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Craniofacial chondrogenesis in organoids
from human stem cell-derived neural crest cells

Lauren Foltz,1,4,5 Nagashree Avabhrath,1,5 Jean-Marc Lanchy,1 Tyler Levy,2 Anthony Possemato,2 Majd Ariss,2

Bradley Peterson,3 and Mark Grimes1,6,*
SUMMARY

Knowledge of cell signaling pathways that drive human neural crest differentiation into craniofacial chon-
drocytes is incomplete, yet essential for using stem cells to regenerate craniomaxillofacial structures. To
accelerate translational progress, we developed a differentiation protocol that generated self-organizing
craniofacial cartilage organoids from human embryonic stem cell-derived neural crest stem cells. Histolog-
ical staining of cartilage organoids revealed tissue architecture and staining typical of elastic cartilage.
Protein and post-translational modification (PTM) mass spectrometry and snRNA-seq data showed that
chondrocyte organoids expressed robust levels of cartilage extracellular matrix (ECM) components:
many collagens, aggrecan, perlecan, proteoglycans, and elastic fibers. We identified two populations of
chondroprogenitor cells, mesenchyme cells and nascent chondrocytes, and the growth factors involved
in paracrine signaling between them. We show that ECM components secreted by chondrocytes not
only create a structurally resilient matrix that defines cartilage, but also play a pivotal autocrine cell
signaling role in determining chondrocyte fate.

INTRODUCTION

Craniofacial reconstruction is necessary to treat several conditions, including craniofacial birth defects, damage caused by head and neck

cancer treatment, and traumatic facial injuries. These cases not only affect function but may also cause or contribute to psychological and

social difficulties. It is difficult to reconstruct natural features with plastic surgery techniques, however, and transplanted tissue is often rejected

by the recipient without immunosuppressants. The use of stem cells to grow craniofacial cartilage would revolutionize the effective regener-

ation and repair of birth defects and injuries to the head and face. To harness this differentiation for clinical translation, we require an in-depth

understanding of human-specific cell signaling mechanisms involved in the differentiation of this tissue.

Craniofacial cartilage is comprised of hyaline cartilage for the nose and developing bones of the head, elastic cartilage for the larynx,

epiglottis, eustachian tube, external ear, and fibrocartilage for temporomandibular joints. Unlike articular cartilage, craniofacial cartilage orig-

inates during development from chondrocytes that are derived from the neural crest. Neural crest cells (NCCs) are a developmental cell line-

age restricted to vertebrates and are sometimes considered the fourth germ layer. During neurulation, NCCs are specified at the neural plate

border between the ectoderm anddeveloping neuroepithelium. At the crest of the neural tube, NCCs undergo an epithelial-to-mesenchymal

transition, delaminate, and migrate throughout the developing embryo.1 During this process, NCCs begin differentiating into a number of

distinct cell types, including cells of the peripheral nervous system, melanocytes, smooth muscle, and craniofacial cartilage and bone. De-

pending on their positioning andmigratory patterns along the rostrocaudal axis of the developing embryo, NCCs can be further categorized

into four main populations: cranial neural crest cells (CNCCs), cardiac neural crest cells (CaNCCs), vagal neural crest cells (VNCCs), and trunk

neural crest cells (TNCCs). CNCCs eventually differentiate into craniofacial cartilage and bone, as well as glia, Schwann cells, and cranial sen-

sory glia.1 Therefore, craniofacial cartilage has a different developmental origin from the articular hyaline cartilage and fibrocartilage that

compose the intervertebral disks and tendon insertions in the rest of the body. In body tissues, the skeleton is first made of cartilage by chon-

drocytes derived from themesoderm, which ossifies into bone; and some cartilage remains in selective locations, for example at the interface

of joints. Thus, to develop techniques to specifically generate craniofacial cartilage, different procedures from those used for other types of

cartilage will be required.2–4 This motivates a greater understanding of the cellular processes that underlie craniofacial cartilage

development.
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Figure 1. Neural crest differentiation protocol and cartilage organoids

(A) Neural crest stem cell (NCSC) differentiation protocol. hESCswere differentiated using the stepwise replacement of knockout serum replacement (KSR)media

with N2 for 5 days, followed by the addition of NCSC specification media containing BDNF, FGF8, SHH, and ROCKi. Small molecule inhibitors were added to

guide differentiation (see STAR Methods). NCSCs and organoid-producing cells were maintained in N2 media containing FGF2 and EGF.

(B) Representative light microscopy images of cell morphology throughout differentiation and after prolonged culture. Day = number of days after the original

differentiation protocol. Organoids continued to spontaneously form in cell culture dishes containing differentiated NCSCs. Three images at day 68 show highly

plastic morphology of cells as they migrate individually and begin to assemble into an organoid.

(C) Histology and stain of human ear tissue (top) and representative organoid (bottom). H&E, hematoxylin and eosin. Saffranin O and Toluidine Blue stain

cartilage ECM components red-orange and purple, respectively; Weigert’s resorcin-fuchsin stains elastic fibers violet. (N = 5). Scale bar = 50 mm.
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In general, chondrogenesis is under the control of several major developmental signaling pathways includingWNT, BMP/TGFb, and FGF,

among others.2,4–6 While insights can be gained from animal models about growth factor signaling pathways that drive craniofacial cartilage

differentiation,7 details about these pathways in humans are not well defined, which motivates this study. To model human craniofacial carti-

lage development, we generated craniofacial cartilage organoids from human embryonic stem cells (hESCs) and induced pluripotent stem

cells (iPSCs) via a neural crest cell intermediate. Our protocol for neural crest differentiation integrated and streamlined several existing pro-

tocols from the recent literature.8–11 Craniofacial cartilage organoids were generated fromneural crest stem cells (NCSCs) that were self-orga-

nizing, did not require a scaffold or embedding in extracellular matrices, and were amenable to handling and histological techniques. We

focused on the specific cell types and cell signaling pathways that regulate human craniofacial cartilage formation by comprehensively inter-

rogating gene expression patterns in differentiating cells using single nuclei RNA sequencing (snRNA-seq). We also employed mass spec-

trometry to analyze total protein expression and clustering patterns in protein post-translational modifications (PTMs) to outline cell signaling

pathways in organoids.12,13 These data provide a resource for further studies of human craniofacial development with an eye toward the

improvement of stem cell models for craniofacial regeneration and repair.14,15

RESULTS

Neural crest stem cells differentiated into cartilage organoids

To differentiate craniofacial cartilage, we first directed the differentiation of human embryonic stem cells (hESCs) into a neural crest stem cell

(NCSC) intermediate (Figure 1A). We integrated several previously published protocols with the goal of shortening this stage of differentia-

tion and generating the NCSC intermediate as quickly as possible while optimizing the yield. To obtain neural crest cells, it was first necessary

to induce neuroectoderm formation using the protocol previously published by Kreitzer et al., which utilizes dual SMAD inhibition via the small
2 iScience 27, 109585, April 19, 2024
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molecules LDN193189 and SB431542, inhibiting BMP and TGF-b signaling, respectively.8 However, we fit the timeline of this protocol to the

research by Mica et al., which showed that early removal of TGF-b inhibitors, followed by the prolonged addition of the small molecule WNT

signaling activator CHIR99021 (GSK3b inhibitor), increased anterior NCSC yield.9,11 Finally, we added Shh, FGF8, ascorbic acid, and BDNF to

the last stage of NCSC induction, following the neural crest specification protocol outlined by Zeltner et al., to further increase the number of

NCSCs over a short time period.10 After neural crest specification (Figure 1A), following the re-plating stages of the Zeltner et al. protocol, we

then sorted NCSCs via magnetic-activated cell sorting based on low-affinity nerve growth factor receptor (p75/NGFR) expression and re-

plated cells as a monolayer on poly-L-ornithine, laminin, and fibronectin. Over the course of NCSC differentiation, hESCs acquired NCSC

morphology and migrated outwards from hESC colonies (Figure 1B, Day 1–9).

When left undisturbed for approximately 52 h, confluent NCSCs migrated together and self-organized into roughly spherical growths on

the surface of dishes (Figure 1B). Once formed, these organoids detached from the dish surface and floated in the cell culture media. Over

time, cells remaining on the surface of the dish exhibited the morphology of migrating chondrocyte precursors (Figure 1B, Day 68). Floating

organoids were easily harvested with a spatula, and remaining cells on the dish surface continued to produce new organoids. Cell confluence

typically remained around 50% at this stage, with localized dense patches of cells that begin to migrate into new growths. The largest har-

vested organoid was one centimeter in diameter (Figure 1B, Day 162), and it was possible to maintain organoid-producing culture dishes for

up to one year. Organoids had physical characteristics of cartilage, appearing opaque and glassy, robust to handling, and resisting deforma-

tion in response to applied pressure.

Histological analysis using hematoxylin/eosin (H & E) staining of organoid paraffin sections revealed typical morphology of cartilaginous

tissues – small cell nuclei in the center of lacunae embedded in a glassy graymatrix (Figure 1C). SaffraninO and Toluidine Blue revealed baso-

philic staining likely due to the presence of negatively charged aggrecan and other proteoglycans (Figure 1C). The tissue morphology and

Weigert’s resorcin-fuchsin staining for elastic fibers suggest that elastic cartilage similar to human ear tissue is forming in these organoids

(Figure 1C).
Organoids were positive for collagens and other extracellular matrix proteins

To explore the developmental pathways that lead to human craniofacial cartilage, we profiled gene expression at the single-cell level during

the formation of neural crest-derived cartilage organoids. We employed single nuclei RNA sequencing (snRNA-seq) because of the difficulty

of extracting intact cells from the cartilage organoidmatrix.16 NCSCswere differentiated and sorted as described above, and a representative

sample of all cells was taken using a cell scraper. After merging and pruning data (see STAR Methods and Figure S1) from cells harvested

directly the day after sorting (NCSCs) and a sample of adherent cells and organoids harvested at day 87, six clusters representing different

populations of cells were obtained (Figures 2A and 2B; Table S1). NCSCs harvested one day after sorting formed a distinct large cluster in

both t-SNE and UMAP projections (Figures 2A, 2B, S1A, and S1B). One cluster expressed high amounts of collagens, proteoglycans, and

markers for the synthesis and modification of elastic fibers17(Figures 2C–2E, S2, and S3), so we provisionally labeled them chondrocytes.

Because the cells in other clusters have not been previously described, automated annotation was unsuccessful; we therefore investigated

the cell clusters manually (see STAR Methods). Based on marker and pathway analysis (see later in discussion), these other populations of

cells resembled migratory neural crest (mesenchyme), immature neurons (neuroblasts), and a small population of melanocytes (Figure 2A).

To further investigate the composition of organoids, we performed tandemmass tagmass spectrometry (TMT-MS) analysis comparing the

parent stem cell line (WA09), neural stem cells (NGFR-negative population after magnetic sorting, NSCs), the NGFR-positive NCSCs, and

cartilage organoids. TMT-MS analysis identified 11,064 proteins, 10,729 of which were detected in at least three samples, which provided

an in-depth view of protein expression in NCSCs and craniofacial cartilage organoids. hESCs (WA09) expressed the highest amounts of

the pluripotency markers OCT4 (POU5F1 gene) and SOX2 (Figure 3A). NCSCs had higher amounts of the neural crest marker NGFR, which

was used to sort this cell population. Craniofacial cartilage organoid samples retained SOX9, which is involved in originating neural crest and

chondrogenesis,18,19 and had low expression of OCT4 and SOX2 (Figure 3A).

Twenty-five markers commonly associated with chondrocytes were elevated in cartilage organoids compared to NCSCs in our prote-

omic data (Figure 3B; p = 0.026, Fisher’s chi-square method; p = 0.0078, Fisher’s truncated method). Furthermore, 131 markers including a

variety of generic collagens and ECM components were even more significantly elevated in organoids (p = 3.202 3 10–11, Fisher’s trun-

cated method; Figure S4A). Notably, collagen X (COL10A1), a marker for chondrocyte hypertrophy,20 was detected only in one experiment

by mass spectrometry and in lower amounts in organoids than in WA09 stem cells and NCSCs. COL10A1 also had low expression in

snRNA-seq data and was not enriched in chondrocytes (Figure 4C). Accordingly, we saw no evidence of bone formation (hypertrophy)

in organoids.

There was variability in protein expression as determined by mass specrometry, however, likely due to the extent of differentiation and

variation in different populations of cells that make up organoids. For example, two of four organoid samples highly expressed cartilage

markers COL2A1 and Aggrecan (ACAN), and only one had elevated levels of SOX5, SOX6, and SOX9 (Figures 3B and S4A). Similarly, matrilins

(MATN genes), Hyaluronan And Proteoglycan Link proteins (HAPLN genes), Elastin Microfibril Interfacer proteins (EMILIN genes), which are

involved in cell-matrix attachments and hyaluronan and proteoglycan binding,21,22 were high in some organoids but exhibited variable

expression (Figures 3B and S4A). High but variable expression was also observed for perlecan (HSPG2) andmany other collagen family mem-

bers, some of which are involved in pericellular matrix induction (Figure S4A).

Immunofluorescence identified distinct patterns of protein expression in individual organoids (Figure 3C). Transcription factors SOX2,

SOX9, and neural cell adhesion molecule (NCAM, a marker for immature neurons and early neural crest lineage), were expressed in a few
iScience 27, 109585, April 19, 2024 3



Figure 2. snRNA-seq data from cells in differentiating cultures and craniofacial cartilage organoids

(A and B) UMAP projections of snRNA-seq data from day 1 (NCSC) and day 87 (after differentiation) cultures, merged, after a cluster of artifactual objects was

removed (see Figure S1).

(C–E) In A different clusters are identified by cell type. In B the cells from day 1 and day 87 are identified. Several features confirmed that the green cluster in A

contained chondrocytes that expressed themain components of elastic cartilage: collagen genes (C), proteoglycan genes (D), and genes reads involved in elastic

fiber metabolism (E), all expressed as percentile per cell.
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isolated cells dispersed throughout organoids (Figure 3C, top row). In mature organoids, COL2A1 staining was bright and diffuse throughout

the central portion, andCOL1A1 staining was predominantly on the outer edge (Figure 3C,middle). In immature organoids, COL1A1-positive

regions surrounded cells with lower amounts of COL2A1 (Figure 3C, middle right). COMP and MATN1 staining was observed throughout

organoids, while doublecortin (DCX), a migratory neural crest and chondrocyte cell marker23–25 showed more robust expression in the outer

layer of organoids (Figure 3C, bottom). These data indicate that organoids were composed of more than one cell type, as was seen in differ-

entiating cultures (Figure 2A).

Pathways involved in differentiation

We used several different approaches to reveal cell signaling and metabolic pathways that were activated during NCSC differentiation into

chondrocytes. Enrichr (45) identified the following pathways from the 106 genes most significantly up-regulated in organoids compared to

NCSCs from which they were derived (Figures S4B and S4C): TGF-b regulation of extracellular matrix (BioPlanet), extracellular matrix orga-

nization (Reactome), ECM-receptor interaction (KEGG), and inhibition of matrix metalloproteinases (BioCarta). Comparing total protein

expression, 11 of 1657 curated pathways from NCATS BioPlanet26 were significantly changed in organoids vs. NCSCs (Fishers truncated
4 iScience 27, 109585, April 19, 2024



Figure 3. Markers in cells in differentiating cultures and craniofacial cartilage organoids

(A and B) Heatmaps show the expression of stem cell markers (A) and cartilage markers (B) in hESCs (WA09), neural stem cells (NSCs), neural crest stem cells

(NCSCs), and organoids (ORGs). Median and maximum values were calculated from the row Z score values, with increased expression represented in yellow

and decreased expression in blue (inset in A; black represents missing values). In B, data were ordered by hierarchical clustering (dendrogram).

(C) Immunoflourescence of markers (labeled) in representative organoids (red or green according to the secondary antibody used) counterstained with DAPI

(blue). Scale bar = 50 mm.
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p % 0.05 using pooled p values for gene sets from median expression; Figure S5A). The top five pathways that were enriched in organoids

over NCSCs were: Inhibition of matrix metalloproteinases; Glycosphingolipid biosynthesis: ganglio series; Chondroitin sulfate biosynthesis;

Dermatan sulfate biosynthesis; and Matrix metalloproteinases. Other enriched pathways identified from these markers in chondrocytes re-

flected changes in the metabolism of carbohydrates and lipids, and membrane traffic (Figure S5).
iScience 27, 109585, April 19, 2024 5



Figure 4. BioPlanet pathways enriched in craniofacial cartilage organoids

(A) Pathway crosstalk network (PCN). BioPlanet pathway-pathway relationships were determined from protein and PTM data, and by Jaccard similarity, which

means they have genes in common (purple, orange, and green edges, respectively). Pathway enrichment was determined from t-SNE clusters of protein and

PTM data in organoids and NCSCs (see STAR Methods). The network shown is the difference between organoid- and NCSC-enriched pathways, in other

words pathways that were enriched in organoids and not in NCSCs. These pathways intersected with those identified by pooled p values from: proteomic

data in Figure S1A (nodes circled in pink); snRNA-seq data comparing chondrocytes to mesenchyme cells (nodes circled in blue); and snRNA-seq data

comparing chondrocytes to NCSCs (yellow nodes).

(B) Pathways identified by EnrichR in Chondrocytes snRNA-seq cell cluster. Only the BioPlanet pathways with an adjusted p value smaller than 0.05 are shown. The

pathways overlapping with the pathways identified in the proteomics analysis (A and B) are highlighted in yellow. Some pathway names are abbreviated for

legibility.

(C and D) Volcano plots show the RNA expression of genes in the chondrocyte cluster in pathways Collagen biosynthesis and modifying enzymes (C) and TGFb

regulation of extracellular matrix (D). Fold change (log2FC) is expression in day 87 chondrocytes vs. day 1 NCSCs.
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Since post-translationalmodifications (PTMs) reflect the activation of cell signaling pathwaysmore directly thanmRNAand protein expres-

sion,12 we also profiled protein phosphorylation, acetylation, andmethylation in cartilage organoids and NCSCs. We analyzed the data using

network models of data structure,13 which allow the interrogation of protein andmulti-PTM proteomics data with three levels of granularity at

the pathway, protein-protein interaction, and PTM levels. The highest-level network, called the Pathway Crosstalk Network (PCN),13 connects

biological pathways fromBioPlanet based on the extent to which each pathway’s proteins (and their PTMs) co-cluster using t-SNE. To focus on

pathways that are active in NCSCs and differentiated organoids, we constructed versions of the PCN based on clusters that were enriched for

proteins or PTMs whose expression/abundance was significantly different in these samples relative to SH-SY5Y neuroblastoma cells.13 Fig-

ure 4A shows the subnetwork from the organoid PCN that was different from the NCSC PCN. Several pathways related to the construction

of ECM components (collagens, chondroitin sulfate, heparin sulfate, and glycosaminoglycans) were linked by PTM and protein cluster evi-

dence (purple and orange edges, respectively, Figure 4A). Many of these pathways have genes in common, as indicated by Jaccard similarity
6 iScience 27, 109585, April 19, 2024
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(green edges, Figure 4A). Most of these pathways identified by the PCN analysis were also identified by comparing snRNA-seq data from

chondrocytes vs. NCSCs (using pooled p values and EnrichR; Figures 4A and 4B, highlighted in yellow). These pathway-pathway interactions

provide an overview of how cell signaling mechanisms drive specific transcriptional differentiation programs that activate many pathways to

build cartilage ECM.

Themesenchyme cluster identified by snRNA-seq expressed some collagens, but marker and Enricher pathway analysis suggests that this

cell population is a previously uncharacterized cell type at an intermediate state of differentiation (Figures S2 and S5C). Using snRNA-seq data

to identify pathways enriched in chondrocytes relative to mesenchyme cells, 8 pathways were identified (Figure 4A, nodes circled in blue).

Because the mesenchyme cell population expressed some genes in common with both chondrocytes and neuroblasts, we hypothesized

that these cells may represent progenitors to both of these populations. To test this, we examined markers from characteristic pathways

of chondrocyte and neuroblast cell clusters in snRNA-seq data. The chondrocyte cell cluster had many genes whose expression was signif-

icantly up-regulated in pathways such as collagen synthesis andmodifying enzymes; TGF-b regulation of extracellularmatrix; and extracellular

matrix organization, (Figures 4B–4D and S6A). These pathways had a subset of genes up-regulated in mesenchyme cells (Figure S6B) but very

few in neuroblasts (Figure S6C). In contrast, pathways neural system and neurotransmitter release cycle, shared markers between neuroblast

and mesenchyme cells but few with chondrocytes (Figures S6B and S6C). These data suggest that mesenchyme cells represent a distinct cell

type not differentiated into chondrocytes or neuroblasts.

Ligand and receptor pairs that the direct differentiation of craniofacial cartilage organoids

We next examined protein-protein interactions among the pathways identified above with an eye toward the question, what are the key cell

signaling mechanisms that play a role in driving human NCSC differentiation into chondrocytes? Receptor and ligand pairs that are known to

be involved in neural crest formation or cartilage differentiation were present in the proteomic dataset using the R package connectome27

(Figure 5). Notably, ligands enriched in organoids compared to hESCs and NCSCs included tenascin C (TNC); midkine (MDK); pleiotrophin

(PTN); transforming growth factor b3 (TGFB3); bone morphogenic proteins (BMPs) 5 and 7; WNT ligands 3, 4, 5A, 5B, 7A and 11; fibroblast

growth factors 1 and 2 (FGF1, FGF2); platelet-derived growth factors C and D (PDGFC, PDGFD); delta-like non-canonical notch ligand 1

(DLK1); and VGF (Figures 5A and 5D). Receptors corresponding to these ligands were also expressed, including ALK, NOTCH1 and 3,

PTPRS, PTPRZ1, BMPR2; LRP1; FZD1, 2, and 7; TGFBR3; and PDGFRB (Figures 5C and 5D). With the exception of FGF2, ligand-receptor pairs

enriched in organoid samples were different from the set of ligands added to NCSC cultures, suggesting that the organoids may have estab-

lished autocrine and/or paracrine signaling patterns during differentiation.

ECM components are also ligands for cell signaling receptors (Figures 5B and 5E).28–32 Those enriched in organoids included fibrillin 1

(FBN1); fibronectin 1 (FN1); fibulins (FBLN1, EFEMP2); tissue inhibitor of metalloproteinases 1 (TIMP1); proteoglycans perlecan, versican

(HSPG2, VCAN); laminins (LAMA4, LAMC1, LAMB1); thrombospondins (THBS1, THBS2); and several collagens (Figures 5B and 5E). Receptors

for these proteins were also expressed (Figures 5C and 5E), including integrins (ITGAV, ITGB5, ITGA11, ITGB1, ITGA8); tetraspanins (CD81,

CD63); and discoidin domain receptor tyrosine kinase 1 and 2 (DDR1, DDR2).

From snRNA-seq data, similar ligand-receptor pairs were identified (Figure 6A). Several collagen transcripts were abundant; these colla-

gens interact with integrins, and with DDR2, which was up-regulated in chondrocytes (Figures 6A and 6C).28–32 Also specifically up-regulated

in chondrocytes were PDGFD and its receptors PDGFRA, PDGFRB; DLK1, which interacts with NOTCH3; and VCAN and DCN, which interact

with EGFR (Figures 6A and 6C). In contrast, the main ligand-receptor pair up-regulated in mesenchyme cells was PTN-PTPRZ1; the collagen

receptor, DDR1 was also highly expressed in this population (Figure 6B).

To understandmechanisms of crosstalk between cell signaling pathways, we interrogated a protein-protein interaction (PPI) network that was

filtered to retainonly interactionsbetweenproteins that showcorrelatedabundance inourproteomicdata,whichwecall a cluster-filterednetwork

(CFN).12,13 We focused on pathways such asWnt signaling pathway and neural crest differentiation because they are likely upstream of differen-

tiation (Figure 4A). Figure S7A shows the complex CFN interactions between all proteins in these pathways. From these, we selected ligand-re-

ceptor pairs identified from proteomic and snRNA-seq data in neural-crest-derived chondrocytes, and their nearest neighbors (Figure S8A).

Impressively, crosstalk between these pathways involves ECM components and their receptors (e.g., collagens, integrins, matrilins, and fibro-

nectin), which appear to be downstream effectors ofWNTs, NOTCH1, PTPRZ1, and receptor tyrosine kinases (ALK, PDGFRA, ROR2, and several

EPH receptors). Many of these proteins are up-regulated in craniofacial cartilage organoids (large yellow nodes, Figure S8A).

We also examined connections between pathways TGF-b regulation of extracellular matrix and Glycosaminoglycan metabolism because

they are likely central to cell fate specification due to autocrine signaling, as mentioned above, and cartilage biophysical and biochemical

properties (Figures 4A and S7B).33–35 ‘‘Mutual friends,’’ defined as proteins that directly connect to at least one member of each pathway

in the CFN (Figure S8B), were examined. Consistent with our analysis above, these mutual friends include many collagens and other ECM

components, along with receptors and several transcription factors (Figure S8B).

These data suggest the hypothesis that, in addition to being components of the structurally resilient matrix that defines cartilage, ECM

components play a profound autocrine signaling role in chondrocyte differentiation though a feedforwardmechanismmediated by receptors

that respond to collagens, proteoglycans, and other ECM components (Figures 5E and 6A).

Cell types involved in differentiation

Based on the data above, we hypothesized that more than one cell type plays a role in craniofacial chondrocyte differentiation. To test this

hypothesis, we analyzed differentiating cells at an earlier stage of differentiation 28 days after NCSC sorting. At this stage, cells are beginning
iScience 27, 109585, April 19, 2024 7
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Figure 5. Ligands and receptor protein expression in NCSCs and organoids

(A–C) Heatmaps show the expression of growth factor ligands (A), ECM ligands (B), and receptors (C) in stem cells, NCSs, NCSCs and craniofacial cartilage

organoids from mass spectrometry data. Data are expressed as row z-scores (see legend in C); black represents missing data.

(D and E) Selected non-ECM (D) and ECM (E) ligand-receptor pairs derived from protein data. Node size and color is proportional to the maximum row Z score

(inset). Edges are from connectome.27 Node border and shape and edge colors are defined in Figure S7C.
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Figure 6. Receptor-ligand expression in cell populations

(A) Ligand-receptor network derived from snRNA-seq data and connectome.27 Ligands are on the outer circle; receptors in the inner circle. Node size and color

are proportional to mRNA expression; edge width is proportional to the weight of evidence.

(B and C) Violin plots of selections from this network enriched in mesenchyme cells (B) and chondrocytes (C) show expression levels.
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Figure 7. Clusters of cells identified by snRNA-seq data 28 days after NCSC sorting

(A) UMAP projections of snRNASeq data from differentiating cultures day 28 after NCSC sorting. Mesencyme, Chondrocyte, and Neuroblast cell clusters were

subdivided by cell cycle analysis and by Seurat based onmarker expression (B). A fraction of chondrocytes (Dividing Chondrocytes, dark green) and a population

mesenchyme cells (Dividing Mesenchyme, brown) share cell cycle markers of proliferating cells (B; see Figure S9).
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Figure 7. Continued

(C and D) Paracrine (C, graphed as in Figure 6A except with ligands arranged vertically and receptors arranged horizontially) and autocrine (D) receptor-ligand

interactions from day 28 cells (identified by connectome). Mesenchyme and Dividing Mesenchyme cells had 11-12 autocrine signaling interactions almost

identical to each other, and secrete EGF, PTN, PDGFC, WNT3, and WNT7B. Day 28 Chondrocytes (including Dividing Chondrocytes) had 47 autocrine

interactions and secrete ECM components that include 10 different collagen proteins, three laminins, FN1, FBN1, VCAN, DCN, and ligands TNC, TGFB3,

WNT5A, PDGFD, and INHBA. Mesenchyme cells had 27 paracrine interactions with the entire chondrocyte population (including Dividing Chondrocytes). N = 3.
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to migrate together but have not yet formed organoids or discernible cartilage tissue. After removing artifactual data as described above,

snRNA-seq data from day 28 cells sorted into five cell types (Figure 7A). Nascent chondrocytes were clearly distinguished by the expression

of collagens and other ECM components similar to chondrocytes at day 87 (Figure S9A). Analysis of cell cycle gene expression revealed that a

subset of nascent chondrocytes and mesenchyme cells expressed genes indicating they were in G2 and S phase (Figure S9B). These actively

proliferating cells were labeled Dividing Chondrocytes and Dividing Mesenchyme (Figures 7A and 7B).

We hypothesized that mesenchyme cells that do not express cartilage ECM components may influence chondrocyte differentiation by

paracrine signaling. To test this, we analyzed ligand-receptor expression grouped by sources and targets using connectome27 (Figure 7C).

Dividing chondrocytes and dividingmesenchyme cells had themost paracrine interactions (46) among all cell types, which include ligands and

receptors from each cell type (Figure 7C). Dividing chondrocytes at day 28 also had the most autocrine interactions among all cell types (96

edges compared to 43 in the remaining chondrocytes, and 4–12 for other cell populations; Figure 7D). Many of these autocrine interactions

were also noted in older organoids (Figures 5D, 5E, and 6A).

The large number of paracrine signaling interactions suggests a functional relationship between nascent chondrocytes and mesenchyme

cells, such that both cell types could be considered chondroprogenitors. We asked if these two cell populations were physically close to one

another in organoids by examining markers specific to each population at different stages of differentiation (Figure 8A). Immunostaining of

PTPRZ1, a mesenchyme cell marker (Figure 6B), was observed in isolated cells at 28 days post sorting, with more prominent expression in

areas where cells had migrated together to form clumps. In mature differentiated organoids, PTPRZ1 was mainly found at the outermost
A B

C

D

Figure 8. Spatial distribution of mesenchyme cells and chondroprogenitors in organoids

(A) UMAP projections of snRNA-seq data and immunofluorescence of markers for mesenchyme cells (PTPRZ1, DDR1, TNC - day 87) and chondroprogenitors

(TNC - day 28, PDGFRA, DCN) at different stages of differentiation: day 28 cells and organoids, and organoids at immature (day 87), and mature stages,

where the morphology is that of elastic cartilage as in Figure 1C.

(B) Expression of COL1A1 and collagen receptor DDR2 at day 28, day 87 (UMAP projections, left) andmature organoids (immunofluorescence, right). Scale bar =

50 mM.

(C) Comparison of expression of mesenchyme marker PTPRZ1, and chondrocyte markers COL1A1 and DDR2 in individual cells at day 28 and 87. Blended colors

(right) indicate co-expression in individual cells as yellow points.

(D) Day 87 clusters and cell cycle assignments for individual cells. Cells and organoids at day 28 and 87 were differentiated from hESCs; mature organoids were

differentiated from iPSCs (H20961, 120 days). NS 2 for all IF results. iPS cells produced craniofacial cartilage in two experiments each from two different iPS lines.
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Figure 9. Model of craniofacial chondrocyte differentiation from stem cells

hESCs and iPSCs were differentiated into NCSCs by themanipulation of several signaling mechanisms andmagnetic bead sorting (Figure 1A). Based on the data

in this article, we hypothesize that there are two intermediate cell populations that generate cartilage organoids, represented in the figure by nascent

chondrocytes and mesenchyme cells, both of which act as chondroprogenitors. Horizontal arrows indicate differentiation steps; vertical arrows indicate

paracrine cell signaling (Figure 7C); curved arrows represent autocrine signaling: secretion of ECM components (collagens, proteoglycans) that interact with

integrins, DDRs and other signaling receptors sets up a feedforward mechanism (Figures 5E, 6A, and 7D). Organoids recapitulate human elastic craniofacial

cartilage formation in vivo, with an outer layer of proliferating chondroprogenitors surrounding cartilage tissue (Figure 8). (Images are from Biorender and

EasyNoteCards).
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surface, with a few isolated PTPRZ1-positive cells in the interior (Figure 8A, top right). DDR1, anothermarker for mesenchyme cells (Figure 6B),

showed a similar pattern of expression (Figure 8, DDR1).

Nascent chondrocytes at day 28 expressed tenascin C (TNC) as shown by snRNA-seq; by immunofluoresce expression was seen at lower

levels in isolated cells as well as in clumps (Figure 8A, TNC). At later times, however, TNCwasmore highly expressed inmesenchyme cells, and

in mature organoids TNC expression was exclusively restricted to the outer layer (Figure 8A, TNC). In contrast, chondrocytemarkers PDGFRA

and DCN (Figure 6C) showed consistent expression in early chondrocytes, in border regions, and throughout mature organoids (Figure 8A;

PDGFRA, DCN).

These data indicate that proliferating mesenchyme cells and nascent chondrocytes have functional paracrine interactions at the border

regions of mature organoids. To ask whether a few cells could express high levels of both mesenchyme and chondrocyte markers simulta-

neously, we examined co-expression in individual cells comparing the mesenchyme marker, PTPRZ1 with the chondrocyte markers,

COL1A1 and DDR2, which, such as PTPRZ1, are expressed in border regions of mature organoids (Figures 3C and 8). Fewer than five cells

were observed to express high levels of both PTPRZ1 and chondrocyte markers (Figure 8C, yellow points). That very few cells concomitantly

express both mesenchyme and chondrocyte markers indicates that these cell types largely retain their distinct identities. Gene expression

patterns in UMAPembeddings at day 28 (Figures 7A and 7B) and day 87 (Figures 8C and 8D) suggest the possibility that dividingmesenchyme

cells may differentiate into nascent chondrocytes (Figure S9C). In any case, our data indicate that not only do mesenchyme and chondrocyte

cell populations signal to each other in a paracrine fashion in early differentiating cultures, but both cell types maintain their identities and

functional interactions at the outer surface of growing organoids to generate craniofacial cartilage within (Figure 9).36–40
DISCUSSION

Herewe have described the differentiation of craniofacial cartilage organoids fromhESCs and iPSCs via anNCSC intermediate.We first differ-

entiated the neural crest lineage from specified neuroectoderm, merging several previously published protocols (Figure 1A).8–11,41,42 We un-

dertook a thorough analysis of gene expression and proteomics in craniofacial chondrocyte organoids with an eye toward identifying cell

signaling pathways that drive differentiation. Two points stand out from this work. First, by characterizing craniofacial chondrocyte differen-

tiation from human NCSCs, we discerned paracrine interactions between mesenchyme cells and nascent chondrocytes at early stages of dif-

ferentiation and in border regions of organoids; both of these cell types cooperate to act as chondroprogenitors. Second, ECM components

not only define the physical characteristics of cartilage but also act as feedforward signals that play a profound autocrine signaling role in

specifying and cementing cartilage cell fate. The emerging picture is that growth factor ligand-receptor pathways initiate chondrogenesis,

and ECM components are induced to further drive it forward (Figure 9).
Cell populations that generate cartilage

There is great interest in regenerating cartilage throughout the body to repair birth defects and injuries.2,4,43 Our study adds to the charac-

terization of pathways that lead to craniofacial cartilage, which is distinct from skeletal cartilage at the tips of bones.2,4,44 The presence of

chondrocyte progenitor cells (chondroprogenitors) has been reported on the surface of articular cartilage45 and nasal septum.46 Current ap-

proaches for facial reconstruction usually involve autologous chondrocyte implantation (ACI) to the damaged area, which involves harvesting

patient cartilage from an uninjured location in the face, typically from nasal cartilage.47 The regeneration of ear cartilage tissue is much more

successful if perichondrium is employed, due to the presence of chondroprogenitor cells.36,39,48 Rhinoplasty grafts with perichondria compo-

nents also look promising from animal studies, but evidence is lacking for humans.48 Nasal chondrocytes are neural crest-lineage
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chondrocytes that retain some proliferative potential and have the ability to repair articular cartilage with even greater chondrogenic capacity

than mesenchyme-derived chondrocytes.44,49–51 For example, isolated human nasal septal chondrocytes have been successfully grafted to

mice, expanded, applied to synthetic polymers to facilitate injection, and then used for reconstruction.52 Auricular perichondrial chondropro-

genitor cells have been cultured in various ways, including by differential adhesion to fibronectin or cell migration, and successfully trans-

planted to produce elastic cartilage.39,53,54 NCSCs have been identified within isolated dental pulp stem cell (DPSC) populations,55 which

have been successfully used to regenerate mandibular bone.15,56,57 Isolated DPSCs were limited to bone re-growth, but clonal DPSCs could

differentiate into other neural crest-derived cell lineages.55 Together, these studies highlight the overlapping applications of different

approaches to cartilage regeneration and reconstruction.

How different neural crest lineages colonize and differentiate within facial structures, and how this is affected by different signaling

pathways is an open area of research. Shen et al.,58 recently reported the induction of cartilage from an NCSC intermediate that also had

a propensity to differentiate into chondrocytes, and different types of chondrocytes were identified. These cells became hypertrophic, how-

ever, as indicated by collagen X and MMP-13 expression.58 Kaucka et al.59 tracked different neural crest lineages throughout mouse cranial

development and found that ectomesenchymal neural crest cells could contribute equally to osteogenic, chondrogenic, odontogenic, and

adipogenic lineages within a clonal niche in the developing facial structure. Our neural crest cells produced expected lineages (e.g.,

neuroblasts, melanocytes; Figure 2), but our cartilage organoids were composed of elastic cartilage that did not differentiate into bone.

Determining the differentiation potential of neural crest-derived chondrocytes, and other cells within organoids, will be critical for experi-

ments exploring organoid growth for transplantations and cartilage repair.

Neural crest-derived cartilagemay have good regenerative capacity due to the ability to producemesenchymal cells like those seen in this

work. It will be interesting to compare our data to intermediate cell populations obtained using other methods of chondrogenesis that go

through mesoderm.15,60–63 Comparison of our snRNA-seq data to that from Wu et al.,63 shows many common ECM components (as well

as TWIST1, PRRX1, and DDR2) in chondrocytes, and another cell population that has markers in common with our mesenchyme cells (e.g.,

PTPRZ1, DDR1). It is possible to generate cartilage from mesenchymal-lineage cells from patient-derived adult bone marrow stem cells

and adipose-derived stem cells, which can then be differentiated into articular cartilage via the application of specific growth factors.15,64 Cells

called mesenchymal stem cells, or mesenchymal stromal cells (MSCs), have been previously characterized, but it is controversial whether or

not they are multipotent stem cells.54,65,66 MSCs were found to induce chondrocytes and stimulate their chondrogenic capacity, and preser-

ving the pericellular matrix enhanced this interaction with MSCs.67,68 Whether MSCs can themselves differentiate into chondrocytes, or stim-

ulate chondrocyte proliferation through paracrine signaling (or both), remains to be determined.68 Embryoid body (EB) formation from

hESCs, pellet cell culture, and micromass culture have been employed to derive MSCs, although, because the terminal differentiation stage

of mesenchymal tissue is bone, these cell lineages often suffer from hypertrophy and osteogenic differentiation.69–74 In fact, transplanted

cartilage derived from a mesenchymal origin can express heterogeneous markers for cartilaginous, fibrous, and hypertrophic tissues simul-

taneously.75,76 Notably, cartilage produced using embryoid body or mesoderm formation also has the potential to retain stem-like charac-

teristics in the differentiated tissue, which could contribute to tumor formation.60,77–79 The characterization of these processes will aid ap-

proaches such as the transplantation of MSCs, isolation and expansion of chondrocytes, or recruitment from subchondral bone

(microfracturing) as a means to regenerate damaged joint and intervertebral cartilage.64,76,80 It should be noted that cartilage designed

for joint repair has a different function from craniofacial cartilage because it has to withstand applied stress,76,81,82 and microfracturing tech-

niques are not applicable for craniofacial cartilage that has no adjacent bone.
ECM-receptor interactions

A distinctive feature of human ear elastic cartilage is the organization in two distinct regions, perichondrium and chondrium.36 This spatial

dichotomy is associated with different ECM components. The perichondrium ECM is rich in collagen 1 proteins, while the chondrium

ECM is composed of, among other things, collagen 2 proteins and elastic fibers.39 We indeed observed such dichotomy in our cartilage or-

ganoids using immunostaining (Figures 3C and 8A). A study of microtia using scRNA-seq revealed several populations of cells in auricular

cartilage, including two cell types that were called chondral and stromal stem/progenitor stem cells,83 the latter of which expressed

COL1A1 on edge regions of human auricular cartilage tissue, similar to our organoids. Another study comparing nonsyndromic microtia

to normal total RNA and protein found 17 genes downregulated in microtia enriched in the ECM�receptor interaction, focal adhesion,

cholesterol metabolism, and peroxisome proliferator-activated receptors (PPAR) signaling pathways.84 This is consistent with our data and

other proteomic analyses, emphasizing the role of the ECM and integrin-mediated chondrocyte–matrix interactions in chondrocyte

development.85,86

We noted robust expression of a large number of ECM ligand-receptor pairs in our data (Figures 5 and 6). Receptors that bind to ECM

components, including integrins, syndecan, and DDRs, play a role in cell signaling, migration, and attachment to the matrix.87 The many col-

lagens expressed in craniofacial cartilage organoids compel the consideration of collagens as both ligands and structural components.32 The

activation of DDR2, a receptor tyrosine kinase that binds collagens to initiate signaling, which is a transcriptional target of Twist1 in the cranial

neural crest,88,89 leads tomore ECMdeposition and is required for craniofacial development in mice.90 DDR2 is known to interact directly with

COL1A1 and COL3A1,27,91 but may bind other collagens in the fibril-forming group, given similarities among these collagen types.92,93 Col-

lagens also activate integrins (Figures 5E and 6A).31,32 Collagens and other ECM components also bind other ligands such as the TGFb family,

BMPs, PDGFs, Wnts and FGFs,87,94,95 which contributes to specifying cartilage tissue as part of the feedforward mechanism that combines

signaling by growth factors and ECM components (Figure 8).
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Growth factors and receptors

Concomitant expression of growth factors and their receptors suggesting that autocrine and/or paracrine loops form to drive chondrocyte

differentiation (Figures 5, 6, and 9). Both pleiotrophin (PTN) andmidkine (MDK) activate signaling pathways that are well known to be involved

in chondrogenesis during mouse development and bone repair.96–100 PTN and MDK attach to extracellular heparan sulfate proteoglycans

and cell surface syndecans and activate signaling proteins ALK and PTPRZ1.101 Signaling pathways initiated by fibroblast growth factor

(FGF) family members have also been shown to be important for both bone and cartilage formation in mice. Specifically, FGF8 has been

shown to promote chondrogenesis over osteogenesis, both in the mouse skull and during the thickening of the palate,102 and FGF18 has

been known to induce cell proliferation and extracellular matrix synthesis in porcine and human cartilage.103 The neuroendocrine specific

peptide VGF is induced by the receptor tyrosine kinase BDNF (NTRK2), both of which were present in our dataset.104

Transforming growth factor b (TGFb) family members have also been implicated in chondrogenesis, although the impact of different

ligands to the formation of cartilage seems to be variable.105,106 All three isoforms (TGF-b1,2, and 3) are represented in MSC populations

and TGFb-I and TGFb-III have been used to increase chondrogenesis during the in vitro differentiation of MSCs.107 In particular, TGF-b1 in-

creases collagen production in embryonic stem cells, while TGF-b2 and -b3 increase glycosaminoglycan production in human bone marrow

mesenchymal stem cells.106,108 Pre-seeding of TGFb ligands on scaffolding materials is being investigated as a method to increase the me-

chanical strength of transplanted cartilage tissues.109,110

Inmice, bonemorphogenetic protein 2 (BMP2) andBMP4 are expressed in the cranial neural crest-derivedmesenchymeduring E10.5–13.5

and signaling via the BMPRIa receptor is essential for proper palate, tooth, and temporomandibular joint formation.111–116 Accordingly, mice

lacking functional BMP receptors in the neural crest lineage exhibit hypoplastic mandibles, cleft palates, and die shortly after birth.117,118

BMP7 has been shown to be able to induce extracellular matrix synthesis, prevent chondrocyte hypertrophy andmaintain chrondrogenic po-

tential.103 BMP signaling crosstalk with the p53 apoptotic pathway controls nasal cartilage formation and fusion of the nasal septum inmice.119

There is less evidence in the literature for BMP5 involvement during these processes, especially in human models, and we were surprised to

see it more highly represented in our dataset compared to the canonical cartilage growth factors BMP2 and BMP4. However, in rats, BMP5

expression has been shown to increase during tibia growth plate development, and inhibition of BMP5 signaling significantly decreased

extracellular matrix production in primary rat chondrocytes.120 Kingsley et al. found that mice harboring mutations and deletions in the short

ear gene locus also exhibited deletions in the BMP5 coding region, which were a likely cause for the skeletal defects seen in short ear

mice.121,122 Guenther et al. then found that specific BMP5 enhancer regions controlled cartilage and bone growth zones induced by

BMP5 expression, which included cartilage deposits in the mouse nasal cavity.123 In zebrafish, BMP5 is required for neural crest progenitor

survival, and a BMP5 morpholino significantly reduced Alcian blue cartilage staining, though this could be due to the loss of progenitor NC

populations and not specifically NC derived chondrocytes.124 To our knowledge, a thorough analysis of the contribution of BMP5 signaling to

human craniofacial development has not been done, although insights from animalmodels, and our present study, suggest that BMP5 plays a

role in both neural crest differentiation and in elastic cartilage formation. Gremlin proteins (GREM1, GREM2) are BMP antagonists; GREM1

suppresses cartilage hypertrophy,125–127 and is expressed in craniofacial cartilage organoids (Figure 5A). It may be that there are more inter-

mediate states of differentiation to discover in which there is sequential expression of BMPs and Gremlins.

Limitations of this study

These data make a substantial contribution toward understanding the complex mechanisms of craniofacial cartilage differentiation in

humans.

The discussion above highlights the emerging challenge of defining different populations of differentiating chondrogenic cells by gene

expression, and giving them appropriate names. Proliferating cells that express chondrocyte markers are one class of chondroprogenitors.

Though the less differentiated cells that we call mesenchyme lack ECM component expression, their paracrine interactions with chondrocytes,

and colocalization on the surface of organoids, indicate that they play a key role in chondrogenesis, and therefore deserve to be grouped with

nascent chondrocytes in the class of cells named chondroprogenitors. Our data is consistent with recent work showing that the cell cycle plays a

role in early cranial neural crest differentiation.128 The gene expression patterns in dividing mesenchyme and dividing chondrocytes (Figures 7

and 8) suggest the interesting possibility that dividing mesenchyme cells can differentiate into chondrocytes (Figure S9C), but our data do not

rigorously establish this.129,130 Proteomics does not distinguish different cell populations within organoids; snRNA-seq does not determine the

spatial distribution of different cell types within organoids; and immunofluorescence microscopy does not elucidate the entire proteome at a

single-cell level. Nevertheless, our work and that of others noted above strongly suggests that building cartilage is a cooperative endeavor be-

tween two or more cell types that communicate in a paracrine fashion. It will be important to further define in future studies intermediate pop-

ulations of cells that emerge at earlier stages of differentiation, and cell-cell interactions within the perichondrium at later stages of tissue for-

mation. If stem cell-generated cartilage is going to be used clinically, then it will be necessary to learn how to specifically generate specific

subtypes of cartilage (e.g., elastic cartilage for ears and hyaline cartilage for the nose) and define conditions that initiate or prevent hypertrophy.
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and Bay-Jensen, A. (2017). MINI-REVIEW
The minor collagens in articular cartilage.
Protein Cell 8, 560–572. https://doi.org/10.
1007/s13238-017-0377-7.

95. Somasundaram, R., and Schuppan, D.
(1996). Type I, II, III, IV, V, and VI collagens
serve as extracellular ligands for the
isoforms of platelet-derived growth factor
(AA, BB, and AB). J. Biol. Chem. 271, 26884–
26891. https://doi.org/10.1074/jbc.271.43.
26884.

96. Dreyfus, J., Brunet-de Carvalho, N., Duprez,
D., Raulais, D., and Vigny, M. (1998). HB-
GAM/pleiotrophin but not RIHB/midkine
enhances chondrogenesis in micromass
culture. Exp. Cell Res. 241, 171–180. https://
doi.org/10.1006/excr.1998.4040.

97. Ohta, S., Muramatsu, H., Senda, T., Zou, K.,
Iwata, H., andMuramatsu, T. (1999). Midkine
Is Expressed During Repair of Bone Fracture
and Promotes Chondrogenesis. J. Bone
Miner. Res. 14, 1132–1144. https://doi.org/
10.1359/jbmr.1999.14.7.1132.

98. Zhang, Z.H., Li, H.X., Qi, Y.P., Du, L.J., Zhu,
S.Y., Wu, M.Y., Lu, H.L., Yu, Y., and Han, W.
(2010). Recombinant human midkine
stimulates proliferation of articular
chondrocytes. Cell Prolif. 43, 184–194.
https://doi.org/10.1111/j.1365-2184.2010.
00668.x.

99. Bouderlique, T., Henault, E., Lebouvier, A.,
Frescaline, G., Bierling, P., Rouard, H.,
Courty, J., Albanese, P., and Chevallier, N.
(2014). Pleiotrophin commits human bone
marrow mesenchymal stromal cells towards
hypertrophy during chondrogenesis. PLoS
One 9, e88287. https://doi.org/10.1371/
journal.pone.0088287.

100. Haffner-Luntzer, M., Heilmann, A., Rapp,
A.E., Beie, S., Schinke, T., Amling, M.,
Ignatius, A., and Liedert, A. (2014). Midkine-
Deficiency Delays Chondrogenesis during
the Early Phase of Fracture Healing in Mice.
PLoS One 9, e116282. https://doi.org/10.
1371/journal.pone.0116282.

101. Pufe, T., Groth, G., Goldring, M.B., Tillmann,
B., and Mentlein, R. (2007). Effects of
pleiotrophin, a heparin-binding growth
factor, on human primary and immortalized
chondrocytes. Osteoarthritis Cartilage 15,
155–162. https://doi.org/10.1016/j.joca.
2006.07.005.

102. Xu, J., Huang, Z., Wang, W., Tan, X., Li, H.,
Zhang, Y., Tian, W., Hu, T., and Chen, Y.P.
(2018). FGF8 Signaling Alters the
Osteogenic Cell Fate in the Hard Palate.
J. Dent. Res. 97, 589–596. https://doi.org/
10.1177/0022034517750141.

103. Mariani, E., Pulsatelli, L., and Facchini, A.
(2014). Signaling pathways in cartilage
repair. Int. J. Mol. Sci. 15, 8667–8698. https://
doi.org/10.3390/ijms15058667.

104. Bozdagi, O., Rich, E., Tronel, S., Sadahiro,
M., Patterson, K., Shapiro, M.L., Alberini,
C.M., Huntley, G.W., and Salton, S.R.J.
(2008). The Neurotrophin-Inducible Gene
Vgf Regulates Hippocampal Function and
Behavior through a Brain-Derived
Neurotrophic Factor-Dependent
Mechanism. J. Neurosci. 28, 9857–9869.
https://doi.org/10.1523/JNEUROSCI.3145-
08.2008.

105. Chimal-Monroy, J., and Dı́az de León, L.
(1997). Differential effects of transforming
growth factors b-1, b-2, b-3 and b-5 on
chondrogenesis in mouse limb bud
mesenchymal cells. Int. J. Dev. Biol. 41,
91–102.

106. Yang, Z., Sui, L., Toh, W.S., Lee, E.H., and
Cao, T. (2009). Stage-Dependent Effect of
TGF-b1 on Chondrogenic Differentiation of
Human Embryonic Stem Cells. Stem Cells
Dev. 18, 929–940. https://doi.org/10.1089/
scd.2008.0219.

107. Wang, W., Rigueur, D., and Lyons, K.M.
(2015). TGF beta signaling in cartilage
development and maintenance. Birth
Defects Res. C Embryo Today 102, 37–51.
https://doi.org/10.1002/bdrc.21058.TGF.

108. Barry, F., Boynton, R.E., Liu, B., and Murphy,
J.M. (2001). Chondrogenic Differentiation of
Mesenchymal Stem Cells from Bone
Marrow: Differentiation-Dependent Gene
Expression of Matrix Components. Exp. Cell
Res. 268, 189–200. https://doi.org/10.1006/
excr.2001.5278.

109. Deng, Y., Sun, A.X., Overholt, K.J., Yu, G.Z.,
Fritch, M.R., Alexander, P.G., Shen, H., Tuan,
R.S., and Lin, H. (2019). Enhancing
chondrogenesis and mechanical strength
retention in physiologically relevant
hydrogels with incorporation of hyaluronic
acid and direct loading of TGF-b. Acta
Biomater. 83, 167–176.

http://refhub.elsevier.com/S2589-0042(24)00807-1/sref73
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref73
https://doi.org/10.1016/j.csbj.2018.10.014
https://doi.org/10.1016/j.csbj.2018.10.014
https://doi.org/10.1089/scd.2008.0213
https://doi.org/10.1126/science.1222454
https://doi.org/10.1002/dvdy.24226
https://doi.org/10.1002/dvdy.24226
https://doi.org/10.3892/mmr.2016.5092
https://doi.org/10.3892/mmr.2016.5092
https://doi.org/10.1002/sctm.20-0361
https://doi.org/10.1002/sctm.20-0361
https://doi.org/10.1016/j.biomaterials.2018.09.022
https://doi.org/10.1016/j.biomaterials.2018.09.022
https://doi.org/10.1016/J.ACTBIO.2016.01.037
https://doi.org/10.1016/J.ACTBIO.2016.01.037
https://doi.org/10.1002/jcp.26018
https://doi.org/10.1002/ctm2.702
https://doi.org/10.1002/ctm2.702
https://doi.org/10.1021/acsomega.1c07059
https://doi.org/10.1021/acsomega.1c07059
https://doi.org/10.1016/j.ijporl.2020.110235
https://doi.org/10.1016/j.ijporl.2020.110235
https://doi.org/10.1097/SCS.0000000000007660
https://doi.org/10.1097/SCS.0000000000007660
https://doi.org/10.3390/ijms19051407
https://doi.org/10.3390/ijms19051407
https://doi.org/10.1016/S1097-2765(00)80003-9
https://doi.org/10.1016/S1097-2765(00)80003-9
https://doi.org/10.1016/J.YDBIO.2016.08.016
https://doi.org/10.1016/J.YDBIO.2016.08.016
https://doi.org/10.7554/eLife.77257
https://doi.org/10.7554/eLife.77257
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1146/annurev.bi.59.070190.004201
https://doi.org/10.1146/annurev.bi.59.070190.004201
https://doi.org/10.6026/97320630008026
https://doi.org/10.6026/97320630008026
https://doi.org/10.1007/s13238-017-0377-7
https://doi.org/10.1007/s13238-017-0377-7
https://doi.org/10.1074/jbc.271.43.26884
https://doi.org/10.1074/jbc.271.43.26884
https://doi.org/10.1006/excr.1998.4040
https://doi.org/10.1006/excr.1998.4040
https://doi.org/10.1359/jbmr.1999.14.7.1132
https://doi.org/10.1359/jbmr.1999.14.7.1132
https://doi.org/10.1111/j.1365-2184.2010.00668.x
https://doi.org/10.1111/j.1365-2184.2010.00668.x
https://doi.org/10.1371/journal.pone.0088287
https://doi.org/10.1371/journal.pone.0088287
https://doi.org/10.1371/journal.pone.0116282
https://doi.org/10.1371/journal.pone.0116282
https://doi.org/10.1016/j.joca.2006.07.005
https://doi.org/10.1016/j.joca.2006.07.005
https://doi.org/10.1177/0022034517750141
https://doi.org/10.1177/0022034517750141
https://doi.org/10.3390/ijms15058667
https://doi.org/10.3390/ijms15058667
https://doi.org/10.1523/JNEUROSCI.3145-08.2008
https://doi.org/10.1523/JNEUROSCI.3145-08.2008
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref105
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref105
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref105
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref105
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref105
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref105
https://doi.org/10.1089/scd.2008.0219
https://doi.org/10.1089/scd.2008.0219
https://doi.org/10.1002/bdrc.21058.TGF
https://doi.org/10.1006/excr.2001.5278
https://doi.org/10.1006/excr.2001.5278
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref109
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref109
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref109
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref109
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref109
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref109
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref109
http://refhub.elsevier.com/S2589-0042(24)00807-1/sref109


ll
OPEN ACCESS

iScience
Article
110. Pfeifer, C.G., Karl, A., Kerschbaum, M.,
Berner, A., Lang, S., Schupfner, R., Koch, M.,
Angele, P., Nerlich, M., and Mueller, M.B.
(2019). TGF- b Signalling is Suppressed
under Pro-Hypertrophic Conditions in MSC
Chondrogenesis Due to TGF- b Receptor
Downregulation. Int. J. Stem Cells 12,
139–150. https://doi.org/10.15283/
ijsc18088.

111. Bennett, J.H., Hunt, P., and Thorogood, P.
(1995). Bone morphogenetic protein-2 and
-4 expression during murine orofacial
development. Arch. Oral Biol. 40, 847–854.
https://doi.org/10.1016/0003-9969(95)
00047-S.

112. Liu, W., Sun, X., Braut, A., Mishina, Y.,
Behringer, R.R., Mina, M., and Martin, J.F.
(2005). Distinct functions for Bmp signaling
in lip and palate fusion in mice.
Development 132, 1453–1461. https://doi.
org/10.1242/dev.01676.

113. Li, Z., and Chen, Y.-G. (2013). Functions of
BMP signaling in embryonic stem cell fate
determination. Exp. Cell Res. 319, 113–119.
https://doi.org/10.1016/j.yexcr.2012.09.016.

114. Gu, S., Wu, W., Liu, C., Yang, L., Sun, C., Ye,
W., Li, X., Chen, J., Long, F., and Chen, Y.
(2014). BMPRIA Mediated Signaling Is
Essential for Temporomandibular Joint
Development inMice. PLoSOne 9, e101000.
https://doi.org/10.1371/journal.pone.
0101000.

115. Graf, D., Malik, Z., Hayano, S., and Mishina,
Y. (2016). Common mechanisms in
development and disease: BMP signaling in
craniofacial development. Cytokine Growth
Factor Rev. 27, 129–139. https://doi.org/10.
1016/j.cytogfr.2015.11.004.

116. Mimura, S., Suga, M., Okada, K., Kinehara,
M., Nikawa, H., and Furue, M.K. (2016). Bone
morphogenetic protein 4 promotes
craniofacial neural crest induction from
human pluripotent stem cells. Int. J. Dev.
Biol. 60, 21–28. https://doi.org/10.1387/ijdb.
160040mk.

117. Dudas, M., Sridurongrit, S., Nagy, A.,
Okazaki, K., and Kaartinen, V. (2004).
Craniofacial defects in mice lacking BMP
type I receptor Alk2 in neural crest cells.
Mech. Dev. 121, 173–182. https://doi.org/
10.1016/J.MOD.2003.12.003.

118. Komatsu, Y., Fukuda, T., Scott, G., Kamiya,
N., Yamamura, K.-I., and Mishina, Y. (2006).
Enhanced BMP signaling through a type I
BMP receptor ALK2 shows ectopic cartilage
formation in mouse craniofacial portion.
Dev. Biol. 295, 399. https://doi.org/10.1016/
j.ydbio.2006.04.223.

119. Hayano, S., Komatsu, Y., Pan, H., and
Mishina, Y. (2015). Augmented BMP
signaling in the neural crest inhibits nasal
cartilage morphogenesis by inducing p53-
mediated apoptosis. Development 142,
1357–1367. https://doi.org/10.1242/DEV.
118802.

120. Mailhot, G., Yang, M., Mason-Savas, A.,
Mackay, C.A., Leav, I., and Odgren, P.R.
(2008). BMP-5 expression increases during
chondrocyte differentiation in vivo and
in vitro and promotes proliferation and
cartilage matrix synthesis in primary
chondrocyte cultures. J. Cell. Physiol. 214,
56–64. https://doi.org/10.1002/jcp.21164.

121. Kingsley, D.M., Bland, A.E., Grubber, J.M.,
Marker, P.C., Russell, L.B., Copeland, N.G.,
Jenkins, N.A., and Jenkins, N.A. (1992). The
Mouse short ear Skeletal Morphogenesis
Locus Is Associated with Defects in a Bone
Morphogenetic Member of the TGFP
Superfamily. Cell 71, 399–410. https://doi.
org/10.1016/0092-8674(92)90510-J.

122. Nie, X., Luukko, K., and Kettunen, P. (2006).
BMP signalling in craniofacial development.
Int. J. Dev. Biol. 50, 511–521. https://doi.org/
10.1387/ijdb.052101xn.

123. Guenther, C., Pantalena-Filho, L., and
Kingsley, D.M. (2008). Shaping Skeletal
Growth by Modular Regulatory Elements in
the Bmp5 Gene. PLoS Genet. 4, e1000308.
https://doi.org/10.1371/journal.pgen.
1000308.

124. Shih, H.-Y., Hsu, S.-Y., Ouyang, P., Lin, S.-J.,
Chou, T.-Y., Chiang, M.-C., and Cheng, Y.-C.
(2017). Bmp5 Regulates Neural Crest Cell
Survival and Proliferation via Two Different
Signaling Pathways. Stem Cell. 35, 1003–
1014. https://doi.org/10.1002/stem.2533.

125. Merino, R., Rodriguez-Leon, J., Macias, D.,
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Antibodies

Sox 2 (D9B8N) Rabbit mAb Cell Signaling Technology Cat# 23064, RRID: AB_2714146

Oct – 4A (C52G3) Rabbit mAb Cell Signaling Technology Cat# 2890, RRID: AB_2167725

NCAM1 (CD56) (123C3) Mouse mAb Cell Signaling Technology Cat# 3576, RRID: AB_2149540

Doublecortin Antibody Rabbit polyclonal

antibody

Cell Signaling Technology Cat# 4604, RRID: AB_561007

Anti-Collagen Type II Antibody, clone 6B3 Millipore Sigma Cat# MAB8880, RRID: AB_2260779

COL1A1 (E6A8E) Rabbit mAb Cell Signaling Technology Cat# 39952, RRID: AB_2895124

Recombinant Anti-Elastin antibody (EPR20603) Abcam Cat# ab213720

COMP Polyclonal Antibody ThermoFisher Cat# PA5-95547, RRID: AB_2807349

Human Matrilin-1 Antibody (Mouse) R&D Systems Cat# MAB7878; RRID: AB_3096006

PTPRZ1 (E7C8Z) Rabbit mAb Cell Signaling Technology Cat# 15641; RRID: AB_3096003

DDR1 (D1G6) XP Rabbit mAb Cell Signaling Technology Cat# 5583, RRID: AB_10694842

Anti-DDR2 antibody (3B11E4) Abcam Cat# ab63337, RRID: AB_955827

Sox9 (D8G8H) Rabbit mAB Cell Signaling Technology Cat# 82630, RRID: AB_2665492

PDGF Receptor alpha (D1E1E XP Rabbit mAb Cell Signaling Technology Cat# 3174, RRID: AB_2162345

Tenascin C (E5J3B) Rabbit mAb Cell Signaling Technology Cat# 33352; RRID: AB_3096005

Anti-Decorin antibody (Rabbit) Abcam Cat#175404, RRID: Ab_2890261

Prolong Gold Antifade Reagent with DAPI Cell Signaling Technology Cat# 8961

Anti-mouse IgG (H + L), F(ab’)2 Fragment

(Alexa Fluor 594 Conjugate) raised in goat

Cell Signaling Technology Cat# 8890, RRID: AB_2714182

Anti-Rabbit IgG (H + L), F(ab’)2 Fragment

(Alexa Fluor 488 Conjugate) raised in goat

Cell Signaling Technology Cat# 4412, RRID: AB_1904025

PE anti-human CD271 (NGFR) Biolegend Cat# 345105, RRID: AB_2282827

Chemicals, peptides, and recombinant proteins

Chroman - 1 MedChem Express Cat# HY-15392, CAS: 1273579-40-0

trans-ISRIB Tocris Cat# 5284, CAS: 1597403-47-8

Emricasan (IDN-6556) Selleckchem Cat# S7775, CAS: 254750-02-2

Polyamine Supplement (1000X) Millipore Sigma P8483

Antioxidant Supplement (1000X) Millipore Sigma A1345

CHIR99021 Millipore Sigma SML1046, CAS: 252917-06-9

SB 431542 hydrate Millipore Sigma S4317, CAS: 301836-41-9

SB 431542 Tocris Cat# 1614, CAS: 301836-41-9

LDN193189 VWR Cat# 1995-5, 25, CAS: 1062368-24-4

Poly – L -ornithine hydrobromide Millipore Sigma P3655, CAS: 27378-49-0

Laminin Mouse Protein, Natural ThermoFisher Cat# 23017015,

Fibronectin, Human Corning Cat# 356008

Matrigel Growth Factor Reduced (GFR)

Basement Membrane Matrix, LDEV-free

Corning Cat# 354230

L- Glutamine ThermoFisher Cat# 25030081

MEM Non-Essential Amino Acids Solution ThermoFisher Cat# 11140050

B – Mercaptoethanol ThermoFisher Cat# 21985023

Insulin from bovine pancreas Millipore Sigma I6634, CAS: 11070-73-8
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apo – Transferrin Human Millipore Sigma T1147, CAS: 11096-37-0

Sodium selenite Millipore Sigma S9133, CAS: 10102-18-8

Putrescine dihydrochloride Millipore Sigma P5780, CAS: 333-93-7

Progesterone Millipore Sigma P6149, CAS: 57-83-0

(+) – Sodium L-ascorbate Millipore Sigma A4034, CAS: 134-03-2

Human Brain-Derived Neurotrophic Factor

(BDNF) Recombinant Protein

Cell Signaling Technology Cat# 3897, UniProt ID: #P23560

Recombinant Human/Murine FGF-8b Peprotech Cat# 100-25, UniProt ID: P55075

Recombinant Murine Sonic Hedgehog (Shh) Peprotech Cat# 315-22, UniProt ID: Q62226

Y- 27632 (Dihydrochloride) Stemcell Technologies Cat# 72304, CAS: 129830-38-2

Recombinant Human FGF-basic Peprotech Cat# 100-18b, UniProt ID: P09038

Human Epidermal Growth Factor (hEGF) Cell Signaling Technology Cat# 8916, UniProt ID: P01133

Deposited data

snRNA-seq Mendeley Data https://data.mendeley.com/datasets/

49gxpjrcn9/1

Proteomic data PRIDE http://www.ebi.ac.uk/pride/archive/projects/

PXD050668

Networks (CFN and CFN plus CCCN) NDEx https://www.ndexbio.org/viewer/networks/

78c8f03d-d592-11ee-8a40-005056ae23aa

https://www.ndexbio.org/viewer/networks/

fa2c707c-d653-11ee-8a40-005056ae23aa

Experimental models: Cell lines

WA09/H9 Human WiCell RRID: CVCL_9773

H20961 iPS Cells Weizmann Institute of Science RRID: CVCL_HA53

Software and algorithms

Seurat CRAN RRID: SCR_007322

Connectome GitHub https://github.com/msraredon/Connectome

RCy3 Bioconductor RRID: SCR_006442

enrichR CRAN RRID: SCR_001575

Other

Robosep Buffer 2 Stemcell Technologies Cat# 20164

EasySep Magnet Stemcell Technologies Cat# 18000

EasySep Release Human PSC-derived Neural

Crest Cell Positive Selection Kit

Stemcell Technologies Cat# 100-0047

Anti-FITC Microbeads Miltenyi Biotec Cat# 130-048- 701܁

MACS Multistand Miltenyi Biotec Cat# 130-042-303

MS Columns Miltenyi Biotec Cat# 130-042-201

DMEM F-12 Media ThermoFisher Cat# 12500-096

mTeSR1 Media StemcellTechnologies Cat# 85850

mTeSR1 Plus Media StemcellTechnologies Cat# 100-0483

ReLeSR StemcellTechnologies Cat# 100-0276

Knockout DMEM ThermoFisher Cat# 10829018

Knockout Serum Replacement ThermoFisher Cat# 108280
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https://data.mendeley.com/datasets/49gxpjrcn9/1
https://data.mendeley.com/datasets/49gxpjrcn9/1
http://www.ebi.ac.uk/pride/archive/projects/PXD050668
http://www.ebi.ac.uk/pride/archive/projects/PXD050668
https://www.ndexbio.org/viewer/networks/78c8f03d-d592-11ee-8a40-005056ae23aa
https://www.ndexbio.org/viewer/networks/78c8f03d-d592-11ee-8a40-005056ae23aa
https://www.ndexbio.org/viewer/networks/fa2c707c-d653-11ee-8a40-005056ae23aa
https://www.ndexbio.org/viewer/networks/fa2c707c-d653-11ee-8a40-005056ae23aa
https://github.com/msraredon/Connectome
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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, Mark Grimes,

(mark.grimes@mso.umt.edu).

Materials availability

Commercial sources for reagents and cell lines are indicated in STARMethods above, except H20961 cells, which were provided by Dr. David

Gokhman.

Data and code availability

� The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner131 repos-

itory (https://www.ebi.ac.uk/pride/ ) with the dataset identifier PXD050668.

� The CFN (https://www.ndexbio.org/viewer/networks/78c8f03d-d592-11ee-8a40-005056ae23aa) and CCCN (https://www.ndexbio.

org/viewer/networks/fa2c707c-d653-11ee-8a40-005056ae23aa) networks from total protein and PTM proteomic data have been

deposited in the NDEx Network Data Exchange.132

� snRNA-seq data has been deposited with Mendeley Data (https://data.mendeley.com/datasets/49gxpjrcn9/1).

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

WA09 hESCs and AICS-5 iPSCs were purchased from the WiCell Institute and H20961 iPCs were provided by our collaborators at The Weiz-

mann Institute of Science. Both the cell lines were expanded and maintained in mTeSR�1 and mTeSR� Plus (Stem Cell Technologies),

passaged with Versene, and cultured on plates coated with growth factor reduced Matrigel (Corning). Small molecule cocktail (CEPT)

(Chen et al., 2021) consisting of 50 nm Chroman-1 (Medchem Express), 0.7 mM trans-ISRIB (Tocris), 5 mM Emricasan (Selleckchem), Polyamine

Supplement (Sigma) diluted 1:1000 and Antioxidant Supplement (Sigma) diluted 1:1000 was added during passaging and sorting to promote

cell viability. All cell lines were grown in a humidified incubator at 37�C, 5% CO2.

Media for NCSC differentiation and maintenance was prepared in the following way:

KSRMedium (1L): 820mL Knockout DMEM, 150mL Knockout Serum Replacement medium, 10 mL L-glutamine (200 mM), 1 mL b-mercap-

toethanol.

N2 Base Medium (1L): DMEM f-12 medium, 25 mg/L Insulin, 10 mM apo-Transferrin, 30 nM Sodium Selenite, 100 mM Putrescine, 20 nM

Progesterone

NCSC Specification medium (1L): Base N2 medium (prepared as above), 200 mM Sodium L-ascorbate, 20 ng/mL BDNF, 100 ng/mL FGF-

8b, 20 ng/mL Shh, 10 mM Y-27632

NCSC Maintenance Medium (1L): Base N2 medium (prepared as above), 10 ng/mL FBF basic, 20 ng/mL EGF.

Neural crest differentiation

Neural Crest Stem Cells (NCSCs) and Neural Stem Cells (NSCs) were derived by integrating the approaches of several previously pub-

lished protocols.8–11,41,42,133 Fluorescence-activated cell sorting (FACS) of NCSC cultures provided a more uniform NCSC population,

but contributed to high amounts of cell death and severely decreased the NCSC yield. Therefore, we fit the NCSC differentiation to a

shorter timeline, and purified NCSCs via magnetic-activated cell sorting (MACS) to increase cell survival. WA09 hESCs were passaged

in Matrigel coated dishes to 25–40% confluency prior to differentiation. Daily changes with different media compositions and the addition

of growth factors and small molecule inhibitors were used to direct differentiation. Day 1: media was changed from mTeSR1 to KSR con-

taining 0.1 mM LDN193189 and 10 mM SB431542. Day 2: 75% KSR, 25% N2 containing 10 mM SB431542 and 3 mM CHIR99021. Day 3: 50%

KSR, 50% N2 containing 3 mM CHIR99021. Day 4: 25% KSR, 75% N2 containing 3 mM CHIR99021. Day 5: 100% N2 containing 3 mM

CHIR99021. Day 6–9: media was changed daily with NC Specification media containing 10 mM ROCK inhibitor Y-27632. On day 10 after

differentiation, NCSCs were sorted via magnetic cell sorting. p75+ NCSCs were positively selected following the MACS MS protocol (Mil-

tenyi Biotech) or Stemcell Technolgies’ EasySep Release Human PSC-derived Neural Crest Cell Positive Selection Kit. p75-flow-through

was collected as ‘‘NSCs’’, although this population represents a multitude of cell types. NCSCs were plated and maintained by passaging

on Poly-L-Ornithine/Laminin/Fibronectin coated dishes in NCSC Maintenance media (N2 media containing FGF2 and EGF; alternatively for

Org 3: FGF2, EGF, PTN [R&D, 500 pg/mL], MDK [Preprotech, 100 ng/mL], TGFB2 [Cell Signaling Technology, 10 ng/mL] and BMP5 [Ab-

cam, 10 ng/mL]). NSCs were plated and maintained by passaging on Matrigel coated dishes in NSC media. Overly confluent NCSC cul-

tures spontaneously formed and grew free-floating cartilage organoids when fed regularly with NCSC maintenance media. Organoids

were harvested with a sterile spatula for cryosectioning.
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METHOD DETAILS

Tissue organoid processing and sectioning

Cartilage organoids were originally fixed in fresh 4% PFA in 1X PBS, rotated at 4�C overnight. Organoids were dehydrated in the following

stepwise sucrose washes at 4�C: 5% sucrose - 2 h, 10% sucrose - 2 h, 30% sucrose - overnight, 1:1 ratio of 30% sucrose:OCT - 2 h, 100%

OCT - 2 h. Organoids were embedded inOCT and snap frozen in a dry ice and ethanol bath. Samples were stored at�80�Cbefore sectioning.

Cryosectioning was performed using a Leica CM1950 cryostat. 16 mm thick slices were collected at �25�C on Superfrost plus slides (Fisher-

brand). Slices were air dried before storage at �80�C.
Alternatively, cartilage organoids were fixed in 10% Neutral Buffered Saline, rotated overnight at room temperature. Organoids were de-

hydrated in the following stepwisemanner using automated Leica ASP300: Alcoholic formalin for 15min, 95% ethanol for 10min, 2 changes of

absolute ehtanol for 20 min, absolute ethanol for 10 min, 2 changes of xylene for 15 min each, Paraffin Wax 1 for 10 min at 62�C, Wax 2 for

20 min at 62�C and Wax 3 for 20 min at 62�C. The organoids were then embedded in paraffin using AutoSette Cassettes and embedding

mold. 5 mm sections were collected on Superfrost plus slides (Fisherbrand) using Leica RM 2235 microtome.
Immunofluorescence

Before staining, frozen slides were dried at room temperature overnight. Slices were rehydrated at room temperature in 1X TBS for 20 min,

and permeabilized for 45min (Permeabilization solution: 0.1% saponin, 1%BSA, 2%Goat serum in 1X TBS). Primary antibodies were diluted in

Permeabilization solution, added to samples, and incubated overnight at 4�C. Slides were washed with Perm. four times. Secondary antibody

diluted in Perm. was added to samples and incubated for 1 h at room temperature. Sections were mounted with SlowFade Gold antifade

reagent with DAPI (Invitrogen) and imaged on an Olympus FV1000 confocal microscope and alternatively on Zeiss Laser-Scanning Micro-

scope 880.

Paraffin sections were rehydrated using 2 washes of xylene and single wash of 100%, 70% and 50% ethanol each. The staining protocol was

then carried out similar to cryosections with an additional step of antigen retrieval using citrate buffer. For immunofluorescence of cells at

day28, p75+ NCSCs were grown on coverslips coated with poly-L-ornithine, fibronectin, and laminin in 6-well plates. Methanol was used

to fix the cells at day 28 and immunofluorescence was carried out using the above mentioned protocol.
Simple stains

SafraninO staining: Frozen slides were rehydrated in distilledwater, stainedwithWeigert’s iron hematoxylin for 10min, washed in running tap

water for 10 min, stained with 0.05% fast green for 5 min, rinsed with 1% acetic acid for 10 s, stained in 0.1% safranin for 5 minutes, dehydrated

in 95% ethanol for 2 minutes (2X), 100% ethanol for 2 minutes (2X), and finally xylene for 2 minutes (2X).

Toluidine Blue staining: Frozen slides were rehydrated in distilled water, stained in toluidine blue solution (3.5 mM in 1% NaCl, 7.7%

ethanol, pH 2.38), washed 3X with distilled water, dehydrated: 10 dips in 95% ethanol, 10 dips in 100% ethanol, 10 dips in 100% ethanol,

cleared in xylene 2 3 3 minutes each, and mounted with mounting media and coverslip media.

Hematoxylin and Eosin: H&E stained slides of organoid cryosections were prepared using standard conditions at The Department of Pa-

thology, Community Medical Center, 2827 Fort Missoula Road, Missoula, Montana 59804.

Weigert’s Resorcin-Fuchsin staining for elastic fibers: Sections were rehydrated using 2 washes of xylene and single wash of 100%, 70% and

50% ethanol to distilled water. The sections were stained in Weigert’s hematoxylin working solution (50%Weigert’s hematoxylin A, 50%Wei-

gert’s hematoxylin B) for 10 min, stained with Resorcin-Fuchsin solution () (slides periodically checked under microscope ever 30 min) for

120 min, rinsed in 95% ethanol, counter stained with Van Gieson’s stain () for 60s, dehydrated using 3 changes of absolute ethanol and

2 changes of xylene, mounted using Permount and imaged using Nikon TE 300 inverted microscope.
Mass spectrometry sample preparation

TMT data were obtained in collaboration with Bluefin Biomedicine (Beverly, MA) comparing H9 human embryonic stem cells (WA09); neural

stem cells (NSCs); neural crest stem cells (NCSCs); and neuroblastoma cell lines (SH-SY5Y, SMS-KCN) to chondrocyte organoids.
Sample collection

Cells were washed and harvested in either phosphate-buffered saline or versene. Organoids were harvested with a sterile spatula. Cell pel-

lets/organoids were stored at �80�C. Proteins were extracted in two separate groups of samples.
Lysis and protein extraction for group 1

Samples from the first batchwere lysed in a 10:1 (v/w) volumeof lysis buffer [5% SDS, 100mMNaCl, 20mMHepes (pH 8.5), 5mMdithiothreitol,

2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mMNa3VO4, and leupeptin (1 mg/mL)], and proteins were reduced at 60�C for

30min. Proteins were then alkylated by the addition of 10mM iodoacetamide (Sigma-Aldrich) for 45minutes at room temperature in the dark,

andmethanol/chloroformprecipitation was performed. Protein pellets were resuspended in urea lysis buffer (8Murea, 20mMHepes (pH 8.5),

1 mM sodium orthovanadate, 2.5 mM sodium pyrophosphate, and 1 mM b-glycerolphosphate) and sonicated.
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Lysis and protein extraction for group 2

Samples from a second batch were resuspended and probe tip sonicated in 8M urea with 200 mMHEPES pH 8.5 with 13 Protease and Phos-

phatase inhibitors (CST #5872). Samples were then reduced for 50 minutes at 58�C with 5 mM DTT. Samples were alkylated in the dark for

40 minutes at room temperature with 10 mM iodoacetamide. Alkylation was quenched with 5 mM DTT.

Protein digestion

Samples were diluted to 2M urea with 20 mMHEPEs pH 8.5 with 1 mM CaCl2, and digested overnight at 37�C with LysC (Wako-Chem). Sam-

ples were then diluted to 1M urea with 20 mM HEPEs pH 8.5 with 1 mM CaCl2 and digested for 6 hours with Trypsin (Pierce). Samples were

acidified with trifluoroacetic acid (TFA) de-salted with aWaters SepPak C18 column. Peptide concentrations were estimated with a microBCA

kit from Pierce (#23235).

Total protein analysis sample preparation

For total protein analysis, peptides were TMT-labeled in 200 mMHEPES pH 8.5 with 30% acetonitrile for 1 hour, combined, dried in a speed-

vac, and desalted with a SepPak C18 cartridge. 100 mg of combined peptide material was resuspended in buffer A (10 mMNH4HCO2, pH10,

5%ACN), and fractionated on a Zorbax ExtendedC18 column (2.13 150mm, 3.5 mm, no. 763750-902, Agilent) using a gradient of 10–40%bRP

buffer B (10 mMNH4HCO2, pH10, 90% ACN). 96 fractions were collected and concatenated into 24 fractions. Fractions were dried, de-salted

with stop and go extraction tips (STAGE-tips) and dried for LC-MS analysis.

Enrichment of post-translationally modified peptides

To enrich for post-translationally modified peptides, 1 mg of peptides from each sample were TMT labeled as described above, combined,

dried, and SepPak purified. The TMT labeledmaterial was subjected to sequential immunoaffinity purifications using PTM-scan kits fromCST,

including anti phospho-tyrosine (#8803), AKT substrate (#5561, #5563), ATM/ATR (#12267), acetyl-lysine (#13416), pan-methyl lysine (#14809),

andmono-methyl arginine (#12235). AKT andATM/ATR substrate specific pulldowns were not performed on group 1. Immunoaffinity purified

fractions were STAGE-tip purified prior to LC-MS analysis. The flowthrough from immunoaffinity purifications was desalted on a SepPak, and

remaining phosphopeptides were purified using High-SelectTM Fe-NTA Phosphopeptide Enrichment Kits (Thermo Fisher Scientific, San

Jose, CA). The resulting phosphopeptide elution from IMAC enrichment was fractionated as described above, using a gradient from 5 to

40% Buffer B. 96 fractions were collected and concatenated into 24 fractions. Fractions were dried, de-salted with STAGE-tips, and dried

for LC-MS analysis.

LC-MS analysis of total protein

Samples were analyzed on an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, San Jose, CA) coupled with a Proxeon

EASY-nLC 1200 liquid chromatography (LC) pump (Thermo Fisher Scientific, San Jose, CA). Peptides were separated on a 100 mm inner diam-

etermicrocapillary columnpackedwith�40 cmof Accucore150 resin (2.6 mm, 150 Å, ThermoFisher Scientific, San Jose, CA). For each analysis,

we loaded approximately 1 mg onto the column. Peptides were separated using either a 2.5 h gradient of 6–30% acetonitrile in 0.125% formic

acid with a flow rate of 550 nL/min. Each analysis used an SPS-MS3-based TMT method,134,135 which has been shown to reduce ion interfer-

ence compared to MS2 quantification.136 The scan sequence began with an MS1 spectrum (Orbitrap analysis, resolution 120,000; 350–1400

m/z, automatic gain control (AGC) target 4.0 3 105, maximum injection time 50 ms). Precursors for MS2/MS3 analysis were selected using a

Top10 method. MS2 analysis consisted of collision-induced dissociation (quadrupole ion trap; AGC 2.0 3 104; normalized collision energy

(NCE) 35; maximum injection time 120 ms). Following acquisition of each MS2 spectrum, we collected an MS3 spectrum a method in which

multipleMS2 fragment ions are captured in theMS3 precursor population using isolation waveforms withmultiple frequency notches.135 MS3

precursors were fragmented by HCD and analyzed using the Orbitrap (NCE 65, AGC 3.5 3 105, maximum injection time 150 ms, isolation

window 1.2 Th, resolution was 50,000 at 200 Th).

LC-MS analysis of PTM enriched fractions

For analysis of PTM enriched samples, the same MS and HPLC instruments were used as described above. For each analysis approximately

500 ng of enriched peptides were loaded on the column and run over a 120-min gradient of 2–32% acetonitrile in 0.125% formic acid with a

flow rate of 400 nL/min. MS1 spectra were collected in the Orbitrap at a resolution of 60,000 with a scan range of 300–1500 m/z using a AGC

target of 4.0e5 with amaximum inject time of 25ms. Peptides forMS2 analysis were isolated using the quadrupole with an isolation window of

0.5 m/z. MS2 spectra were generated using Higher-energy collision dissociation (HCD) with a collision energy of 40%. Fragments were

collected in theOrbitrap at a resolution of 50,000 with a first mass of 110m/z, an AGC target of 5.0e4 and amaximum injection time of 200ms.

Total protein data processing and analysis

Mass Spectra were processed using a Comet-base software pipeline.137,138 Resulting data were searched with a fully tryptic database con-

taining human Swissprot consensus entries plus isoforms allowing for a static modification of lysine and N-termini with TMT (229.1629 Da)

and carbamidomethylation (57.0215Da) of cysteine, alongwith variable oxidation (15.9949Da) ofmethionine. Searcheswere performedusing

a 20 ppm precursor ion tolerance, the product ion tolerance was set to 1.0 Th. Peptide-spectrummatches (PSMs) were adjusted to a 2% false
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discovery rate (FDR) using previously described linear discriminant analysis.139,140 Filtered PSMs were collapsed to a final protein-level FDR of

<2%. Protein assembly was guided by principles of parsimony to produce the smallest set of proteins necessary to account for all observed

peptides. MS3 spectra with TMT reporter ion summed signal-to-noise ratios less than 100 were excluded from quantitation.141
PTM MS data analysis

PTM data was analyzed as described above, with a fragment ion tolerance of 0.02 Th instead. In the appropriate fractions, variable modifi-

cations were considered for phosphorylation on serine, threonine, and tyrosine (79.9663 Da), acetylation on lysine (42.0106), mono-methyl-

ation of lysine (14.0157), and mono-methylation of arginine (14.0157). PTM sites with A-score values >13 were considered as localized for

downstream analysis.137,142
Single nuclei RNA sequencing (snRNA-seq)

Preliminary experiments differentiating NCSCs in multi-well plates showed inconsistent cartilage formation in individual wells, presumably

due to the stochastic feedforward autocrine/paracrine loops that tipped the balance of differentiation differently in different wells. Therefore,

we designed the snRNA-seq experiment to ensure that the early time points contained cells that we could confirm made cartilage at later

stages. NCSCs were differentiated and sorted and plated in 10 cm dishes as described above. A representative sample of all cells was taken

a cell scraper across the diameter of the dish at different times. Cells harvested directly the day after sorting represent NCSCs. Adherent cells

and self-organized 3D organoids were harvested at day 87. The cells were then pelleted and frozen at �80�C before being shipped to our

collaborators for single nuclei RNA sequencing and proteomics analysis.
Nuclei extraction

The nuclei isolation protocol was adapted from Slyper, M. et al. 2020.143 Samples were placed in a 6 well flat bottom plate with 1 mL of TST

buffer on ice. If the sample was a dense tissue, then it was chopped with Noyes Spring Scissors (FST cat# 15514-12) for 5 min then gently pi-

petted up and down for an additional 5 min. If the sample predominantly consisted of single cells, the sample was pipetted up and down

gently for 10 min.

Isolated nuclei were filtered using a 30 mmMACS SmartStrainer (Miltenyi Biotec cat# 130-110-915). 1 mL of TST was added to the filter to

recover remaining nuclei. 3 mL of 1X ST was added to the filtered nuclei and spun down in a 15 mL tube at 4�C for 5 min at 500g. The super-

natant was discarded, and the pellet was resuspendedwith 200 mL to 500 mL of 1X ST based on the size of the pellet then filteredwith the 30 mm

MACS SmartStrainer again. Isolated filtered nuclei were counted before loading them on the 10X Genomics controller.
snRNA data generation and processing

Extracted nuclei were loaded onto a 10X Genomics chip, targeting �5,000 nuclei per sample, and snRNA-seq libraries were prepared

following the v3.1 Chemistry Dual Index with Feature Barcoding technology for Cell Surface Protein protocol, Rev C. Pooled libraries were

sequenced using an IlluminaNextSeq 2000, 100-cycle P3 Kit. Fastq files were generated using theNextSeq 2000’s on-boardDragen software.

Fastq files were then analyzed using cellranger-7.1.0.144
snRNA-seq analysis methods

Analysis of snRNA-seq data was done in an R using Seurat v4.3.145 The sequencing data from day 1 and day 87 were merged into a Seurat

object and processed via Seurat clustering stages (https://satijalab.org/seurat/articles/pbmc3k_tutorial.html). When analyzing the basic char-

acteristics of the six clusters, including genes counts, reads counts, nuclearmarkerMALAT-1 and ribosomal protein percentile expressions per

cell, one cluster fromday 87 cells exhibited abnormalities (labeledArtifact, Figure S1). All cells from this cluster showed a low number of genes

detected, RNA reads, a high level of ribosomal proteins, and a very low MALAT-1 expression, which is unexpected for nuclei. We therefore

removed the cells from this abnormal cluster for subsequent analysis, re-ran the clustering algorithms, and obtained five clusters (Figures 2A

and 2B).
Characterization of cell types associated with the clusters - Marker analysis

The identity of the largest cluster asNeural Crest Stem cells (NCSCs) was straightforward since it was composedof nuclei fromNCSCs oneday

after sorting (Table S1). The other four clusters were formed by day 87 cells and we identified them principally by analyzing their specific

markers using the Seurat FindAllMarkers function and the Wilcoxon Rank-Sum test. The cluster labeled Chondrocytes contained cells with

several very distinctive pattern of gene expression. Six of the top 10 markers were collagen genes (Figure S2). A wider analysis with more

markers (using violin plots) showed that cluster Chondrocytes had the highest level of expression for collagens, proteoglycans, and genes

involved in the metabolism of elastin-based fibers17 (Figures 2C–2E) and many proteins that we detected in cartilage organoids using

proteomics.

Cluster Melanocytes was composed of only 31 cells. Nevertheless, the cell type of cluster Melanocytes was well-defined because among

the top 10 markers were many markers defining mature melanocytes (DCT, PMEL, TYR, TYRP1, TRPM1). The presence of 31 melanocytes

wasn’t a surprise, since it’s one of the cell types that NCSCs may differentiate into.146
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Cluster Neuroblasts was called as such because of the presence, among the top 10 markers, of genes involved in axon and synapse for-

mation like DCC, LINGO2, SYN2, a neuronal transcription factor (MYT1L), and several members of the neurexin family (CNTNAP5, NRXN1,

andNRXN3). ClusterMesenchymewas named as such because it hadmarkers of NCSCs, chondrocytes, and neuroblasts, and appeared to be

at an intermediate state of differentiation.

Characterization of BioPlanet pathways associated with the chondrocytes cluster markers

We used the R package enrichR to find the BioPlanet pathways linked to the Chondrocytes cluster. Since we are interested in the pathways

changes between the NCSCs (cluster NCSCs, day 1) and the Chondrocytes cluster composed of day 87 cells (Figure 2B), we used the

Seurat function FindMarkers to find the markers specific to the day 87 Chondrocytes cluster versus the day 1 NCSCs cluster. We then

ran the enrichR function with the "BioPlanet_2019" database on the top 45 markers from the Chondrocytes versus NCSCs FindMarkers

list. We chose 45 as the numbers of markers since it was the mean of the length of BioPlanet pathway gene lists. There were a total of

35 BioPlanet pathways enrichR-identified with an adjusted p value smaller than 0.05 (Figure S4C). A very large majority of these pathways

were linked to the extracellular matrix or a component of it (collagen, glycosaminoglycan, chondroitin/dermatan/heparan sulfates). Finally,

we looked at the intersection of these 35 BioPlanet pathways associated with the Chondrocytes cluster from the single nuclei RNA

sequencing analysis with the BioPlanet pathways identified during the proteomics/PTM analysis (see below). Nine BioPlanet pathways

overlapped between the two different analysis methods (yellow bars in Figure S4C), which underscored the complementary nature of

the techniques presented in this work.

Analysis of proteomic data

We used several approaches to analyze mass spectrometry data. TMT analysis identified 30,802 PTMs including tyrosine, serine, and threo-

nine phosphorylation, lysine acetylation, and lysine and arginine methylation. TMT data is reliably expressed as ratios within a single exper-

imental run. To rank expression levels, we calculated the row Z score for each protein in each TMT run, then determined the median expres-

sion for all experiments in NCSCs (N = 2) and organoids (N = 4). We calculated from the raw data the ratio (fold change) of protein signals in

organoids vs. NCSCs, and p values using the Welch two-sample t-test. To combine p values for groups of proteins (e.g., BioPlanet pathway

genes or chondrocyte markers) we employed Fisher’s sum of logs (chi-square) method,147 and the truncated version of Fisher’s method148,149

(Table S2).

Clustering of PTMs and construction of CCCN and CFN

To compare different experiments for clustering, a common denominator was chosen to be neuroblastoma SH-SY5Y cells, which had the best

correlations between different experiments. Ratios were limited to +/�100 to avoid statistical bias and transformed into log2 values as

described previously.12 Using log2-transformed data for clustering produced the best results for t-SNE clustering, and TMT ratio data con-

tains extreme values, which may skew correlation analyses, and ratios beyond 100-fold are not functionally different.12 Construction of the

CCCN and CFN were done as described.12,150,151 Briefly, t-SNE embeddings were created using Rtsne, the Barnes-Hut implementation of

t-Distributed Stochastic Neighbor Embedding. Embeddings were created from Euclidean distance; Spearman dissimilarity defined as 1 - ab-

s(cor); and hybrid Spearman-Euclidean dissimilarity (SED) defined as the mean of normalized Euclidean and Spearman dissimilarity as 1 - cor.

Clusters were identified from embeddings using theminimum spanning tree, single linkagemethod from three three-dimensional t-SNE em-

beddings. Each cluster represents the intersection of all three t-SNE embeddings. An adjacency matrix was constructed by pairing co-clus-

tered modifications to each other. To construct co-cluster correlation networks (CCCNs), the adjacency matrix was used to filter Spearman

correlations. Based on this filtering, co-clustered Spearman correlations were used as weight for CCCN edges. Additionally, negative corre-

lations (<-0.5) between different PTM types on the same protein were added as CCCN edges to examine reciprocally antagonistic relation-

ships when graphing PTM CCCN edges. In the graph based on the PTM data, the expression ratio assigned to each, each gene node rep-

resents the sum of all PTM ratios for that gene. Experiments where total proteins were identified were treated separately from those where

PTMs were identified, yielding separate CCCNs and CFNs (available on NDeX,132 see key resources table).

The resulting protein CCCNwas used to create a cluster-filtered network (CFN) of known PPI interactions that were filtered by excluding all

interactions save those from proteins with co-clustered modifications. To construct the CFN from protein data, PPI edges were filtered by

protein co-clustering. The PPI dataset was composed of curated physical interactions with a focus on direct interactions as described12

from STRING,91 GeneMANIA,152,153 BioPlex,154,155 Pathway Commons,156 and the kinase-substrate data from PhosphositePlus.157 Networks

were graphed in Cytoscape using RCy3.158,159

Pathway Crosstalk Network (PCN) construction

The PCN was constructed using R as described.13 BioPlanet pathways were downloaded from the NCATS website (https://tripod.nih.gov/

bioplanet/) as gene sets and converted into a list of pathway names whose elements are the genes in each pathway. In the PCN, each

BioPlanet pathway was represented as a node. Pathways were joined by edges weighted according to the protein or PTM Cluster Weight

(pathway interaction based on co-clustering of proteins or PTMs), or Jaccard Similarity (pathway interaction based on shared protein mem-

bers), which are described in detail below. When only pathway interactions with non-zero PTM Cluster Weight are included, the PCN con-

tained 1623/1657 BioPlanet pathways and 764,470 edges out of 1,316,253 possible edges (density = 0.5807926). The version of the PCN
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that only includes interactions with non-zero PTM Cluster Weight and zero Jaccard Similarity contained 1621 pathways, but only 562,735

edges (density = 0.4285839). PCN graphs and sub-networks of the PCN that were selected by thresholding the various edge weights

were graphed in Cytoscape using RCy3.158,159
Cluster enrichment of pathways

CCCN clusters of proteins and PTMs that were significantly enriched in organoids or NCSCs were identified as described.13 Briefly, proteins

(or PTMs) whose median expression/abundance values were changed at least 2.25-fold relative to neuroblastoma SH-SY5Y cells were iden-

tified andmapped to their respective CCCN clusters. Clusters that were statistically enriched for changed proteins/PTMs were then identified

using a one-sided Fisher Test13. For the protein CCCN, 109 enriched clusters were identified using organoid data and 63 enriched clusters

were identified using NCSC data, including 37 clusters enriched using both organoid and NCSC data. For the PTMCCCN, 202 enriched clus-

ters were identified using organoid data and 104 enriched clusters were identified usingNCSCdata, including 39 clusters enriched using both

organoid and NCSC data. To build the organoid- and NCSC-specific PCNs, PCNs were constructed as described above using the subsets of

clusters from the full CCCN that were enriched in organoids or NCSCs, respectively.
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