC and ATRT-SHH models, consistent with previous
findings in malignant rhabdoid tumors (MRT).'875 HDAC
inhibitors are currently being evaluated in clinical trials

for MRT,’® including the ongoing INFORM2 study testing
a combination of Nivolumab and Entinostat in ATRT-MYC
patients (ClinicalTrials.gov ID NCT03838042). This indicates
that, despite subtype differences, certain drugs may share
a common capacity to shift proliferative IPC-like cells to-
ward differentiation by activating lineage-driving path-
ways. Entinostat, a selective HDAC1/3 inhibitor, may offer
improved safety profiles compared to pan-HDAC inhibi-
tors like Panobinostat or Vorinostat, which are associated
with greater adverse effects.””’8 Future research, including
in vivo testing in orthotopic mouse models, is required to
assess the therapeutic potential of maturation therapies,
using HDAC inhibitors, Thiostrepton and/or R0O31-8220
mesylate, alone or in combination with standard treat-
ments. Overall, our study highlights maturation therapy as
a promising avenue for the development of ATRT subtype-
specific therapeutic approaches to ultimately improve out-
comes for patients suffering from this lethal disease.
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Figure 5. HDAC inhibition induces neuronal marker expression and inhibits cell proliferation. (A) Representative inmunofluo- 3
rescence images of AT-SHHO04 treated with DMSO control or Entinostat. Blue: DAPI (nuclei), green: phalloidin (membranes), yellow: SOX9 (neu- s
ronal differentiation marker), and red: Ki-67 (proliferation marker). Scale bars: 30 um. (B) Violin plots represent the distribution of raw intensity o
values after Z-score normalization in AT-SHHO04 (n = 2 independent biological replicates with multiple regions selected, same for D, F, H below). S
For marker SOX9: DMSO = 2,631 nuclei, Entinostat = 2,588 nuclei. Mean (S0X9) of DMSO0 = -0.2994, mean (S0X9) of Entinostat = 0.3044. Difference o
between means (Entinostat-DMSO0) + SEM = 0.6038 + 0.02648. Unpaired (independent) t-test ****p < 0.0001. For marker Ki-67: DMSO = 2,631 Z
nuclei, Entinostat = 2,587 nuclei. Mean (Ki-67) of DMSO = 0.1482, mean (Ki-67) of Entinostat = -0.1508. Difference between means (Entinostat- =
DMSO0) + SEM = -0.2990 + 0.02737. Unpaired t-test ****p < 0.0001. (C) Representative immunofluorescence images of AT-MYCO08. Blue: DAPI (nu- N
clei), green: phalloidin (membranes), yellow: SOX9 (neuronal differentiation marker), and red: Ki-67 (proliferation marker). Scale bars: 30 pum. pY

(D) For marker SOX9: DMSO = 1,736 nuclei, Entinostat = 1,662 nuclei. Mean (S0X9) of DMSO = -0.04969, mean (SOX9) of Entinostat = 0.05191.
Difference between means (Entinostat-DMSO0) + SEM = 0.1016 + 0.03427. Unpaired (independent) t-test **p < 0.01. For marker Ki-67: DMSO = 1,737
nuclei, Entinostat = 1,664 nuclei. Mean (Ki-67) of DMSO = 0.1221, mean (Ki-67) of Entinostat = -0.1274. Difference between means (Entinostat-
DMSO0) + SEM = -0.2495 + 0.03400. Unpaired (independent) t-test ****p < 0.0001. (E) Representative immunofluorescence images of AT-SHH04.
Blue: DAPI (nuclei), green: phalloidin (membranes), red: Nestin (neuronal marker). Scale bars: 30 pm. (F) For marker Nestin: DMSO = 1,340 nu-
clei, Entinostat = 1,531 nuclei. Mean (Nestin) of DMSO = -0.3167, mean (Nestin) of Entinostat = 0.2772. Difference between means (Entinostat-
DMSO0) + SEM = 0.5938 + 0.03573. Unpaired (independent) t-test ****p < 0.0001. (G) Representative immunofluorescence images of AT-MYCO08.
Blue: DAPI (nuclei), green: phalloidin (membranes), red: Nestin (neuronal marker). Scale bars: 30 ym. (H) For marker Nestin: DMSO = 1,317 nu-
clei, Entinostat = 1,195 nuclei. Mean (Nestin) of DMSO = -0.3391, mean (Nestin) of Entinostat = 0.3737. Difference between means (Entinostat-
DMSO0) + SEM = 0.7128 + 0.03733. Unpaired (independent) t-test ****p < 0.0001.
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