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            Abstract
Neuroblastoma is a pediatric tumor of the developing sympathetic nervous system. However, the cellular origin of neuroblastoma has yet to be defined. Here we studied the single-cell transcriptomes of neuroblastomas and normal human developing adrenal glands at various stages of embryonic and fetal development. We defined normal differentiation trajectories from Schwann cell precursors over intermediate states to neuroblasts or chromaffin cells and showed that neuroblastomas transcriptionally resemble normal fetal adrenal neuroblasts. Importantly, neuroblastomas with varying clinical phenotypes matched different temporal states along normal neuroblast differentiation trajectories, with the degree of differentiation corresponding to clinical prognosis. Our work highlights the roles of oncogenic MYCN and loss of TFAP2B in blocking differentiation and may provide the basis for designing therapeutic interventions to overcome differentiation blocks.
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                    Fig. 1: Cell types in the developing human adrenal gland.[image: ]


Fig. 2: Differentiation dynamics during adrenal medullary development.[image: ]


Fig. 3: Projection of neuroblastomas onto developmental trajectories.[image: ]


Fig. 4: Regulators in neuroblastoma differentiation.[image: ]


Fig. 5: Neuroblastoma cell type composition deduced from bulk transcriptomes.[image: ]


Fig. 6: Evaluation of neuroblastoma differentiation therapy.[image: ]
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                Data availability

              
              Raw adrenal gland and neuroblastoma sequencing data have been deposited in the European Genome-phenome Archive under study accession no. EGAS00001004388. Processed data can be downloaded and explored interactively in a Shiny App: https://adrenal.kitz-heidelberg.de/developmental_programs_NB_viz/. Raw and processed sequencing data for the neuroblastoma cell lines have been deposited in the Gene Expression Omnibus (GEO) under accession no. GSE163431. Bulk RNA-seq data of neuroblastomas from the SEQC cohort were obtained from the GEO (accession no. GSE49711). Bulk RNA-seq data of neuroblastomas from the TARGET cohort were obtained from https://portal.gdc.cancer.gov/projects/TARGET-NBL. The single-cell RNA-seq data of the neuroblastoma cell line SK-N-SH were obtained from the GEO under accession no. GSE158130. Expression data of IMR-32 cells on inducible overexpression of TFAP2B were obtained from the GEO under accession no. GSE74350. Whole-genome sequencing data for tumors studied by scRNA-seq were obtained from the European Genome-phenome Archive (accession nos. EGAS00001004349 and EGAS00001001308). Matching tumor IDs are provided in Supplementary Table 8. Source data are provided with this paper.
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Extended data

Extended Data Fig. 1 Adrenal gland histology and cell types.
a, b, H&E and immunohistochemical staining of adrenal gland serial sections for CHGA, ALK, ISL1 and KI67. Left panels show overviews over entire glands. Boxes mark regions of insets on the right. Scale bars: left: 1000/500 µm, inset: 200 µm. Sections are derived from 17 pcw (AG07) (a) and 14 pcw (AG08) (b) adrenal glands. Shown are representative results for two out of four samples analyzed in independent experiments.


Extended Data Fig. 2 Adrenal gland cluster, age and sample contribution.
a, Uniform Manifold Approximation and Projection (UMAP) embedding of single cells derived from developing human adrenal glands colored by 45 unique clusters of transcriptionally similar cells. Inset shows the cells colored by cell types as in Fig. 1b. b, c, UMAP embedding from (a) colored by time point of sample collection (b) and individual samples (c). d, Heat map depicting relative expression of marker genes for adrenal gland cell populations as in Fig. 1b. Normalized expression is shown as z-score. e, f, UMAP plot of adrenal medullary cells colored by 16 clusters of transcriptionally similar cells (d) and individual samples (e). Inset shows the cells colored by cell types as in Fig. 1c. g, UMAP visualizations showing adrenal medullary cells from each individual time point integrated using harmony. h, Barplot with fractions of cells in each cell cycle phase in adrenal medullary cell types. i, RNAscope fluorescent RNA in situ hybridization for bridge marker ASCL1, neuroblast marker ISL1 and chromaffin marker TH in human adrenal glands at 8 pcw and 14 pcw. Left panels show composite overviews over entire glands, boxes mark the regions of insets shown on the right. Scale bars: left: 800 µm, inset: 20 µm. Shown are representative results for two out of four samples analyzed in independent experiments.


Extended Data Fig. 3 Adrenal medulla potency and pseudotime.
a, Diffusion map of adrenal medullary cells as shown in Fig. 2a, colored by 19 clusters of transcriptionally similar cells. Start of the pseudotime trajectory is marked with an arrow (cluster 16). b, c, UMAP embedding of adrenal medullary cells without cycling populations colored by 19 clusters of transcriptionally similar cells (b) or cell types (c). Start of the pseudotime trajectory is marked with an arrow (cluster 16). d, f, UMAP plot showing adrenal medullary cells without cycling populations colored by differentiation potential as determined by CytoTRACE (d) and differentiation potency as determined by LandSCENT (f). e, Boxplot with differentiation potencies for adrenal medullary cell populations as determined by LandSCENT. Here, the center line represents the median, upper and lower boundaries the 75th and 25th percentile and whiskers the 1.5x interquartile range. Number of cells: late SCPs: n = 632, SCPs: n = 817, cycling SCPs: n = 288, Bridge: n = 612, con. Prog: n = 1499, Chrom: n = 1346, late Chrom: n = 963, cycling Nbs: n = 1064, Nbs: n = 1388, late Nbs: n = 2130. g, Diffusion map of adrenal medullary cells colored by SCP-to-late SCP pseudotime trajectory as determined by slingshot. h, UMAP visualization illustrating adrenal medullary cells without cycling populations colored by pseudotime as determined by monocle3. Start of the pseudotime trajectory is marked with an arrow. i, Gene expression of selected genes over pseudotime in chromaffin cell and neuroblast trajectories.


Extended Data Fig. 4 Neuroblastoma cluster, sample and cell type contribution.
a, UMAP visualization illustrating 64.769 single neuroblastoma cells integrated using harmony and colored by cell types. b, Heat map showing expression of canonical cell type markers in cells derived from neuroblastoma tumors. Color indicates relative expression as z-score. c, UMAP embedding showing single neuroblastoma cells integrated using harmony and colored by inferred copy number status. d, Barplot with annotated cell type fractions for each neuroblastoma tumor. e, Boxplots showing expression of published adrenergic and mesenchymal neuroblastoma signatures in single neuroblastoma cells grouped by subgroup. Here, the center line represents the median, upper and lower boundaries the 75th and 25th percentile and whiskers the 1.5x interquartile range. Number of cells: LR: n = 21,086, ALT/TERT: n = 12,719, MES: n = 8980, MYCN: n = 16,527. f, g, UMAP plot showing neuroblastoma cells integrated using harmony and colored by clusters of transcriptionally similar cells (f) and sample (g).


Extended Data Fig. 5 Neuroblastoma copy number variations.
a–n Inferred copy number profiles of neuroblastoma cells using InferCNV with normal neuroblasts as reference. Below: Copy number profiles of the same tumors derived from whole genome sequencing data.


Extended Data Fig. 6 Similarity of single neuroblastoma cells to normal developing adrenal medullary cell populations.
a–l, Heat maps with similarity scores of single neuroblastoma cells and fetal adrenal medullary cell populations for neuroblastoma tumors not shown in Fig. 3. m, Bar plots illustrating proportion of neuroblastoma cells assigned to adrenal medullary cells or cells from published fetal and adult brain data sets by neuroblastoma subgroup. Cells are assigned to the normal population with highest similarity score.


Extended Data Fig. 7 Similarity of single cells from neuroblastoma cell lines to normal developing adrenal medullary cell populations.
a–c, UMAP visualization of single SK-N-SH cells colored by adrenergic, mesenchymal and intermediate population (a), published mesenchymal neuroblastoma signature expression (b) or adrenergic neuroblastoma signature expression (c). d, Heat map with similarity scores of single SK-N-SH cells to fetal adrenal medullary cell populations. Top bar indicates SK-N-SH subpopulation identity. e, Bar plots illustrating proportion of SK-N-SH cells assigned to each normal adrenal medullary cell population. Cells are assigned to the normal population with highest similarity score. f-h, UMAP embedding of single SK-N-AS cells colored by clusters of transcriptionally similary cells (f), published mesenchymal neuroblastoma signature expression (g) or adrenergic neuroblastoma signature expression (h). i, Heat map with similarity scores of single SK-N-AS cells to fetal adrenal medullary cell populations. j, Bar plots illustrating proportion of SK-N-AS cells assigned to each normal adrenal medullary cell population. Cells are assigned to the normal population with highest similarity score.


Extended Data Fig. 8 Projection of single neuroblastoma cells onto adrenal medullary cell populations.
a–l, Diffusion maps of adrenal medullary cells as shown in Fig. 2a with single neuroblastoma cells projected onto the embedding for tumors not shown in Fig. 3.


Extended Data Fig. 9 Regulation of neuroblastoma by markers of normal adrenal medullary development.
a, Dot plot showing expression of genes with strong enhancers described to engage in enhancer hijacking events in neuroblastoma, in adrenal medullary cell populations. b, Violin plots with normalized expression of adrenal medullary developmental genes in neuroblastoma subgroups. c, Heat map illustrating activity of adrenal medullary transcription factors in neuroblastoma shown as fraction of cells in which the regulon was found active by subgroup. d, UMAP embedding showing single MYCN-amplified IMR5/75 neuroblastoma cells with tetracyclin-inducible shRNAs targeting MYCN and generating MYCN high (-Tet) and MYCN low (+Tet) cells. Cells are colored by levels of regulatable MYCN. e, UMAP visualization of MYCN low and MYCN high cells colored by cell cycle phase. f, Barplot with fractions of cells in each cell cycle phase in MYCN high and MYCN low cells. g, MYCN protein levels in MYCN high and MYCN low IMR5/75 neuroblastoma cells. Detection by western blot using vinculin as loading control. Analysis was performed once on cells from the same experiment as used for single-cell sequencing. h, Violin plots show expression of signatures for Bridge (p < 2.22 × 10−16), con. Progenitor cells (p < 2.22 × 10−16), Chromaffin cells (p = 0.034), late Chromaffin cells (p < 2.22 × 10−16), SCPs (p < 2.22 × 10−16) and late SCPs (p < 2.22 × 10−16) in MYCN-amplified (MYCN high) neuroblastoma cells and MYCN-amplified cells upon MYCN knockdown (MYCN low). Statistical significance was determined by two-sided Wilcoxon rank-sum test.


Extended Data Fig. 10 Association of neuroblastoma cell type composition with clinical parameters.
a, Hierarchical clustering of patient samples based on abundance of fetal adrenal medullary cell populations without cycling populations determined by deconvolution with BSEQ-sc (SEQC cohort). b, Composition of neuroblastoma tumors by subgroup based on deconvolution of bulk RNA-seq data with fetal adrenal cell populations without cycling populations using BSEQ-sc (SEQC cohort). c, Hierarchical clustering of patient samples based on abundance of fetal adrenal medullary cell populations determined by BSEQ-sc (TARGET cohort). d-i, Kaplan-Meier analysis of event-free (d, f, h) or overall (e, g, i) survival in neuroblastoma patients according to the relative abundance of late neuroblasts (d–g), neuroblasts (h) or cycling neuroblasts (i) determined by deconvolution of tumors with fetal adrenal cell populations. Panels f and g show deconvolution results for the TARGET cohort, panels e and i show deconvolution results for the SEQC cohort and panels d and h show deconvolution results for the SEQC cohort when excluding cycling cells from the analysis. P-values were calculated using the two-sided log-rank test.
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