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Cellular hierarchies of embryonal tumors 
with multilayered rosettes are shaped by 
oncogenic microRNAs and receptor–ligand 
interactions
 

Embryonal tumor with multilayered rosettes (ETMR) is a pediatric brain 

tumor with dismal prognosis. Characteristic alterations of the chromosome 

19 microRNA cluster (C19MC) are observed in most ETMR; however, the 

ramifications of C19MC activation and the complex cellular architecture of 

ETMR remain understudied. Here we analyze 11 ETMR samples from patients 

using single-cell transcriptomics and multiplexed spatial imaging. We 

reveal a spatially distinct cellular hierarchy that spans highly proliferative 

neural stem-like cells and more differentiated neuron-like cells. C19MC is 

predominantly expressed in stem-like cells and controls a transcriptional 

network governing stemness and lineage commitment, as resolved by 

genome-wide analysis of microRNA-mRNA binding. Systematic analysis of 

receptor–ligand interactions between malignant cell types reveals fibroblast 

growth factor receptor and Notch signaling as oncogenic pathways that can 

be successfully targeted in preclinical models and in one patient with ETMR. 

Our study provides fundamental insights into ETMR pathobiology and a 

powerful rationale for more effective targeted therapies.

Embryonal tumor with multilayered rosettes (ETMR) is a malignant 

childhood tumor that occurs throughout the central nervous system 

(CNS). ETMR carries a dismal prognosis, with a median survival of 14 

months and a 5-year overall survival of approximately 20% despite 

intensive multimodal treatment1–3. Most patients are diagnosed before 

the age of 3 years.

ETMR often exhibits a distinctive histological pattern, with primitive 

tumor regions forming multilayered rosettes, surrounded by more differ-

entiated areas rich in neoplastic neuropil4. The tumor’s variable CNS loca-

tions, characteristic architecture, marker proteins and transcriptional 

profiles suggest that ETMR originates from pluripotent neuronal cells at 

the early stages of brain development5–7. The coexistence of primitive and 

differentiated regions in the same tumor reflects a retained potential for 

cellular differentiation—a feature observed in other pediatric and adult 

brain tumors7–10. In fact, neuronal differentiation, whether spontaneous 

or treatment-induced, is one of the few factors associated with disease 

stabilization or long-term survival in patients with ETMR11,12. Harnessing 

this differentiation potential is thus a critical therapeutic avenue. In addi-

tion, identifying and disrupting cellular cooperation between malignant 

cell types could offer a specific therapeutic strategy.

A common feature of ETMR is the ectopic activation of the chro-

mosome 19 miRNA cluster (C19MC) by structural aberrations involv-

ing focal amplifications or fusions with the nearby TTYH1 gene13–15. In 

nonmalignant tissues, C19MC is highly expressed in trophoblast cells of 

the placenta16,17. During fetal CNS development, distinct miRNAs have 

important roles in regulating early neural stem and progenitor cell dif-

ferentiation18. However, the role of individual C19MC miRNAs and their 

collective impact on ETMR formation and progression remain poorly 

understood. Deciphering the downstream effects of specific C19MC 

members and identifying their target genes could provide valuable 

insights into this unique oncogenic event and unveil tumor-specific 

therapeutic opportunities.
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malignant cluster 2 was associated with genes involved in neurogenesis 

and cell differentiation (for example, STMN2, TUBB3, ENO2; Fig. 1d and 

Supplementary Table 2a). Therefore, we labeled the gene signatures as 

stem-like and differentiated signatures, respectively. Similar cellular 

heterogeneity was observed in five ETMR tumors from our extended 

frozen cohort (n = 886 cells), which included two tumors without a 

C19MC amplification (Extended Data Fig. 2a–c).

To extend our findings to a larger cohort of ETMR samples, we 

quantified our gene signatures in 26 tumor samples analyzed using 

bulk transcriptome profiling (Fig. 1e)22. Signature scores were anticor-

related (Pearson’s r = −0.66). Notably, recurrent ETMRs had higher 

stem-like scores and lower differentiated scores compared to tumors at 

diagnosis (P < 0.001, Student’s t-test). This is exemplified in one patient 

for which the primary (ET1) and two recurrent tumors (ET1R1, ET1R2) 

were profiled. We did not identify statistically significant associations 

with C19MC status, histological subtypes, tumor locations or age at 

diagnosis in this dataset.

To validate the transcriptional signatures and spatially resolve 

malignant cell populations, we used immunofluorescence (IF) micro-

scopy with markers specific to each malignant population (Fig. 1f and 

Extended Data Fig. 2d). Staining on patient tumor sections across 

three histological subtypes revealed a mutually exclusive pattern: 

LIN28A+, PLTP+ and PAX3+ stem-like cells were confined to hyper-

cellular rosette-like structures, while STMN2+, NSE+ and TUBB3+ dif-

ferentiated cells were located in neuropil-abundant, less cell-dense 

areas (Fig. 1g and Extended Data Fig. 2e). These spatial patterns were 

further validated by mapping malignant signatures onto transcrip-

tomes from microdissected rosette-like and neuropil-abundant struc-

tures22. Gene set enrichment analysis (GSEA) confirmed substantial 

enrichment of the stem-like signature in rosette-like structures and 

the differentiated signature in neuropil-rich areas (Fig. 1h). Together, 

these findings highlight pronounced cellular heterogeneity and a 

clear alignment between transcriptional and histological phenotypes 

in ETMR.

Malignant hierarchies resemble fetal cortical neurogenesis
To investigate parallels between ETMR and normal brain development, 

we compared transcriptional states using our malignant signatures 

on a human fetal neocortex dataset (12–13 weeks after conception; 

Extended Data Fig. 3a)23. We found that the ETMR stem-like signature 

was enriched in immature neural stem cells (NSCs) that resembled 

apical progenitor cells located in the ventricular zone. In contrast, 

the differentiated ETMR signature was enriched in mature neurons 

located in the outer subventricular zone and the cortical plate. Using a 

random forest classifier trained on cell types from the fetal neocortex 

dataset23, we identified a third ETMR cell population resembling basal 

progenitor cells, a derivative of apical progenitors of the inner sub-

ventricular zone (Fig. 2a and Extended Data Fig. 3b)24. This population 

In this study, we performed single-cell transcriptomic profil-

ing and multiplexed spatial imaging in a comprehensive cohort of 11 

patient samples to decipher the malignant cell types of ETMR, inves-

tigate their spatial distribution in tumor tissues and define cellular  

correlates in the healthy developing brain. We further conducted 

miRNA immunoprecipitation (IP) and antisense targeting experi-

ments in patient-derived ETMR models to study the role of C19MC in  

shaping the malignant cellular hierarchy. Finally, we analyzed recep-

tor–ligand interactions between malignant cell types to nominate 

ETMR-specific vulnerabilities and exploit these vulnerabilities  

using targeted therapies in preclinical models and in a patient.

Results
ETMR shows pronounced cellular heterogeneity
To resolve the intertumoral and intratumoral heterogeneity of 

ETMR, we conducted single-cell RNA sequencing (scRNA-seq) and 

single-nucleus RNA sequencing (snRNA-seq) of six fresh and five fro-

zen patient tumors, respectively (Fig. 1a, Extended Data Fig. 1a and 

Supplementary Table 1a). Tumors were selected based on histopatho-

logical diagnosis and DNA methylation-based classification19,20; they 

included samples with different C19MC activation states (n = 9 ampli-

fied, n = 2 nonamplified). Biallelic mutations affecting DICER1 were 

detected in both nonamplified cases (Extended Data Fig. 1b). Samples 

were derived from primary (n = 7) and recurrent (n = 4) tumors of the 

supratentorial (n = 7) or infratentorial (n = 3) region of the brain and one 

extracranial metastasis from a total of nine patients. Four patients were 

female and five patients were male, with an average age of 25 months. 

The age and sex distribution, tumor locations and high rate of recur-

rence in our cohort were consistent with previously described ETMR 

epidemiology1,21.

In total, we profiled 2,571 cells from the six fresh patient tumors 

that passed stringent quality controls (Extended Data Fig. 1c and 

Methods). To identify malignant cells in this dataset, we inferred 

genome-wide copy-number variations (CNVs) (Extended Data Fig. 1d). 

Only 51 cells lacked CNVs and were considered nonmalignant, indicat-

ing high tumor purity in all samples (>95%). CNVs in malignant cells 

most frequently included gains of chromosome 2 (four of six tumors), 

in two cases accompanied by gains of chromosomes 7 and 8, and partial 

or total gains of chromosome 19 (three of six tumors), consistent with 

previous studies1,4,6.

Unsupervised clustering of malignant single-cell transcriptomes 

(n = 2,520) revealed two major malignant cell populations, indicating 

pronounced cellular heterogeneity in ETMR (Fig. 1b,c). Notably, all six 

samples contained cells mapping to both cell populations (malignant 

cluster 1: 35–86%; malignant cluster 2: 14–65%). We next determined 

the transcriptional gene signatures specific to each cluster. Malignant 

cluster 1 expressed genes involved in undifferentiated cell growth and 

proliferation (for example, VIM, CCND1, PAX6, PLTP, PROM1), whereas 

Fig. 1 | scRNA-seq and multiplexed imaging of ETMR tumors. a, Overview of 

clinical and molecular characteristics of the ETMR scRNA-seq cohort (n = 11 

tumor samples). Sex, age at sample collection, tumor type, location and C19MC 

activation status are indicated. Samples indicated with X originated from the 

same patient at different disease stages. b, t-SNE visualization of high-quality 

malignant cells (n = 2,520 cells) from six samples of the fresh cohort, integrated 

using Harmony. Cells are colored according to the sample of origin. c, t-

distributed stochastic neighbor embedding (t-SNE) visualization of n = 2,520 

cells colored according to two major malignant cell clusters, identified using 

hierarchical clustering. d, Heatmap showing the relative expression of 100 

genes specific to malignant clusters 1 (stem-like signature) and 2 (differentiated 

signature). Single cells (n = 2,520 cells) are ranked according to the difference 

in signature scores. The percentages of cells belonging to malignant clusters 1 

and 2 are indicated above. Selected genes of interest are indicated on the right. 

e, Heatmap showing the relative expression of signature genes in n = 26 ETMR 

samples profiled using bulk expression arrays. Samples are ranked according 

to the difference in signature scores, shown above the heatmap. Red indicates 

the primary lesion (ET1) and two recurrences (ET1R1, ET1R2) collected from the 

same patient. Correlations to clinical and molecular annotations are indicated 

below the heatmap. Age at diagnosis is given in years. A two-sided Student’s t-test 

was used to determine the statistical significance between scores for malignant 

cluster 1 in primary and recurrent ETMR. PNET, primitive neuroectodermal 

tumor. f, t-SNE visualization of n = 2,520 cells colored according to the expression 

of the marker genes LIN28A (red) and STMN2 (green). g, Representative 

hematoxylin and eosin (H&E) and IF staining for LIN28A (red), STMN2 (green), 

and 4′,6-diamidino-2-phenylindole (DAPI) (blue) across the histological subtypes 

ETANTR, MEPL and EBL. Staining was performed on at least n = 3 different 

tumor samples for each subtype. EBL, ependymoblastoma; ETANTR, embryonal 

tumor with abundant neuropil and true rosettes; MEPL, medulloepithelioma. 

h, GSEA of malignant gene signatures in transcriptional profiles generated 

from microdissected rosette-like and neuropil-abundant tumor regions. 

NES, normalized enrichment score; Padj, adjusted P value. GSEA P values were 

calculated using a permutation test and adjusted for multiple comparisons using 

the Benjamini–Hochberg procedure. g, Scale bars, 300 µm.
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represents an intermediate between NSCs and differentiated neurons 

and is defined by expression of transcriptional regulators, including 

ASCL1, INSM1, NHLH1 and NEUROD1 (Fig. 2b and Extended Data Fig. 3c). 

These results suggest striking parallels between cellular states in ETMR 

and the developing brain.

These findings prompted us to systematically investigate tran-

scriptional regulation in ETMR using single-cell regulatory network 

inference and clustering (SCENIC) analysis25. Analyzing gene coexpres-

sion module (regulon) activity and transcription factor (TF) expression 

across malignant ETMR cells, we identified 55 regulons of which 37  

were shared among all six ETMR samples, including many regulons 

defined by key neurodevelopmental TFs (Fig. 2c,d and Extended Data 

Fig. 3d–f). Based on their activity in single cells, we clustered shared 

regulons into four groups. A first group of regulons was defined by 

members of the E2F and TFDP TF groups, which are major regulators 

of the cell cycle in mammalian cells. Cells positive for these regulons 

largely overlapped cells positive for a second group of regulons defined 

by the SOX2, SOX3 and NUAK2 TFs. As these TFs have important roles 

in NSCs, we labeled this population NSC-like cells. A third group of 

regulons was defined by the TCF4, TCF12, NEUROD1, NEUROG1 and 

NHLH1 TFs, which were positive in the intermediate population of 

cells. These TFs are key regulators of neuronal lineage commitment 

and differentiation and are specific to migrating basal progenitors in 

normal brain development (Extended Data Fig. 3c). This intermedi-

ate population connected NSC-like cells to cells that were positive for 

a fourth group of regulons defined by TFs specific to differentiated 

neurons (for example, SOX4, SOX11, KLF7, ZEB1)23,26,27.

SCENIC analysis allowed us to refine our previous malignant cell 

populations and suggested a cellular hierarchy ranging from NSC-like 

cells (overlapping malignant cluster 1) to neuron-like cells (malig-

nant cluster 2) via an intermediate cell population (cells from both 

clusters 1 and 2) that was detected in every patient sample (Fig. 2e 

and Extended Data Fig. 4a). Consequently, we generated three tran-

scriptional gene signatures reflecting these refined cell popula-

tions, in addition to a cycling signature (Extended Data Fig. 4b,c and  

Supplementary Table 2b–d). Interestingly, cells positive for the  

cycling signature were highly enriched in the NSC-like population and 

absent from the neuron-like population (Fig. 2f and Extended Data 

Fig. 4d). To evaluate the putative cellular hierarchy, we inferred cellular 

trajectories based on the relative abundance of spliced and unspliced 

RNA transcripts using velocyto28. This analysis revealed unambiguous 

differentiation trajectories of the intermediate populations toward 

neuron-like cells (Fig. 2g and Extended Data Fig. 4e), akin to neuronal 

differentiation in normal brain development.

To investigate the spatial distribution of refined cell popula-

tions, we performed multiplexed spatial phenotyping on more than 

45,000 cells from three primary tumor tissues using representa-

tive TFs (Extended Data Fig. 4f,g). PAX6+ NSC-like cells localized to 

rosette-like tumor structures, while PEG3+ neuron-like cells were found 

in neuropil-rich areas (Fig. 2h). NEUROD1+ cells were more evenly dis-

tributed throughout the tumor. Nearest neighbor distance (NND) 

analysis showed the largest distances between NSC-like and neuron-like 

cells (mean NND = 30.8 µm), with intermediate cells positioned closer 

to both (15.3 µm and 22.6 µm, respectively; Fig. 2i). This spatial pat-

tern corroborates our inferred developmental hierarchy in ETMRs, in 

which undifferentiated NSC-like cells form rosettes and retain some 

differentiation potential as they migrate to form neuropil-rich areas, 

similar to normal neurogenesis23.

In summary, these results suggest that ETMR cells closely reca-

pitulated sequential developmental programs during normal human 

brain development. NSC-like and intermediate ETMR cells correlated 

to apical and basal progenitors, respectively, while neuron-like ETMR 

cells correlated to more mature basal neurons. Malignant cell types 

are controlled by master transcriptional regulators and form spatially 

distinct niches within ETMRs, reminiscent of those found in normal 

brain development.

C19MC expression is restricted to ETMR stem-like cells
The defining molecular feature of more than 90% of ETMRs is the activa-

tion of C19MC via amplifications or fusions involving the nearby gene 

TTYH1 (ref. 14). C19MC is the largest cluster of miRNAs in the human 

genome that covers a region of approximately 100 kb containing  

46 miRNA genes grouped into 16 miRNA families (miR-498, miR-512, 

miR-515 to 527, miR-1283 and miR-1323, expressed as a single primary 

transcript; Fig. 3a)29. Prior studies implicated C19MC members in 

regu lating cell cycle, tumor invasion and progression1,15,30,31. However, 

because of its size, it is challenging to comprehensively define the 

targets of C19MC.

Building on our findings on ETMR intratumoral heterogeneity, we 

examined whether C19MC is differentially expressed in specific malig-

nant cell types. Quantifying C19MC primary transcript levels across 

single cells in our patient cohort with ETMR revealed high expression 

in malignant NSC-like cells, with much lower levels in intermediate and 

neuron-like cells (Fig. 3b and Extended Data Fig. 5a,b). Expression of the 

C19MC fusion partner TTYH1 was highly correlated (Spearman’s r = 0.41; 

Fig. 3c). To validate and spatially map C19MC expression, we used RNA 

in situ hybridization (ISH). We selected miR-512, a highly abundant 

mature miRNA in ETMR primary tissues as identified by small RNA-seq 

(Extended Data Fig. 5c)22. In a C19MC-amplified tumor (MUV3N) from 

our cohort, miR-512 expression was confined to rosette-like regions 

enriched with undifferentiated NSC-like cells (Fig. 3d and Extended 

Data Fig. 5d). In contrast, miR-124, a neuron-specific miRNA32,33 not 

part of C19MC, was highly expressed in neuropil-rich tumor regions 

but absent in rosettes.

We considered two potential explanations for the cell-type-specific 

expression of C19MC. First, genetic heterogeneity might exist in ETMR 

cells, with C19MC-driving alterations restricted to NSC-like cells but 

absent in intermediate and neuron-like cells. Alternatively, genetic 

alterations involving C19MC might be present in all malignant cell 

types, with its expression regulated in a cell-type-specific manner. To 

investigate this, we performed DNA fluorescence in situ hybridiza-

tion (FISH) targeting the C19MC region in patient tumors with C19MC 

Fig. 2 | Transcriptional regulation of malignant cell-type transitions. a, t-SNE 

visualization of n = 2,520 malignant ETMR cells colored for cells predicted as 

basal progenitor cells (green) using a random forest classifier trained on cells 

from the fetal neocortex. b, t-SNE visualization of n = 2,520 malignant ETMR cells, 

highlighting normalized expression of the basal progenitor cell marker genes 

ASCL1, INSM1, NHLH1 and NEUROD1. c, Heatmap showing normalized area under 

the curve (AUC) values (indicating regulon activity) from the SCENIC analysis. 

Four groups of regulons were formed by hierarchical clustering across patients. 

The annotation above the heatmap indicates the classification of n = 2,520 cells 

into three malignant cell types. d, Network showing similarity scores (thickness 

of connecting lines) determined using pairwise comparison of regulons shown 

in c. e, t-SNE visualization of n = 2,520 malignant ETMR cells colored according to 

refined cell types. f, t-SNE visualization of n = 2,520 malignant ETMR cells colored 

according to cell cycle state. g, t-SNE visualization of n = 2,520 malignant ETMR 

cells overlaid with differentiation trajectories generated by RNA velocity analysis 

of a representative ETMR sample (BCH736). h, Representative multiplexed 

IF images of n = 3 different primary ETMR samples for the marker TFs PAX6 

(NSC-like cells, red), NEUROD1 (intermediate cells, green) and PEG3 (neuron-like 

cells, magenta; top). Magnification of the indicated region (dashed outline) in 

ETMR3 is shown as pairwise contrasts (bottom). i, Pseudo image (left) showing a 

reconstruction of cells analyzed using in silico phenotyping for the same region 

as in h, colored according to marker gene expression. The violin plots show the 

nearest neighbor distance analysis between different ETMR cell types identified 

using multiplexed phenotyping. A total of n = 46,621 cells were phenotyped.  

P values were calculated using a two-sided, unpaired Student’s t-test. The lines 

represent the mean values. h, Scale bars, 300 µm.
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on these results, we concluded that BT183 is a suitable cell model for 

functional experiments of C19MC target gene regulation.

Determining the target genes of individual miRNAs is challenging 

and often based on computational algorithms that rely on comple-

mentarity to the miRNA seed sequence (6–8 bp) and evolutionary 

conservation of the target site. To experimentally identify the bona 

fide mRNA targets of all miRNAs expressed in BT183 cells, we per-

formed enhanced crosslinking and IP (eCLIP) using Argonaute-2 (AGO2) 

pulldown and next-generation sequencing of chimeric reads to map 

genome-wide miRNA-mRNA interactions (Fig. 4b)35,36. Out of 42.7 M and 

57.2 M sequenced reads, we detected 5.9% and 4.5% of chimeric reads 

in replicates 1 and 2, respectively (Fig. 4c and Extended Data Fig. 6b). 

The number of chimeric reads associated with a specific miRNA in 

both replicates was highly correlated (Pearson’s r = 0.99; Fig. 4d). Of all 

chimeric reads, 37.8% and 41.5% were associated with C19MC members 

in replicate 1 and 2, respectively.

Defining miRNA-specific binding sites along coding and non coding 

mRNA transcripts, we detected a total of 12,787 peaks with at least 

five chimeric reads in either replicate (Pearson’s r = 0.88; Fig. 4e and 

Extended Data Fig. 6c). Of these, 4,009 were deemed high-confidence 

peaks (Supplementary Table 3b). The number of peaks per miRNA 

varied greatly, with some highly expressed miRNAs associated with 

hundreds of peaks (Fig. 4f top). Of the 55 miRNAs associated with ten or 

more peaks, 23 were members of C19MC (37.0% of peaks in total). Inter-

estingly, all six members of the chromosome 13 miRNA cluster (C13MC, 

also known as the miR-17–92 cluster) were also among the miRNAs with 

the most detected peaks (28.3%). Most peaks (84.2%) contained a match 

to the miRNA seed sequence (20.8% 8 bp match; 43.8% 7 bp match; 19.6% 

6 bp match; Fig. 4f middle). Peaks were highly enriched in 3′ untrans-

lated regions (UTRs) (3′ UTR, 49.4%) or in the coding sequence (CDS) 

(46.8%) of the mRNA targets, with fewer miRNAs binding to the 5′ UTR 

or noncoding transcripts, in line with expectations (Fig. 4f bottom).

Considering their importance for ETMR biology, we specifically 

investigated the target genes of C19MC. Of 1,096 identified target 

genes, most (79.7%) were associated with a unique C19MC member 

(Fig. 4g and Supplementary Table 3b). Only few genes were associ-

ated with multiple members of the same C19MC family (for example,  

miR-518b/c, miR-520b/f) with overlapping peaks (Extended Data 

Fig. 6d). Most remaining genes were associated with multiple members 

of different families that had distinct binding sites along the transcript, 

underscoring the complexity of C19MC target gene regulation. As 

C19MC expression is specific to NSC-like cells, we hypothesized that 

target genes may include key regulators that govern cell proliferation, 

stemness and lineage commitment. As such, we focused on 116 TFs 

that were identified as C19MC targets (10.5% of all target genes) and 

integrated their cell-type-specific expression in the tumors of ETMR 

patients (Fig. 4h).

A prime target gene resulting from our systematic analysis 

that is specifically expressed in NSC-like cells is NR2F2 (also known 

as COUP-TFII). We detected highly enriched peaks for miR-515-5p, 

miR-524-5p, miR-520b/f-3p and miR-1323 in the 3′ UTR, suggesting 

pronounced posttranscriptional repression (Fig. 4i and Supplementary 

Table 3b). NR2F2 encodes an evolutionary conserved TF that is tran-

siently expressed in the ventricular zone during embryonic develop-

ment and has important roles in regulating neuronal differentiation37. 

Interestingly, we found several members of the C2–H2 zinc finger 

protein (ZNF) TF family (for example, ZNF367, ZBTB18, EGR1, ZFHX4 

and PEG3) to be targeted by C19MC members (Fig. 4j and Extended 

Data Fig. 6e,f). C2–H2 ZNF family members are key regulators of brain 

development and neuronal lineage commitment38. In addition to  

C2–H2 ZNF family members, we identified SOX4 and SOX11 among 

the target mRNAs of several C19MC members (including miR-498-5p, 

miR-524-5p, miR-520d-5p and miR-1323) with expression specific to 

intermediate and neuron-like cells (Extended Data Fig. 6g,h). Prior 

research established a critical role of SOX4 and SOX11 in promoting 

neuronal differentiation and migration39,40. Lastly, we also detected 

peaks for multiple C19MC members in HES1 (targeted by miR-512-3p, 

miR-515-5p, miR-520b-3p, miR-520d-3p, miR-520f-3p, miR-525-3p and 

miR-1323) and HES5 (targeted by miR-520d-5p and miR-523-3p) TFs 

(Extended Data Fig. 6i,j). HES TFs are critical regulators of telence-

phalic patterning41 and neuronal differentiation42, and are important 

downstream effectors of the Notch signaling pathway43. Reanalysis 

of a public dataset confirmed that many of the identified TFs (NR2F2, 

ZNF367, SOX4, SOX11, HES1) are downregulated upon CRISPR-guided 

transcriptional activation of C19MC in HEK 293 cells (Extended Data 

Fig. 7a,b)17.

Taken together, our genome-wide analysis of miRNA-mRNA  

interactions uncovers a widespread regulatory role of individual 

C19MC members in ETMR cells. We showed that TFs are frequently 

targeted, underscoring the importance of C19MC in dysregulat-

ing crucial developmental processes that include repression of  

positive regulators of lineage commitment and differentiation, as well 

as repression of negative regulators of stemness and proliferation.

Silencing of C19MC attenuates tumor cell proliferation
Because of the complexity of C19MC target regulation and its restricted 

expression to few healthy and malignant tissues, understanding  

the functional consequences of C19MC expression is challenging1. 

Therefore, we asked if C19MC targets may overlap with those of other 

miRNAs with well-described biology. We compared detected peaks 

from our eCLIP experiment with predicted binding sites for all human 

miRNAs using TargetScan (Fig. 5a)44,45. The highest overlap for C19MC 

members was generally observed with their respective predicted tar-

gets. However, the C19MC members miR-520b/d/f-3p shared high 

Fig. 5 | Targeting C19MC families with short antisense oligonucleotides. a, 

Heatmap showing the overlap of C19MC targets detected in eCLIP with predicted 

targets from TargetScan. C19MC members are grouped into 3p (top, n = 10) 

and 5p (bottom, n = 13) miRNAs. The black dots indicate the largest overlap 

with predicted targets. The number of high-confidence peaks for each member 

are indicated. b, Mature C19MC miRNAs as in a. The AAGUGC seed motif in 

3p miRNAs is highlighted in red. LNAs complemented the seed sequences of 

one or more C19MC members (7-nt-long, complementary to position 2–8). 

Nontargeting controls were designed (CTRL 1, CTRL 2). Predicted melting 

temperatures are indicated. c, Schematic illustration of the miRNA targeting 

mechanism of LNAs. d, Heatmap showing the confluency of BT183 ETMR 

cells treated with LNAs over time, tracked using live-cell microscopy in two-

dimensional (2D) culture with four biological replicates. P values were calculated 

with a one-way analysis of variance (ANOVA) and adjusted P values are provided. 

The results of n = 4 biological replicates are shown. e, Longitudinal doubling  

time estimation for BT183 growth treated with the indicated LNAs. Doubling 

times were calculated using the log of exponential growth equation in Prism 8. 

The results of n = 4 independent experiments are shown. f, Bright-field  

images showing BT183 cell confluency after treatment with anti-517-3p or CTRL 

1 LNAs for 72 h. Identified cell areas are highlighted in red. This experiment 

achieved reproducible results in four biological replicates. g, Dot plot showing 

the caspase-3 and caspase-7 signal after 72 h of LNA treatment in three-

dimensional BT183 cells. The means are indicated. Statistical analysis was 

performed on n = 4 biological replicates using a one-way ANOVA, comparing 

each condition to CTRL 1. Padj values are given. h, Bright-field and fluorescence 

images showing the caspase-3 and caspase-7 signal after 72 h of treatment with 

anti-517-3p or CTRL 1 LNAs in BT183 cells. Images shown are representative of 

n = 4 biological replicates. i, IF image analysis of BT183 cells for Ki-67 and cleaved 

caspase-3 (CC3). Cells were treated with anti-517-3p or CTRL 1 LNAs for 72 h.  

This experiment achieved reproducible results in three biological replicates.  

j, Representative IF staining for the indicated markers. Cells were treated with 

anti-517-3p or CTRL 1 LNAs for 72 h. This experiment achieved reproducible 

results in three biological replicates. Left, The dashed boxes indicate the tumor 

area shown in the magnified panels on the right. f, Scale bars, 400 µm. h, Scale 

bars, 500 µm. i,j, Scale bars, 300 µm. Schematic in c created with BioRender.com.
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the miR-302 and miR-17 families, drive proliferation in different cancer 

entities and consequently described it as an oncomotif50,51. Expressed 

C19MC 5p miRNAs did not share a motif sequence.

To assess the functional roles of different C19MC families, we 

designed seven 7-nt-long locked nucleic acid (LNA) antisense oligo-

nucleotides directed against the seed sequence (position 2–8) of 

mature miRNAs (Fig. 5b right and Supplementary Table 4a). These 

short oligonucleotides form stable heteroduplexes with their target 

miRNAs, thereby inhibiting their function (Fig. 5c)52. We designed 

five LNAs to target a total of eight C19MC 3p miRNAs containing the 

AAGUGC oncomotif (anti-512-3p, anti-519-3p, anti-520-3p) or a related 

sequence (anti-517-3p, anti-518-3p). Two additional LNAs were designed 

to target three C19MC 5p miRNAs that did not contain the oncomotif 

(anti-515-5p, anti-516-5p). We exposed C19MC-amplified ETMR cells 

(BT183) to these LNAs in live cultures and found that all 3p LNAs had 

a pronounced effect on cell proliferation, resulting in significantly 

reduced growth rates over a 132-h time course (Fig. 5d). Interestingly, 

the growth inhibitory effect of LNAs wore off after 60–72 h, with dou-

bling times peaking around that time point and then normalizing 

again (Fig. 5e). LNAs directed against the 5p C19MC members had no 

discernible effect compared to two nontarget controls. Among the 

effective LNAs, anti-517-3p had the most durable growth-inhibiting 

effect on ETMR cells (Fig. 5f and Extended Data Fig. 7c).

In addition, we investigated the pro-apoptotic effect of LNAs on 

ETMR cells by assessing caspase-3-mediated and caspase-7-mediated 

apoptosis with a fluorescence live-cell assay. Exposure to anti-3p LNAs 

resulted in a pronounced induction of apoptosis in ETMR cells after 

72 h, with the strongest effect observed for the miR-517-targeting 

LNA (Fig. 5g,h and Extended Data Fig. 7d). Anti-5p LNAs (anti-515-5p 

and anti-516-5p) did not show an effect. Assessing protein expression  

in anti-3p LNA-treated ETMR cells using multiplexed immunohisto-

chemistry (IHC) analysis indicated marked decrease of the proliferation 

marker Ki-67, while the apoptosis marker cleaved caspase-3 showed 

increased levels of expression (Fig. 5i and Extended Data Fig. 7e).  

Furthermore, we observed decreased protein levels of NSC-like and 

intermediate markers (PLTP, DLL4) and increased expression of 

neuron-like markers (PEG3, STMN2) on anti-3p LNA treatment (Fig. 5j). 

The strongest effects were observed for the miR-517-targeting LNA.

In summary, we showed that specific C19MC members are reminis-

cent of other broadly conserved miRNA families with important regula-

tory roles in human development. Targeting miRNAs that contain the 

AAGUGC oncomotif or a related sequence with short antisense oligo-

nucleotides led to a pronounced antiproliferative and pro-apoptotic 

effect, and promoted differentiation of ETMR cells in vitro.

Cellular cooperation between malignant cell types
While antisense targeting of C19MC miRNAs holds promise as a  

future therapeutic strategy, we aimed to identify alternative targets 

in ETMR with immediate clinical potential. Cell surface receptors are 

established therapeutic targets in cancer, with several inhibitors already 

approved for pediatric use8,53,54. To pinpoint such targets in ETMR, we 

systematically analyzed receptor and ligand expression and inferred 

their interactions across ETMR cell types using CellPhoneDB (Fig. 6a 

and Extended Data Fig. 8a)55. This genome-wide analysis highlighted 

interactions in the fibroblast growth factor receptor (FGFR) and Notch 

signaling pathways across all six samples of our fresh tumor cohort 

(Fig. 6b,c). We found that NSC-like cells exhibited high expression of 

three FGF receptors (FGFR1, FGFR2 and FGFR3), while their ligands 

(FGF5, FGF7, FGF9) were predominantly expressed in more differenti-

ated neuron-like ETMR cells (Fig. 6d and Extended Data Fig. 8b–d). 

Similarly, NSC-like cells showed elevated expression of Notch receptors 

(NOTCH1, NOTCH2, NOTCH3), while canonical Notch ligands (DLL1, 

DLL3, DLL4) were expressed in intermediate ETMR cells (Fig. 6e and 

Extended Data Fig. 8e,f). As the FGFR and Notch pathways have cen-

tral roles in neural development and are implicated in brain cancers, 

our findings suggest that both pathways are active in tumor-driving 

NSC-like cells. Furthermore, the data imply a specific role for more 

differentiated intermediate and neuron-like cells in providing essential 

growth factors, maintaining a cooperative network across malignant 

cell types56,57.

This hypothesis raised the question why in vitro models of  

ETMR were predominantly found in an NSC-like state (Fig. 4a). We con-

sidered that cells may have adapted to the artificial supply of FGF2 and 

epidermal growth factor (EGF) in growth-factor-supplemented (full) 

medium that does not necessitate more differentiated tumor cells to 

supply these factors. Compared to BT183 cells cultured in full medium, 

growth factor deprivation (base medium) resulted in stalled cell  

proliferation over a time course of 138 h (Fig. 6f left). Next, we  

systematically interrogated the effect of 18 different FGF ligands (Sup-

plementary Table 4b). We observed similar degrees of cell prolifera-

tion in FGF subfamilies (Fig. 6f right). The most pronounced effects  

were observed for the FGF1 subfamily ligands (FGF1 and FGF2, specific 

to FGFR1 and FGFR3), FGF4 subfamily ligands (FGF4 and FGF6, spe-

cific to FGFR1 and FGFR2) and FGF9 subfamily ligands (FGF9, FGF16  

and FGF20, specific to FGFR3)58. In contrast, FGF7 and FGF19 sub-

family ligands (specific to FGFR4) did not rescue cell proliferation.  

Supplementing the soluble Notch ligand sDLL1 or sDLL4 to the growth 

medium also resulted in a clear acceleration of cell proliferation 

(Fig. 6g).

Next, we tested the hypothesis that ETMR cell models, in the 

absence of artificial growth factors, may develop more differenti-

ated cell types to endogenously produce their own growth factors. 

Therefore, we analyzed two orthopic patient-derived xenograft (PDX) 

models using scRNA-seq (two tumors per model) and scored cells 

using our cell-type-specific signatures derived from patient primary 

tumors. Compared to in vitro cultured cells, PDX models showed 

Fig. 6 | Systematic analysis of tumor-promoting receptor–ligand interactions. 

a, Network graph showing the interactions between receptors (rectangles) and 

ligands (ellipses) across our single-cell ETMR cohort (n = 6 samples), as inferred 

using genome-wide CellPhoneDB analysis performed separately on each sample. 

The different fill colors indicate the cell-type specificity of receptors and ligands. 

Line width indicates the number of samples in which the interaction was detected 

(P < 0.05). A larger version of the network graph is shown in Extended Data Fig. 

8a,b. b, The network graph shows the FGFR signaling subnetwork. Receptors 

are specifically expressed in NSC-like tumor cells, while several ligands are 

specific to neuron-like cells. Line width indicates the number of samples in 

which the interaction was detected (P < 0.05). c, Network graph showing the 

Notch signaling network. Receptors are specifically expressed in NSC-like tumor 

cells, while Delta ligands (DLL1, DLL3, DLL4) are specific to intermediate cells. 

d, t-SNE representation of n = 2,520 malignant ETMR cells colored according to 

the mean relative expression of FGF receptors (left) and ligands (right). e, t-SNE 

representation of n = 2,520 malignant ETMR cells colored according to the mean 

relative expression of Notch receptors (left), Delta ligands (center) and Jagged 

ligands (right). f, Heatmap showing cell confluency after FGF growth factor 

stimulation in BT183 ETMR cells over a time course of 138 h. Cells were seeded as 

2D cultures and cell growth was followed by live-cell microscopy. Four biological 

replicates were analyzed and different FGF ligands were grouped according to 

subfamilies. Statistical analysis was performed using a one-way ANOVA of the 

AUCs. Padj values are given. The results of n = 4 biological replicates are shown.  

g, Heatmap showing cell confluency after soluble Delta ligand stimulation over a 

time course of 183 h. Four biological replicates were analyzed. Statistical analysis 

was performed using a one-way ANOVA of the AUCs. Padj values are given. The 

results of n = 4 biological replicates are shown. h, Heatmaps showing the relative 

expression of refined signature genes (n = 100) per ETMR cell type in n = 3 PDX 

models. Top, Cell-type assignment and cells in a cycling state are indicated.  

i, Representative H&E and IF staining of BT183 PDX for the indicated markers. 

Scale bars, 300 µm. This experiment achieved reproducible results in three 

biological replicates. The dashed box in the H&E image indicates the tumor  

area shown in the IF staining below.
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selected cases7. Our analyses on a larger number of samples expand  

on these findings to link single-cell-resolved transcriptional states  

with histological phenotypes and to decipher their underlying regula-

tory networks.

A hallmark of ETMR is the overexpression of the miRNA  

cluster C19MC, whose individual targets we identified using genome- 

wide eCLIP profiling. Surprisingly, prominent targets like ZBTB18, 

SOX4 and SOX11 were mostly expressed in C19MC-low expressing, 

differentiated cell populations, suggesting that C19MC might delay 

differentiation in NSC-like cells. We hypothesize that high C19MC 

expression in NSC-like cells delays the onset of expression of these 

transcriptional regulators, thereby imposing a differentiation block. 

In cells that overcome this differentiation block, target genes are no 

longer repressed by C19MC and therefore are highly detected. Based  

on our eCLIP results, we designed specific antisense LNAs, which 

exerted potent antitumor effects on ETMR cells in vitro. Because  

of its exclusive expression in ETMR, targeting C19MC promises  

little off-target effects. Therefore, inhibition of C19MC members  

presents a promising therapeutic option for patients with ETMR.  

Currently, LNA-based inhibitors such as LNA-i-miR221 are being evalu-

ated in clinical trials for other types of cancer (NCT04811898).

Cell–cell interactions between tumors and their microenviron-

ment, and their role in driving tumor progression and metastasis, are 

well documented in many cancers61. However, the principles guid-

ing oncogenic interactions among malignant cells in a tumor remain 

largely unexplored. We discovered that FGFR and Notch receptors are 

expressed by proliferative NSC-like cells, while more differentiated 

malignant cells in the same tumor supply the corresponding ligands, 

indicating a coordinated role in sustaining tumor growth (Fig. 8d). 

Targeting these interactions may represent a critical vulnerability 

in ETMR. Testing over 50 FGFR and Notch inhibitors revealed several 

drugs with clinically meaningful inhibitory concentrations in the low 

nanomolar range, showing the highest efficacy in ETMR cells com-

pared to other brain tumors or non-brain cancers. While CB103, the 

most potent Notch inhibitor identified, is still in clinical development, 

multiple U.S. Food and Drug Administration-approved FGFR inhibitors 

for other cancers could be repurposed for off-label use as second-line 

therapy in pediatric patients with brain cancer62–64.

In conclusion, we showed that ETMR has a distinct cellular archi-

tecture, reminiscent of developmental processes occurring during 

early fetal neurogenesis. Our study further demonstrates how specific 

C19MC members, and the developmental signaling pathways such as 

Notch and FGFR, are the drivers of cellular self-renewal and impaired 

differentiation. We anticipate that future studies of these phenomena 

will expose other vulnerabilities and hold promise for the develop-

ment of key therapeutic strategies for this highly malignant type of 

childhood brain tumor.

Methods
Human participants and ethical considerations
Our research complies with all relevant ethical regulations. ETMR 

samples were collected from patients treated at the Boston Children’s 

Hospital (DFCI IRB 10-417), the Medical University of Vienna (MUV 

IRB 1244/2016) or via waiver of consent as appropriate. Tumors were 

diagnosed as ETMR based on histology, positivity for LIN28A expres-

sion using IHC, C19MC amplification or DNA methylation-based tumor 

classification using the app.epignostix.com website20. All samples 

used in the study were de-identified. Clinical and molecular features, 

including age, sex, tumor location and C19MC amplification status are 

presented in Fig. 1a and Supplementary Table 1a. Patients or their legal 

representatives, who did not receive compensation, provided written 

informed consent to the use of tumor tissue for research purposes 

and publication of de-identified data preoperatively according to 

the respective institutional review board guidelines. All procedures 

on human participants were in accordance with the 2024 version of 

the Declaration of Helsinki. All animal experiments were performed 

according to German Laws for Animal Protection and approved by the 

regional authorities (approval no. G91/20).

Sample collection, cell dissociation and sorting
Tumor tissues were collected at the time of surgery and processed 

directly for scRNA-seq (n = 6) or snap-frozen and processed later 

for snRNA-seq (n = 5). Fresh tissues were mechanically dissociated  

and additional enzymatic digestion was performed using the Brain 

Tumor Dissociation Kit (Miltenyi Biotec). Single-cell suspensions  

were filtered through a 70-µm strainer and subsequently centrifuged 

(500g) for 5 min. For nucleus extraction from snap-frozen tissues 

or optimal cutting temperature-embedded tumor samples, the tis-

sue was disaggregated using mild chopping in 1 ml 0.49% CHAPS  

extraction buffer on ice65. Single-nucleus suspensions were filtered 

through a 40-µm strainer and subsequently centrifuged (500g) for 

5 min at 4 °C. Pellets were resuspended in PBS-bovine serum albumin 

(PBS-BSA 1%) sorted into 96-well plates as stated in the Reporting 

Summary and as described in ref. 10. A figure exemplifying the gating 

strategy is shown in Extended Data Fig. 1a.

Single-cell data generation
The whole transcriptomes of single cells were amplified, libraries 

were generated and sequencing was performed according to a modi-

fied Smart-seq2 protocol9,66. RNA purification was performed using 

Agencourt RNAClean XP beads (Beckman Coulter). Reverse transcrip-

tion was carried out using oligo(dT) primers and Maxima H Minus 

Reverse Transcriptase (Thermo Fisher Scientific) in the presence of 

a template-switching oligonucleotide (QIAGEN). Complementary 

DNA was amplified with the KAPA HiFi HotStart ReadyMix (Roche) 

and purified using Agencourt AMPure XP Beads (Beckman Coulter). 

The Nextera XT Library Prep Kit (Illumina) was used for library genera-

tion. Multiplexed libraries (up to eight 96-well plates) were paired-end 

sequenced (2 × 38 bp) on a NextSeq 500/550 instrument using the High 

Output Kit v2.5 (Illumina).

Single-cell processing
Raw sequencing reads were aligned to the RefSeq human transcriptome 

database using Bowtie v.0.12.7 (ref. 67). Gene expression was quantified 

using RSEM v.1.2.19 as transcripts per million (TPM)68. Downstream pro-

cessing was performed using R v.4.2.0 as described previously unless 

otherwise stated9. Briefly, expression levels were calculated using 

log-transformation of the TPM (TPMi, j) for each gene (i) and cell (j): 

Ei,j = log2(TPMi,j/10 + 1). To filter out low-quality cells in fresh samples, 

cells with fewer than 2,000 detected genes or more than 15% mitochon-

drial reads were removed. For the frozen samples, a filtering thresh-

old of fewer than 1,500 genes was used. In total, 3,406 high-quality  

cells (2,520 derived from fresh and 886 from frozen tissue samples) 

were obtained (Extended Data Fig. 1c). For these cells, we computed 

the average expression of each gene as Eai = log2(average(TPMi,1…n) + 1). 

For the downstream analysis, we only considered expressed genes 

with an average expression greater than four, obtaining 7,795 and 

10,809 genes for fresh and frozen tissues, respectively. We defined 

the relative expression by centering the expression levels using 

Eri,j = Ei,j-average[Ei,1…n] for cells and genes.

CNVs were inferred from expressed genes as described previ-

ously69 and used for separating malignant cells (cells containing CNVs) 

from nonmalignant cells (cells without detectable CNVs) (Extended 

Data Fig. 1d). For normalization, we used a set of 284 nonmalignant 

cells (oligodendrocytes, microglia, T cells)8,70.

To quantify the primary C19MC transcript in single cells (Fig. 3b 

and Extended Data Fig. 5a,b), we aligned sequencing reads to the hg38 

reference genome using STAR v.2.7.3a, supplying RefSeq transcriptome 

annotations71. Uniquely aligned reads in the genomic region encom-

passing C19MC were counted and normalized to the total number of 



Nature Cancer | Volume 6 | June 2025 | 1035–1055 1049

Article https://doi.org/10.1038/s43018-025-00964-9

reads aligning to all of chromosome 19. STAR alignments were also used 

to generate loom files for velocyto analysis.

Data harmonization and unsupervised clustering
The log2-transformed expression matrices containing 7,795 genes 

and 2,520 cells for the fresh-sorted dataset, or 10,809 genes and 886 

cells for the frozen-sorted dataset, were used as input for the unsu-

pervised t-SNE analysis. Genes associated with cell cycle activation72 

were excluded from the analysis, resulting in 7,414 and 10,717 genes 

for the fresh-sorted and frozen-sorted datasets, respectively. Data 

were harmonized by applying the HarmonyMatrix function of the 

Harmony package v.0.1.0 (ref. 73). The resulting matrix was fed into 

the Rtsne function using standard parameters, except for pca = FALSE, 

and resulted in two malignant clusters. Marker gene signatures (top 

100 enriched genes) were defined by calculating the mean expression 

difference of cells assigned to malignant cluster 1 and malignant cluster 

2 (that is, stem-like and differentiated signatures). Gene signatures 

were used to score cells in a similar way as described previously9. Using 

the gene signatures (Gj), we calculated a score for each cell (i), SCj(i), 

quantifying the relative expression (Er) of the genes in Gj, compared to 

the average relative expression of a control gene set Gj
cont: SCj(i) = avera

ge[Er(G,i)] − average[Er(G,i)]j j j
cont. The control gene set contained 100 

genes with the most similar aggregate expression.

Integration of bulk ETMR datasets
mRNA expression data from n = 26 ETMR samples were assessed  

using the Affymetrix GeneChip Human Genome U133 Plus2.0 arrays22. 

Samples were scored by applying the gene signatures (n = 100) for 

malignant cluster 1 or 2. The RNA-seq data on microdissected neuropil 

and rosette-like regions from ETMR tissue were analyzed22. Specifi-

cally, the differential gene expression of rosette-like minus neuropil 

areas was calculated. Enrichment of malignant cluster 1 (stem-like) or 

2 (differentiated) signature genes (top 100 genes per cluster; Supple-

mentary Table 2a) was assessed using GSEA, using the GSEA function of 

clusterProfiler v.4.4.4 (ref. 74). The GSEA results were visualized using 

the gseaplot2 function of the enrichplot package v.1.16.1. The GSEA 

of FGFR-inhibitor-treated versus dimethyl sulfoxide (DMSO)-treated 

control BT183 cells were performed using Kyoto Encyclopedia of Genes 

and Genomes v.7.5.1 Pathways annotations.

Comparison to human fetal brain development
Single-cell mRNA expression was assessed using the Smart-seq2 tech-

nology from n = 220 cells from the developing fetal neocortex23. Brain 

regions were separated using laser microdissection, separating the 

tissue into ventricular zone, outer subventricular zone, inner subven-

tricular zone or cortical plate. Cell annotations into apical and basal 

progenitors or neurons, as well as signature genes for the respective 

cell populations, were retrieved from the original publication. Raw 

expression values were processed similarly to the ETMR scRNA-seq 

data, using the pipeline described above. We filtered for genes that were 

detected in both datasets (5,482 genes with an average log2-expression 

value > 0.5). To classify ETMR cells according to the described cell popu-

lations, we trained a random forest classifier using the randomForest 

package v.4.7-1.1. We first trained an outer classifier for feature selec-

tion using the following non-default parameters: sampsize = rep(19,3) 

and ntree = 1,000. For the model with seven cell-types, we used  

sampsize = rep(8,7). We then selected the 100 probes with the highest 

MeanDecreaseAccuracy value to train a final random forest classifier 

using the same parameters. The ETMR cell classifications are shown  

in Fig. 2a and Extended Data Fig. 3b.

SCENIC analysis and identification of malignant cell types
SCENIC analysis was performed on high-quality malignant ETMR cells 

using the SCENIC v.1.3.1 (ref. 25) across all fresh-sorted ETMR samples. 

The expression matrix was filtered for genes not expressed in any cell. 

The motif database searching for motifs in the hg19 genome 10 kb 

around the transcription start site (seven species) was used. The gene 

coexpression network was built using GENIE3 v.1.18.0. TF motifs were 

recognized using RcisTarget v.1.16.0 and annotated to the matching 

TF. AUC values (indicating regulon activity) were assessed using AUCell 

v.1.18.1. The relative AUC (AUCr) scores of every regulon (i) per sample (j) 

were centered and normalized using AUCri,j = AUCi,j−average(AUCi,1…n)/ 

s.d.(AUCi,1…n). Active regulons detected between 10% and 90% of cells 

were selected (n = 164). Hierarchical clustering of the AUC scores was 

performed to identify common groups of regulons across cell popu-

lations. Regulon groups were selected by cutting the dendrogram 

using 0.3 as the cutoff, resulting in four regulon groups (containing 38 

regulons) that were shared and five groups (containing 18 regulons) 

that were not shared among samples. For the network graph in Fig. 2c, 

the Jaccard index of target genes per regulon was assessed and plotted 

using Cytoscape v.3.9.1. Refined gene signatures were defined by cor-

relating (Pearson correlation) normalized gene expression values to the 

average regulon scores across single cells. Genes were ranked according 

to the highest difference to other cell programs, excluding the cycling 

program. The top 100 genes according to regulon group were defined 

as refined gene signatures (Supplementary Table 2b). Malignant cells 

were classified into refined cell types (Fig. 2e) by applying the scoring 

strategy described above. Cellular hierarchies were assessed using 

the velocyto v.0.6 package28 comparing the abundances of spliced 

and unspliced mRNAs. Combined loom files were generated for every 

plate from genome-wide STAR alignments.

Receptor–ligand interactions
Receptor–ligand interactions of high-quality malignant ETMR cells 

were inferred using CellPhoneDB v.4.0.0 in Python v.3.7 (ref. 55) in 

every individual fresh-sorted ETMR sample and merged afterwards. 

Interactions were filtered using P < 0.05 to select for statistically 

significant interactions. Genes were color-coded according to their 

cell-type-specific expression. Interaction networks were exported 

and plotted in Cytoscape v.3.9.1. The number of interactions (num-

ber of tumors exerting interactions) is indicated by line width in the 

network graphs.

Multiplexed IF imaging
Formalin-fixed paraffin-embedded (FFPE) tissue sections were depar-

affinized and rehydrated. Antigen retrieval was performed using a pres-

sure cooker and 1× citrate buffer, pH 6.0. Subsequently, sections were 

stained using the Opal Polaris 7 Color Manual IHC Detection Kit (Akoya 

Biosciences). All antibodies used are stated in the Reporting Summary.

Fluorescence microscopy slide scans were taken with PhenoIm-

ager Fusion (Akoya Biosciences). Image analysis was performed using 

inForm (Akoya Biosciences) and QuPath for image and spatial analysis. 

Briefly, regions of interest polygons were drawn onto the scans of  

several tumors. Tissue folds and stain artifacts were manually excluded. 

Cells were segmented on the DAPI signal using the cell detection tool 

and phenotyped by creating single measurement classifiers, which 

were manually set and optimized for each staining. Spatial analysis 

was performed using the detect centroid distance 2D tool. Data were 

exported to Prism 8 (Graph Pad Software) for plotting.

Conventional IF imaging
For the analysis of the FGF receptors shown in Fig. 7a, BT183 cells were 

subcultured onto chambered coverslips (cat. no. 80826, ibidi) and 

incubated for 48 h. Cells were then washed with PBS, fixed with 4% para-

formaldehyde, permeabilized with 0.3% Triton X-100 (cat. no. 3051.3, 

Carl ROTH) and blocked with 5% BSA (cat. no. 8076.2, Carl ROTH) for 

1 h. All antibodies used are listed in the Reporting Summary. Cells were 

then counterstained with a 1:1,000 dilution of Phalloidin CruzFluor 647 

Conjugate (cat. no. sc-363797, Santa Cruz Biotechnology) and mounted 

with ProLong Diamond Antifade Mountant with DAPI (cat. no. P36966, 



Nature Cancer | Volume 6 | June 2025 | 1035–1055 1050

Article https://doi.org/10.1038/s43018-025-00964-9

Thermo Fisher Scientific). Imaging was performed using a BZ-X800E 

fluorescence microscope (Keyence Corporation). After image acquisi-

tion, digital images were analyzed using the Keyence software. Fluores-

cence signals from FGFR1, FGFR2, FGFR3 and FGFR4 were normalized to 

the cell area detected by phalloidin staining. The numbers of analyzed 

cells were determined using DAPI nuclear staining. Over 12,000 cells 

from three independent experiments were analyzed.

miRNAscope HD (RED) assay (RNA ISH)
ETMR FFPE tissue sections (4 µm) from tumors were obtained  

from the Medical University of Vienna (Departments of Pediatrics and 

Adolescent Medicine, and Neurosurgery), and from Boston Children’s 

Hospital (Department of Pathology). SuperFrost Plus glass slides (cat. 

no. 12-550-15, Thermo Fisher Scientific) were used and stored at −80 °C. 

The miRNAscope HD (RED) kit was used for sample staining (cat. no. 

324510, Advanced Cell Diagnostics) according to the manufacturer’s 

recommendations. Slides were baked for 1 h at 60 °C followed by 

deparaffinization using xylene and ethanol. Post-fixation of dehy-

drated tissue was done for 2 h using 12% formaldehyde. Subsequently, 

RNAscope hydrogen peroxide was applied for tissue pretreatment at 

room temperature for 10 min. RNAscope 1X Target Retrieval Reagent 

was used for target retrieval in a steamer (FS20, Braun) at 99 °C for 

15 min, followed by RNAscope Protease III treatment for 30 min at 

40 °C. Probes targeting miR-512 (SR-hsa-miR-512-3p-S1; 897511-S1) and 

miR-124 (SR-hsa-miR-124-3p-S1; 728471-S1) were included for C19MC 

and neuronal cell populations, respectively, and were hybridized at 

40 °C for 2 h. Amplification rounds were performed according to the 

miRNAscope HD (RED) Assay protocol. Gill’s Hematoxylin I (cat. no. 

HXGHE1LT, StatLab) was used for tissue counterstaining at room tem-

perature for 2 min followed by bluing solution (0.02% ammonia water). 

Slides were air-dried at 60 °C for 30 min. Thereafter, slides were cov-

ered with coverslips using VectaMount Mounting Medium (H-5000, 

Vector Laboratories). Stained tissue sections were imaged using a 

DMi8 bright-field microscope and LAS-X software (Leica Microsys-

tems) and processed using the ImageJ software (research resource ID: 

SCR_003070, 2.0.0-rc-69/1.52p).

DNA FISH
Fresh ETMR FFPE tissue sections (4 µm) from tumors were used for 

staining with the C19MC/TPM4 FISH Probe Kit (cat. no. CT-PAC033-

10-OG, CytoTest) according to the manufacturer’s guidelines. The 

signal for the C19MC probe, located on chromosome 19q, was visual-

ized in red. The signal for the TPM4 probe, located on chromosome 

19p and serving as an internal control, was shown in green. Slides were 

scanned using PhenoImager Fusion (Akoya Biosciences) with a ×40 

objective. Image analysis was performed by using QuPath for image 

analysis. Briefly, regions of interest were drawn onto the scans of two 

tumor sections. Cells were segmented on the DAPI signal using the 

cell detection tool. FISH signals were detected using the subcellular 

detection tool, resulting in a subcellular detection count (that is, the 

number of FISH foci per nucleus). Cells with three or more subcellular 

detections of C19MC foci were considered as high-confidence tumor 

cells carrying the C19MC amplification. We expect that most cells 

with two or less foci also represent malignant cells in which nuclei are  

only partially captured in the tissue sections or in which C19MC foci 

overlap. The cell density for each segmented nucleus was calculated 

as the number of neighboring nuclei within a radius of 50 µm.

Animal experiments
BT183 (100,000)6 or NCH3602 (1,000,000)75 ETMR cells were injected 

into the cerebral cortex of 6–8-week-old female NSG mice (NOD.

Cg- Prkdcscid Il2rgtm1Wjl /SzJ). Tumor tissues were collected fresh  

and processed directly or frozen and processed at a later time.  

Animal experiments were performed according to German Laws  

for Animal Protection and approved by the regional authorities 

(approval no. G91/20). Mice were checked daily and weighed three 

times per week. Specific neurological endpoint criteria were defined 

to ensure animal welfare. The study design included daily monitor-

ing of the animals by trained personnel, with particular attention to 

neurological symptoms that could indicate tumor progression. Mice 

were euthanized when signs of physical (for example, 20% body weight 

loss) or neurological sickness appeared. No animals or data points 

were excluded from the analyses for any reason. In our study, all animal 

experiments were conducted in accordance with institutional and 

governmental ethical guidelines and were approved by the responsi-

ble ethics committee. The maximum tumor burden permitted by our 

institutional animal protocols (1,500 mm3) was strictly adhered to and 

was not exceeded.

Cell culture
Cell sources are stated in the Reporting Summary and Supplemen-

tary Table 5a. BT183 cells were cultured as neurospheres in ultralow  

attachment flasks (Thermo Fisher Scientific) using serum-free  

NeuroCult NS-A Basal Medium (STEMCELL Technologies) supple-

mented with NeuroCult Cell Proliferation Supplement, 2 µg ml−1 hepa-

rin, 20 ng ml−1 EGF, 20 ng ml−1 basic FGF (all from PeproTech) and 1× 

antibiotic-antimycotic solution (Thermo Fisher Scientific). Cells were 

maintained at 37 °C with 5% CO2 and fed every 3–4 days. When 90% of 

neurospheres exceeded 200 µm in diameter, cells were split using 

ACCUTASE (STEMCELL Technologies).

A431, PC9, U87, DAOY, SF8628, SUPB15, JURKAT, IMR32, MBT032, 

MBT026, MBT037 and REH cells were cultured adherently in 

cell-culture-treated flasks (Sarstedt) using Roswell Park Memorial 

Institute 1640 medium with glutamine (Thermo Fisher Scientific) 

supplemented with 10% FCS, 1× nonessential amino acids, 1× sodium 

pyruvate, 100 U ml−1 penicillin and 100 µg ml−1 streptomycin (all from 

Thermo Fisher Scientific). These cells were maintained at 37 °C with 5% 

CO2 and fed every 3–4 days. Cells were split with Trypsin-EDTA (Thermo 

Fisher Scientific) once 80–90% confluency was reached.

SUIV, MBT021, BT690, DIPGXIIIP*, MBT011, DIPG007, MBT028, 

MBT014 and MBT030 cells were cultured as neurospheres in ultralow 

attachment flasks (Thermo Fisher Scientific) using a serum-free 

medium comprising Neurobasal-A medium and DMEM/F-12 (Thermo 

Fisher Scientific) supplemented with 1 M HEPES solution, 1× nones-

sential amino acids, 1× sodium pyruvate, 1× GlutaMAX-1 supplement, 

1× antibiotic-antimycotic solution, 1× B-27 supplement minus vitamin 

A (all from Thermo Fisher Scientific), 2 µg ml−1 heparin, 20 ng ml−1 EGF, 

20 ng ml−1 basic FGF, 20 ng ml−1 platelet-derived growth factor-AA and 

20 ng ml−1 platelet-derived growth factor-BB (all from PeproTech). 

Cells were fed every 3–4 days and split using ACCUTASE when 90% of 

neurospheres exceeded 200 µm in diameter.

Small RNA-seq
Genome-wide quantification of miRNAs from the BT183 cell line  

was performed according to the vendor’s instructions (Arraystar).  

The sequencing library was sequenced on an Illumina NextSeq 500 

instrument (50 bp, single-end, approximately 7.5 M reads) and analyzed 

using miRBase v.22 annotations.

miRNA crosslinking and IP
Preparation for the AGO2 eCLIP analysis was performed according 

to the vendor’s instructions (Eclipsebio). Briefly, BT183 ETMR cells 

were expanded in ultralow attachment flasks. Cell viability was 

measured using Trypan blue exclusion (cat. no. 15250-061, Thermo 

Fisher Scientific). Only cells with at least 95% viability were pooled 

and centrifuged at 200g for 5 min. The medium was removed and 

cells were resuspended in 25 ml of Dulbecco’s PBS medium. For ultra-

violet (UV) crosslinking, 60 million cells were aliquoted into a 10-cm 

tissue-culture-grade plate that had been chilled in a cooling box to 4 °C 

and placed into the UV crosslinker (254 nm UV with 400 mJoules cm−2). 
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After crosslinking, cells were transferred to a 50-ml conical tube and 

counted using an automated cell counter. Cells were centrifuged, the 

supernatant was removed and cells were flash-frozen in liquid nitrogen 

at a concentration of 20 × 106 cells ml−1 in a 1.5-l Eppendorf Safe-Lock 

Tube. After flash-freezing, pellets were stored at −80 °C before further  

processing using the no-gel chimeric eCLIP protocol36. Through  

optimized ligation conditions, eCLIP produces chimeric reads that 

contain the mature miRNA (5′-end) and targeted mRNA (3′-end), 

which allows for mapping of genome-wide miRNA-mRNA inter-

actions. Two replicates were produced (independent cell expansion 

and crosslinking).

The resulting libraries (input and IP) were sequenced on an  

Illumina instrument (150 bp, paired-end). Sequencing reads were first 

processed using fastp v.0.22.076 to cut adapter sequences and merge 

overlapping paired-end reads. Only merged reads were used for the 

downstream analysis. We next annotated mature miRNAs (miRBase 

v.22.1, trimmed to 20 bases) to the 5′-end of sequencing reads (start-

ing at position 11–15, allowing for up to one mismatch). Reads that 

contained an annotated miRNA (chimeric reads, miRNA-only reads) 

and reads that did not contain an annotated miRNA (mRNA-only reads; 

Extended Data Fig. 6b) were aligned to the human genome (hg19) with 

RefSeq gene annotations using STAR v.2.7.10a71 using the --clip5pNbases 

36 parameter (14 bases for mRNA-only reads). Only reads associated 

with a mapping quality of 255 and aligning to an annotated coding or 

noncoding mRNA transcript were retained. Furthermore, reads that 

were overlapping an annotated miRNA gene were removed. Poten-

tial PCR duplicates were removed by only considering one random 

read per unique molecular identifier sequence (first ten base pairs of  

read 1) and gene.

Alignments of chimeric reads were split by annotated miRNAs; 

genomic coverage tracks were generated using genomecov from  

bedtools v.2.29.0 (ref. 77) and bedGraphToBigWig v.2.8 from UCSC. 

Coverage tracks were visualized using the Integrative Genomics Viewer 

browser v.2.12.2 (ref. 78). Peaks were called using a sliding window 

approach that considers the average chimeric read coverage in 75-bp 

windows along transcripts for every annotated miRNA. Windows that 

had a higher average coverage than the neighboring windows on either 

side (shifted by ±1 bp) and a minimum average coverage of five were 

defined as peaks (n = 12,787). Some genes contained multiple distinct 

binding sites for the same miRNA. Peaks detected in both replicates that 

were enriched at least twofold compared to the average coverage in the 

input libraries (normalized by the total number of aligned reads) were 

merged and defined as high-confidence peaks for downstream analysis 

(n = 4,009). A list of all high-confidence peaks and their annotations 

is provided in Supplementary Table 3b. The genome coordinates of 

predicted miRNA binding sites were downloaded from the TargetScan 

website (release 8.0, https://www.targetscan.org/).

For the reanalysis of the CRISPR-based C19MC activation experi-

ment in HEK 293 cells17, we downloaded the raw sequencing data of 

all 12 samples from the Sequence Read Archive. We then quantified 

gene expression values similar to our single-cell datasets and filtered 

for genes expressed in the control experiment (11,983 genes with a 

log2-expression value > 0.5). Genes with an average log2 fold change 

smaller than −0.25 across both guide RNAs were deemed downregu-

lated (n = 509; Extended Data Fig. 7a,b).

Antisense miRNA inhibition
LNA antisense oligonucleotides were designed with a fully 

phosphorothioate-modified backbone to prevent enzymatic degra-

dation. All LNAs were synthesized and purchased from Integrated DNA 

Technologies. The exact LNA sequences are listed in Supplementary 

Table 4a. LNAs were reconstituted in sterile H2O to a stock concentra-

tion of 100 µm. BT183 cells were plated onto cell-culture-treated 24-well 

plates (Corning) and immediately treated with either a targeting LNA, 

a nontargeting control or solvent only. The final LNA concentration 

on the cells was 4 µM. Cell growth was assessed using an IncuCyte S3 

live-cell imaging system (Sartorius) and confluence was determined 

using the IncuCyte software from ten bright-field images taken every 

12 h. Induction of apoptosis was achieved by adding caspase-3/7 Red 

Apoptosis Reagent (Sartorius) at a final concentration of 2.5 µm to 

LNA-treated ETMR cells. Bright-field and fluorescent images were taken 

by the IncuCyte S3 live-cell imaging system at 72 h after LNA treatment. 

Fluorescence image data were analyzed using the IncuCyte software. To 

assess protein changes upon LNA treatment, BT183 cells were embed-

ded in Matrigel droplets at 1,000 cells per µl. Cell-containing droplets 

were cultured for 48 h on an orbital shaker before treatment was initi-

ated. Cells were treated with LNAs for 72 h with complete medium 

change and retreatment every 24 h. All droplets were fixed with 4% 

paraformaldehyde, dehydrated and embedded in paraffin. Protein 

levels were assessed via multiplexed IF imaging as described above.

FGF and Notch ligand assays
FGFs and soluble Notch ligands were purchased from several  

vendors (Supplementary Table 4b). BT183 cells were plated onto 

cell-culture-treated 24-well plates in basal medium containing  

NeuroCult NS-A Basal Medium supplemented with NeuroCult Cell 

Proliferation Supplement, 2 µg ml−1 heparin (STEMCELL Technologies) 

and 1× antibiotic-antimycotic solution. Growth factors were added 

immediately after cell seeding at a final concentration of 20 ng ml−1. 

No growth factors were added to the control. Cell growth was assessed 

using an IncuCyte S3 live-cell imaging system and confluence was 

determined using the IncuCyte software from ten bright-field images 

taken every 12 h.

In vitro drug screening
Cells from 22 lines were dissociated using ACCUTASE or Trypsin 

(Thermo Fisher Scientific) and subsequently plated on 384-well plates 

(Thermo Fisher Scientific) at 1,000 cells per well. Drugs were pre-

diluted on several 96-well V-bottom plates (Sarstedt) and added to 

the cell-containing wells 24 h after seeding. All inhibitors were com-

mercially purchased and are listed in Supplementary Table 4c,d. Cells 

were incubated with the drugs or solvent controls for 72 h. Cell viability 

was determined by adding CellTiter-Glo 2.0 (Promega Corporation) 

to each well and measuring the luminescence signals with a Varioskan 

LUX Plate Reader (Thermo Fisher Scientific). Luminescence signals 

were normalized to the solvent controls. Dose–response curves and 

IC50 values were calculated using Prism 8. Each condition was tested 

in two biological replicates. To quantify transcriptional signatures in 

CB103-treated cells, we performed regular Smart-seq2 profiling on 

100 viable cells per replicate.

Erdafitinib therapy as compassionate use
Erdafitinib was commercially prescribed after medical insurance cover-

age approval was obtained. After an appropriate washout period from 

the last tumor-directed treatment, the patient began oral erdafitinib 

at 4 mg by mouth daily, in combination with concurrent radiation 

therapy to distant non-cranial sites of disease recurrence (pulmonary). 

Erdafitinib was continued through further progression 2 months later 

and then sequentially combined with commercially available agents, 

including a PARP inhibitor and checkpoint inhibitors. Combinations 

were well tolerated with no notable adverse events. With ongoing evi-

dence of progressive growth, erdafitinib was continued until 7 months 

from the start of the agent, at which time substantial distant progres-

sive disease prompted discontinuation of all tumor-directed therapy.

Statistics and reproducibility
Several available ETMR tissue samples from our research environment 

were analyzed in this study. No statistical method was used to prede-

termine sample size. No data were excluded from the analyses. Each 

experiment was performed in at least three biological replicates unless 
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otherwise stated in the text. Statistical significance was calculated 

as specified in the figure legends. P < 0.05 was considered statisti-

cally significant. The RNA ISH and FISH experiments were performed  

in the same ETMR tissue samples that were part of our scRNA-seq 

cohort as indicated. The Shapiro–Wilk test confirmed the normal  

distribution of data for Fig. 1e, justifying the use of the Student’s t-test. 

If not stated otherwise, data distribution was assumed to be normal, but 

this was not formally tested. The experiments were not randomized. 

The investigators were not blinded to allocation during the experi-

ments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature 

Portfolio Reporting Summary linked to this article.

Data availability
The expression matrices of high-quality cells and raw RSEM files 

(including malignant and nonmalignant cells) of all samples  

generated in this study have been deposited in the Gene Expression  

Omnibus under accession no. GSE231614. Raw fastq files have  

been deposited in the European Genome-Phenome Archive under 

accession no. EGAS50000000937. All datasets used in this study are 

summarized in Supplementary Table 1b. Source data are provided 

with this paper.

Code availability
No new algorithms were generated in this study. The R v.4.2.0 statistical 

environment was used and supplemented with packages as indicated.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Sample genetics and single-cell quality control.  

a) Flow cytometry plots exemplify the gating strategy for single cell sorting of 

fresh patient samples into 96-well plates. b) Table shows overview of mutations 

detected in DICER1 in the C19MC non-amplified samples BCH1162 and MUV9N 

by genome sequencing. IGV screenshot on the right shows that nearby 

mutations S1810Y and S1814L in sample MUV9N are not detected within the same 

sequencing read, indicating that two different alleles are affected. c) Dot plots 

show gene number per cell (left) and per percent mitochondrial reads (right). 

Samples are indicated by color. Cells that expressed less than 2,000 genes or 

more than 15% mitochondrial RNA, as indicated by dashed lines, were excluded 

from further analysis. A total of n = 2,571 high-quality cells were retained.  

d) Heatmaps show scRNA-seq derived copy-number variations in every cell  

(y axis) along the genome (x axis). One heatmap per sample is shown. n = 51 cells 

without discernible copy-number variations were labeled as non-malignant cells 

and excluded from further analysis. Related to Fig. 1.
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Extended Data Fig. 2 | Cellular heterogeneity in the extended snRNA-

sequenced ETMR sample cohort. a) Heatmap shows copy number profiles 

derived from snRNAseq of cells from the frozen-sorted tumor samples (n = 886 

cells) and non-malignant reference cells. b) tSNE representations of high-quality 

ETMR cells (n = 886 cells) from frozen-sorted tumor samples highlighting 

sample distribution (top) and malignant clusters (bottom). Gene signatures 

derived from fresh-sorted tumor samples were used to score and classify cells 

into malignant clusters 1 or 2. c) Heatmap shows the relative expression of 100 

genes specific to malignant clusters 1 (stem-like signature) and 2 (differentiated 

signature) in frozen-sorted ETMR cells (n = 886 cells). Percentages of cells 

belonging to malignant clusters 1 and 2 are indicated above. Genes of interest 

are indicated on the right. d) tSNE representations of fresh-sorted ETMR cells 

(n = 2,520 cells), colored according to marker genes specific to malignant 

clusters 1 (stem-like signature: PLTP, PAX3) and 2 (differentiated signature: ENO2, 

TUBB3). e) Representative multiplex immunofluorescence images of ETMR tissue 

stained for markers for malignant clusters 1 (stem-like signature: PLTP, PAX3, 

LIN28A shown in red) and 2 (differentiated signature: NSE, TUBB3, STMN2 shown 

in green). DAPI staining was used to highlight the nuclei. Scale bars = 300 µm. 

This experiment achieved reproducible results in three biological replicates. 

Related to Fig. 1.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Developmental correlates and transcriptional 

regulation of malignant cell types. a) Heatmap shows relative expression 

levels of marker genes for malignant clusters 1 (stem-like signature) or 2 

(differentiated signature) in fetal neocortex cells (n = 220 cells) 24. Samples 

were laser-microdissected and different germinal zones are annotated (top). 

Cell annotations for apical progenitor cells (AP1/2), basal progenitor cells 

(BP1/2), or mature neurons (N1/3) are indicated above the heatmap. b) tSNE 

visualization, colored by predictions from the random forest-based classifier 

for 7 (top) or 3 (middle) fetal neocortex cell types. Bottom row shows a ternary 

plot of random forest prediction scores of ETMR cells (n = 2,520 cells). Cells are 

colored according to their maximum prediction score for apical progenitors 

(brown), basal progenitors (green) or neurons (pink). Bar plot shows the fraction 

of cells classified as apical progenitors (brown), basal progenitors (green) or 

neurons (pink) per ETMR sample. c) Heatmap shows relative expression of 

neurodevelopmental TFs in fetal neocortex cells (n = 220 cells). Cell ordering 

is identical with panel (a). d) Heatmap shows relative expression levels of TFs 

associated with regulons derived from SCENIC analyses of the fresh-sorted ETMR 

scRNA-seq dataset (n = 2,520 cells). Four groups were shared across samples and 

five groups were not shared across samples. Annotations above the heatmap 

indicate classification of cells into malignant cell types. e) Heatmap shows 

pairwise similarity ( Jaccard index) between target genes of regulons detected by 

SCENIC analysis (n = 55 regulons). f) Heatmap shows normalized Area Under the 

Curve (AUC) values of n = 2,520 cells (indicating regulon activation) derived from 

SCENIC analyses for five regulon groups that were not shared across samples. 

Related to Fig. 2.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Gene signatures of malignant cell types. a) Sankey 

plot (left) shows the distribution and relationship of n = 2,520 cells assigned 

to malignant clusters 1 and 2 versus NSC-like, intermediate, and neuron-like 

clusters. NSC-like and neuron-like cells almost entirely derive from malignant 

clusters 1 and 2, respectively. The intermediate population derives from both 

malignant clusters. Bar plot (right) shows the fractions of malignant cell types 

per fresh-sorted ETMR sample. b) Heatmap shows relative expression of 

signature genes specific to cycling, NSC-like, intermediate, and neuron-like cells 

in the fresh-sorted ETMR scRNAseq dataset (n = 2,520 cells). Sample annotation, 

cycling cells, and cell type assignment are indicated on top of the heatmap. Genes 

of interest are highlighted on the right. c) Proportional venn diagrams highlight 

the overlap of genes associated with different single cell-derived signatures.  

d) Sankey plot (left) shows the distribution and relationship between n = 2,520 

cells assigned to the NSC-like, intermediate, and neuron-like clusters versus the 

cell cycle state. Bar plot (right) shows the fractions of cycling and non-cycling 

cells per fresh-sorted ETMR sample. e) tSNE visualization of the fresh-sorted 

ETMR scRNAseq dataset (n = 2,520 cells), overlaid with differentiation 

trajectories defined by RNA velocity analysis. f) Images show representative 

multiplexed immunofluorescence stainings of three primary ETMR samples 

for PAX6 (NSC-like cells, red), NEUROD1 (Intermediate cells, green) and PEG3 

(neuron-like cells, magenta) TFs. Scale bars = 500 µm. This experiment was 

performed at least three times for each tumor sample. g) Pseudo images of 

in silico phenotyped cells of the images shown in panel (f). Coordinates and 

phenotypes of cells were determined as described in the methods. Pseudo 

images are resolved by marker genes PAX6 (NSC-like cells, red), NEUROD1 

(Intermediate cells, green) and PEG3 (neuron-like cells, magenta). This 

experiment was performed at least three times for each tumor sample. Related 

to Fig. 2.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Expression of C19MC in patient samples. a) Genome  

plot showing combined scRNA-seq coverage of a 330 kb region encompassing 

the C19MC locus for each ETMR sample, grouped by plate. Approximate 

boundaries of the C19MC primary transcript are highlighted in red (C19MC 

activated samples, n = 9) and green (non-C19MC activated samples, n = 2).  

b) Boxplot showing normalized expression levels of the C19MC primary 

transcript (pri-miRNA) per cell (n = 2,520 cells) in a cell type- and sample-resolved 

manner, as quantified by scRNA-seq. Cell numbers per cell type and sample are 

given in Supplementary Table 2c. Boxes indicate the median and the lower and 

upper hinges of the boxes correspond to the first and third quartiles. Outliers 

are indicated by individual dots outside of the whiskers. P values upon two-

sided student’s t-tests are given. n.s. Not significant. c) Bar plot shows average 

expression levels of C19MC members in C19MC-amplified ETMR, assessed by 

small RNA sequencing of bulk tumor samples (n = 7). Expression levels of the 

mature 5p and 3p miRNAs arms are shown. d) Copy-number variation profile 

of three ETMR tumor samples that were analyzed by RNA in-situ hybridization 

(RNA-ISH) or DNA fluorescence in-situ hybridization (DNA-FISH). Genomic 

location of the C19MC amplification is indicated. e) Additional images of 

DNA-FISH analysis of sample MUV45. Top panel shows manual segmentation of 

rosette-like structures (red boundaries) and neuropil-abundant areas (green 

boundaries). Second and third panels indicate nuclei in high- and low-density 

regions, respectively (black). Bottom panel indicates the number of distinct 

C19MC foci per nucleus. f) Microscopy images of H&E (top panel) and DNA 

fluorescence in situ hybridization (DNA-FISH, other panels) analysis of C19MC-

amplified sample MUV30 on consecutive tumor slices. Pseudo images show 

systematic analysis of cell density and number of distinct C19MC per nucleus. 

Bar plot summarizes the numbers of distinct C19MC foci per nucleus grouped 

according to cell density. DNA-FISH was performed and quantified on three 

individual ETMR samples. Scale bars = 500 µm. Related to Fig. 3.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Identification of miRNA-mRNA interactions using 

eCLIP. a) Dot plot shows expression of mature miRNAs in BT183 cell line assessed 

by small-RNA sequencing. Detected C19MC members are colored in red (n = 67). 

Most highly expressed miRNAs of interest are highlighted. b) Histograms 

show the number of detected reads as a function of paired-end read length for 

replicate 1 and 2 of the eClip experiment in BT183 cells. Only reads that contain 

a mature miRNA sequence at the 5′ end (miRNA-only and chimeric reads) are 

shown. Percentages of reads for each population relative to all reads (chimeric 

and non-chimeric) are indicated. Over 5 million chimeric reads were detected 

across replicates. c) Dot plot shows the enrichment of chimeric reads in detected 

peaks over normalized reads in the input control, combining both replicates. 

n = 4,009 high-confidence peaks are indicated in black. d) Heatmap shows 

overlap ( Jaccard index) in genes targeted by individual C19MC members. The 

total number of target genes per C19MC member is indicated in the bar plot on 

the left, split by genes that are targeted by a single or multiple members. miRNAs 

of interest are highlighted by arrows. e) Genome plot of region on chromosome 

9 encompassing the 3′ UTR of TF transcription factor ZNF367. Top track shows 

coverage in input control, second track shows coverage of non-chimeric mRNA-

only reads. Third track shows coverage of all chimeric reads, combined for all 

miRNAs. Remaining tracks show coverage of chimeric reads associated with 

C19MC members miR-512-5p and miR-515-5p and three non-C19MC miRNAs, 

indicated in red and blue, respectively. f) Genome plot of region on chromosome 

5 encompassing EGR1, similar to panel (e). g) Genome plot of region on 

chromosome 6 encompassing SOX4, similar to (e). h) Genome plot of region on 

chromosome 2 encompassing SOX11, similar to (e). i) Genome plot of region on 

chromosome 3 encompassing HES1, similar to (e). j) Genome plot of region on 

chromosome 1 encompassing HES5, similar to (e). Related to Fig. 4.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Functional analyses of C19MC in cell line models.  

a) Scatter plot shows a re-analysis of the dataset published by Mong et al., 2020. 

C19MC is expressed in HEK293 cells using a CRISPR activation system and two 

different gRNAs specific for its promoter region. Downregulated genes (n = 509, 

putative C19MC targets) are located at the bottom left. C19MC targets identified 

by eCLIP in BT183 cells are indicated in red. Scatter plot at the bottom shows  

a magnified view of downregulated genes, with key C19MC targets labeled.  

b) Heatmap on the left shows relative gene expression of 75 downregulated  

genes that were also identified as C19MC targets by eCLIP. Heatmap on the right 

shows a detailed view for which C19MC member eCLIP peaks were detected.  

c) Brightfield images showing BT183 ETMR cell confluency after treatment 

for 72 h with LNAs targeting seven C19MC families, non-targeting CTRL-LNAs 

(CTRL1, CTRL2), or solvent control (H2O). Identified cell areas are highlighted in 

red. Scale bars = 400 µm. Images shown are representative of the n = 4 biological 

replicates. d) Brightfield and fluorescence images showing BT183 cell caspase 

3/7 signal after treatment for 72 h with LNAs targeting seven C19MC families, 

non-targeting CTRL-LNAs (CTRL1, CTRL2), or Solvent control (H2O). Scale bars = 

500 µm. Images shown are representative of the n = 4 biological replicates.  

e) Bar plots show quantification of protein expressing cells for the indicated 

markers assessed by immunofluorescence analysis. Percentages of positive 

cells from three replicates are shown as mean values with SEM. P-values were 

calculated using the two-sided, unpaired Student’s t-test. Related to Figs. 4 and 5.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | CellPhoneDB analysis reveals receptor-ligand 

interactions. a) Network graph of CellPhoneDB analysis shows inferred ligand 

(ellipses) and receptor (rectangles) interactions in our single-cell dataset 

(P < 0.05, n = 6 samples). Colors indicate correlation of expression levels to cell 

type-specific signature scores. CellPhoneDB analysis was performed on each 

sample separately. The width of edges indicates the number of samples the 

interaction was detected in. b) Bar plot shows the number of cells detected per 

malignant cell type across fresh-sorted ETMR samples. c) Bar plot shows average 

expression of FGFR genes in single cell data of fresh-sorted ETMR samples, 

separated by malignant cell type. Average expression in the BT183 cell line is 

indicated on the right. d) Bar plot shows expression of FGF ligands. e) Bar plot 

shows expression of NOTCH receptors. f) Bar plot shows expression of Delta 

ligands. For barplots shown in panels (b-f) n = 2,520 cells from tissue samples and 

n = 179 cells from BT183 were plotted. Related to Fig. 6.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | FGFR and Notch inhibition in ETMR cells. a) Bar plots 

show quantification of fluorescent signals for four FGF receptors in BT183 cells. 

Signals from over 12,000 cells were analyzed and normalized to the cell area 

determined by Phalloidin. Percentages of positive areas for FGFR1, 2, 3 and 4 are 

shown as mean values with SEM. b) Bar plots showing intermediate (top) and 

cycling (bottom) signature scores in BT183 cells that were treated with CB103 

at the indicated concentrations for 7 days. Individual bars for each indicate 

technical replicates. This experiment was performed in one biological replicate. 

c) Boxplot shows C19MC expression levels in BT183 cells upon treatment with 

different concentrations of the NOTCH inhibitor CB103 or DMSO control. 

Two-sided student’s t-tests were performed. P values are indicated. Each box 

represents the median +/− interquartile range of n = 4–6 wells as in b) treated 

with the inhibitor at indicated concentrations. d) Boxplot shows expression 

of TTYH1, the presumed fusion partner of C19MC upon treatment as in (c). 

Two-sided student’s t-tests were performed. P values are indicated. Each box 

represents the median +/− interquartile range of n = 4–6 wells as in b) treated with 

the inhibitor at indicated concentrations. e) Bar plots show intermediate (top) 

and cycling (bottom) signature scores in BT183 cells treated with 1000 nM of the 

FGFR inhibitors AZD4547, erdafitinib, or futibatinib for 3 days. This experiment 

was performed in one biological replicate. f) Boxplot shows C19MC expression 

levels after 3 days of treatment with three different FGFR inhibitors (1,000 nM) 

or DMSO control. Two-sided student’s t-tests were performed. P values are 

indicated. Each box represents the median +/− interquartile range of n = 5 wells 

treated with the inhibitor at indicated concentrations. g) Boxplot as in (f) after 

7 days of treatment. Two-sided student’s t-tests were performed. P values are 

indicated. Each box represents the median +/− interquartile range of n = 5 wells 

treated with the inhibitor at indicated concentrations. h) Gene set enrichment 

analysis plot of the KEGG Notch signaling pathway gene set in transcriptional 

profiles generated from AZD4547-treated BT183 ETMR cells versus DMSO 

controls. NES Normalized enrichment score, p.adj adjusted P-value. i) Gene set 

enrichment analysis plot for cells treated with erdafitinib. j) Gene set enrichment 

analysis plot for cells treated with futibatinib. Related to Fig. 7.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Clinical translation of a previously unreported 

drug candidate and longitudinal tumor profiling. a) Illustration of clinical 

history of an ETMR patient treated with erdafitinib on a compassionate use 

basis. Therapeutic interventions (radiation, chemo-/targeted therapy, surgical 

resections) as well as radiological examinations are indicated by symbols and 

colors. Sample IDs are linked to the respective tumor lesions. CSI = Craniospinal 

Irradiation; DFMO = Difluoromethylornithine; GTR = Gross Total Resection; 

IND = Investigational New Drug; MRI = Magnetic Resonance Imaging; RT = 

Radiotherapy; b) Bar plots show the NSC-like signature score in cells from the 

primary tumor (BCH1446, n = 172 cells, top row), the recurrent lesion (BCH1548, 

n = 324 cells, middle row), as well as the metastatic tumor (SK3CO, n = 153 cells, 

bottom row). Bars are colored by cell type (left column), TTYH1 expression 

(middle column), and C19MC pri-miRNA expression (right column). c) Bar plot 

shows the expression of FGFR genes in longitudinal samples from the same 

patient, separated by malignant cell types. The primary tumor (BCH1446, n = 172 

cells, top row), the recurrent lesion (BCH1548, n = 324 cells, middle row), as well 

as the metastatic tumor (SK3CO, n = 153 cells, bottom row) were analyzed. d) Bar 

plot shows the expression FGF ligands. The primary tumor (BCH1446, n = 172 

cells, top row), the recurrent lesion (BCH1548, n = 324 cells, middle row), as 

well as the metastatic tumor (SK3CO, n = 153 cells, bottom row) were analyzed. 

e) Scatter plot shows comparison of average gene expression profiles from 

different samples of the same patient (primary tumor and lung metastasis). 

Only NSC-like cells were used (n = 153 cells). f) Heatmap shows the top 50 up- and 

downregulated genes between both samples. Columns represent individual NSC-

like cells (n = 45 and n = 108 cells). Genes of interest are indicated on the right. 

Genes encoding for ribosomal proteins are indicated by dots. Related to Fig. 8.












