
Olsen et al. Molecular Cancer          (2024) 23:180  
https://doi.org/10.1186/s12943-024-02091-y

CORRESPONDENCE Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Molecular Cancer

Joint single‑cell genetic and transcriptomic 
analysis reveal pre‑malignant SCP‑like 
subclones in human neuroblastoma
Thale K. Olsen1,2†, Jörg Otte1†, Shenglin Mei3†, Bethel Tesfai Embaie1, Polina Kameneva4, Huaitao Cheng5, 
Teng Gao3, Vasilios Zachariadis5, Ioanna Tsea1, Åsa Björklund6, Emil Kryukov7,8, Ziyi Hou3, Anna Johansson6, 
Erik Sundström9, Tommy Martinsson10, Susanne Fransson10, Jakob Stenman1, Shahrzad Shirazi Fard1, 
John Inge Johnsen1, Per Kogner1, Igor Adameyko11,12, Martin Enge5*, Peter V. Kharchenko3,13*† and 
Ninib Baryawno1*† 

Abstract 

Background  Neuroblastoma (NB) is a heterogeneous embryonal malignancy and the deadliest tumor of infancy. 
It is a complex disease that can result in diverse clinical outcomes. In some children, tumors regress spontaneously. 
Others respond well to existing treatments. But for the high-risk group, which constitutes approximately 40% of all 
patients, the prognosis remains dire despite collaborative efforts in basic and clinical research. While its exact cellular 
origin is still under debate, NB is assumed to arise from the neural crest cell lineage including multipotent Schwann 
cell precursors (SCPs), which differentiate into sympatho-adrenal cell states eventually producing chromaffin cells 
and sympathoblasts.

Methods  To investigate clonal development of neuroblastoma cell states, we performed haplotype-specific analysis 
of human tumor samples using single-cell multi-omics, including joint DNA/RNA sequencing of sorted single cells 
(DNTR-seq). Samples were also assessed using immunofluorescence stainings and fluorescence in-situ hybridization 
(FISH).

Results  Beyond adrenergic tumor cells, we identify subpopulations of aneuploid SCP-like cells, characterized 
by clonal expansion, whole-chromosome 17 gains, as well as expression programs of proliferation, apoptosis, 
and a non-immunomodulatory phenotype.

Conclusion  Aneuploid pre-malignant SCP-like cells represent a novel feature of NB. Genetic evidence and tumor 
phylogeny suggest that these clones and malignant adrenergic populations originate from aneuploidy-prone cells 
of migrating neural crest or SCP origin, before lineage commitment to sympatho-adrenal cell states. Our findings 
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expand the phenotypic spectrum of NB cell states. Considering the multipotency of SCPs in development, we sug-
gest that the transformation of fetal SCPs may represent one possible mechanism of tumor initiation in NB with chro-
mosome 17 aberrations as a characteristic element.

Keywords  Neuroblastoma, Schwann cell precursors, Childhood cancer, Tumor heterogeneity, Tumor evolution, 
Clonality, Development, Single-cell sequencing, Multi-omics

Background
Neuroblastoma (NB) is a pediatric extra-cranial neuroen-
docrine cancer, believed to arise at early prenatal stages 
from the sympatho-adrenal lineage of the neural crest. 
It is a complex disease with diverse clinical outcomes. 
In some children, tumors regress spontaneously while 
others respond well to treatment. However, for the high-
risk group, which constitutes approximately 40% of all 
patients, clinical outcome remains dire [1].

Key genetic aberrations associated with a poor progno-
sis include MYCN amplification, TERT rearrangements, 
hemizygous 1p and 11q deletions, and segmental 17q 
gain. Whole-chromosome or segmental copy number 
variations (CNVs) are common in NB. While whole-
chromosome CNVs are associated with favorable prog-
nosis, segmental CNVs of any kind are associated with 
high-risk disease [1].

NB displays considerable heterogeneity on the tran-
scriptional and cell state level. Like many other cancers 
which activate and replay developmental mechanisms 
to attain plasticity, NB retains embryonic features which 
ultimately promote intratumor heterogeneity and resist-
ance to therapy. The neural crest lineage, from which NB 
originates, is remarkably flexible and involves several cell 
fate progenitors and transitions [2, 3].

In humans, neural crest-derived Schwann cell precur-
sors (SCPs) play a crucial role in the development of the 
sympatho-adrenal system. Migratory neural crest cells 
settle on developing peripheral nerves and turn into 
nerve-associated SCPs, which are retained for a consider-
able time during development, while maintaining neural 
crest-like multipotency at the nerve niche. Via a ‘fork-
like’ transition, SCPs can give rise to neuroendocrine 
chromaffin cells or immature sympathoblasts which, in 
turn, can also differentiate directly into chromaffin cells. 
Besides adrenergic lineages, neural crest cells can also 
give rise to parasympathetic and enteric neurons, mel-
anocytes, dental pulp progenitors and mesenchymal cells 
such as cranial fibroblasts [2].

Histologically, NB consists of proliferative neuroendo-
crine cells of different cell states such as sympathoblast-
like or chromaffin-like tumor cells. The identification 
of Schwann cells, as part of stroma-rich, well-differ-
entiated tumors, usually indicate a benign tumor biol-
ogy, such as ganglioneuromas [1, 4]. Schwann cells are 

believed to be recruited into the tumor where they can 
acquire a repair-like phenotype and fulfill tumor-inhib-
iting effects such as neuroblast differentiation or mod-
ulate the local immune response via the expression of 
various cytokines and the upregulation of MHC class I 
and II molecules [5].

Recent studies have analyzed the transcriptomic 
heterogeneity of NB and correlated tumor cell state 
dynamics to fetal developmental trajectories [2, 3, 6–
8]. Low-risk NB maps to highly differentiated sympa-
thoblasts whereas high-risk tumor cells align to earlier 
developmental time points with a less differentiated 
sympatho-adrenal state [3, 8]. Transcriptomic and epi-
genetic studies also indicate the presence of a more 
immature phenotype with mesenchymal-like features 
[3, 6]. Importantly, a “pure” mesenchymal tumor phe-
notype, as previously described in cell lines, has not 
been consistently observed in primary patient samples. 
Mesenchymal features, as described by super-enhancer 
profiles in patient material, however, are associated with 
high-risk disease and therapy resistance [3, 6].

A clear picture of cellular ancestry and genomic abnor-
malities involved in NB development is still lacking. By 
performing in-depth, single-cell multi-omics profiling of 
human NB samples, we answer some of these unresolved 
questions and reveal an unprecedented resolution of NB 
tumor evolution and its embryological context, includ-
ing the discovery of abnormal SCPs, of which some are 
clonally related to adrenergic tumor cells and potentially 
pre-malignant.

Results
Cellular heterogeneity in human neuroblastoma
For in-depth characterization of NB cellular heterogene-
ity, we used single-cell RNA sequencing to characterize 
tumor samples across various clinical risk groups, ages, 
and genetic subsets (Fig.  1A, S1A; Table  S1). A total of 
eighteen NB samples were profiled using droplet-based 
single-cell RNA-seq (scRNA-seq, 10x Genomics Chro-
mium), yielding altogether 86796 high quality cells 
(Fig. 1A; S1A-D) (see Methods).

To overcome inter-individual variation, samples were 
integrated using the graph-based Conos approach which 
revealed 18 major cell subpopulations common to most 
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samples, spanning adrenergic, stromal, and immune 
compartments (Fig. S1D). The immune populations were 
recently described in a separate publication (Table  S1, 
see Methods), all non-immune cells of this cohort have 
not been analyzed before. Among the stromal popula-
tions, we observed endothelial cells and well-defined 
clusters of pericytes and myofibroblasts in close proxim-
ity to another mesenchymal cell population of a fibro-
blast identity expressing MGP, LUM, OGN and COL6A3. 
The dominant population of adrenergic tumor cells car-
ried an expected expression signature including TH, 
DBH, PHOX2B, and CD24 (Table  S2; Fig. S1C, D; Fig. 
S2A) [2]. Surprisingly, mesenchymal and adrenergic cell 
populations were interconnected by a cell type express-
ing key neural crest and Schwann lineage markers, such 
as SOX10, S100B, ERBB3, and PLP1 (Fig. S1D, S2A).

NB is thought to arise during differentiation of neu-
ral crest-derived cells into sympatho-adrenal lineages 
[1–3, 8]. To understand how the observed popula-
tions of non-immune NB cells relate to normal adre-
nal development, we aligned our data with published 
data sets of human fetal adrenal cells. Joint alignment 
confirmed close resemblance of adrenergic NB cells to 
fetal sympathoblasts and to some extent chromaffin 
cells, while stromal cells were similar to fetal mesen-
chymal cells (Fig. 1B, S1E; see Methods). The observed 
NB-associated cells expressing SOX10 aligned with 
Schwann cell precursors (SCPs) normally observed 
in fetal development. This suggests the presence of 

SCP-like cells in NB tumors transcriptionally mimick-
ing human fetal SCPs.

SCP‑like neuroblastoma cells harboring aneuploidy 
represent putative pre‑malignant populations
Next, we applied our recently published Numbat algo-
rithm, including all non-immune cells in the analysis. By 
integrating gene expression, allele, and population-based 
haplotype information, this strategy allows an enhanced 
detection of genomic CNVs in scRNAseq data. It can 
reconstruct the subclonal architecture and tumor phylog-
eny within each sample, allowing identification of ances-
tral clones.

CNV analysis revealed specific genomic alterations 
strongly supported by bulk SNP  array data, showing 
matching profiles with high precision (Fig. S1F, S8A). 
Adrenergic cells were consistently identified as malig-
nant (Fig.  1C, S1G), whereas pericytes, immune, and 
endothelial cells were classified as normal without any 
CNVs detected. We did not detect any distinct subclone 
of malignant mesenchymal cells (Fig. 1C, S1G), although 
we cannot rule out the possibility of minor genetic altera-
tions in this population. Strikingly, besides the adrenergic 
tumor populations, a subfraction of SCP-like cells were 
also found to carry clonal CNVs. These were detected 
in the sample NB26, a low-risk sample of a previously 
untreated primary adrenal tumor with numerical chro-
mosomal aberrations (Fig. S1A).

In this tumor sample, Numbat analysis revealed four 
distinct clones. Clone 1 reflected non-malignant stromal 

(See figure on next page.)
Fig. 1  Multi-omic CNV identification in single neuroblastoma cells reveal complex subclonal architectures and identify abnormal SCP-like 
populations carrying whole-chromosome gains. A Graphical illustration of study design and experimental procedures. B Joint alignment 
of neuroblastoma (10x dataset) and normal fetal adrenal scRNAseq data (GEO accession numbers GSE137804 and GSE147821) is shown, indicating 
normal fetal cell populations (left panel) and corresponding cell types in the neuroblastoma 10x dataset (right panel). Dashed contour lines indicate 
positions of NB populations: adrenergic, mesenchymal, and SCP-like cells. C Integrative Numbat analysis of non-immune cells from all samples 
where CNVs were inferred: NB09, NB12, NB13, NB15, NB17, NB24, NB26, and NB34. Left panel: Labelled by cell type. Right panel: Labelled by joint 
posterior aneuploidy probability (“malignancy score”). Red color indicates high probability of CNVs present, blue color indicates low probability. 
D Heatmap of single-cell CNVs and predicted phylogeny of sample NB26. Phylogeny is shown on the left side of the heatmap. Branch lengths 
corresponds to number of CNVs; horizontal dashed lines separate predicted clones. Bottom clone (clone 1) represents predicted normal cells. 
Annotation column to the left indicates subclone, annotated cell type, and predicted CNV state. Chromosomes are ordered along the x axis 
in increasing order. AMP: amplification (i.e. copy number gain), BAMP: balanced amplification (i.e. expression-based CNV prediction without allelic 
support), CNLoH: copy number neutral loss of heterozygosity. E UMAP embedding of 10x sample NB26, labelled by cell type. F UMAP embedding 
of 10x sample NB26, labelled by subclone. Subclones correspond to those shown in Fig. 1D. G CNV identification in DNTR-seq data. Common 
UMAP embedding of RNA-seq data (samples: n = 5) labelled by cell type; initial cluster-based annotation (left panel) or CNV status in DNA data 
(right panel). All adrenergic cells display multiple CNVs. H UMAP embedding of DNTR-seq sample THA004, labelled by cell type. I Bar plot showing 
the fraction of clones per cell type. Clones correspond to those shown in Fig. 1J. J Heatmap indicating single-cell CNVs and subclones detected 
in DNTR-seq sample THA004. Chromosomes are indicated in increasing order along the x axis. Blue color indicates copy number loss, red color 
indicates copy number gain. Annotation columns to the right indicate cell type, annotated from corresponding RNA-level data, and subclone, 
where subclone A indicates normal cells (no CNVs detected). K Manually reconstructed phylogeny and suggested clonal evolution of samples 
NB26 and THA004. Each circle indicates one subclone. Circle color indicates cell state. Clones below dashed horizontal line correspond to those 
who constitute the bulk of the tumor as identified by CNV analysis in SNP array data. BAMP: balanced amplification; meaning one copy of each 
chromosome (maternal/paternal) is gained and no allelic imbalance is detected
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cells without CNVs, while the remaining clones were pre-
dicted to be malignant (Fig.  1D-F). Interestingly, clone 
2 consisted of SCP-like cells with whole-chromosome 
gains (+6, +8, +10, and +17). Clones 3 and 4 formed dis-
tinct clusters in the UMAP embedding and shared the 
gain of chromosome 17 with high consistency (Fig.  1D, 
S1H). The pattern of CNVs in this tumor strongly sug-
gests that clone 2 (SCP-like cells) reflects an early clone 
in NB development.

Aiming to capture and study the full spectrum of 
abnormal SCP-like cells in more detail, we characterized 
2282 high-quality single cells from six tumor samples 
using direct nuclear tagmentation and RNA sequencing 
(DNTR-seq), which allows joint whole genome and tran-
scriptome sequencing of the same single cell (Fig.  1A, 
S2C, see Methods). We targeted SCP-like cells using the 
cell surface receptor ERBB3 as a marker (Fig. S2A, S2C).

The identity of targeted cell types was confirmed by 
the transcriptome of single cells (Fig. 1G; S2D-E, S3A,B). 

Fig. 1  (See legend on previous page.)
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Adrenergic, mesenchymal, and SCP-like cells of the 
DNTR-seq dataset expressed the same marker genes 
as observed in our 10x data (Fig. S2A, B). Distinct SCP-
like populations were mainly identified in two samples: 
THA004 and THA016 (Fig. S2D). Clustering of DNTR-
seq data revealed distinct mesenchymal and SCP-like 
cells directly adjacent each other on the UMAP embed-
ding, indicating transcriptional similarity (Fig.  1G). 
However, this similarity was sample-specific: in sample 
THA016, ERBB3+ SCP-like and ERBB3-  MES clusters 
were clearly distinct (Fig. S3C, D), whereas in sample 
THA004, they were transcriptionally similar (Fig. S3B, E). 
As these THA004 ERBB3+ cells expressed SCP/Schwann 
lineage markers such as ERBB3, PLP1, and CDH19, and 
not MES markers such as PDGFRA, MGP, COL6A3 or 
LUM, we chose to annotate all of them as SCP-like cells 
(Fig. 1H, S3E).

To identify malignant cells, we generated single-cell 
CNV profiles from DNTR whole-genome sequencing 
data (Fig. 1G, S3F). Again, all adrenergic cells were found 
to carry multiple CNVs which recapitulated SNP array 
tumor CNV profiles (Fig.  1G, S8B). The SCP and MES 
clusters of sample THA016 were not found to carry any 
CNVs (data not shown).

Strikingly, we again observed a low-risk NB sample 
(THA004, derived from an untreated primary tumor of 
the left sympathetic side chain; Fig. 2A, Table S1) with a 
clear SCP-like subclone harboring a sole whole-chromo-
some 17 gain (clone D; Fig. 1I-J; S3A, F). 

In this sample, we discovered seven distinct cellular 
clones of SCP-like and adrenergic identity (Fig. 1J). The 
majority of SCP-like cells (Clone A, n = 272) did not dis-
play any CNVs. However, a notable SCP-like subclone 

(Clone D, n = 53) carried whole-chromosome 17 gains. 
Chromosome 17 gain was also observed in all malignant 
adrenergic  cells in the sample (Fig.  1J), suggesting that 
this subclone of SCP-like cells represents an early clone 
in this tumor. Besides these abnormal, presumably pre-
malignant SCP-like cells, we detected one further aber-
rant clone within the SCP-like cell population. Clone B 
(n = 9) had an additional X chromosome, a genomic aber-
ration that was specific to this clone. Furthermore, we 
identified malignant adrenergic cells that carried addi-
tional whole-chromosome gains besides chromosome 
17 (Clone E, n = 24). Malignant adrenergic cells with a 
relative loss of chromosome 1p and an additional gain on 
chromosome 2p (Clone F, n = 109) reflect the dominant 
malignant clone in this tumor, as was reflected in the 
bulk DNA SNP array analysis of this sample (Fig. S8B). 
We also identified two further adrenergic subclones, 
including a small subclone carrying an additional copy 
of chromosome 17 (Clone H: n = 12; Clone G: n = 15; 
Fig.  1J). This presence of multiple malignant subclones 
indicates ongoing chromosomal instability in the tumor 
population.

Tumor phylogeny in neuroblastoma with abnormal SCPs
In both samples with abnormal SCPs, the pattern of aber-
rations compared to adrenergic tumor cells suggests an 
early-stage origin of the SCP-like NB cells during tumor 
development, potentially representing ancestral cells 
from a direct precursor clone to the adrenergic tumor 
cells. To study this in more detail, we analyzed the poten-
tial ancestry of SCP-like cells by incorporating allele-
specific CNV information. In particular, we studied 
chromosomes 6, 8, and 10, since these were imbalanced 

Fig. 2  Abnormal SCP-like cells in neuroblastoma retain key developmental niche traits and display a transcriptomic phenotype related 
to proliferation and diminished immune regulation. A Samples used for scRNAseq and validation experiments. Colors indicate clinical details. 
B Upper panel: Example of abnormal SOX10+ cells (as defined by 3 or more PPM1D signals) located in intimate proximity to neurofilament (as 
defined by NF200 protein). Bottom panel: Quantification of NF200-associated abnormal SOX10+ cells in three NB samples. X axis label indicates 
total number of abnormal SOX10+ cells evaluated in each sample. C Upper panel: Validation of abnormal SOX10+ cells using combined FISH 
and immunohistochemistry. SOX10 shown in green, PPM1D (located at 17q) FISH signal shown in red. Scale bar indicates 10 μm. Lower panel: 
Quantification of PPM1D FISH signal in SOX10+ nuclei in samples NB09b, NB26, and NB20. Legend indicates total number of SOX10+ cells evaluated 
in each sample. D Immunohistochemistry staining for SOX10 (green), the receptor tyrosine kinase erbB-3 (ERBB3; shown in red), and its ligand 
neuregulin-1 (NRG1, shown in white) in sample NB22. Scale bar indicates 100 μm. E Heatmap showing differentially expressed genes in abnormal, 
NB-associated SCP-like cells (NB26) shown in green; non-malignant, NB-associated SCP-like cells from remaining 10x samples shown in blue; 
and normal fetal SCPs shown in red. F Scatterplot of cell proliferation scores (signature: Gene Ontology term 0008283) in abnormal SCP-like cells 
(green), non-malignant NB-associated SCP-like cells (blue), and normal fetal SCPs (red). Groups are compared using Wilcoxon rank-sum test. 
Abnormal SCP-like vs NB-associated SCP-like: adjusted p value 0.014; abnormal SCP-like vs fetal SCP: adjusted p value 7.0e-49; NB-associated SCP-like 
vs fetal SCP: adjusted p value 1.6e-46. G Dot plot showing all differentially expressed genes in ERBB3+ SCP-like cells (DNTR-seq sample THA004) 
carrying an extra copy of chromosome 17 compared to diploid SCP-like cells. H Heatmap showing expression of selected immune-related genes 
in neuroblastoma and normal fetal adrenal gland datasets. Green: abnormal SCP-like cells, blue: non-malignant NB-associated SCP-like cells, red: 
normal fetal SCPs. I Gene set enrichment analysis (GSEA) of differentially expressed genes in abnormal, pre-malignant NB-associated SCP-like 
cells (green), non-malignant NB-associated SCP-like cells (blue), and normal fetal SCPs (red). Horizontal bars indicate negative log of p value 
for the indicated GO:BP gene sets. GSEA analysis was performed using the gProfiler tool (https://​biit.​cs.​ut.​ee/​gprof​iler/​gost)

(See figure on next page.)

https://biit.cs.ut.ee/gprofiler/gost
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whole-chromosome gains shared by the SCP-like as well 
as the adrenergic tumor population in NB26 (Fig.  1D; 
Fig. S4A, B) according to Numbat predictions. Chromo-
some 17 gain was also shared by SCP-like and adrener-
gic populations. However, we did not include chr17 in 
this analysis as there was no allelic imbalance observed 
in SNP array data, meaning that the tumor carried four 
chr17 copies – one extra copy of the maternal as well as 
the paternal chromosome.

We phased alleles into major and minor haplotypes 
(Supp. Methods) and counted the numbers of these in 
single cells in order to assess chromosomal imbalance. 
Chromosome 8 and 10 gains were shared by SCP-like and 
adrenergic populations. These results indicate that the 
SCP-like and adrenergic clones share a common ances-
tor, with gains of chromosomes 8, 10, and 17 as initiating 
events in tumor development. Chromosome 6 gain was 
“mirrored”, indicating that the opposite chromosomes 

Fig. 2  (See legend on previous page.)
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were gained in the two populations (Fig. 1K; S4A, B) at a 
later stage in tumor development.

THA004 displayed shared gains of chromosome 17 in 
adrenergic tumor and SCP-like populations (Fig. 1J). To 
resolve the tumor phylogeny of this sample, we assessed 
chr17 haplotypes in DNTR-seq DNA data based on 
common germline SNPs (see Methods). Interestingly, 
we found that the extra chromosome 17 in the SCP-like 
and adrenergic clones (Fig. S4C, D) are different haplo-
types. Thus, the SCP-like cells are unlikely to be direct 
precursors of the adrenergic tumor cells in this sample, 
but instead represent parallel clonal evolutions (Fig. 1K). 
Importantly, the same chromosome  17 haplotype was 
found in all aberrant SCP-like cells, indicating clonal 
expansion.

In summary, we identified aneuploid, SCP-like clones 
in two human NB samples, highlighting the complex-
ity of NB tumor development. These expanding clones 
share CNVs with adrenergic tumor clones, indicating a 
pre-malignant state. In sample NB26, this SCP-like clone 
shares a direct common ancestor with the adrenergic 
tumor cells, whereas in sample THA004, on the other 
hand, the SCP-like and malignant adrenergic clones likely 
represent two “parallel tracks” of tumor development 
(Fig. 1K).

Validation of abnormal SCP‑like cells in neuroblastoma
Next, we sought to validate the presence of karyotypically 
abnormal SCP-like cells using an orthogonal approach. 
Specifically, we combined fluorescence in  situ DNA 
hybridization (FISH) targeting chromosome 17 (PPM1D 
locus, 17q23.3) with immunofluorescence protein stain-
ings using SCP transcription factor SOX10 as a marker 
for SCP-like cells (Fig. 2B-D; S5E-J). Numerical gains of 
chromosome 17 were identified as a common aberration 
of pre-malignant SCP-like cells in our analysis. The sam-
ples selected for staining all displayed aberrations on 17q 
as evaluated by SNP array (Fig. 2A, S8).

SOX10+ cells were present in sufficient numbers 
for FISH signal quantification in three NB samples: 
NB09b (primary surgery of a pretreated, relapsed tumor, 
INRGSS: M); NB20, (pretreated, primary adrenal gland 
tumor, INRGSS: M), and NB26 (INRGSS: L1). In sample 
NB26, we found that a significant proportion of SCP-
like SOX10+ cells carried an extra copy of the PPM1D 
locus, supporting the presence of an extra chromosome 
17 copy as inferred from scRNAseq data (Fig.  1D, 2C, 
S5I). Similar to adrenergic ISL1+ and PHOX2B+ cells 
harboring an aberrant number of PPM1D signals (Fig. 
S5E, F, H), a fraction of SOX10+ SCP-like cells exhib-
ited an increased and abnormal number of intra-nuclear 
signals hybridizing to the PPM1D locus in all three 

samples (Fig.  2B, C; Fig. S5I). These shared aberrant 
PPM1D copy numbers between malignant adrenergic 
and SOX10+ SCP-like cells imply that SCP-like cells 
may be involved in NB development, and that the SCP-
like population likely represents a mixture of abnormal 
and recruited stromal cells. In conclusion, we detect 
abnormal SCP-like cells in four different NB using 
various approaches: DNTR-seq (THA004), combined 
10X-scRNAseq and FISH/immunostaining (NB26), and 
FISH/immunostaining only (NB20, NB09b).

Abnormal SCP‑like cells retain their developmental 
nerve‑associated niche
By aligning our scRNAseq data with published data sets 
from human adrenal gland development, we confirmed 
the SCP-like identity of NB-associated SCP-like cells 
(Fig.  1B, S1E). The similarities between normal SCPs of 
the developing fetus and SCP-like NB cells extended to 
important functional traits. For instance, using SOX10 
as a marker for SCP-like cells, we performed immu-
nostainings to validate the expression and spatial con-
text of SOX10+ cells in NB samples. SOX10 + cells were 
detected at varying frequencies in all stained samples 
(Fig. S5 A-D). The migration and differentiation of nor-
mal SCPs during development is guided by nerve fibers. 
The association with the nerves is maintained through the 
ERBB3 receptor, which in turn binds NRG1 – a critical 
signal secreted by the nerves [2]. Similar to the SCPs of 
the developing embryo, the vast majority of SOX10+ cells 
in NB were positioned close to NF200+ neurofilaments 
(Fig. S5D). This finding was also observed for abnormal 
SCP-like cells with additional copies of PPM1D as identi-
fied in our DNA-FISH staining (Fig. 2B).

SOX10+ cells expressed ERBB3 and the ligand NRG1 
was expressed adjacent to SOX10+ cells, indicating that 
this crucial SCP niche is preserved in NB (Fig. 2D). Some 
of the neurofilaments resembled recruited nerve bundles, 
while others appeared diffuse and are likely produced by 
the adrenergic subpopulation of the tumor cells which also 
expresses NRG1 (Fig. S2A). Although SCP-like NB cells 
express many glial genes, with some cells being myelin 
protein zero (MPZ) positive, most SOX10+ cells do not 
express the MPZ protein (Fig. S5G). We performed sig-
nature scoring analysis on abnormal SCP-like cells, non-
malignant NB-associated SCP-like cells and normal fetal 
SCPs, comparing them to a previously published scR-
NAseq dataset of the mouse SCP and Schwann lineage 
(see Methods). SCP-like NB cells were enriched for signa-
tures of non-myelinating and primed Schwann cells (Fig. 
S5K). These combined results suggest that NB SCP-like 
cells do not represent a mature Schwann cell phenotype.



Page 8 of 12Olsen et al. Molecular Cancer          (2024) 23:180 

Pre‑malignant SCP‑like cells express gene programs 
of proliferation, apoptosis and a non‑immunomodulatory 
phenotype
To describe functional differences of the distinct SCP 
populations, we compared the abnormal SCP-like cells of 
sample NB26 to non-malignant NB-associated SCP-like 
cells and normal fetal SCPs (Fig.  2E; Table  S4). All three 
cell types expressed key SCP marker genes such as SOX10, 
ERBB3, S100B, PLP1, and CDH19 (Fig. 2E). Interestingly, 
abnormal SCP-like cells exhibited a distinct expression 
signature with high levels of genes related to regulation of 
proliferation and apoptosis such as FOS, JUNB, and KLF4 
(Fig. 2E; Table S4). Abnormal SCP-like cells also displayed 
significantly higher proliferation scores (Fig.  2F). Non-
malignant, NB-associated SCP-like cells were enriched for 
gene expression programs related to antigen presentation 
via MHC class II and T-cell cytotoxicity (e.g. CD74, B2M, 
HLA-DRA) (Fig. 2H). It has previously been described that 
recruited Schwann cells interact with the immune system 
after injury and modulate the immune response [5]. Inter-
estingly, we observed that unlike their NB-associated, non-
malignant counterparts, abnormal NB-associated SCP-like 
cells do not express MHC class II genes (HLA-DRA, HLA-
DPA) (Fig.  2H) and only a subfraction expressed MHC 
class I molecules (HLA-A, HLA-B, HLA-C, B2M). As 
expected, normal fetal SCPs were characterized by gene 
expression programs related to nervous system develop-
ment and cell differentiation (Fig.  2I, Table  S5), but also 
cell death regulation, as an inherent program of develop-
ing stem cells. Taken together, these results indicate that 
abnormal NB-associated SCP-like cells carry a more pro-
liferative, less apoptotic phenotype and do not engage in 
T-cell interaction and immune regulation.

In sample THA004, abnormal ERBB3+ cells harboring 
an extra copy of chromosome 17 were transcriptionally 
highly similar to their genomically normal counterparts 
(Fig.  1G-H, S3A). However, we detected some differen-
tially expressed genes of which the majority are located 
on chromosome 17. For example, abnormal SCP-like 
cells showed upregulation of the anaphase complex com-
ponent gene ANAPC11, which is involved in the separa-
tion of sister chromatids during cell cycle progression to 
avoid chromosome segregation errors [9]. Other de-regu-
lated genes include the nerve growth factor receptor gene 
NGFR and the THY1 cell surface antigen gene (Fig. 2G).

In conclusion, our combined data provide evidence 
of abnormal, aneuploid SCP-like cells in human NB 
and further suggest that these cells originate early dur-
ing tumor development but remain in a hypothetically 
pre-malignant state with significantly less chromosomal 
aberrations compared to the adrenergic main tumor 
population during tumor progression. All pre-malignant 

SCPs shared whole-chromosome 17 gains, reflecting ane-
uploidy as a potential tumor-initiating event in NB.

Discussion
In this study we analyzed transcriptomic and genomic 
heterogeneity of NB at the single-cell level. With our 
multi-omics approach of single-cell transcriptomics 
combined with allele-specific transcriptome-based CNV 
predictions (Numbat), DNTR sequencing and compre-
hensive DNA FISH/protein stainings, we describe the 
cellular constitution of NB. We analyzed NB cell pheno-
types in relation to fetal cell states and, like others, found 
that the vast majority of tumor cells resembled fetal sym-
pathoblasts, while a minority of adrenergic tumor cells 
had a chromaffin-like signature [3]. Importantly, in addi-
tion to adrenergic tumor cells, we identified a previously 
uncharacterized population of abnormal aneuploid cells 
of a SCP-like cell state.

The role of Schwannian stromal cells in NB has been 
widely debated [1, 4, 5, 10]. These tumor-associated 
Schwann cells often display a phenotype similar to that 
of repair Schwann cells, which is seen after nerve injury. 
They retain a flexible differentiation state and occur as 
immature or non-myelinating Schwann cells, which is 
still a poorly characterized phenotype [11]. In the NB 
context, one previous study has described that Schwann-
ian cells derive from the same tumor clone as neuroblas-
tic cells, suggesting that they represent differentiated 
tumor cells [12]. In our current study, the vast majority of 
Schwannian lineage cells are non-malignant and seem to 
reflect stroma cells as described by others. They probably 
also reflect a continuum of differentiation states, from 
SCP-like to immature and differentiated myelinating 
Schwann cells. However, we also detected a minor pro-
portion of aneuploid SCP-like cells, some of which were 
clonally related to adrenergic malignant cells. Besides sig-
nificant differences in proliferation and apoptosis regula-
tion, the major functional difference between abnormal 
SCP-like cells and recruited, non-malignant Schwannian 
stromal cells seems to be the immunoregulatory pheno-
type. While NB-associated Schwann cells are actively 
involved in immunoregulation, we found that abnormal 
SCP-like cells do not express MHC class II molecules or 
even downregulate MHC class I expression. Although 
these observations indicate putative roles of SCP-like 
cells in the NB microenvironment, further studies will be 
needed in order to assess the functional role of aneuploid 
SCP-like cells in NB initiation and clonal progression.

In normal development, SCPs are precursors of fetal 
neuroblasts in a cellular transition assumed to happen 
during the first trimester of pregnancy [2, 3]. A recent 
study shed light on the presumed temporal origin of NB 
based on the allele frequencies of clock-like mutation 
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signatures in whole-genome sequencing data and con-
cluded that NB originates from proliferating sympatho-
blasts also during the first trimester of pregnancy [13]. 
At this stage, a sub-population of fetal intra-adrenal 
sympathoblasts derive from proliferating and migrat-
ing SCPs, raising the possibility that the first oncogenic 
transformation occurs in SCPs before they differenti-
ate into sympathoblasts [2, 13]. The dynamics of prolif-
erating cell lineages during fetal development and the 
time of NB onset could explain our findings that abnor-
mal SCP-like cells are very rare and hard to detect. The 
study by Körber et al. has shown that the earliest cells of 
tumorigenesis are most likely lost due to cell death or dif-
ferentiation at the time of sampling or the formation of 
the "most recent common ancestor" [13]. Interestingly, 
the model proposed by Körber et  al. also suggests that 
low-risk tumors display less cell loss and hence reach a 
detectable tumor size earlier than high-risk tumors. This 
fact might explain why we detected abnormal SCP-like 
cells in low and medium-risk NB only, while in high-risk 
tumors the SCPs, if abnormal, might be outcompeted by 
rapidly dividing adrenergic cells. The genetic constitution 
of SCP-like cells in sample NB26 and THA004 suggests 
that one of the first oncogenic hits in these samples were 
whole-chromosome gains, followed by stepwise acquisi-
tion of additional gains. In sample THA004, a subclone 
of aneuploid tumor cells also gained additional segmen-
tal aberrations, indicating aneuploidy as a tumor-driving 
mechanism of increased chromosomal instability.

Comprehensive single-cell studies of human NB and 
healthy fetal adrenal tissue have revealed that NB cells 
resemble sympathoblasts of various differentiation states 
[2, 3, 6], suggesting a tumor evolution model in which the 
first tumor cell is a rapidly proliferating fetal sympatho-
blast that most likely arises during the first trimester of 
pregnancy [13]. Our data suggest that the first steps of 
oncogenic transformation can, in some tumors, also hap-
pen in migrating fetal SCPs or neural crest cells, before 
committing to the sympatho-adrenal lineage. The tran-
sition of fetal SCPs to early sympathoblasts happens via 
a fork-like transition along with parallel expression of 
markers of both lineages [2]. At this stage, proliferating 
SCPs may be susceptible to chromosomal instability and 
subsequent clonal selection. These aneuploid multipotent 
progenitors may then continue their developmental tra-
jectories and further clonal evolution. In human devel-
opment, pre-malignant SCPs might potentially either 
differentiate into adrenergic tumor cells acquiring further 
genomic aberrations, or they remain in an undifferenti-
ated SCP-like state.

In NB, the tumor initiating event is still unknown but, 
most likely, various molecular mechanisms can poten-
tially induce an oncogenic transformation in precursor 

cells of the adrenal gland. This process is characterized 
by ongoing genomic instability in the form of aneuploidy 
and the acquisition of CNVs [13]. Although the muta-
tional burden is low and recurrent mutations are rare, 
hereditary NB is often caused by germline mutations in 
the ALK gene, which predispose individuals to NB [1, 
8]. When high-risk tumors progress, however, somati-
cally acquired mutations, e.g. in the ALK or RAS genes 
together with mechanisms of telomere maintenance, are 
more frequent and determine the fate of the tumor [6, 8, 
13]. Tumorigenesis in NB is highly individual and cannot 
always be accounted to single driver genes but might be 
driven by aneuploidy itself [13]. Notably, the presence of 
segmental chromosomal aberrations is always associated 
with a high risk of relapse, whereas numerical aberra-
tions alone indicate a good prognosis. The type of ane-
uploidy, segmental or whole chromosome aberrations, is 
more relevant to the prognosis than which specific chro-
mosome is affected. Considering the low frequency of 
somatic mutations, gene dosage effects of multiple genes 
encoded on affected chromosomes might be driving 
tumor progression in these NB. The strongest depend-
ency factor in NB is the amplification of the MYCN 
gene. However, some segmental aberrations including 1p 
deletion, 11q deletion, and 17q gain independently cor-
relate with a worse prognosis in MYCN-amplified and 
non-amplified tumors [1]. In MYCN-amplified tumors, 
17q gain supports the tumor driving effect of MYCN e.g. 
by an enhanced proliferation of these cells [14]. It is still 
unknown when those highly recurrent CNVs occur dur-
ing tumor development but our data support findings by 
others describing numerical or segmental gains of chro-
mosome 17(q) as an early event [14, 15], possibly also in 
SCPs during the fetal period.

We propose that in some NB, this initiating aneuploidy 
occurs in populations of migrating neural crest cells or 
in SCPs, before lineage commitment to adrenergic cell 
states. Aneuploid cells may subsequently undergo clonal 
expansion due to increased fitness. Interestingly, we 
observed signs of convergent tumor evolution in both 
samples. In NB26, chromosome 6 gains likely occurred 
independently in SCP-like and adrenergic clones. Our 
data from sample THA004 also opens up for the pos-
sibility of parallel tumor evolution, with two or more 
independent clones emerging from the aneuploid-prone 
progenitors, converging on chromosome 17. The gene-
dosage effect of chromosome 17 gain seems particularly 
beneficial in the sympatho-adrenal lineage. As seen in 
sample THA004, whole-chromosome 17 gain as a sole 
CNV is not sufficient to establish a full malignant phe-
notype, but is a commonly observed event in low-risk NB 
while segmental chromosome 17q gains are an adverse 
event in high-risk NB [1]. In abnormal SCP-like cells with 
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whole-chromosome 17 gain, we identified ANAPC11 as a 
significantly de-regulated gene. ANAPC11 is involved in 
chromatid separation during cell division and its deregu-
lation might reflect a cause or consequence of initial ane-
uploidy as the tumor initiating event in NB.

Interestingly, high-risk NBs with a mesenchymal-like 
cell state share many aspects of the undifferentiated 
state of SCPs [3, 6, 8]. It has been reported that mesen-
chymal-like and adrenergic tumor cells share the same 
genomic aberrations. This suggests that the neural crest 
or mesenchymal-like phenotype may be acquired via 
epigenetic changes and key signaling regulators such as 
the RAS pathway [6]. The mesenchymal-like phenotype 
usually correlates with high-risk disease, tumor relapse, 
or therapy resistance; and most likely reflects a cell state 
acquired through dedifferentiation due to genomic insta-
bility and progressive tumor evolution as well as selective 
treatment pressure [6]. We, however, detected abnormal 
SCP-like cells in low-risk samples and the SCP-like cells 
had few genomic aberrations, suggesting that abnormal 
SCP-like cells occur early in tumor development, remain 
in their initial cell state, and are not a result of tumor 
dedifferentiation.

Although the SCP-like cells display certain  character-
istics of cancer stem cells, they could not be cultured in 
various preclinical models tested, including cell lines, 
organoid culturing  of primary human NB samples, 
patient-derived xenografts, and transgenic mouse mod-
els (data not shown). This is most likely because SCP-like 
cells in NB are scarce and pre-malignant. SCPs normally 
depend on the axon for survival [2] and SCP-like NB 
cells, which may have acquired a pre-malignant pheno-
type, are most likely still highly dependent on their niche 
and cannot be propagated in culture.

A weakness of the study is that we have mostly stud-
ied one sampling location in one tumor at a given time-
point. Tumor evolution is a continuous process over 
time, occurring in billions of tumor cells simultane-
ously, strongly affected by selective treatment pressure 
on cells—of which we have only studied a snapshot. Due 
to the low availability of tissue and surgical specimens, 
especially from low- and medium-risk tumors, we are 
unable to draw a complete picture of the role SCPs dur-
ing tumor progression and under treatment pressure. 
A more in-depth characterization of abnormal SCPs 
compared to healthy Schwannian stroma cells requires 
a broader spectrum of abnormal SCPs from different 
samples with various clinical characteristics. Clinically 
relevant tumor heterogeneity likely expands way beyond 
our observations, and comprehensive understanding 
will require large international collaborative efforts.

To conclude, our study sheds light on novel aspects 
of tumor evolution and heterogeneity in NB at 

unprecedented resolution. Within a subset of NB, we 
propose that the initiating event of tumor development 
is aneuploidy and clonal expansion occurring in migrat-
ing neural crest cells or SCPs. These putative pre-malig-
nant cells may remain in the microenvironment as the 
tumor progresses, with diminished immunomodulatory 
activity compared to Schwannian stroma cells.

Abbreviations
AMP	� Amplification / copy number gain
17q	� Long arm (q) of chromosome 17
2p	� Short arm (p) of chromosome 2
5-TAMRA	� 5-Carboxytetramethylrhodamine
7AAD	� 7-Aminoactinomycin D
AF700	� Alexa Fluor 700
BAMP	� Balanced amplification
CGH	� Comparative genomic hybridization
CNLoH	� Copy-number neutral loss of heterozygosity
CNV	� Copy number variation
DAPI	� 4′,6-Diamidino-2-phenylindole
DNTR-seq	� Direct nuclear tagmentation and RNA sequencing
ENCODE	� Encyclopedia of DNA elements
ERCC​	� Evaluation of External RNA Controls Consortium
FACS	� Fluorescence-activated cell sorting
FBS	� Fetal bovine serum
FISH	� Fluorescence in situ hybridization
GC	� Guanine and cytosine
GEO	� Gene Expression Omnibus
GO:BP	� Gene Ontology: Biological process
GO:CC	� Gene Ontology: Cellular component
ILC3	� Type 3 innate lymphoid cells
INRGSS	� International Neuroblastoma Risk Group Staging System
LLR	� Log-likelihood ratio
Mb	� Megabase
mDC	� Myeloid dendritic cells
MES	� Mesenchymal
MHC	� Major histocompatibility complex
NB	� Neuroblastoma
NK cells	� Natural killer cells
PBS	� Phosphate-buffered saline
PBST	� Phosphate-buffered saline with Tween
PCA	� Principal component analysis
PCR	� Polymerase chain reaction
pDC	� Plasmacytoid dendritic cells
PE	� Phycoerythrin
Rpm	� Revolutions per minute
SCP	� Schwann cell precursors
scRNA-seq	� Single-cell RNA sequencing
SNP	� Single nucleotide polymorphism
SSC	� Saline-sodium citrate buffer
Tcyto	� Cytotoxic T cells
Th	� T helper cells
Treg	� Regulatory T cells
UMAP	� Uniform manifold approximation and projection
UMI	� Unique molecular identifier

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12943-​024-​02091-y.

Supplementary Material 1: Figure S1. Integrative scRNAseq analysis of 
NB: sample overview, comparison to normal fetal adrenal gland, and 
CNV prediction using Numbat. A Overview of all samples included in the 
study labelled according to risk group, genetic profile, age, anatomical 
site, tumor type (primary / recurrent) and whether the child had received 
therapy prior to surgery/biopsy. Samples are also labelled according to 
the method(s) applied. B Pie chart showing the fraction of cells that each 
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sample contributed to the full 10x dataset. C Barplot representing the frac-
tion of major cell type within each sample (10x dataset). B: B lymphocytes; 
ILC3: type 3 innate lymphoid cells; mDC: myeloid dendritic cells; NK: natu-
ral killer cells; pDC: plasmacytoid dendritic cells; Tcyto: cytotoxic T cells; Th: 
T helper cells; Treg: regulatory T cells. D Integrative analysis of scRNAseq 
data (10x dataset) from 18 neuroblastoma samples, visualized using a 
common UMAP embedding. Left panel: Individual samples. Right panel: 
Major cell populations. Treg: regulatory T cells, Th: T helper cells, Tcyto: 
cytotoxic T cells, NK: natural killer cells, ILC3: type 3 innate lymphoid cells, 
pDC: plasmacytoid dendritic cells, mDC: myeloid dendritic cells, B: B lym-
phocytes. E Correlation of the overall expression profiles between differ-
ent neuroblastoma and fetal adrenal cell types, illustrating best matching 
cell populations. F High level of concordance between single-cell (RNA) 
and bulk (DNA) CNV detection, exemplified by sample NB13. Top panel: 
Pseudobulk CNV profile of sample NB13 from Numbat analysis. Green 
color indicates copy-neutral loss of heterozygosity (cnLOH), red color indi-
cates copy number gain, blue color indicates copy number loss; light red/
pink color indicates balanced amplification (BAMP; i.e CNV without allelic 
imbalance). Bottom panel: CNV profile from bulk DNA SNP array analysis 
of the same sample. G Individual UMAP embeddings of NB samples (10x 
dataset). Top panel: Cells labelled by Numbat’s predicted joint posterior 
CNV score (“malignancy score”). Red color indicates high probability of 
CNVs in the cell; blue color indicates low CNV probability. Bottom panel: 
Cells labelled by cell type. Aneuploid SCP-like cells in sample NB26 are 
marked with a black arrow in both panels. H Numbat pseudobulk profiles 
of CNVs in sample NB26, clones 2-4. Clones correspond to those shown 
in Fig. 1D.

Supplementary Material 2: Figure S2. ERBB3 and CD24 enrichment enables 
capture of SCP-like, mesenchymal, and adrenergic neuroblastoma popula-
tions. A Expression of select marker genes in adrenergic, mesenchymal, 
and SCP-like populations (10x dataset). B Expression of select marker 
genes in adrenergic, mesenchymal, and SCP-like populations (DNTR-seq 
dataset); genes correspond to those shown in panel A). C Gating strategy 
for DNTR-seq cell sorting; exemplified by FACS data from sample THA004. 
Single live cells were gated according to CD45, ERBB3, and CD24 signal. 
D Left panel: Integrative analysis of DNTR-seq RNA data (n = 5), common 
UMAP embedding, only cells from individual samples are shown in each 
plot. Middle panel: Integrative analysis of DNTR-seq RNA data, clustering-
based annotation. Right panel: Integrative analysis of DNTR-seq RNA data, 
cells labelled according to label transfer from 10x dataset. E Integrative 
analysis of scRNAseq data from DNTR-seq RNA (n = 5) and 10x (n = 18) 
datasets, common UMAP embedding, labelled by cell type. Left panel: 
Cells from 10x dataset, labelled according to cell type. Right panel: Cells 
from DNTR-seq dataset, labelled according to cell type.

Supplementary Material 3: Figure S3. Sample-specific annotation of SCP-
like and MES cells in DNTR-seq data; summary of CNV detection per cell 
type and sample. A UMAP of DNTR-seq sample THA004, labelled by clone. 
Clones correspond to those shown in Fig. 1J. B UMAP of DNTR-seq sample 
THA004, labelled by surface protein expression (FACS). Adrenergic cells 
(left cluster) are CD24+, CD45-. SCP-like cells (right cluster) are ERBB3+, 
CD45-. C UMAP of DNTR-seq sample THA016, labelled by cell type. D 
Heatmap showing expression of adrenergic, SCP-like, and mesenchymal 
marker genes in THA016 DNTR-seq sample; cells downsampled to n = 
42 per group. E Heatmap showing expression of adrenergic, SCP-like, 
and mesenchymal marker genes in THA004 DNTR-seq sample, in all 
ERBB3+ cells, grouped by original cluster-based annotation. All ERBB3+ 
cells display similar expression pattern with expression of SCP-like markers 
but no consistent expression of mesenchymal markers. F Bar plot showing 
fractions of CNVs in DNTR-seq dataset. Adrenergic cells consistently carry 
multiple CNVs in all samples, whereas immune, endothelial, and mesen-
chymal cells are diploid. SCP-like cells carry sole whole-cromosome gains 
in sample THA004 but are diploid in sample THA016.

Supplementary Material 4: Figure S4. Haplotype-specific analyses of 
aneuploid SCP-like cells. A Allelic frequencies from SNP array data, sample 
NB26. BAF: B allele frequency. B Major haplotype frequency on chromo-
somes 6, 8, and 10 in different cell populations of sample NB26. Horizon-
tal blue line indicates balanced allelic proportion (0.5). Error bars represent 

95% confidence intervals from a binomial distribution. Multiple 
testing correction was performed using the BH correction. C Fraction 
of one haplotype “Haplotype A” across chromosome 17. Lines are run-
ning mean of haplotype A fraction across, k = 200. D Beeswarm plot 
showing chromosome-wide mean of the haplotype gained in the 
tumor clone. Fractions were calculated for each cell individually.

Supplementary Material 5: Figure S5. Immunostaining and FISH of 
human NB samples; transcriptional characterization of functional 
traits in SCP-like NB cells. A Immunohistochemistry stainings for 
SOX10 (shown in green) demonstrating variations in SOX10+ 
abundance between samples. The region enlarged in the right panel 
is marked by the white square in the left panel. B Quantification 
of SOX10+ cells per 1000 nuclei in seven neuroblastoma samples. 
Total number of DAPI+ nuclei ranged from 2518 (sample NB09b) to 
11002 (sample NB26). Cells on 3-7 tile scans were included in the 
calculation. C Immunohistochemistry staining for neurofilament 
200 (NF200; shown in red) and SOX10 (shown in green) on a section 
from sample NB20. SOX10+ nuclei are situated in close proxim-
ity to NF200 protein. Scale bar indicates 100 µm. D Percentage of 
SOX10+ cells located at a distance of 0-2 nuclei from NF200 protein; 
quantification in seven neuroblastoma samples. E and F Validation 
of malignant adrenergic ISL+ cells using combined FISH and immu-
nohistochemistry in samples NB24 (E) and NB09b (F). PPM1D FISH 
signal shown in red, ISL1 protein signal shown in white. Scale bar 
indicates 10 µm. Orange arrows indicate aberrant number of PPM1D 
copy numbers in ISL1+ neuroblastoma cells. F G Immunohisto-
chemistry staining for neurofilament 200 (red), SOX10 (green), and 
myelin protein zero (MPZ; yellow) in sample NB09b. Most SOX10+ 
cells do not express MPZ. Scale bar indicates 100 µm. G H Validation 
of malignant adrenergic PHOX2B+ cells using combined FISH and 
immunochemistry in sample NB26. Left panel: PPM1D FISH signal 
shown in red; PHOX2B protein signal shown in cyan. Scale bar indi-
cates 10 µm. Orange arrows indicate a cell with three PPM1D copies; 
white arrows indicate a cell with four PPM1D copies. Right panel: 
Manual quantification of PPM1D signal in PHOX2B+ adrenergic cells 
in sample NB26. H I Automated quantification of PPM1D FISH signal 
in sample NB26. SOX10+ as well as SOX10- cells display abnormal 
subpopulations of cells with 3 or more PPM1D signals. I J Example 
image of automated quantification of PPM1D FISH signal in sample 
NB26. Right upper panel: automated identification and number-
ing of nuclei based on DAPI staining. Lower panels: zoom-in of a 
SOX10+ cell carrying three PPM1D signals. J K Signature score analy-
sis of abnormal/aneuploid (green) and non-malignant (blue) NB-
associated SCP-like cells as well as normal fetal SCPs (red) according 
to previously published expression signatures of mouse neural crest, 
SCP, and Schwann lineage cell states (Kastriti et al, see Methods).

Supplementary Material 6: Figure S6. Numbat single-cell CNV calls and 
predicted phylogeny; all cell types included in the analysis. Left anno-
tation bar indicates genotype (i.e. clone) where clone 1 are predicted 
to be normal without any CNVs. Right annotation bar indicates cell 
type. Cells above horizontal dashed line are predicted as tumor.

Supplementary Material 7: Figure S7. Numbat tumor/normal predic-
tions; all cell types included in the analysis. UMAPs of individual neuro-
blastoma samples labelled by genotype (clone). Clone 1 cells (red) are 
predicted to be normal without CNVs. Genotype corresponds to that 
shown in Fig. S6. Adrenergic, mesenchymal, and SCP-like populations 
are highlighted.

Supplementary Material 8: Figure S8. CNV profiles from bulk DNA SNP 
array analysis. A Results in 10x dataset samples. B Results in DNTR-seq 
dataset samples.

Supplementary Material 9. Supplementary Table S1. Patient and 
sample characteristics.

Supplementary Material 10.Supplementary Table S2. Marker genes 
used for cell annotation.
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Supplementary Material 11. Supplementary Table S3. Sequencing metrics; 
cellranger output (v7.0).

Supplementary Material 12. Supplementary Table S4. Differentially 
expressed genes in NB26 abnormal SCPs ("Abnormal SCP", NB-associated 
non-malignant SCP-like cells ("SCP-like"), and normal fetal SCPs. 

Supplementary Material 13. Supplementary Table S5. Gene set enrichment 
analysis (GO:BP gene set) of differentially expressed genes in abnormal 
SCP-like, non-malignant SCP-like, and normal fetal SCP populations. Out-
put from g:Profiler analysis (see Methods).
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