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SUMMARY

Studies defining normal and disrupted human neural crest cell development have been challenging given
its early timing and intricacy of development. Consequently, insight into the early disruptive events
causing a neural crest related disease such as pediatric cancer neuroblastoma is limited. To overcome
this problem, we developed an in vitro differentiation model to recapitulate the normal in vivo develop-
mental process of the sympathoadrenal lineage which gives rise to neuroblastoma. We used human
in vitro pluripotent stem cells and single-cell RNA sequencing to recapitulate the molecular events during
sympathoadrenal development. We provide a detailed map of dynamically regulated transcriptomes dur-
ing sympathoblast formation and illustrate the power of this model to study early events of the develop-
ment of human neuroblastoma, identifying a distinct subpopulation of cell marked by SOX2 expression in
developing sympathoblast obtained from patient derived iPSC cells harboring a germline activating
mutation in the anaplastic lymphoma kinase (ALK) gene.

INTRODUCTION

Neural crest cells (NCCs) are highly migratory transient progenitor cells, essential in early embryogenesis, that contribute to the development

of numerous tissues including the peripheral nervous system. The ultimate developmental fate of these cells is largely determined by their

migratory pathway and cranial-caudal anatomic location. One subset of NCCs migrates ventromedial to the dorsal aorta and are exposed

to bone morphogenetic protein (BMP) signaling.1–4 As a result, these multipotent truncal NCCs become lineage-restricted sympatho-adren-

ergic progenitors (SAPs) and ultimately give rise to the sympathetic ganglia and chromaffin cells of the adrenal medulla by approximately

16 weeks of gestation.5–7 Given the early timing and intricacy of NCC development, studies defining normal human NCC development

and its disruption have been challenging.8–14 Given this difficulty, our understanding of human neural crest disorders remains limited. One

of these disorders is the pediatric cancer neuroblastoma (NB), which is the most common extracranial solid tumor and the leading cause

of cancer deaths in children under five years of age.15–18 NB occurs anywhere along the developing sympathetic axis, but most frequently

arise in the adrenal gland. Previous studies have shown that NB tumors express various markers of the sympathoadrenal lineage such as

PHOX2B, HAND2, and GATA3. The expression of these markers in addition to the tumor’s anatomical location, support the idea that

disruption of normal sympathetic nervous development is likely to cause NB.15,19
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Animalmodels such as the quail-chick embryo chimeras pioneered by Le Douarin et al. have been essential to our understanding of neural

crest development.20–23 Recently, several studies have utilized single-cell RNA sequencing (scRNA-seq) of human fetal tissue to further define

the developmental landscape of the sympathoadrenal lineage.24,25 These studies identified a series of intermediate cell types, which multi-

potent NCCs transition through until they terminally differentiate into mature adrenal chromaffin cells and sympathetic neurons. To enable

better understanding of the dynamic interactions between these intermediate cell types and to study disordered sympatho-adrenergic devel-

opment, we developed and characterized a human in vitro pluripotent stem cell-basedmodel and characterized the sympathoadrenal devel-

opment via sequential scRNA-seq. Further, we demonstrate the power of this novel model in studying early events in development of human

NB by exploring the differences between normal cells and patient-specific induced pluripotent stem cells (iPSCs) derived from a child with

familial NB harboring a germline mutation in the anaplastic lymphoma kinase (ALK) gene.26–28

RESULTS

An in vitro system to model sympatho-adrenergic development

While numerous protocols exist to generate NCCs in vitro from pluripotent stem cells,29–32 the majority produce early migratory, multipotent

NCCs. Additionally, most of these protocols produce cranial neural crest derivatives rather than caudal neural crest derivatives.33 Few pro-

tocols have been developed to reliably generate lineage-restricted, non-cranial neural crest derivatives, such as sympathoblasts. Here we

report an in vitro differentiation protocol to generate sympathoblasts from human iPSCs within 32 days (Figure 1A).

Using a modified dual SMAD inhibition approach,34–36 we developed multipotent NCCs by day 16 of differentiation as evidenced by

expression of SOX10 and FOXD330,37–39 (Figures 1B–1D).Onday 16, we sortedby flow cytometry, CD49d+ cells to enrich for NCC. The expres-

sion of CD49d has been previously shown to specifically identify a SOX10+ multipotent NCC population.40 To confirm the development of

truncal NCCs, we determined HOX gene expression patterns within the first stage of the differentiation protocol and found the expected

expression of truncal HOX genes, including HOXB5/7/9, with little to no expression of the more lumbar or caudal HOX genes (e.g.,

HOXD9 and HOXD11) (Figure 1C). After enriching for NCCs, we then induced differentiation of the SAP lineage through BMP4/SMAD

signaling on day 21. Activation of BMP4/SMAD signaling induced expression of the SAP core regulatory circuit (CRC), including rapid

gene expression of the ASCL1 pioneering transcription factor (TF), followed sequentially by the sympathetic lineage master regulator

PHOX2B41–43 along with that of other lineage-determining TFs, including HAND2, GATA3, ISL1, and TBX2, consistent with the expression

patterns seen in previous studies of sympatho-adrenal development44–47 (Figures 1D and S1). This induction of the CRCmembers is required

for generating sympathoblasts during normal SAP differentiation.48–52

Later sympathoblast developmental markers, including STMN2, ISL1 and PRPH,25,47,53–56 widely expressed in the cell body and axons of

neurons in the peripheral nervous system, steadily increased after induction of SAP development at day 21 (Figures 1D and S1). Since tyrosine

hydroxylase (TH) is a marker of sympathoblast development,57,58 we utilized a TH-tdTomato reporter line to validate the second part of the

differentiation track (Figure 1A). TH positive cells were first detectable on day 28 and continued to increase as the differentiation progressed

(Figure 1B). To further characterize this developmental progression, we performed gene set enrichment analysis (GSEA) for the differentially

expressed genes across the differentiation track. In line with the above-described data, a comparison of day 35 (late SAP development) with

day 16 (NCC stage) demonstrated enrichment of the chromaffin, SAP, and peripheral nervous system developmental datasets in day 35-cells

(Figure S1). Notably, other NCC-derived signatures, such as those for melanocytes and osteoblasts, were not significantly enriched on day 35.

Taken together, these transcription patterns substantiate the generation of SAPs from SOX10+ truncal NCCs that eventually differentiate into

sympathetic neurons.

In vitro modeling recapitulates in vivo developmental complexity

Sympathoadrenal development is a complex process with cells progressing through numerous transitional states prior to reaching terminal

differentiation.24,25,59–62 Previous studies identify different developmental paths taken by extra-versus intra-adrenal sympathoblasts. Whilst

the extra-adrenal sympathoblasts and sympathetic ganglia develop directly from NCCs, chromaffin cells and sympathoblasts in the adrenal

gland arise from Schwann cell precursors (SCPs). Recent studies have described this intra-adrenal sympathoadrenal development process in

further detail. We can infer that the developing cells will gradually transition from multipotent truncal NCCs to Schwann cell progenitors

(SCPs),63 which then further differentiate to either chromaffin cells or sympathoblasts.24,25 Within the study of Jansky et al.24 the transition

from SCPs and bifurcation of the development into sympathoblasts and chromaffin cells was further divided into bridging cells and connect-

ing progenitor cells (CPCs). The bridging cells consist of cells transitioning from the SCPs to chromaffin cells and sympathoblasts. These cells

connect to a population named CPCs which spans the transcriptional space between bridge and chromaffin/neuroblast populations. During

these transitions, external cues and dynamic regulatory networks guide the cells along the SAP developmental trajectory toward sympatho-

blasts. In addition to expression of the expected sympathoblast genes, the serial bulk RNA sequencing data also revealed gene expression

signatures consistent with the other intermediate cell types previously identified in the in vivo SAP differentiation studies; for example, PLP1, a

unique marker of the early developmental subpopulation of Schwann cell precursors (SCP), peaked on day 21.24,25 The presence of these

gene expression signatures suggested that our protocol may, in fact, be developing these intermediate cell types and not simply the ex-

pected ‘‘endpoint’’ sympathoblasts. Therefore, we next set out to determine whether our in vitro system replicated the in vivo dynamic

complexity of SAP development. To accomplish this, we focused on defining the critical time frame for SAP development during the differ-

entiation, as defined by expression changes of key genes includingASCL1 and PHOX2B. This allowed us to identify a developmental window
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Figure 1. Analysis of key markers using a reporter cell line and bulk RNA sequencing confirms development of sympatho-adrenergic progenitors

(A) Schematic of the protocol used in the SAP differentiation model, the chemicals, and durations for each stage of the differentiation are indicated. D: day.

(B) Representative microscopic images of the SOX10-GFP (left) and TH-tdTomato (right) reporter cell lines. Scale bar: 250 mm; 43 magnification.

(C) Top: Overview figure indicating anterio-posterior localization associated with specific HOX gene expression; Bottom: Bubbleplot representing HOX gene

expression based on sequential bulk RNA sequencing of samples, collected from J2 iPSCs and H9 hESC for a total of 4 biological replicates, at 13 time

points representing the entirety of the differentiation process. The size and color of the spheres show the log2 scaled DeSEQ2 normalized counts. The x axis

represents the time points of sample collection, with D0 being the stem cell stage, and D16 the day of FACS enrichment of NCC. The y axis shows the

selected HOX genes associated with cervical, truncal and lumbar/caudal localization.

(D) Bubbleplot analogue to C, collected from J2 iPSCs and H9 hESC for a total of 4 biological replicates, showing on the y axis selected tissue specific markers

indicative of developmental substage.

See also Figure S1.
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beginning on day 25 (after SAP induction) and ending on day 32 based on the increased expression of the later sympathoblasts develop-

mental markers PRPH, TH, and STMN2 (Figures 1D and S1).

To further explore the dynamic complexity suggested by the bulk RNA sequencing data, we performed serial scRNA-seq on our differ-

entiating cells at eight successive time points throughout the developmental window indicated above. We then compared our scRNA-seq

data to that obtained from in vivo samples by Kameneva et al.25 using Uniform Manifold Approximation and Projection maps (UMAP) (Fig-

ure 2A). We observed that our in vitro-generated sympathoblasts, identified by the presence of developmental markers STMN2, ISL1, PRPH,

GAP43 and ELAVL3/4, mapped to the same population as their in vivo counterparts, signifying that their overall transcriptional profile closely

resembles the in vivo population (Figures 2A and 3A). Strikingly, we could also clearly identify the SAP developmental subpopulations within

the in vitro-derived cell populations. Specifically, we determined the developmental subpopulation of SCPs by the expression of the markers

SOX10, PLP1, ERBB3, and CDH19, used in the study of Kameneva et al.25 The first transition from SCP to sympathoblast/chromaffin cells,

described in the study of Kameneva, was further explored in the study of Janksy et al.24 In this transition they could further identify a bridging

A

B

Figure 2. Comparison of human in vitro to human in vivo single cell data

(A) Top: UMAPs showing the in vivo samples from the Adameyko dataset after integration; Bottom: Mapping with the in vitro scRNA-seq data collected using the

J2 iPSCs collected at 8 subsequent time-points (with for each time-point independent experiments). Both are color-coded by tissue type. The in vivo cells were

visually separated from the in vitro cells. Top: in vivo data; the left panel annotated for the main tissue types and the right panel showing the SAP developmental

subpopulations: Schwann cell precursors (SCP), bridging cells, chromaffin-like connecting progenitor cells (CPC) & chromaffin cells, and sympatho-adrenergic

precursors (SAP). Bottom: in vitro data; part of the same analysis as A, now showing the separated in vitro cells. The left and right panels show the projection of the

identified populations in the in vivo data.

(B) UMAPs for days 26 and 31 with therefrom calculated histograms showing the percentage of cells for the SAP developmental population.

See also Figure S2.
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population connecting the SCPs with a population identified as CPCs. The CPCs were described by Jansky et al. to span the transcriptional

space between bridge and chromaffin/neuroblast populations and reported to express markers of both, albeit on a lower level. When

analyzing our in vitro data, using population markers identified in this study, we can identify the bridging cells, evident by the expression

of ASCL1, specific to this population24 (Figures 3A and S4). We could also identify the CPCs by the described expression of both chromaffin

(CHGA+, PENK+) and sympathoblast (ISL1+, STMN2+) markers. However, the expression of established chromaffin cell markers such CHGA

and PNMT indicates this population likely also includes early chromaffin cells (Figure 3A). Both in vivo and in vitro, there was a defined sub-

population of proliferating sympathoblast cells, identified by the expression of TOP2A, UBE2C, CENPF, and CDK1. We could not detect a

separation between proliferating and non-proliferating cells within the other cell populations (Figure 3A). The total of the SAP developmental

subpopulations represented 17.6% on day 26, and 22.7% on day 31 of all cells present in the differentiation. In general, the SAP developing

cells were divided over the individual subpopulations ranging from 2.4 to 7.6% (Figures 2B and S2).

As expected, we also saw clear differences in the resulting populations between the in vivo and in vitro samples. The in vivo samples con-

tained non-neuronal cell populations including immune cells, identified by CD163 and AIF1; erythroid cells, marked by HBB, ALAS2, and

HBA2; and endothelial cells expressing KDR and PECAM1. These non-neural crest derived cell types were not present in the in vitro derived

samples. Conversely, we also identified cell populations within the in vitro derived samples that did not have a clear in vivo counterpart. This

finding was not surprising, given the inherent limitations of a two-dimensional in vitro tissue culture system. In addition to the SAP develop-

mental populations, we detected a distinct population of myofibroblast-like cells, identified by TAGLN and ACTA2; endoneurial fibroblasts,

identified byDCN and FBN1; andmelanocyte stem cells, identified by the expression ofDCT and PMEL, representing 2.2%, 23.3% and 13.4%

A B

Figure 3. Validation of identified populations using key developmental markers

(A) Genes defining each tissue type. The color of the spheres indicating the log fold change, and their size, the percentage of the population expressing the gene.

(B) Heatmap of the gene regulatory network activity for the cells in the SAP developmental subpopulations, annotated by previously defined cell identities. AUC

represents the activity scoring of the regulatory program associated with a specific TF.

See also Figures S3 and S4.
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of the total cells, respectively. Additionally, we could not attribute known cell type-specific markers to 25.4% and 45% of the cells, on day 31

and 26, respectively. These unidentified cells may include bona fide transitioning cells, hitherto undetected subpopulations, as well as

possible artifacts of the in vitro differentiation process (Figure S2).

The observation that the developmental sub-populations of interest resembled the in vivo cells led us to investigate whether there would

also be similar dynamic changes and transitions between these populations. Analysis based on the activation of the gene regulatory network

(GRN) showed cells of the same subpopulations grouping together, further confirming the cells identified in the SAP developmental subpop-

ulations. The activity of the GRN also indicated overlap and transitions between the different subpopulations as described in vivo (Figure 3B).

Next, to investigate the SAP cell fate transitions in more depth, we selected and re-clustered the transcriptomes of the identified SCP,

bridging, CPC and sympathoblast cells in a similar fashion as the original dataset (Figure 4A). The resulting UMAP embedding showed

that our SCPs (PLP1+, SOX10+, SOX2+) were connected to CPCs (PLP1-, SOX10-, ASCL1+, HAND2+, CHGA+, PRPH-) through a bridging pop-

ulation (PLP1+, SOX10+, ASCL1+, HAND2+). CPCs then further connected to the sympathoblast cells (PLP1-, ASCL1-, CHGA+, STMN2+,

PRPH+), consistent with the previously described developmental progression (Figure 4B). To further analyze these developmental transitions,

we also performed pseudotime analysis based on the diffusion distance of our identified cell populations (Figures 5A and 5B). As the starting

point, we selected SCPs, as these represent the earliest developmental population of the SAP lineage. This targeted diffusion analysis

A

B

Figure 4. Reclustering of the cells of interest

(A) Left: UMAP indicating selection SAP developmental subpopulations for remapping and reclustering. Right: UMAP of reclustered SAP developmental

subpopulations, color-coded by tissue type and annotated with key markers identifying the populations.

(B) UMAPs with developmental markers for the major SAP differentiating subpopulations. See also Figure S3 for additional marker analysis.
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confirmed the crosstalk between sympathoblast and SCPs via bridging cells andCPCs, at which point the trajectory bifurcated into non-prolif-

erating and proliferating sympathoblast (Figures 5A and 5B). These transitionsmatched the in vivo results except for the expected absence of

the chromaffin arm. The duration of BMP4 signaling in our differentiation protocol is optimized for the development of sympathoblasts, while

generation of chromaffin cells would require longer exposure to BMP4.64 Thus, generation of significant numbers of both endpoint popula-

tions at the same time in this in vitro protocol is not feasible. Developmental marker analysis indicates that a small number of chromaffin cells

are likely grouped within the identified CPC population. Due to the lack of prolonged BMP4 signaling however, the protocol does not

generate a clearly identifiable population of chromaffin cells. Analysis of developmental markers over pseudotime predicted the expected

transitions of different markers within a developing cell along the signaling cascade. This cascade began with the downregulation of

PLP1, SOX10, and SOX2, followed by upregulation of ASCL1, then immediately succeeded by upregulation of PHOX2B, which induces

the further developmental signaling cascade and activation of later developmental markers, including HAND2, CHGA, DBH, STMN2, and

PRPH (Figures 5C and S4). We also analyzed the regulatory programs of the GRNwith high specificity scores defining the different SAP devel-

opmental populations (Figure S3). This analysis showed overlap between these specific regulatory programs only between the populations

with predicted transitions, further confirming the dynamic changes we recapitulated in vitro. These analyses show that our model mirrors

much of the complex and dynamic cellular heterogeneity seen in vivo, hence closely mimicking the normal developmental process.

A B

C

Figure 5. Developmental trajectories during in vitro differentiation

(A) Diffusion map of in vitro differentiating cells colored and annotated by cell population.

(B) Diffusion maps of in vitro differentiating cells colored by pseudotime trajectory as determined by slingshot. Top: showing SCP – sympathoblast pseudotime

trajectory. Bottom: showing SCP – Proliferating sympathoblast pseudotime trajectory.

(C) Predicted expression in differentiating cells of developmental markers for SCP (SOX10, PLP1), Bridging cells (ASCL1, PHOX2B), CPC (CHGA, DBH and

HAND2), sympathoblasts (ISL1, STMN2 and PRPH) along the lineage trajectory shown in the diffusion plot, annotated for developmental subpopulation.

See also Figures S3 and S4.
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Exploring the effect of ALK mutation on normal development using patient-specific iPS cells

Somaticmutations in theALKgene are found in 8–10%of all humanNB tumors.ALKgermlinemutations, although rare, were also shown to be

responsible for most cases of familial NB.26 However, how ALK specifically contributes to NB development remains unknown. To explore this

question, we used our in vitromodel to screen for differences in the SAP differentiation between wild-type (WT) iPSCs and a patient-specific

iPSC line harboring anALKR1275Qmutation.We previously generated this iPSC line using peripheral bloodmononuclear cells extracted from a

child with familial NB (Figure S5).

Using the ALKR1275Q mutant iPSCs, we performed serial scRNA-seq at four time points between days 25 and 32 following the same differ-

entiation protocol. Next, we integrated the scRNA-seq data from theseALKR1275Qmutant iPSCs with the previously generatedWT iPSC-data

for a comparative UMAP analysis. This revealed a large overlap between theALK-mutant andWT populations, suggesting that themajority of

ALK-mutant cells resemble their WT counterparts and undergo normal differentiation (Figures 6A and S7). This finding was not unexpected

A B

C D

Figure 6. A unique SOX2+ ALK mutant population detected during development

(A) Left andMiddle: UMAP indicating the distribution ofWT cells (based on the scRNAseq of the J2 iPSCs for all 8 time-points) and ALKmutant cells (based on the

scRNAseqof theNB05 iPSCs for all 4 time-points); Right: UMAP indicating the overlap between the sequenced time-points of both cell lines, annotated red for the

ALK mutant cells and blue for WT cells (right). In the left and middle UMAPs, the population detected in ALK mutant cells only is highlighted with a dashed line.

(B) Top: UMAPS showing expression levels of ALK and SOX2 as seen in the development of the WT cells; Bottom: Predicted expression along the lineage

trajectory shown in the diffusion plot of Figure 5A and along the pseudotime shown in Figure 5B.

(C) Key developmental markers of NCC (SOX9 and TWIST1), SCP (i.e., SOX10, PLP1), Bridging cells (ASCL1), CPC (i.e., PENK, TH, CHGA), SAP (i.e., ISL1 and

STMN2) for the different developmental populations, shared with between both cell lines, and the unique population detected only in the ALK mutant cell line.

(D) Heatmap showing the relative expression of known SOX2 target and associated genes for the populations identified in the UMAPS shown in Figures 5A and S7.

See also Figures S5 and S6.
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given that children with germline ALKmutations do not have a discernible abnormal developmental phenotype aside from an increased risk

of developing NB.26 However, despite these predominantly overlapping data, we did detect a distinct population of ALKR1275Q mutant cells,

representing 26.8% of total cells, that was absent in theWT population (Figure 6A). TheALKR1275Qmutant cells had a normal morphology and

appeared to differentiate normally through day 16, at which time point they appropriately expressed both SOX2 and SOX10 (Figure S6). How-

ever, upon further differentiation, the cells are expected to activate the pioneering TF gene ASCL1 followed by PHOX2B and subsequently

downregulate SOX2 and SOX10 as they further differentiate into the CPC stage. The developmental marker SOX2 is critical during multipo-

tent NCC development and is normally rapidly downregulated during further differentiation (Figure 6B). Indeed, SOX10 was downregulated

as expected, but there was persistence of SOX2 expression, along with a lack of upregulation of downstream differentiation markers (i.e.,

ASCL1, PHOX2B and GATA3) (Figure 6C). Further immunofluorescence staining at later stages in the differentiation (D35) showed an

increased presence of SOX2 positive cells in the ALK mutant differentiations compared to those in WT differentiations (Figure S6). Using a

web-based TF enrichment analysis tool, ChEA3,65 we identified SOX2, and its direct target gene POU3F3,66 to be the most likely TFs respon-

sible for the gene expression changes between the unique ALK-mutant population and the WT cells (Figure S6). We further investigated the

genes enriched in the populations identified in the UMAP analysis (Figure 6A) by screening for known targets of SOX2, or genes positively

correlated with SOX2. This analysis identified a set of SOX2 target genes exclusively activated in the ALK-mutant population (Figure 6D).

In addition to sustained expression of SOX2, we found upregulation of POU3F2, POU3F3,HES1,HES5, and ID1 (Figures 6D and 7), all of which

are characteristic of non-differentiating primitive neural progenitor cells, suggesting a disruption of differentiation and progenitor cell main-

tenance in this subpopulation.67–71

Figure 7. Expression of SOX2 target genes in the ALK mutant population

UMAP showing the expression of SOX2 target genes POU3F2, HES1, HES5 and ID4. See also Figure S7 for additional marker analysis.

ll
OPEN ACCESS

iScience 27, 108096, January 19, 2024 9

iScience
Article



DISCUSSION

Embryonal malignancies of childhood, including NB, are best understood as disorders of abnormal development, with a failure of normal

differentiation ultimately leading to oncogenic transformation. NB specifically represents a failure of sympathoadrenal development, but

despite increasing insights into the underlying molecular pathogenesis, many questions remain unanswered. Human iPSC-based in vitro

modeling represents a very versatile approach, with multiple applications being possible, including discovery of new disease mechanisms,

as well as drug and toxicity screening.72 In addition, for some tumors, including NB, the cell of origin may be difficult or impossible to isolate

from human patients,73 which hampers in depth analyses of critical genetic factors and perturbations driving or accompanying early tumor

development. Since human iPSCs can generate unlimited numbers of patient-specific cells of any type, they can serve as an important source

to overcome these challenges. Here we present a protocol for generating human sympathoblasts from human iPSCs, which have been pro-

posed as progenitor cells for NB and give rise to adrenergic sympathetic neurons during normal development.

Amajor obstacle to the use of in vitro hPSCdifferentiationmodels to study differentiationmechanisms (as opposed to generation of ‘‘end-

product’’ cell types) has been the inability to demonstrate how faithfully the in vitro differentiation actually mimics in vivo development. Our

paper represents a first attempt to show that, in fact, it is possible to recapitulate a meaningful, if still incomplete, portion of the complexity of

in vivo development using an in vitro hPSC based system. Within our differentiations, 17–22% of the cells present were part of the SAP devel-

opmental trajectory. This yield ranged from 2 to 7% for each of the developmental subpopulations of the in vitro generated cells (Figures 2B

and S2). Of the remaining cells, 45% did not have an identifiable in vivo counterpart and lacked known cell type-specific markers on day 26, a

percentage that reduced to 25.5% on day 31 (Figure S2). A subset of these cells expressed the NCC markers TWIST1, ETS1, SOX10, FOXD3

and LMO4, indicating that a portion may be cells transitioning from the NCC to the SCP stage; these potential new subpopulations are only

just beginning to be identified and characterized.63

Additionally, some cells present in the undefined population may represent an artifact of the differentiation process. This is not unex-

pected since in vitro differentiation is unlikely to exactly mimic the complexity of in vivo development. Another key feature of in vivo human

developmental complexity is the dynamic interactions and transitions between developmental populations over time. Of note, we identified

dynamic interactions similar to the in vivo context using diffusion mapping and pseudotime predictions. We also identified overlapping sub-

groups only between populations with predicted transitions, when analyzing regulatory programs of the GRN specific to the subpopulations.

In particular, the SCPs and the bridging cells shared a set of regulatory programs, while bridging cells shared another group with the CPCs,

and the CPCs shared two groups with both the non-proliferating and proliferating sympathoblasts (Figure S3). These overlapping regulatory

programs validated the transitions predicted by the diffusion and pseudotime analyses, further confirming that our cells mimic the develop-

mental dynamics observed during in vivo human development.

The fact that in vivo developmental complexity is largely recapitulated in vitro through our model underlines its potential to study hu-

man sympathetic nervous system development and related diseases. This model allows critical access to study the effect of early changes

on normal development and NB pathogenesis. To highlight this, as ‘‘proof-of-principle’’, we used our model system to explore the impact

of a germline ALK mutation on SAP development using a patient-specific iPSC line. Mutations in the ALK gene are responsible for most

familial NB cases and somatic mutations in ALK are found in 8–10% of all NB tumors.26–28,74 The ALK gene encodes a receptor tyrosine

kinase that is normally expressed at high levels in the nervous system and was originally identified as a fusion protein with nucleophosmin

in anaplastic large cell lymphoma (ALCL).75 In NB, ALK point mutations within the tyrosine kinase domain, such as ALKR1275Q, lead to

constitutive receptor activation and persistent ALK signaling in the absence of ligand binding. Activation of ALK regulates cellular prolif-

eration, differentiation, and apoptosis through different signaling pathways, including PI3K/AKT, RAS/MAPK and STAT3.76–79 In NB, we

and others have shown that signaling is predominantly governed through PI3K/AKT and RAS/MAPK and potentially important regulators

(HBP1, ETV5, ERK5), thereby contributing to tumor formation.80–82 Yet, deeper insights into the physiologic role and the mechanisms

through which signaling by aberrantly activated ALK can promote NB development require further studies and appropriate models.83–86

Using scRNA-seq analysis of the iPSC-derived ALKR1275Q-mutant cells uncovered an abnormal subpopulation consisting of cells that

lacked critical differentiation markers, including SOX10, PLP1, ASCL1, STMN2, and ISL1, but maintained the expression of one develop-

mental marker, SOX2 (Figure 6C). Additional immunofluorescence staining at late stage differentiation showed the increased presence of

SOX2 positive cells in the ALK mutant differentiations (Figure S6). Of further importance, a substantial proportion of differentiated ALK-

mutant iPSCs (�25%) exhibit this abnormal development (Figure S7). Why the remaining ALK-mutant cells appeared to differentiate

completely normally needs to be studied in further detail but correlates with the normal sympathetic neuronal developmental phenotype

in patients with germline ALK mutations.

SOX2 has crucial roles in embryogenesis and development,87–89 making its increased expression in the mutant population of particular

interest. SOX2 expression, present during early development of the NCCs and SCPs, is downregulated upon further maturation and devel-

opment (Figure 6B). Misexpression of SOX2 during this developmental process can block neuronal differentiation and maintain the progen-

itor population.90–93 More specifically, SOX2 antagonizes the neuronal differentiation induced by ASCL1,90,94 which is a critical pioneering TF

inducing the signaling cascade to allow the cells to transition further along the SAP developmental pathway. The SOX2 downstream targets

identified in the subpopulation, such as HES1 and HES5, play essential roles during early neural development, with their expression

decreasing during further differentiation.70,71 Specifically, they maintain the number and status of undifferentiated neural stem cells and neu-

ral progenitors.67–69 Additionally, they can repress the expression and activity of ASCL1, thereby inhibiting neuronal differentiation.95 We also

noticed induction of the gene ID4, whose protein product is known to drive the proliferation of neural stem cells.96 The genes coding for the

POU proteins POU3F2 (BRN2) and POU3F3 (BRN1), reported to co-localize with SOX2 expression in neural progenitor cells,66 were also
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upregulated. Their expression is mainly restricted to early neural development97–99 and they are thought to repress BMP signaling.100 Impor-

tantly, SOX2 expression has been linked to a primitive, aggressive phenotype and worse prognosis in several human cancers, including lung

cancer, glioblastoma, andNB.101–103 In NB, expression of SOX2 is associatedwith a stem cell-like phenotype, aggressive clinical behavior, and

poor prognosis. Further, expression of the ALK fusion oncoprotein in ALK-positive ALCL induces expression of SOX2, leading to an immature

phenotype and aggressive cancer cell behavior.104,105 Using single cell transcriptome analysis we were able to trace where and how ALK-

mutant cells diverge from their normal trajectory, which had up to now been unfeasible. Based on our analysis, we hypothesize that consti-

tutive ALK signaling may cause aberrant expression of SOX2 and its target genes in a subset of NCCs. This alteration may, in turn, lead to

repression of critical BMP signaling and subsequent failure of activation of ASCL1. As a result of this failure, there is blockage in NCC differ-

entiation. NCCs are thus maintained as an abnormal early progenitor population that may be more susceptible to acquisition of further mu-

tations and ultimately oncogenic transformation to NB.

An alternative explanation, in light of previous studies showing inhibition of neural crest induction upon sustained expression of SOX2, is

that the unique population of cells found in the ALKR1275Q mutant cell line represent aberrant central nervous system neuroepithelial

cells.106,107 Gene expression analysis did identify central nervous systemgenes (FOXG1,NR2E1, SALL3) in the specific ALKmutant population.

However, the fact that these cells were derived from an FACS-sorted population of SOX10+ NCCs suggests that they more likely represent

aberrant neural crest derivatives than abnormal CNS progenitor cells. Importantly, these experiments highlight the ability of this model to

generate and explore newbiological insights that current animalmodels cannot. To confirm the origin of these cells and their role inNBdevel-

opment will require further in-depth mechanistic studies.

In summary, our work here demonstrates the power of combining patient-specific iPSCs, dynamic in vitro developmental modeling, and

analysis at single cell resolution to explore both normal and abnormal SAP development.

Limitations of the study

While our in vitromodel allowed us to work with human iPSCs tomodel sympathetic nervous development, the two-dimensional tissue culture

system remains an artificial environment that cannot fully capture the complex environment of a developing organism. To ameliorate this lim-

itation, our model can be used in conjunction with in vivo systems where cells generated by our model can be applied to in vivo experiments

using transplantation basedmethods. Despite this disadvantage, our model does generate the different SAP developmental subpopulations

with a current efficiency of 17–22% and mimic the in vivo dynamic complexity. Efforts to improve the yield of the differentiation and to purify

and characterize the subpopulations of interest are on-going. The use of the patient specificALKR1275Q-mutant cell line shows the potential of

our model to study human sympatho-adrenergic development. However, further in-depthmechanistic studies will be required to confirm the

hypothesis we formulated here.
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Fröhling, S., Luther, W., 2nd, Zhang, J., Ahn,
Y., Zhou, W., London, W.B., McGrady, P.,

et al. (2008). Activating mutations in ALK
provide a therapeutic target in
neuroblastoma. Nature 455, 975–978.
https://doi.org/10.1038/nature07397.

29. Kreitzer, F.R., Salomonis, N., Sheehan, A.,
Huang, M., Park, J.S., Spindler, M.J.,
Lizarraga, P., Weiss, W.A., So, P.L., and
Conklin, B.R. (2013). A robust method to
derive functional neural crest cells from
human pluripotent stem cells. Am. J. Stem
Cells 2, 119–131.

30. Lee, G., Chambers, S.M., Tomishima, M.J.,
and Studer, L. (2010). Derivation of neural
crest cells from human pluripotent stem
cells. Nat. Protoc. 5, 688–701. https://doi.
org/10.1038/nprot.2010.35.

31. Menendez, L., Kulik, M.J., Page, A.T., Park,
S.S., Lauderdale, J.D., Cunningham, M.L.,
and Dalton, S. (2013). Directed
differentiation of human pluripotent cells to
neural crest stem cells. Nat. Protoc. 8,
203–212. https://doi.org/10.1038/nprot.
2012.156.

32. Mica, Y., Lee, G., Chambers, S.M.,
Tomishima, M.J., and Studer, L. (2013).
Modeling neural crest induction,
melanocyte specification, and disease-
related pigmentation defects in hESCs and
patient-specific iPSCs. Cell Rep. 3, 1140–
1152. https://doi.org/10.1016/j.celrep.2013.
03.025.

33. Huang, M., Miller, M.L., McHenry, L.K.,
Zheng, T., Zhen, Q., Ilkhanizadeh, S.,
Conklin, B.R., Bronner, M.E., and Weiss,
W.A. (2016). Generating trunk neural crest
from human pluripotent stem cells. Sci. Rep.
6, 19727. https://doi.org/10.1038/
srep19727.

34. Chambers, S.M., Mica, Y., Lee, G., Studer, L.,
and Tomishima, M.J. (2016). Dual-SMAD
Inhibition/WNT Activation-Based Methods
to Induce Neural Crest and Derivatives from
Human Pluripotent Stem Cells. Methods
Mol. Biol. 1307, 329–343. https://doi.org/10.
1007/7651_2013_59.

35. Menendez, L., Yatskievych, T.A., Antin, P.B.,
and Dalton, S. (2011). Wnt signaling and a
Smad pathway blockade direct the
differentiation of human pluripotent stem
cells to multipotent neural crest cells. Proc.
Natl. Acad. Sci. USA 108, 19240–19245.
https://doi.org/10.1073/pnas.1113746108.

36. Chambers, S.M., Fasano, C.A., Papapetrou,
E.P., Tomishima, M., Sadelain, M., and
Studer, L. (2009). Highly efficient neural
conversion of human ES and iPS cells by
dual inhibition of SMAD signaling. Nat.
Biotechnol. 27, 275–280. https://doi.org/10.
1038/nbt.1529.

37. Reiprich, S., Stolt, C.C., Schreiner, S.,
Parlato, R., and Wegner, M. (2008). SoxE
proteins are differentially required in mouse
adrenal gland development. Mol. Biol. Cell
19, 1575–1586. https://doi.org/10.1091/
mbc.E07-08-0782.

38. Southard-Smith, E.M., Kos, L., and Pavan,
W.J. (1998). Sox10 mutation disrupts neural
crest development in Dom Hirschsprung
mouse model. Nat. Genet. 18, 60–64.
https://doi.org/10.1038/ng0198-60.

39. Britsch, S., Goerich, D.E., Riethmacher, D.,
Peirano, R.I., Rossner, M., Nave, K.A.,
Birchmeier, C., and Wegner, M. (2001). The
transcription factor Sox10 is a key regulator
of peripheral glial development. Gene Dev.
15, 66–78. https://doi.org/10.1101/gad.
186601.

40. Fattahi, F., Steinbeck, J.A., Kriks, S., Tchieu,
J., Zimmer, B., Kishinevsky, S., Zeltner, N.,

Mica, Y., El-Nachef, W., Zhao, H., et al.
(2016). Deriving human ENS lineages for cell
therapy and drug discovery in Hirschsprung
disease. Nature 531, 105–109. https://doi.
org/10.1038/nature16951.

41. Anderson, D.J. (1993). Molecular control of
cell fate in the neural crest: the
sympathoadrenal lineage. Annu. Rev.
Neurosci. 16, 129–158. https://doi.org/10.
1146/annurev.ne.16.030193.001021.

42. Schneider, C., Wicht, H., Enderich, J.,
Wegner, M., and Rohrer, H. (1999). Bone
morphogenetic proteins are required in vivo
for the generation of sympathetic neurons.
Neuron 24, 861–870. https://doi.org/10.
1016/s0896-6273(00)81033-8.

43. Takahashi, Y., Sipp, D., and Enomoto, H.
(2013). Tissue interactions in neural crest cell
development and disease. Science 341,
860–863. https://doi.org/10.1126/science.
1230717.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-human-CD49d Biolegend Cat#304314; RRID: AB_10643278

B0251 anti-human Hashtag 1 Biolegend Cat#394631; RRID: AB_2814347

B0252 anti-human Hashtag 2 Biolegend Cat#394633; RRID: AB_2814348

B0253 anti-human Hashtag 3 Biolegend Cat#394635; RRID: AB_2814349

B0254 anti-human Hashtag 4 Biolegend Cat#394637; RRID: AB_2814350

B0255 anti-human Hashtag 5 Biolegend Cat#394639; RRID: AB_2814351

B0256 anti-human Hashtag 6 Biolegend Cat#394641; RRID: AB_2814352

Rabbit anti-human Troponin T abcam Cat#ab228847

Mouse anti-human Brachyury R&D systems Cat#IC2085A; RRID: AB_2891298

Rabbit anti-human FOXG1 abcam Cat#ab196868; RRID: AB_2892604

Mouse anti-human PAX6 BD Biosciences Cat#562249; RRID: AB_11152956

Rabbit anti-human FOXA2 abcam Cat#ab108422; RRID: AB_11157157

Mouse anti-human SOX17 BD Biosciences Cat#561590; RRID: AB_10717127

Rat anti-human SOX2 Fisher Scientific Cat#14981182; RRID:AB_11219471

Mouse anti-human PRPH (A3) Santa Cruz Cat#sc377093; RRID: AB_2923264

Mouse anti-human PHOX2B Santa Cruz Cat#sc-376997B-11

Mouse anti-human ASCL1 Santa Cruz Cat#sc-374104D-7

Chemicals, peptides, and recombinant proteins

Dulbecco’s Phosphate-Buffered Saline Corning Cat#21-031-CV

DMEM/F12 Gibco Cat#21331020

E8 medium Gibco Cat#A1517-001

E6 medium Gibco Cat#A1516-401

Neurobasal medium Gibco Cat#21103-049

B27 supplement Gibco Cat#17504-044

N2 supplement Gibco Cat#17502-048

MEM non-essential amino acids (NEAA) Sigma Cat#M7145

L-Glutamine Gibco Cat#25030-164

2-mercaptoethanol Gibco Cat#21985023

Matrigel Fisher Scientific Cat#08-774-552

Geltrex Gibco Cat#A1413-302

Poly-Ornithine Sigma Cat#P3655

Fibronectin Gibco Cat#33010-018

Mouse Laminin-1 Gibco Cat#23017-015

Dispase Stem Cell Technologies Cat#07913

Accutase Innovative Cell Technologies Cat#AT-104

TRIzol Reagent Thermo Fisher Cat#15596018

Stem-Cellbanker Nippon Zenyaku Kogyo Cat#181218

Rock inhibitor (Y-27632) R&D Systems Cat#1524

SB431542 R&D Systems Cat#1614

Chir99021 R&D Systems Cat#4423

Fibroblast growth factor 2 R&D Systems Cat#233-FB/CF

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bone morphogenic protein 4 R&D Systems Cat#314-BP

SHH R&D Systems Cat#464-SH

Ascorbic acid Sigma Cat#4034-100g

Nerve growth factor Peprotech Cat#450-01

Brain derived neurotrophic factor R&D Systems Cat#248-BDB

Glial cell derived neurotrophic factor Peptrotech Cat#450-10

Purple loading dye NEB Cat#B7024S

BD Cytofix fixation buffer BD Biosciences Cat#51-9006276

QBSF-60 medium Fisher Scientific Cat#NC0823508

RPMI medium Fisher Scientific Cat#MT10041CV

B27(-insulin) Gibco Cat#17504044

Fetal bovine serum (FBS) ClonTech Cat#631101

KO serum-replacement Gibco Cat#10828028

Recombinant Human Erythropoietin (EPO) R&D Systems Cat#287-TC-500

Recombinant Human SCF (SCF) R&D Systems Cat#255-SC-010/CF

Recombinant Human Interleukin-3 (IL-3) R&D Systems Cat#203-IL-010/CF

Insulin-like growth factor 1 (IGF-1) R&D Systems Cat#291-G1-200

Dexamethasone Sigma Cat#D88931MG

4’,6-diamidino-2-phenylindole (DAPI) Invitrogen Cat#D1306

IWP 2 R&D Systems Cat#3533

Dihydrochloride (LDN) R&D Systems Cat#6053

Activin A R&D Systems Cat#338-AC

Normicine InvivoGen Cat#ant-nr-1

Cell staining buffer Biolegend Cat#420201

Human TruStain FcX� Biolegend Cat#422301

Critical commercial assays

Cytotune-iPS 2.0 Sendai reprogramming kit Life Technologies Cat#A16517

KAPA Hyper Prep Kit Kapa Biosystems Cat#KK8504

AmpFLSTR Identifiler Plus PCR Amplification Kit ThermoFisher Cat#A26182

Mycoplasma PCR detection kit ABM Cat#G238

BD stemflow kit BD Biosciences Cat#560589

HiSeq 3000/4000 SBS Kit Illumina Cat#TG-410-1002

TruSeq Stranded mRNA LT Kit Illumina Cat#RS-122-2102

Deposited data

Sequencing data of differentiation trajectory This study Database: https://data.mendeley.com/datasets/

76prtz548d/draft?a=b253cfe4-eb76-

4cc3-9d59-57773693ce9b

Code for sequencing analysis This study Database: https://github.ugent.be/DePreterLab/

Sympatho-adrenergic-differentiation-track.

Experimental models: Cell lines

Mouse embryonic fibroblasts Gibco Cat#A34181

Human embryonic stem cell (hESC) lines H9 (WA-09) (Thomson, Itskovitz-Eldor et al. 1998) RRID:CVCL_9773

H9 derived SOX10::GFP reporter line (Chambers, Qi et al. 2012) N/A

WA01 derived TH-tdtomato reporter line (Ahfeldt, Tim et al. 2020) N/A

Induced pluripotent stem cell (iPSC) line: MRC5-iPSC Laboratory of Lorenz Studer N/A

Human: ALKR1275Q patient-specific iPSC line: NB05 This study N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Stephen Roberts

(roberste@ohsu.edu).

Materials availability

The patient-specific IPSC line NB05, generated in this study, is available from the lead contact upon request.

Data and code availability

� RNA-seq data have been deposited at ‘Mendeley Data’ and are publicly available as of the date of publication. The link to ourMendely

data depository is listed in the key resources table. Microscopy data reported in this paper will be shared by the lead contact upon

request.
� All original code has is provided on Github and accessible through https://github.ugent.be/PPOL/Sympatho-adrenergic-

differentiation-track.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

The patient from which NB05 was generated was enrolled on IRB-approved MSKCC institutional protocols for tumour and germline

sequencing and informed consent from patients or caregivers was obtained prior to collecting blood samples.

Cell lines

� NB05: Patient-specific iPSC line generated in this study, carrying ALKR1275Q mutation,74 female. Authenticated using STR, IMPACT,

sWGS and mycoplasma testing (see method details).

� H9: hESC, female
� J2 human iPSCs, male
� H9 SOX10-GFP reporter line, female

� WA01 TH-tdtomato reporter, male

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

R-Studio Desktop (version 4.1.1) RStudio Team (2020) https://www.rstudio.com/

10x Genomics Cell Ranger software (version 6.0.0) Zheng et al. 2017 https://www.10xgenomics.com/software

GRCh38 human genome (bundle 3.0.0) Genome Reference Consortium http://www.ncbi.nlm.nih.gov/projects/

genome/assembly/grc/human/

Seurat (version 4.1.1) Hao et al. 2021 https://satijalab.org/seurat/

destiny R package v.3.10.0 Angerer et al. 2016 https://bioconductor.org/packages/release/

bioc/html/destiny.html

pySCENIC1,2 Aibar et al. 2017, Van de

Sande et al. 2020

https://github.com/vib-singlecell-nf/vsn-pipelines

GRNBoost2 (SCENIC version 0.10.4) Moerman et al. 2019 https://github.com/aertslab/GRNBoost

Gene set enrichment analysis (GSEA) v4.0.2 Subramanian et al. 2005,

Mootha et al. 2003

https://www.gsea-msigdb.org/gsea/index.jsp

Biorender Biorender https://biorender.com/

slingshot R package v2.4.0 Street et al. 2018 https://www.bioconductor.org/packages/

release/bioc/html/slingshot.html

Other

In vivo single cell sequencing data of SAP development Laboratory of Igor Adameyko GSE147821
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Coating of culture plates

Seeding feeder-layer

MEFs (Gibco, Cat# A34181), which were mitotically inactivated with mitomycin C or g-irradiation, were used as a feeder layer to produce the

necessary growth factors for hESCs. To thaw MEFs, 1mL of cold MEF medium (Table S1) was added to a vial of frozen cells, which were then

added to 10 mL medium. Cells were counted using the automatic cell counter of ‘Nexcelom’ and 11,000 cells/cm2 were seeded. Following

seeding, plates were gently shaken until MEFs were evenly distributed over the entire well surface. Finally, plates were incubated at 37�C and

and 5% CO2.

Coating matrigel plates

Matrigel-coated plates were prepared by thawing Matrigel (Fisher Scientific, Cat# 08-774-552) overnight at 4�C and diluting it in DMEM/F12

(1:100) (Gibco, Cat nr. 21331020). Subsequently 50-, 250-, 1000 mL of Matrigel-DMEM/F12 were added to 96-, 24-, and six-well plates

respectively.

Coating geltrex

Geltrex-coated plates were prepared by thawing Geltrex (Gibco, Cat nr. A1413-302) overnight at 4�C and diluting it in DMEM/F12 (1:50).

Subsequently 500-, 1000 mL of Matrigel-DMEM/F12 were added to 24-, and six-well plates respectively and the plates were left to coat at

4�C overnight.

Culturing of PSCs

Thawing of PSCs

To thaw the PSCs, we shortly placed one vial of PSCs, previously stored in liquid nitrogen, in a water bath operating at 37�C, and subsequently

resuspended its cell content into 9mL E8medium (Gibco, Cat nr. A1517001). The cells were thereafter centrifuged at 120 x g for 3min at room

temperature and resuspended in E8 supplemented with 10mM Rock inhibitor (Y-27632, R&D, Cat nr. 1524). Medium was renewed daily.

Passaging of PSCs

PSCs were maintained in E8 medium with E8 supplement in humidified atmosphere with 5% CO2 at 37�C. The cells were passaged biweekly

by treatment with accutase (Innovative Cell technologies, Cat nr. AT-104) for 15min. Accutase was neutralised with E8medium in a ratio of 3:1.

The cell suspension was counted and centrifuged at 120 x g for 3 min. Eventually, 20-30,000 cells/well were seeded on previously prepared

Matrigel-coated six well plates.

Freezing of PSCs

The first step of the freezing process was identical to the passaging of that for the PSCs. After centrifugation, pelleted cells from one well of a

six-well plate were resuspended in STEM-CELLBANKER (Nippon Zenyaku Kogyo, Cat nr. 181218), which is a specific medium developed to

optimize freezing and thawing conditions for stem cells. The cells were then placed at - 80�C in a freezing container, allowing for a decrease of

1�C/min. The following day the cells were stored in the liquid nitrogen for long-term storage.

METHOD DETAILS

Generating patient-specific iPSCs

Isolation and culture of leukocytes

Prior to sample collection, all patients were enrolled on Institutional Review Board (IRB)-approved institutional protocols accepting to sample

banking, WGS, and iPS cell line generation. We reprogrammed peripheral WBCs from a familial NB patient with the ALKR1275Q mutation.

WBCs were isolated from whole blood by Ficoll density gradient centrifugation. The mononuclear cell layer was subsequently transferred

to a sterile tube, washed with Dulbecco’s Phosphate-Buffered Saline (DPBS, Corning, Cat nr. 21-031-CV) and stored in liquid nitrogen.

Proceeding further, the WBCs were thawed into QBSF-60 medium (Fisher Scientific, Cat# NC0823508) and the numbers of viable cells

were determined using the acridine orange and propidium iodide (AOPI) viability stainingmethod on aNexcelomK2 automated cell counter.

Next, the cells were resuspended in peripheral blood mononuclear cell medium (PBMC, Table S1) and plated onto a well of ultra-low

attachment six-well plates. PBMC medium was renewed every 2-3 days for 10 days.

Reprogramming of leukocytes to iPSC

For transduction of the peripheral WBCs, referred to as ‘day 0’, cells were counted and viable cells were transduced with Sendai virus con-

tainingOCT4, Klf4, Sox2 and c-Myc vectors from the ‘Cytotune-iPS 2.0 Sendai reprogramming kit’ (Life Technologies, Cat nr. A16517) accord-

ing to the manufacturer’s instructions. Thereafter, the cells were incubated at 37�C for 6-8 hours. After incubation, 1mL of additional PBMC

mediumwas added into each well. On the following day (day 1), the cells were re-plated on ultra-low attachment six-well plates. On day 3, the

transduced cells were resuspended in induced pluripotent stem cell (iPSC) medium (Table S1) and plated on previously preparedmouse em-

bryonic fibroblasts (MEF)-coated six-well plates. Transition from iPSC medium to human embryonic stem cell (hESC, Table S1) medium took
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place on days 5, 7 and 9. On day 5, iPSCmediumwas addedwithout supplemental growth factors. On day 7, themediumwas changed to a 1:1

mixture of iPSC medium and hESC medium. From day 9 onwards, the cells were cultured with hESC medium for 12-15 additional days. Be-

tween days 21-25, undifferentiated dome-like colonies with clear, smooth edges were selected and seeded onto prepared MEF-coated

24-well plates.

Transition culture on MEF to Matrigel

After generating iPSCs, they were transitioned from a culture onMEF-coated six well plates to culture on Matrigel in a one-step process. The

IPSC colonies on the MEF feeder layer were treated with dispase (Stem Cell Technologies, Cat# 07913) for eight minutes. Thereafter, the dis-

pase was replacedwith 3-4mL/well of E8medium in a six-well plate.With the aid of a p1000 pipette, the colonies were carefully detached and

slightly fragmented. 1 mL/well of iPSC suspension was transitioned to previously prepared Matrigel-coated six-well plates.

Mutation analysis

The presence of the mutation of interest and absence of co-mutations was confirmed with DNA profiling using the IMPACT (Integrated

Mutation Profiling of Actionable Cancer Targets) assay.108 This assay involves hybridization of barcoded libraries to custom oligonucleotides

(Nimblegen SeqCap) designed to capture all protein-coding exons and select introns of 468 commonly implicated oncogenes, tumour

suppressor genes, and members of pathways deemed actionable by targeted therapies. Barcoded sequence libraries were prepared using

59-100ng genomic DNA with the KAPA Hyper Prep Kit (Kapa Biosystems , Cat nr. KK8504) and combined in equimolar pools. The captured

pools were subsequently sequenced on an Illumina HiSeq 4000 as paired-end 100-base pair reads, producing 314-fold coverage per tumour.

Shallow whole genome sequencing (sWGS)

After PicoGreen quantification and quality control by Agilent BioAnalyzer, 100-140 ng of genomic DNA were sheared using a LE220-plus

Focused-ultrasonicator (Covaris catalog # 500569). Next, sequencing libraries were prepared using the KAPA Hyper Prep Kit (Kapa Bio-

systems , Cat nr. KK8504) with 8 cycles of PCR. Samples were run on an IIlumina HiSeq 4000 sequencer (100 bp paired-end sequencing), using

the HiSeq 3000/4000 SBS Kit (Illumina). The average number of read pairs per sample was 12 million.

Short tandem repeat (STR) array

After PicoGreen quantification, 500pg of genomic DNA was amplified using the AmpFLSTR Identifiler Plus PCR Amplification Kit

(ThermoFisher Cat nr. A26182) according to the manufacturer’s protocol in a 0.5X reaction. 1-2mL of PCR product was analyzed on the

SeqStudio Genetic Analyzer (ThermoFisher) using a GeneScan 500 LIZ dye Size Standard (ThermoFisher Cat nr. 4322682). Resultant

amplification peaks were analyzed using GeneMapper Software 5. Results shown in Table S2.

Mycoplasma detection

To confirm absence of mycoplasma infection in the established iPSC lines, PCR testing for mycoplasma was performed using ABM’s

mycoplasma PCR detection kit (ABM, Cat nr. G238). The PCR products were resolved by 1% agarose gel electrophoresis. The loading buffer

was Purple loading dye (6x) (NEB, Cat nr. B7024S) and Generuler 1kb plus (Thermo Scientific, Cat nr. SM1331) was used as ladder. Following,

the gels were imaged with Chemidoc XRS+ (Bio-Rad).

Validation of pluripotency of generated patient-specific iPSC

Fluorescence-activated cell sorting (FACS)

Cells were treated with Accutase solution for 30 min at 37�C in order to create a single-cell solution, which was subsequently washed with

DPBS and fixed with BD Cytofix fixation buffer (BD Biosciences, Cat nr. 51-9006276) and stored at 4�C until further processing. Pluripotency

of the generated iPSCs was tested by performing FACS analysis (BDFACS aria III cell sorter, Cat nr. 648282) for the expression of stem cell

markers OCT3/4 and SOX2 with the BD stemflow kit (BD Biosciences, Cat nr. 560589), according to the manufacturer’s protocol. In this anal-

ysis, an iPSC clone was considered pluripotent when R 90% of the cells were positive for both of the aforementioned stem cell makers.

Tri-lineage differentiation

Meso-endoderm induction: 400,000 cells were plated onto each well in Matrigel-coated 24-well plates. Once the cells were near confluency

(on average 2 days after seeding), they were treated with 10mMCHIR99021 (R&D Systems, Cat nr. 4423) in B27(-insulin)/RPMI medium (Gibco,

Cat nr. 17504044, Fisher Scientific MT10041CV) for 24 hours. Two days later, the cells were treated with 5mM IWP2 (TOCRIS, Cat nr. 3533) in

B27(-insulin)/RPMI medium for 48 hours (medium replacement was done every two days). Spontaneous contraction of myocardiocytes could

be detected at day 9. The development of meso-endoderm was validated using immunofluorescence staining for Troponin T (abcam, Cat nr.

ab228847) and Brachyury (R&D systems, Cat nr. IC2085A).

Neuroectoderm induction: At the start of the differentiation, 400,000 cells were seeded onto each well in Matrigel-coated 24-well plates.

The cells were plated in in E6 medium (Gibco, Cat nr. A1516401), containing 500nM LDN (TOCRIS, Cat nr. 6053) and 10mM SB (R&D Systems,
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Cat nr. 1614). Medium was renewed daily for seven days. The development of neuroectoderm was validated using immunofluorescence

staining for FOXG1 (abcam, Cat nr. ab196868) and PAX6 (BD Biosciences, Cat nr. 562249).

Definitive endoderm induction: At the start of the differentiation, 100,000 cells were plated onto each well in Matrigel-coated 24-well

plates. Once the cells were nearly confluent, they were treated with 100 ng/mL Activin A (R&D systems, Cat nr. 338-AC) and 3mM

CHIR99021 diluted in RPMImedium. The next day themediumwas changed to 100 ng/mL Activin A in 0,2%fetal bovine serum/RPMImedium,

which was reneweddaily for three days. The development of endodermwas validated using immunofluorescence staining for FOXA2 (abcam,

Cat nr. ab108422) and SOX17 (BD Biosciences, Cat nr. 561590).

Differentiation of PSC to hSAPs

Generation of truncal neural crest

In accordance to the protocol developed by the Studer lab109 PSCwere transitioned to truncal neural crest cells (truncal NCC) in a 16-day long

process. First cells were seeded on geltrex coated 24 well plates at a concentration of 100k/cm2 in medium consisting of E6 supplemented

with 10mM Rock inhibitor. After allowing the cells to attach for 24hrs the medium was changed to induction medium 1 (see Table S3) for the

following 2 days. Hereafter the medium was adjusted to induction medium 2 (see Table S3) which was used until D16 where we enriched for

NCC using FACS sorting.

Enriching neural crest cells by FACS sorting

To enrich for NCC we selected cells with high SOX10 expression. To accomplish this the surface marker CD49d (positively correlating with

SOX10 expression) was stained using CD49d-PE-Cy7 antibodies (Biolegend, Cat nr. 304314). We first detached the cells by incubating

themwith Accutase for 25mintues at 37�C. Afterwards the Accutase was diluted using a 2/3 ratio of DMEM/F12 and the cells were centrifuged

for 5minutes at 120g. Subsequently the cells were washedwith DMEM/F12 and centrifuged at 120g for 5minutes, this stepwas repeated once

more for a second wash. Next the cells were stained with 35ml of CD49d-PE-Cy7 antibodies with an incubation time of 25 minutes at 4�C.
Thereafter the cells were washed 3 more times with DMEM/F12. After the final wash the cells were resupended in E6-medium, containing

1:1000 Normicine (InviviGen, Cat nr. Ant-nr-1) and (1:1000) rock inhibitor, at a cell concentration of 10 million/ml. To this cell solution DAPI

was added ad viability control. Subsequently the cells were FACS sorted (BDFACS aria III cell sorter, Cat#648282), based on PE-Cy7 signal.

After sorting the cells were centrifuged and resuspended in spheroidmedium (see Table S3). The cells were subsequently plated out on ultra-

low attachment plates (Corning, Cat Nr. 3471) to generate spheres and allow for larger increase of cell numbers. The spheres were allowed to

grow for 4 days after which they were plated on previously prepared PO/FN/LM coated 24 well plates.

Coating post-FACS differentiation plates

During the sphere stage Poly-Ornithine (PO, Sigma Cat Nr. P3655) was thawed overnight at 4�C, diluted to 15mg/mL in PBS and allowed to

coat overnight at 37�C. Simultaneously Fibronectin (FN, Gibco, Cat nr. 33010-018) and Mouse Laminin-1 (LM, Gibco, Cat nr. 23017-015) were

thawed at 4�C overnight. The next day the PO coated plates werewashed and FN and LM, diluted to 2mg/mL in PBS, were added and allowed

to coat overnight at 37�C.

Inducing SAP development and maturation

24Hrs after plating out the spheres the medium was changed to priming medium for a total of 4 days (see Table S3), renewed every 2 days.

This priming mediummimics the stage where the truncal NCC reach the ventral side of the dorsal aorta and are exposed to BMP4 signalling.

This induces a cascade of signalling consisting of transcription factors (TFs) and core regulatory circuits (CRC), such as the expression of pro-

neural genes such as ASCL1 (MASH1/HASH1), and lineage-determining TFs (i.e., Phox2B, Hand2, TBX2, and SOX11) which control cell fate

decisions and development of the SAP’s. Subsequently the medium is changed to SNS differentiation medium (see Table S3). This was re-

newed every 4 days until the end of the differentiation.

Immunofluorescence (IF) imaging

At the desired timepoints during the differentiation cells were fixed with 4% PFA for 20 at room temperature. Subsequently the cells were

washed with twice PBST (consisting of PBS with 0.1% triton X100) and thereafter incubated with PBST/GS (PBST with 5% goat serum) for

one hour at room temperature. Next the primary antibody was added at 4�C overnight. The primary antibody was diluted in PBST/GS at

a dilution of 1:200 for SOX2 (eBioscience, Cat nr. 14-9811-82) PHOX2B (Santa Cruz, Cat nr. sc-376997B-11) and PRPH (Santa Cruz, Cat nr.

sc-377093) and 1:1000 for ASCL1 (Santa Cruz, Cat nr. sc-374104D-7). After overnight incubation the cells were washed trice with PBST after

which the secondary antibody was added for a duration of 2hrs at room temperature in the dark. Once the secondary antibody incubation was

completed the cells were washed twice with PBST after which DAPI (diluted 1:10.000 in PBS) was added for 5 minutes. Subsequently the cells

were washed two more times with PBS and imaged using.

Bulk RNAseq

Cell pellets were snapfrozen for analysis at selected time-points over the differentiation process. To extract RNA from the cells, phase sep-

aration in cells lysed in TRIzol Reagent (ThermoFisher Cat Nr. 15596018) was inducedwith chloroform. RNAwas precipitated with isopropanol
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and linear acrylamide andwashedwith 75% ethanol. The samples were resuspended in RNase-free water. After RiboGreen quantification and

quality control by Agilent BioAnalyzer, 125-500ng of total RNA with an RNA integrity number varying from 7.8-10 underwent polyA selection

and TruSeq library preparation according to instructions provided by Illumina (TruSeq Stranded mRNA LT Kit, Cat Nr. RS-122-2102), with 8

cycles of PCR. Samples were barcoded and run on a HiSeq 4000 in a 50bp/50bp paired end run, using the HiSeq 3000/4000 SBS Kit (Illumina

Cat nr. TG-410-1002). An average of 39million paired reads was generated per sample. At the most, the ribosomal reads represented 1.9% of

the total reads generated and the percent of mRNAbases averaged 67%. The counts per gene were normalized usingDESeq2.110 The counts

for each gene in each sample is divided by the geometric mean of the gene across all samples. The median of the ratios for the genes in a

sample is the estimated size ‘‘scaling’’ size factor used to adjust the total mapped reads count from each sample.

Cell hashing

Prior to scRNAseq the cells of selected time-points were hashed and pooled together for scRNAseq analysis. The time-points D25-26, D27-28,

D29-30 and D31-32 were hashed for theWT cells. For the ALKmutant cells time-points D25-27-29-32 were hashed. After dissociating the cells

with Accutase for 25minuteswe prepared a 50ml single cell suspension at a concentration between 1x105 cells/mL and 2x107 cells/mL for each

hasing group in Cell Staining Buffer (BioLegend, Cat nr. 420201) for cell labelling. 5ml Of cell solution was used to record total cell count and

cell viability using Trypan Blue. To the remaining 45ml, 0.1X volume (5 mL) of Human TruStain FcX (BioLegend, Cat nr. 422301) was added. This

was allowed to incubate for 10 minutes at 4�C. During this incubation time a solution of 1mg /50ml was prepared for each hashing antibody

(B0251 – B0256, see key resources table). The hashing antibody solution was centrifuged at 14,000g at 4�C for 10 minutes. The antibody so-

lution was thereafter carefully withdrawn, whilst avoiding touching the bottomof the tube, and transferred on the corresponding cell solution.

This was allowed to incubate for 30 minutes at 4�C, simultaneously the cell staining buffer was cooled down to 4�C. After incubation the cell

solution was diluted 10 times by adding 0.9 mL cell staining buffer and transferred to a 12 x 75mm Falcon Round-Bottom Polystyrene Tube.

Subsequently we added 2.5ml of cell staining buffer for a final dilution of 35 times. The cell solutions where thereafter centrifuged at 400g at

4�C for 5 minutes. Next the supernatant was aspirated leaving 50-100ml, this was repeated two more times for a total of 3 washes. It is very

important to perform these washes carefully, leaving as little supernatant as possible. After the last wash the different cell solutions (each with

their own hashtag) were combined into one tube, centrifuged and resupsended in DMEM-F12, as this medium was compatible with the

10XGenomics pipeline, for a final concentration of 1000 cells/ml.

10X genomics data generation and sequencing

The single-cell RNA-Seq was performed on Chromium instrument (10X genomics) following the user guide manual (Reagent Kit 3’ v3.1). Each

sample, containing approximately 10,000 cells at a final dilution of �1,000 cells/ml was loaded onto the cartridge following the manual. The

viability of cells was above 80%, as confirmedwith 0.2% (w/v) Trypan Blue staining (Countess II). The individual transcriptomes of encapsulated

cells were barcodedduring RT step and resulting cDNApurifiedwithDynaBeads followed by amplification permanual guidelines. Next, PCR-

amplified product was fragmented, A-tailed, purified with 1.2X SPRI beads, ligated to the sequencing adapters and indexed by PCR. The

indexed DNA libraries were double-size purified (0.6–0.8X) with SPRI beads and sequenced on Illumina NovaSeq S4 platform (R1 – 26 cycles,

i7 – 8 cycles, R2 – 70 cycles or higher).

Biological replicates in experimental design

In the first stage of the differentiation (day 0 – day 16), immunofluorescence analysis of the H9:SOX10-GFP reporter cell line confirmed the

expression of SOX10, starting from day 12 and increasing towards day 16, in three independent experiments. On day 16, FACS enrichment

for SOX10+ cells on four separate PSC lines (H9 hESCs, H1 hESCs, J2 iPSCs and NB05 iPSCs), resulting in a total of 23 independent exper-

iments, showed a stable efficiency at an average of 30%. During the second stage of the differentiation (day 21 – day 40), the H1:TH-TdTomato

reporter cell line was used to analyze the expression of TH in two independent experiments. This immunofluorescence analysis confirmed TH

expression starting from day 28, which continued to increase as the differentiation progressed. More in depth validation of the model was

done using bulk RNA sequencing on two separate cell lines (H9 hESCs and J2 iPSCs) with two independent experiments for each cell line,

resulting in a total of four independent experiments for 13 time-points covering the entire differentiation trajectory. This allowed us to identify

a developmental window beginning on day 25 (after SAP induction) and ending on day 32. Within this time window, we performed single cell

sequencing for J2 iPSCs at eight time-points and NB05 iPSCs at four time-points. For each time-point, separate independent experiments

were conducted, and every time-point consisted of two separate differentiations pooled together. Every time-point showed a clear and

consistent overlap of the populations for both cell lines, with the notable exception of the unique population identified inNB05. The identified

populations were confirmed using two independent published datasets containing in vivo human SAP developmental data. This overlap of

the SAP developmental populations allows every time-point to serve as an independent replicate, thereby confirming the robustness of the

model in scRNA seq experiments with 12 independent experiments over 2 separate cell lines (J2 iPSCs and NB05 iPSCs). An overview of the

replicates can be found in Table S4.

ll
OPEN ACCESS

22 iScience 27, 108096, January 19, 2024

iScience
Article



QUANTIFICATION AND STATISTICAL ANALYSIS

Gene and HTO quantification

The sequenced libraries from 14 samples were quantified with Cell Ranger software (version 6.0.0)111 with default parameters. The standard

reference provided with Cell Ranger (version 2020-A) was used. This version was built on a GRCh38 human genome (bundle 3.0.0) and a

filtered version of Gencode v32. In addition, HTO surface antibodies were quantified with the Cell Ranger count feature reference option.

The feature reference file is provided on GitHub.

Quality control, normalization and integration

The count files were loaded in R and further analysis with Seurat (version 4.1.1)112 was performed. Cells with less than 300 or more than 4000

detected genes or with more than 10% mitochondrial genes were omitted. The combined dataset contained 49217 cells. Subsequently, de-

multiplexing of the mixes was executed by HTODemux function and only singlet were retained. The data was normalized and scaled with the

standard Seurat functions. The public data (GSE147821) of Adameyko (2021) describes the complexity and tumor potential of human embry-

onic sympatho-adrenal area including neural crest and mesodermal derivatives in neuroblastoma tumors. Those cells was filtered with the

same cut-offs and an identical normalization strategywas applied. Subsequently, the public data and own samples were integratedbymaking

use of the Seurat integration features. On the complete data, a PCAwas estimated on the top 2000 variable genes. Clustering was performed

on 20 principal component dimensions (selected by visual analysis of an Elbowplot) and a resolution of 0.6. An uniform manifold approxima-

tion and projection (UMAP) embeddingwas calculated using the selected 20 principal components as input. Cell cycle was not regressed out.

Clusters subjected to further in-depth analysis (SCP, Bridging, CPC, SAP and proliferating SAP) were extracted, re-embedded and reclus-

tered, followed by a second post-clustering quality control phase.

Cell type annotation

Marker genes that defined clusters by differential expression were identified using the Seurat FindAllMarkers function. Clusters were anno-

tated to cell types by comparison of marker genes for each cluster to canonical cell type markers from the literature.

Pseudotime analysis

The destiny R package v.3.10.0113 was used to calculate the diffusionmap embeddings. Single-cell pseudotime trajectories were constructed

using the slingshot R package v2.4.0114 based on clusters identified by Seurat and the DC components from destiny. A node in cluster

12 (SCPs) was selected as the starting point for the trajectory.

Regulatory program activity in single cells

Regulatory programs and their activity were inferred using pySCENIC1,2,115,116 whichwas run through aNextflowpipeline available at https://

github.com/vib-singlecell-nf/vsn-pipelines with default parameters. The coexpression modules were run by GRNBoost2 (SCENIC version

0.10.4).117 The input was the normalized expression matrix of the integrated cells across all time points after selecting and re-clustering

the transcriptomes of the identified SCP, bridging, CPC and sympathoblast cells in a similar fashion as the original dataset. For plotting

the regulon activity scores (RAS) in the heatmap, we retained regulons active in at least 1% of the cells and with a Pearson correlation coef-

ficient with any other regulon greater than 0.5. RASwere normalized and rescaled in a range from 0 to 1. In parallel, we computed the Regulon

Specificity Scores (RSS) for every cell type to quantify the specificity of the regulons3. For every cell type, the 20 highest scoring regulons were

retained and used as input for building the network figure with CytoScape4.

Gene set enrichment analysis

The bulk RNA expression profiles of day 16 and day 35 were analysed by GSEA.118,119 GSEA was performed using the GSEA v4.0.2 software.

The genesets ‘Descartes_fetal_adrenal_chromaffin_cells’, ‘Descartes_fetal_adrenal_sympathoblasts’, ‘Descartes_main_fetal_sympatho-

blasts’ and ‘GOPB_Peripheral_Nervous_system_Neuron_Differentiation’ were used for enrichment of the SAP developmental cells. For

enrichment of the Osteoblasts, Melanocytes and chondrocytes we used the datasets ‘GOBP_Osteoblast_Development’, ‘GOBP_Melanocy-

te_Differentiation’, ‘GOBP_Chondrocyte_Development’, respectively. All used genesets were obtained from the GSEA website (www.

broadinstitute.org/gsea/). We visualised the GSEA results using enrichment map. Enrichment score (ES) and False discovery rate (FDR) value

were applied to sort and select enriched genesets after gene set permutations were performed 1000 times for the analysis.
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