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Abstract

The introduction and widespread adoption of induced pluripotent stem cell (iPSC) technology 

has opened new avenues for craniofacial regenerative medicine. Neural crest cells (NCCs) are the 

precursor population to many craniofacial structures, including dental and periodontal structures, 

and iPSC-derived NCCs may, in the near future, offer an unlimited supply of patient-specific cells 

for craniofacial repair interventions.

Here, we used an established protocol involving simultaneous Wnt signaling activation and TGF-β 
signaling inhibition to differentiate three human iPSC lines to cranial NCCs. We then derived 

a mesenchymal progenitor cell (NCC-MPCs) population with chondrogenic and osteogenic 

potential from cranial NCCs and investigated their similarity to widely studied human postnatal 

dental or periodontal stem/progenitor cells. NCC-MPCs were quite distinct from both their 

precursor cells (NCCs) and bone-marrow mesenchymal stromal cells, a stromal population of 

mesodermal origin. Despite their similarity with dental stem/progenitor cells, NCC-MPCs were 

clearly differentiated by a core set of 43 genes, including ACKR3 (CXCR7), whose expression 

(both at transcript and protein level) appear to be specific to NCC-MPCs.

Altogether, our data demonstrate the feasibility of craniofacial mesenchymal progenitor derivation 

from human iPSCs through a neural crest-intermediate and set the foundation for future studies 

regarding their full differentiation repertoire and their in vivo existence.
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1. Introduction

Neural crest (NC), a multipotent, transient structure during vertebrate development, is the 

precursor to a wide variety of cell types, such as mesenchymal, pigment, neuronal, and 

glial cells in various tissues (Dupin and Le Douarin, 2014). This is due to the formidable 

migratory capacity of NC cells (NCCs) along defined trajectories following an epithelial-to

mesenchymal transition and to their ability to give rise to specialized subpopulations with 

specific differentiation repertoires (cranial, vagal, trunk, and cardiac NCCs).

Most information on NC development comes from studies in in vivo avian and murine 

systems (Dupin and Le Douarin, 2014). The use of human in vitro NCC-based systems 

would undoubtedly be a powerful tool in the elucidation of basic questions at a stage of 

human development that is essentially inaccessible in vivo. Additionally, in vitro derivation 

of human cranial NCCs is a prime target in craniofacial and dental tissue engineering, 

as cranial NCC derivatives include osteocytes, chondrocytes, and dental cells, such as 

odontoblasts, pulp, and periodontal ligament cells (Chai et al., 2000). Human pluripotent 

stem cells (PSCs) offer such a system and the advent of induced pluripotent stem cells 

(iPSCs) has opened up the exciting possibility of tailored NCCs derived from individuals 

with pathologies related to NC development. Indeed, considerable progress has been made 

towards the derivation of NCCs from human PSCs, including human iPSCs (hiPSCs), by 

manipulation of signaling pathways involved in NC specification (Chambers et al., 2009; 

Huang et al., 2016; Jiang et al., 2009; Menendez et al., 2011; Mica et al., 2013). For 

example, Dalton and coworkers have demonstrated that inhibition of SMAD signaling 

in concert with WNT signaling activation (through GSK-3β inhibition) results in the 

establishment of a highly enriched NCC population from human PSCs (Menendez et al., 

2013; Menendez et al., 2011). Moreover, Weiss and co-workers identified retinoic acid (RA) 

as a critical signal for the derivation of specific NCC subtypes, namely cranial (absence of 

RA) and trunk (presence of RA) (Huang et al., 2016).

Here, we investigate the possibility of deriving mesenchymal progenitors through a NC 

intermediate from hiPSCs. To this end, we derived and extensively characterized NCCs 

from hiPSCs. We subsequently differentiated NCCs to mesenchymal progenitors with 

robust osteogenic and chondrogenic differentiation potential and performed genome-wide 

microarray analysis of these two populations along with known human dental stem/

progenitor cell populations such as dental pulp stem cells (DPSCs) (Gronthos et al., 2000), 

stem cells of the apical papilla (SCAP) (Sonoyama et al., 2008), periodontal ligament stem 

cells (PDLSCs) (Seo et al., 2004), and bone marrow derived mesenchymal stromal cells 

(BMSCs), a mesenchymal population of mesodermal origin. NCC-derived progenitors were 

characterized by a high degree of similarity to dental stem/progenitor cell populations and 

were clearly distinct from both NCCs and BMSCs. At the same time, several unique markers 

of these progenitors were identified, including cell surface molecules, such as CXCR7 and 

PTPRB, and transcriptional regulators, such as MEIS2 and ANKRD1.
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2. Results

2.1. Derivation and characterization of putative neural crest cells from human pluripotent 
stem cells

We hypothesized that derivation of bona fide craniofacial mesenchymal progenitors from 

human pluripotent stem cells should take place through a cranial (cephalic) neural crest 

intermediate. To this end, we first used an established protocol to derive and characterize 

neural crest cells (NCCs) (Menendez et al., 2013). In the original protocol, simultaneous 

and sustained activation of Wnt signaling by (2′Z,3′E)-6-bromoindirubin-3′-oxime (BIO) 

(a GSK-3β inhibitor) and inhibition of transforming growth factor β (TGF-β) signaling by 

SB431542 was used to derive highly enriched NCC cultures. In our modified protocol, 

we substituted a more selective GSK-3β inhibitor (CHIR) for BIO (Ring et al., 2003). In 

brief, BU3-hiPSCs were cultured in media containing CHIR to activate Wnt signaling and 

SB431542 to inhibit TGF-β signaling (NCC media). The population of cells co-expressing 

HNK1 (B3GAT1, also known as CD57) and p75 (NGFR, also known as CD271) was 

monitored by flow cytometry (Fig. 1B). Cells with lower p75 levels were eliminated by 

repeated passaging in NCC media and by Day(D) 35–40 we observed the derivation of 

putative NCCs, characterized by spindle-like morphology, co-expression of high HNK1/p75 

levels (Fig. 1A,B and Fig. S2B) and gene expression of the EMT-related transcription 

factors, SNAI1 and SNAI2 (SLUG) (Fig. S2C). High and uniform SNAI1 expression was 

also confirmed by immunocytochemistry (Fig. S2C). We were able to reproducibly derive 

this population from three hiPSCs lines (Figs. 1B, S1A and S2A).

To further understand the identity of the derived cells, we characterized the expression 

kinetics of known NCC markers (Simoes-Costa and Bronner, 2015) at various time points 

of NCC derivation (Fig. 1C). More specifically, we looked at representative genes from 

the neural plate border module (PAX3, ZIC1), and the neural crest specification/migration 

modules (PAX3, SOX9, SOX10, FOXD3, ETS1).

The neural plate border specifier PAX3 was continuously expressed since D5 with a slight 

decrease in expression by D34 (Fig. 1C and S1B) whereas ZIC1 was only expressed 

after D25. Genes, such as SOX9 and ETS1, that mark neural crest specified cells, were 

continuously expressed from D5 on and reached their highest expression levels at later 

time points (D25-D34) and this pattern of expression coincided with establishment of a 

homogeneous cell population, as shown by flow cytometry (Figs. 1B,C). Interestingly, 

two other neural crest specifier genes, SOX10 and FOXD3, were continuously expressed 

during NCC differentiation of hiPSCs but their expression was downregulated in the 

final population. Importantly, expression of PAX6, a neural progenitor marker, was low 

throughout NCC differentiation and completely abrogated by D34 (Fig. 1C).

We then tried to understand the potential functional significance of the two populations with 

differential p75 expression, observed during NCC derivation by sorting these populations on 

D15 and performing RT-qPCR analysis (Fig. 1D). Neural plate or neural crest specifiers 

were found to have either similar expression levels in the two populations or higher 

expression levels in the p75bright population (Fig. 1D and S2D). Of note, ETS1, a key 

cranial neural crest marker was enriched in the p75bright population (Fig. 1D and S2D). 
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On the contrary, PAX6 and PHOX2B, a neuronal and trunk NCC marker respectively 

(Huang et al., 2016), were enriched in the p75dim population and were not expressed in the 

D37-D45 p75bright population. This suggests that neuronal and trunk NCC “contaminants” 

were eliminated during cranial NCC differentiation, probably through the combined means 

of soluble factor signaling and repeated cell passaging.

Overall, the above data indicate that sustained WNT signaling activation and TGF-β 
inhibition lead to the robust and reproducible derivation of a cell population with cranial 

NCC characteristics from several hiPSC lines. This further supports the general applicability 

of the protocol introduced by Dalton and colleagues (Menendez et al., 2013).

2.2. Cranial NCCs can give rise to mesenchymal progenitor cells

We then proceeded to derive mesenchymal progenitor cells (MPCs) from our NCC 

population using culture media with high FBS content (10%) (Fig. 2A). Several cell surface 

markers of the resulting putative MPCs were characterized by flow cytometry and their 

competence to undergo tri-lineage (chondrogenic, osteogenic and adipogenic) differentiation 

was also evaluated (Figs. 2B,D and S1C) (Dominici et al., 2006). As shown in Figs. 2B 

and S1C, putative mesenchymal progenitor cells (NCC-MPCs) derived from three hiPSC 

lines exhibited the same cell surface marker profile with all populations being almost 100% 

positive for CD73, CD90, CD105 and CD146. On the contrary, these cells were negative 

for hematopoietic (CD45), monocyte (CD14) and NCC markers (HNK1 and p75), with 

the latter finding strongly suggesting efficient conversion of human NCCs to NCC-MPCs 

under high FBS culture conditions. Additionally, all three NCC-MPC lines showed very 

similar morphologies during expansion (Fig. 2C) and expressed mesenchymal cell-like 

markers such as ACTA2 and VIM (Fig. S4A). Two of the three lines (BU3 and BU7) 

exhibit robust osteogenic and chondrogenic differentiation in respective media whereas BU1 

iPSC differentiation to the same cell types was less efficient (Fig. 2D), probably reflecting 

the inherent variability in differentiation potential of hiPSC lines (Osafune et al., 2008). 

Interestingly, the adipogenic differentiation protocol resulted in an immature adipocyte 

phenotype for all three lines (Fig. 2D, middle panels).

Taken together, these data demonstrate the efficient derivation of putative NCC-MPCs with 

osteogenic and chondrogenic, and to a lesser extent, adipogenic potential from human 

NCCs.

2.3. Genome-wide transcriptomic analysis of hiPSC-derived NCCs and NCC-MPCs

To gain further insights into the genetic programs of both the NCCs and their NCC-MPC 

progeny, we performed genome-wide microarray analysis of these populations along with 

known human dental stem/progenitor cell populations such as DPSCs (Gronthos et al., 

2000), SCAP (Sonoyama et al., 2008) and PDLSCs (Seo et al., 2004) and bone marrow 

derived MSCs (BMSCs). As shown in the principal component analysis (PCA) plot (Fig. 

3A), NCCs clearly separated from both dental and bone marrow stromal cell populations 

along the PC1 axis (29% of experimental variation). Additionally, the NCC-MPCs clustered 

roughly together with the dental stem/progenitor cell populations, and the BMSCs separated 

from both the NCCs and all mesenchymal-like cell populations along the PC2 axis (11% 
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of experimental variance). Taken together, this indicates that NCCs and mesenchymal-like 

stem/progenitor cells were quite different, whereas non-bone-marrow-derived mesenchymal

like progenitors were rather similar.

We then looked at gene expression differences to gain further insights in the biology 

of both NCCs and NCC-MPCs. When compared to BMSCs, NCC-MPCs had overall 

lower expression of HOX genes, reflecting a known in vivo difference between neural 

crest-derived and mesoderm-derived mesenchymal progenitor cells (Creuzet et al., 2002; 

Leucht et al., 2008) (Fig. S4B). A set of 1327 genes that were differentially expressed across 

groups (one-way ANOVA FDR q < 10−6, |fold change| > 4 for any pairwise comparison 

between groups) were divided into 10 clusters (Fig. 3B). We focused on subsequent analysis 

on Cluster 1, which contains 482 genes that are strongly expressed only in NCCs. Within 

this cluster, there was strong expression of established NCC specifiers such as SOX5/8/9, 

recently identified transcriptional regulators of human NCC identity (NR2F1 and NR2F2) 

(Rada-Iglesias et al., 2012; Rada-Iglesias et al., 2013), and transcription factors expressed in 

post-migratory NCC derivatives (ALX3/4) (Beverdam et al., 2001) (Fig. 3C). The uniformly 

high expression of a key cranial NCC marker, TFAP2A (de Croze et al., 2011; Menendez 

et al., 2013), was further confirmed by immunostaining (Fig. 3D). Surprisingly, Ingenuity 

Pathway Analysis revealed that most of the top pathways within Cluster 1 (p < .001) were 

related to cholesterol metabolism (Fig. 3E). Additional analysis of genes related to diseases 

and biological functions showed that genes contained in this cluster are associated with 

abnormal morphology of craniofacial structures such as maxilla, mandible, jaw bone, nasal 

septum and nose (Fig. S3A). Interestingly, genes that are part of these disease categories 

included ALX4, CDON, ROR2, TCOF1, TFAP2A, and BMP7 (Fig. S3B) whose enhancers 

are bound by the nuclear receptors NR2F1/2 (Rada-Iglesias et al., 2012) that have highly 

enriched expression in our NCC population (Fig. 3C).

In summary, this analysis demonstrates that hiPSC-derived NCCMPCs are quite similar 

to known dental stem/progenitor cell populations. Furthermore, it further strengthens our 

RT-qPCR and cell surface analysis of hiPSC-derived NCCs and establishes the latter as a 

population distinct from bone marrow and dental mesenchymal progenitors.

2.4. NCC-derived NCC-MPCs are characterized by a unique transcriptional profile

To better understand the transcriptional profile of NCC-MPCs, we repeated our microarray 

analysis after excluding the BMSCs. The PCA plot showed, once again, clear separation 

of NCCs and mesenchymal progenitors along the PC1 axis (Fig. 4A). Nevertheless, NCC

MPCs were now clearly separated from all dental stem/progenitor cell populations, which 

appeared to greatly overlap (Figs. 4A and S4C). Of 1057 genes that were differentially 

expressed across groups (one-way ANOVA FDR q < 10−5, |fold change| > 4 for any 

pairwise comparison between groups), a cluster of 43 genes (highlighted by a box in Fig. 

S4C) differentiated NCC-MPCs from dental stem/progenitor cells and NCCs. These genes 

included desmosomal-related genes (DSC2/3), transcription factors and nuclear receptors 

(MEIS2, ANKRD1, SHISA2, NR2F2), and cell surface molecules (L1CAM, PTPRB, 

CXCR7 (ACKR3), GPR126). We validated five of these genes by RT-qPCR (highlighted 

in yellow in Fig. 4B). As shown in Fig. 4C, all five genes had significantly higher expression 
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in NCC-MPCs compared to dental stem/progenitor cells, with two of them (PTPRB and 

ANKRD1) also significantly more highly expressed in NCC-MPCs compared to NCCs.

Immunostaining of NCC-MPCs revealed almost ubiquitous expression of NR2F2 in all three 

lines examined (Figs. 5A,B and S5B), with a subset of these progenitors being also positive 

for MEIS2 (Fig. 5A). Most importantly, all three lines had high expression of the chemokine 

receptor CXCR7 (ACKR3) (Figs. 5C and S5A) whereas this receptor was not expressed 

in SCAP (Fig. 5D). Omission of primary antibodies resulted in complete absence of signal 

(Fig. S5C,D). We were not able to detect by immunohistochemistry any of the five validated 

NCC-MPC markers on paraffin sections of adult human dental pulp tissue (data not shown), 

which further corroborates their NCC-MPC specificity.

Taken collectively, the above data demonstrate that despite their similarity with known 

dental stem/progenitor cells, NCC-MPCs express, at the protein level, a distinctive 

combination of transcription factors and receptors. The functional implications of this 

finding are presently unclear and, as it is discussed below, warrant further studies of the 

NCC-MPC differentiation competence.

3. Discussion

Human cranial NCCs and their progeny are of particular interest to craniofacial research 

and tissue engineering. For instance, expanded autologous nasal chondrocytes have already 

been used to repairarticular cartilage defects in human subjects (Mumme et al., 2016). 

Additionally, an inexhaustible supply of cranial NCCs with broad differentiation potential 

is highly desirable. Human PSCs offer both an ideal model system to study fundamental 

questions in NC development and an advanced technological platform to derive clinically

relevant NCC derivatives, such as craniofacial osteoprogenitors and dental mesenchymal

like stem cells (Sharpe, 2016). In fact, features of neurocristopathies such as familial 

dysautonomia, and Hermansky-Pudlak and Chediak-Higashi syndromes have already been 

recapitulated in vitro using patient-specific iPSCs directed to a neural crest fate prior to 

disease-related cell derivation (melanocytes, peripheral neurons) (Lee et al., 2009; Mica 

et al., 2013). In the present work, we used a hiPSC-based system to a) define the global 

transcriptome of in vitro derived NCCs and b) derive putative craniofacial mesenchymal 

progenitors and study their relationship with known postnatal dental stem/progenitor cell 

populations.

First, we derived and extensively characterized putative NCCs from three hiPSC lines 

using a published directed differentiation protocol (Menendez et al., 2013). In our studies, 

the substitution of CHIR, a more specific GSK-3β inhibitor, for BIO did not appear 

to alter the identity of the end cell population derived after repeated passaging in the 

NCC differentiation media, as it will be discussed below. The successful derivation of 

bona fide cranial NCCs is supported by several lines of evidence. Genes with important 

regulatory roles in migratory cranial NCCs (SOX9, ETS1, PAX3) (Simoes-Costa and 

Bronner, 2015; Simoes-Costa et al., 2014) were upregulated in the NCC population whereas 

PAX6, a neuronal marker, and PHOX2B, a trunk NCC marker, were down-regulated. Our 

microarray analysis revealed an NCC-specific transcriptional signature (482-gene cluster) 
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that differentiated NCCs from all other cell populations (putative craniofacial, dental and 

bone marrow stromal cells). The in vivo relevance of this signature was supported by further 

bioinformatics analysis, including disease and biological function categories. First, this gene 

cluster was associated with abnormal morphology of craniofacial structures or craniofacial/

neuroectodermal developmental disorders. Secondly, microarray and RT-qPCR analysis and 

immunostaining showed that genes that encode for key players in the establishment and 

maintenance of cranial NCC identity such as SNAI1/2 (Milet and Monsoro-Burq, 2012), 

NR2F1/2 (Rada-Iglesias et al., 2012), ALX3/4 (Beverdam et al., 2001), and TFAP2A (Rada

Iglesias et al., 2012; Wang et al., 2011) were all enriched in the NCC population.

Intriguingly, most of the top pathways enriched in this gene cluster were relevant to 

cholesterol biosynthesis. Although this finding may seem surprising at first glance, it does 

make sense in the context of potential Hedgehog signaling within the NCC population. 

Cholesterol modifications are necessary for the production of functional, long-range acting 

sonic hedgehog (SHH) protein (Ho and Scott, 2002; Lewis et al., 2001) and it is well 

established that SHH signaling is involved in various craniofacial developmental processes, 

including survival and proliferation of NCCs (Ahlgren and Bronner-Fraser, 1999; Delloye

Bourgeois et al., 2014; Hu and Helms, 1999). In fact, genes such as HMGCR, HMGCS1, 

DISP1 that are indispensable for cholesterol bio-synthesis or secretion of cholesterol

modified SHH and whose disruption leads to various craniofacial defects (Quintana et al., 

2017; Roessler et al., 2009; Schwend and Ahlgren, 2009; Signore et al., 2016) were all 

part of the NCC gene cluster. These findings raise the enticing possibility that autocrine 

SHH signaling is involved in maintenance and/or competence of hiPSC-derived NCCs, a 

hypothesis that will be addressed by future studies.

As far as the second part of our studies is concerned, we used an FBS-rich medium to 

derive a mesenchymal-like population, NCC-MPCs, from cranial NCCs. NCC-MPCs are 

characterized by homogeneous expression of known stromal markers such as CD73, CD105, 

CD90 and CD146, maintain high expression of the nuclear receptor NR2F2 and possess 

chondrogenic and osteogenic potential. In addition, it is possible to freeze-thaw NCC-MPCs 

derived from various iPSC lines without obvious phenotypic changes (data not shown). Yet, 

despite the phenotypic and functional affinities with bone-marrow stromal cells, NCCMPCs 

and BMSCs were found to be quite distinct in terms of global transcriptome, most probably 

due to their different developmental origins. This is further supported by the striking 

differences in the expression pattern of HOX genes between NCC-MPCs and BMSCs, that 

accurately reflects the HOX code of NCC derivatives in vivo, and by the differing degrees of 

adipogenic competence that is quite high in human BMSCs (Pittenger et al., 1999).

A limitation of our in vitro studies is the derivation of NCC-MPCs in FBS-containing 

culture medium, which, due to its undefined nature, limits the mechanistic understanding of 

NCC-MPC derivation and maintenance as well as their future clinical applicability. Previous 

efforts to derive mesenchymal progenitors from iPSCs through an NCC intermediate have 

addressed this issue by using commercially-available, serum-free media (Fukuta et al., 2014; 

Hackland et al., 2017). Future studies will investigate the use of specific growth factors, 

e.g. FGF8 (Shao et al., 2015), or small molecules or both that will allow for the efficient 

derivation of functional NCC-MPCs from NCCs under serum-free conditions.
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On the other hand, NCC-MPCs were shown to have a high degree of similarity, at 

least by global transcriptional analysis, to dental stem/progenitor cell populations, such 

as DPSCs, SCAP and PDLSCs that are most likely of neural crest origin (Gronthos et 

al., 2000; Janebodin et al., 2011; Seo et al., 2004; Sonoyama et al., 2008) and have also 

multi-lineage differentiation capacity (e.g. DPSCs possess odonto/osteogenic, adipogenic, 

chondrogenic and neurogenic potential, as reviewed in (Nuti et al., 2016)). Yet, both PCA 

and clustering analysis of differential gene expression showed that there is a subset of 

genes whose expression clearly discriminates NCC-MPCs from all dental stem/progenitor 

cells. RT-qPCR validation of the differential expression of some of the genes showed NCC

MPC-specific expression of ACKR3 (CXCR7), PTPRB and ANKRD1. The expression 

of the latter, a canonical YAP/TAZ signaling target, is particularly intriguing, especially 

given the fact that all cell populations used in our microarray analysis were grown under 

identical biomechanical conditions. Additionally, L1CAM and MEIS2 were enriched in both 

NCC-MPCs and NCCs compared to dental stem/progenitor cells. Although we have not 

been able to reliably detect any putative cell surface marker other than ACKR3 at the protein 

level, it is likely that a more systematic antibody screen or use of other detection techniques, 

such as Western blotting, or both are required.

With the exception of MEIS2, that is necessary in cranial and heart NCC development 

(Machon et al., 2015) and osteogenic differentiation of SCAP and DPSCs (Wu et al., 2015), 

there is little known about potential roles of the other NCC-MPC-specific genes in cranial 

NCC or dental stem/progenitor cell biology. Future studies will address this issue as well 

as evaluate the full differentiation repertoire (including dental lineages) of NCC-MPCs or 

sub-populations thereof. It is also likely that a NCC-MPC counterpart exists in vivo and 

future studies in mouse craniofacial development will investigate this possibility.

4. Materials and methods

4.1. hiPSC culture

hiPSC lines derived from individuals without any known disease, specifically, BU1 (hiPSC 

clone BU1Cr3–1), BU3 (hiPSC clone BU3–10-Cr2) (Kurmann et al., 2015) and BU7 

(hiPSC clone BU7–2-Cr8), were generated from dermal fibroblasts using the hSTEMCCA 

reprogramming system. These hiPSC lines were obtained from the iPSC bank of the Center 

for Regenerative Medicine (CReM) of Boston University and Boston Medical Center (http://

www.bu.edu/dbin/stemcells/index_iPSC.php). Undifferentiated hiPSCs were maintained on 

Matrigel (Corning) coated 6-well plates in TeSR-E8 medium (STEMCELL Technologies) 

with 100 μg/ml Primocin (1:500 dilution, Invivogen) in a 37 °C incubator with 5% CO2. 

Approximately every 5–7 days, cells were passaged using Gentle Cell Dissociation Reagent 

(STEMCELL Technologies) and split into 1:10 ratio.

4.2. NCC differentiation

On Day −1, sufficient volumes of TeSR-E8 (STEMCELL Technologies), DMEM/F12 

(Gibco/Invitrogen), and Gentle Cell Dissociation Reagent for passaging were pre-warmed. 

The well to be passed was washed with 1 ml of Ca2+/Mg2+-free phosphate-buffered saline 

(PBS). Wash buffer was aspirated and 1 ml of Gentle Cell Dissociation Reagent was added 
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and the plate was incubated at 37 °C for 8–10 min. Then cells were dislodged by pipetting 

up and down 1–3 times using a P1000 pipette. The cells were immediately transferred to 

a tube containing an equal volume of DMEM/F12. The well was washed again with 1 ml 

of DMEM/F12 to collect any remaining cells. The cells were centrifuged at 300 x g for 

5 min. Then cells were re-suspended in 1 ml of single-cell passaging medium (TeSR-E8 

supplemented with 10 μM Y27632 Rock inhibitor (Sigma) and 100 μg/ml Primocin) and 

numbers of live cells were counted using a hemocytometer. Cells were plated at 9 × 104 cells 

per cm2 density onto Matrigel-coated plates. Cells were incubated at 37 °C and 5% CO2 for 

48 h.

On day 0, differentiation was induced by replacing TeSR-E8 media with NC differentiation 

media (TeSR-E7 supplemented with 0.5–1 μM CHIR99021 (CHIR), 10 μM SB431542 

(R&D Systems) and 100 μg/ml Primocin). Cells were fed every day and passaged every 

4–5 days based on their confluency. Starting at day 15, FACS analysis was performed to 

investigate the expression of NCC markers (HNK1 and p75) by the differentiating cells. 

Cells were maintained in NCC media (with passing every 4–5 days) until all cultured cells 

expressed high levels of NCC makers based on FACS analysis, which was usually achieved 

within 30–40 days depending on the cell line.

4.3. NCC-MPC differentiation

NCCs were disassociated into single cells with TrypLE™ Express reagent (ThermoFisher 

Scientific), then were plated on non-coated plastic tissue culture dishes with a density of 

6.5 × 104 cells/cm2. NCCs were differentiated using serum-containing media (DMEM/F12 

(Gibco) supplemented with 10% FBS (Gibco), 1 mM l-alanyl-l-glutamine, 0.1 mM β

mercaptoethanol (Invitrogen) and 100 μg/ml Primocin), which was changed every other day. 

Differentiated cells were passaged every 4–5 days using TrypLE™ Express and replated 

in 1:4 (vol./vol.) ratio. At passage 3, FACS analysis was performed to investigate the 

expression of MPC (CD73, CD90, CD146, CD13 and CD105), NC (HNK1 and p75), 

hematopoietic (CD45) and monocyte (CD14) markers. Once the MPC expression profile 

had been confirmed, cells were either maintained or further differentiated into osteogenic, 

adipogenic, or chondrogenic lineages.

4.4. Flow cytometry

Differentiating hiPSCs, NCCs, and NCC-MPCs were dissociated using TrypLE™ Express 

(ThermoFisher Scientific), washed with PBS/2% FBS (PBS+ buffer), and stained for 30 min 

on ice with monoclonal antibodies (Table S1) and their corresponding isotype controls (BD 

Biosciences). After staining, cells were washed with 1 ml PBS+, spun down at 300 ×g for 

5 min at 4 °C, and cell pellets were either re-suspended in PBS+ if analyzed or in PBS+ 

with 1× Pen/Strep if sorted. Cells were either analyzed using a FACSCalibur cytometer 

(BD Biosciences) or sorted using FACSAria III Cell Sorter (BD Biosciences). Data were 

analyzed using FlowJo software (Tree Star Inc.).

4.5. Tri-lineage differentiation

4.5.1. Osteogenic differentiation—At passage 4–5, NCC-MPCs were detached and 

dissociated into single cells using pre-warmed TrypLE™ Express and plated into 12-well 
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culture with a plating density of 104 cells/cm2. Cells were incubated with serum-containing 

media for 2–4 h, which was then replaced with osteogenic differentiation media (StemPro 

Osteogenic differentiation kit, Life Technologies) and re-fed every 3–4 days. After 18–23 

days, cells were stained using Alizarin Red stain. For Alizarin Red staining, cells were fixed 

with 4% paraformaldehyde for 30 min, rinsed twice with distilled water, and stained with 

2% AR solution (Lifeline Cell Technology) for 2–3 min. Cells were rinsed 3 times with 

distilled water and visualized under light microscope for image capturing and analysis.

4.5.2. Adipogenic differentiation—At passage 4–5, NCC-MPCs were detached and 

dissociated into single cells using pre-warmed TrypLE™ Express and plated into 12-well 

culture with a plating density of 105 cells/cm2. Cells were incubated with serum-containing 

media for 2–4 h, which was then replaced with adipogenic differentiation media (StemPro 

adipogenic differentiation kit, Life Technologies) and refed every 3–4 days. After 14 days, 

cells were stained using the Oil Red O kit (Lifeline Cell Technologies), according to the 

manufacturer’s instructions. Briefly, cells were fixed with 4% paraformaldehyde for 20 min 

at room temperature, then dehydrated for 5 min using 100% 1,2-Propanediol Dehydration 

Solution, stained with Oil Red O stain for 30 min at 37 °C, and finally differentially stained 

using 85% 1,2-Propanediol Stain Differential Solution at room temperature. Cells were 

rinsed with deionized water and visualized under light microscope for image capturing and 

analysis.

4.5.3. Chondrogenic differentiation—At passage 4–5, NCC-MPCs were detached 

and dissociated into single cells using pre-warmed TrypLE™ Express, generating a solution 

of 1.6 × 106 viable cells/ml. Then 5 μl droplets of cell solution were seeded in 12-well 

culture plate. Cells were incubated with serum-containing media for 2–4 h, which was then 

replaced with chondrogenic differentiation media (StemPro chondrogenic differentiation kit, 

Life Technologies) and refed every 2–3 days. Within 14 days, cells formed micro-masses 

that were stained using the Alcian Blue staining kit (Lifeline Cell Technologies), according 

to the manufacturer’s instructions. The harvested micro-masses were fixed with 4% PFA for 

1 h, then embedded into liquefied Richard-Allan Scientific HistoGel Specimen Processing 

Gel (ThermoFisher Scientific), solidified on ice for 1 h, and finally paraffin embedded, 

sectioned, and stained with Alcian Blue stain. The stained micro-masses were visualized 

under light microscope for image capturing and analysis.

4.6. Quantitative reverse transcriptase polymerase chain reaction (RT-qPCR)

Total RNA extraction was performed the using miRNeasy Mini Kit (Qiagen) and 1 

μg DNAse-treated RNA was reverse transcribed using TaqMan Reverse Transcription 

Reagents (Applied Biosystems). qPCR of complementary DNA (cDNA) was performed 

in a StepOnePlus Real-Time PCR system (Applied Biosystems) using TaqMan probes (for 

a complete list of probes see Table S2). Reactions were performed in triplicate. Messenger 

RNA (mRNA) expression levels were normalized to 18S ribosomal RNA (rRNA) and 

quantification of relative gene expression, presented as fold change compared to the relevant 

reference sample, was calculated using the 2(-ΔΔCT) method. Biological triplicates from 

repeat experiments were used to calculate average fold change as well as the standard 

deviation for each fold change in gene expression, represented by error bars where 
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indicated. Error bars in graphs represent standard deviations as indicated in the figure 

legends. Biological sample replicates (N) are also indicated in the legends. Statistically 

significant differences between conditions (ΔCt values used for RT-qPCR calculations) 

were determined using two-tailed unpaired Student t-tests or as specified in figure legends. 

Significance is represented as *p < .05, **p < .01, ***p < .001, ****p < .0001.

4.7. Immunostaining

For the TFAP2A staining, NCCs were fixed in 4% paraformaldehyde (Ted Pella, 18,505) 

for 15 min, and then rinsed twice with PBS. A mouse anti-TFAP2A monoclonal 

antibody (Developmental Studies Hybridoma Bank, 3B5) was used at a 1:50 dilution and 

incubation took place overnight at 4 °C. A goat anti-mouse Alexa 547 secondary antibody 

(ThermoFisher Scientific, A-11003) at 1:200 dilution was added, with incubation for one 

hour at 37 °C followed by two rinses with PBS. To counterstain nuclei, cultures were 

incubated for 5 min with 1 μg/ml DAPI (Life Technologies, D1306). Micrographs were 

acquired using a Nikon Eclipse TS100 and the SPOT Software Version 4.6.1.38.

For the SNAI1, ACTA2 and VIM stainings, NCCs or NCC-MPCs were fixed in 4% 

paraformaldehyde for 10–15 min, and then rinsed twice with PBS. Cells were permeabilized 

with 0.1% Triton X-100 for 5 min at room temperature, rinsed with PBS, then blocked using 

10% serum for 1 h at room temperature. The following antibodies were used: rabbit anti- 

SNAI1 (Protein Tech 13,099–1-AP, 1:200 dilution), mouse anti-ACTA2 (Sigma, C6198, 

Cy3 conjugated, 1:200 dilution), and rabbit anti-VIM (abcam, ab92547, 1:300 dilution) 

and incubation took place overnight at 4 °C. After three rinses with PBS, a donkey anti

rabbit Alexa 488 (Invitrogen, A21206) (SNAI1 staining) or a donkey anti-rabbit Alexa 546 

(Invitrogen, A10040) (VIM staining) at 1:300 dilution was added, with incubation for one 

hour at room temperature followed by two rinses with PBS. To counterstain nuclei, cultures 

were incubated for 5 min with 1 μg/ml DAPI (Life Technologies, D1306). Micrographs 

were captured using a Keyence BZ-X700 fluorescence microscope. Post-acquisition image 

processing (e.g. black balance) was performed using the BZ-X Analyzer software.

For the NR2F2, MEIS2, and ACKR3 (CXCR7) stainings, NCCs were fixed in 4% 

paraformaldehyde (Ted Pella, 18505) for 5–10 min, then rinsed twice with PBS. The fixed 

cells were quenched in 3% H2O2 in methanol for 15 min, permeabilized in 0.025% Triton 

X-100 in PBS for 15 min, and transferred in blocking buffer (4% normal donkey serum 

in PBS) for 1 h. The following primary antibodies were used alone or in combination 

(overnight incubation at 4 °C): mouse anti-NR2F2 (1:100 dilution, abcam, ab41859), rabbit 

anti-MEIS2 (1:50 dilution, Invitrogen, PA5–25432), mouse anti-ACKR3 (1:60 dilution, 

R&D, MAB42273). Subsequently, the VECTASTAIN® Elite® ABC-HRP Kit (Vector 

Laboratories; Peroxidase, Rabbit IgG, PK-6101 or Peroxidase, Mouse IgG, PK-6102) in 

conjunction with the Perkin-Elmer TSA Cyanine 3 System (PerkinElmer, NEL744001KT) 

was used for fluorescent antigen detection. For dual stains, one of the antigens was 

detected by incubation with an Alexa 488 anti-mouse or anti-rabbit secondary antibody 

(1 h incubation, 37 °C). To counterstain nuclei, cultures were incubated for 5 min with 

20 μg/ml Hoechst 33342 (1:500 dilution, ThermoFisher Scientific, H3570). Micrographs 

were captured using a Keyence BZ-X700 fluorescence microscope. Post-acquisition image 
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processing (e.g. image stitching and black balance) was performed using the BZ-X Analyzer 

software.

4.8. Microarray analysis

4.8.1. Cell culture and RNA harvesting—RNA was isolated from biological 

triplicates of NCCs (cultured on Matrigel-coated culture plate with NCC media), NCC

MPCs, dental pulp stem cells (DPSCs), stem cells of the apical papilla (SCAP) and 

period-ontal ligament stem cells (PDLSCs), and bone marrow mesenchymal stromal cells 

(BMSCs) (ATCC). Primary human DPSCs, SCAP, and PDLSCs were isolated from freshly 

extracted teeth (patient details for all primary cells can be found in Table S3). All three 

primary cell types were maintained in the same dental MSC media (Alpha-modification 

of Eagle’s medium (Gibco/Invitrogen) supplemented with 10% FBS, 1 mM L-glutamine 

(Gibco/Invitrogen), and 100 μg/ml Primocin). To avoid confounding effects due to different 

culture media, NCC-MPCs and BMSCs were also maintained in dental MSC media for 2–3 

passages before RNA extraction for microarray analysis. Subsequently, cells were harvested 

and RNA was extracted and submitted to the Boston University Microarray and Sequencing 

Resource Core Facility. Quality-assessed RNA samples (RIN 9.7–10.0) were used to prepare 

material for hybridization to Affymetrix Human Gene 2.0 ST arrays based on Affymetrix 

standard microarray operating procedures.

4.8.2. Microarray data bioinformatics analysis—Human Gene 2.0 ST CEL files 

were normalized to produce gene-level expression values using the implementation of the 

Robust Multiarray Average (RMA) (Irizarry et al., 2003) in the affy package (version 1.36.1) 

(Gautier et al., 2004) included in the Bioconductor software suite (version 2.11) (Gentleman 

et al., 2004) and an Entrez Gene-specific probeset mapping (17.0.0) from the Molecular 

and Behavioral Neuroscience Institute (Brainarray, 2017) at the University of Michigan (Dai 

et al., 2005). Array quality was assessed by computing Relative Log Expression (RLE) 

and Normalized Unscaled Standard Error (NUSE) using the affyPLM package (version 

1.34.0) (Brettschneider et al., 2008). Principal Component Analysis (PCA) was performed 

using the prcomp R function with expression values that had been normalized across all 

samples to a mean of zero and a standard deviation of one. Differential expression was 

assessed using the moderated (empirical Bayesian) ANOVA and t-test implemented in the 

limma package (version 3.14.4) (i.e., creating simple linear models with lmFit, followed 

by empirical Bayesian adjustment with eBayes). Correction for multiple hypothesis testing 

was accomplished using the Benjamini-Hochberg false discovery rate (FDR) (Benjamini 

and Hochberg, 1995). All microarray analyses were performed using the R environment for 

statistical computing (version 2.15.1). The raw and processed microarray array data have 

been deposited in the Gene Expression Omnibus (GEO), Series ID GSE113297.

Small-scale heat maps in the figures featuring select gene sets were generated using the 

online matrix visualization and analysis software Morpheus (https://clue.io/morpheus/).

To perform Ingenuity Pathway Analysis, the set of genes that are strongly expressed in 

NCCs (482 genes) along with the respective p and q values were uploaded to the Ingenuity 

IPA application (Qiagen). 477 genes were mapped and used for subsequent analysis. The 
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“Canonical Pathways” and the “Diseases & Functions” analytical tools were employed to 

generate graphs that were then exported as JPEG or TIFF image files.

Supplementary data to this article can be found online at https://doi.org/10.1016/

j.scr.2018.10.015.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Derivation and characterization of putative NCCs from BU3 hiPSCs.

(A) Differentiation protocol for the derivation of putative NCCs from hiPSCs showing the 

added factors and the duration of the differentiation.

(B) Bivariate flow cytometry dot plots demonstrating the temporal expression patterns of 

HNK1 and p75 in the course of NCC differentiation (D0-D35).

(C) Kinetics of NCC and neuronal marker expression by RT-qPCR. Fold changes are 

calculated relative to D0 undifferentiated hiPSCs. Error bars represent standard deviation 

(N = 3).

(D) Schematic showing the sorting of two populations p75(+) (p75bright) and p75(−) 

(p75dim) on D15 of NCC differentiation (left panel). Transcriptional analysis by RT-qPCR 

of NCC- and neuronal-related genes of the sorted populations on D15 as well as of p75bright 

populations on D37 and D45. Error bars represent standard deviation (N = 3).
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Fig. 2. 
Derivation of NCC-MPCs from hiPSCs through a cranial NCC intermediate.

(A) Differentiation protocol showing the multi-step derivation of NCC-MPCs from hiPSCs.

(B) Flow cytometry histograms depicting the expression levels of various neural crest, 

stromal and hematopoietic cell surface markers in NCC-MPCs after three passages. Data are 

shown for two hiPSC lines (BU3 and BU7). The red line indicates staining with an isotype 

control for each antibody.

(C) Phase contrast micrographs of near confluent NCC-MPCs derived from three hiPSC 

lines.

(D) Brightfield micrographs of NCC-MPCs derived from three hiPSC lines following 

incubation in osteogenic, adipogenic and chondrogenic media. Calcium deposition 

indicating osteogenic differentiation was detected by Alizarin Red staining (left panel), oil 

droplets indicating adipogenic differentiation were detected by Oil Red O staining (middle 

panel) and glucosaminoglycans indicating chondrogenic differentiation were detected by 

Alcian Blue staining (right panel).
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Fig. 3. 
Genome-wide transcriptomic analysis of hiPSC-derived NCCs and NCC-MPCs.

(A) Principal component analysis (PCA) plot of microarray populations (NCCs, NCC-MPCs 

and dental stem/progenitor cell populations). The x and y axes depict the PC1 and PC2, 

respectively.

(B)Microarray heat map: the heat map shows the top differentially expressed genes (1327 

genes, FDR < 10−6, |fold change| > 4) across all groups (NCCs, NCCMPCs, DPSCs, 

PDLSCs, SCAP and BMSCs) clustered by samples in triplicate (columns) and expression 

clusters (rows). Cluster 1 that differentiates NCCs from all other populations is indicated 

on the right. The log2 (expression) values for each gene were z-score-normalized to a mean 

of zero and standard deviation of 1 across all samples in each row; blue and red indicate 

z-scores less than −2 or > 2, respectively, and white indicates a z-score of 0 (row-wise 

mean).

(C) Heat map showing differential gene expression of select NCC-related genes across the 

same groups as in (B).

(D) Fluorescence micrographs of NCC culture (BU1 hiPSC line) stained for TFAP2A.
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(E) Top pathways of the Cluster 1 genes derived from Ingenuity Pathway Analysis. Cutoff 

p-value = 10−3.
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Fig. 4. 
Transcriptional signature of NCC-MPCs.

(A) PCA plot of all populations without BMSCs. The x and y axes depict the PC1 and PC2, 

respectively.

(B) Enlarged view of Cluster 3 of the heat map in Fig. S4C. This cluster contains 43 

genes (FDR < 10−6, |fold change| > 4). The log2 (expression) values for each gene were 

z-score-normalized to a mean of zero and standard deviation of 1 across all samples in each 

row; blue and red indicate z-scores less than −2 or > 2, respectively, and white indicates a 

z-score of 0 (row-wise mean).
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(C) RT-qPCR validation of five genes contained in (B). Fold changes are calculated relative 

to SCAP. Error bars represent standard deviation (N = 3). **: p < .01, ***: p < .001, ****: p 
< .0001.
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Fig. 5. 
NCC-MPCs co-express ACKR3, MEIS2 and NR2F2.

Representative fluorescent micro-graphs of NCC-MPCs stained for (A) NR2F2 and MEIS2 

(B) NR2F2, and (C) ACKR3 (CXCR7) and of SCAP stained for (D) ACKR3 (CXCR7). 

Arrowheads indicate two cells with low ACKR3 expression. Scale bar, 50 μm for (A), (C) 

and (D), 30 μm for (B).
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