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Significance

Craniofacial birth defects are 
one of the most common 
congenital malformations in 
humans and are caused by 
defects in neural crest cells. In 
early vertebrate development, 
cranial neural crest cells acquire 
the ability to differentiate into 
many different cell types to 
generate the craniofacial 
structure and peripheral 
nervous system. To better 
understand how neural crest 
are endowed with expanded 
capacity to generate cells of 
multiple lineages, we use 
single-cell multiomic 
approaches to uncover a role 
for posttranscriptional 
regulation to expand chromatin 
accessibility during the earliest 
stages of neural crest 
specification. Our findings 
provide insight into ways that 
stem cells can increase their 
ability to differentiate into 
multiple cell types, which may 
improve our ability to generate 
tissues for regenerative 
medicine.
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Developmental potential is progressively restricted after germ layer specification during 
gastrulation. However, cranial neural crest cells challenge this paradigm, as they develop 
from anterior ectoderm, yet give rise to both ectodermal derivatives of the peripheral 
nervous system and ectomesenchymal bone and cartilage. How cranial neural crest cells 
differentiate into multiple lineages is poorly understood. Here, we demonstrate that 
cranial neural crest cells possess a transient state of increased chromatin accessibility. 
We profile the spatiotemporal emergence of premigratory neural crest and find evidence 
of lineage bias toward either a neuronal or ectomesenchymal fate, with each expressing 
distinct factors from earlier stages of development. We identify the miR-302 miRNA 
family to be highly expressed in cranial neural crest cells and genetic deletion leads to 
precocious specification of the ectomesenchymal lineage. Loss of mir-302 results in 
reduced chromatin accessibility in the neuronal progenitor lineage of neural crest and 
a reduction in peripheral neuron differentiation. Mechanistically, we find that mir-302 
directly targets Sox9 to slow the timing of ectomesenchymal neural crest specification 
and represses multiple genes involved in chromatin condensation to promote accessibility 
required for neuronal differentiation. Our findings reveal a posttranscriptional mecha-
nism governed by miRNAs to expand developmental potential of cranial neural crest.

multipotency | pluripotency | single-cell | microRNAs | chromatin accessibility

Repairing tissues and organs to restore lost function due to aging, disease, and injury is a 
major goal for regenerative medicine, one that relies on the ability to differentiate patient 
cells across lineages. To successfully generate cells and tissues for human patients, much 
research has focused on reprogramming cells to a pluripotent state before directing their 
differentiation toward the desired cell type. As cells transition out of pluripotency during 
gastrulation, they are specified to one of three primary germ layers: endoderm, mesoderm, 
or ectoderm. Once germ layer specification has occurred, cells can typically only differ-
entiate into derivates of their germ layer of origin. Cranial neural crest cells, however, are 
a transient population of multipotent precursors that are specified from anterior ectoderm 
yet expand their potential to generate both mesodermal and ectodermal derivatives. 
Premigratory neural crest cells will undergo epithelial-to-mesenchymal transition (EMT) 
and migrate to distant sites within the embryo, where they terminally differentiate and 
give rise to ectomesenchymal derivatives contributing to the craniofacial skeleton and 
ectodermal lineages that contribute to the peripheral nervous system (1–5). Understanding 
how cranial neural crest differentiate across germ layers will advance the field of regener-
ative medicine.

Single-cell analysis of embryonic day (E) 8.5 and E9.5 mouse embryos suggested that 
cranial neural crest cells have high transcriptional similarity during delamination and that 
upregulation of gene expression associated with different fate choices occurs during migra-
tion (3). However, single-cell analysis of Wnt1-Cre+ neural crest prior to E8.5 in mouse 
revealed that Oct4 was reactivated in a subset of premigratory neural crest progenitors 
and was required for differentiation of the ectomesenchymal lineage of derivatives but not 
neuronal derivatives (6). Indeed, early studies using histological approaches suggested 
distinct populations of cranial neural crest at the end of gastrulation (7). For example, 
analysis of four somite stage mouse embryos revealed a majority of ectomesenchymal 
neural crest are specified at the lateral nonneural domain whereas neural crest cells of eight 
somite stage embryos were specified in a more medial neural domain (7). How these 
distinct premigratory neural crest are specified and whether they share similar mechanisms 
of fate specification remain to be determined.

Other work has focused on the maintenance or reactivation of transcripts associated 
with pluripotency from earlier stages of development. Studies in Xenopus suggested that 
cranial neural crest cells retain expression of genes from earlier stages of development to 
expand their potential (8). This work was supported by evidence of an avian neural crest 
stem cell niche that expressed both pluripotency and canonical neural crest transcription 
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factors (9). In response to folic acid, folate receptor alpha trans-
locates into the nucleus and activates transcription of Oct4, Sox2 
and Klf4 in a mouse cranial neural crest cell line (10). Similarly, 
reactivation of Oct4 and Nanog in neural crest cells have been 
proposed in an alternate model of reprogramming, which is 
important for differentiation of the ectomesenchymal, but not 
neuronal lineage of neural crest (6, 11). However, studies of early 
neural crest development have identified specified neural crest in 
gastrula stage chick (12) and rabbit embryos (13). Recent studies 
using explants from blastula stage chick embryos have shown spec-
ification of neural crest prior to segregation of neuroectodermal 
and mesodermal lineages (14). Similarly, studies of human embry-
onic stem cell differentiation into neural crest suggest specification 
from precursors independent of ectoderm or mesoderm derivation 
(15, 16). Consistent with progressive differentiation, human neu-
ral crest cell differentiation and single-cell transcriptomic studies 
in Xenopus suggested restricted fate of neural crest cells and little 
retention of gene expression, as pluripotent blastula cells differ-
entiate into cranial neural crest (16, 17). Thus, it remains unclear 
how premigratory cranial neural crest populations use factors 
expressed in earlier stages of development to promote differenti-
ation potential.

Developmental potential is defined by specific gene regulatory 
networks, which incorporate chromatin structure, transcription 
factors, regulatory elements, and posttranscriptional regulators. 
Analysis of intermediate phases during somatic cell reprogramming 
has demonstrated that a transient state of chromatin hyperacces-
sibility poises pluripotency loci for subsequent activation (18–20). 
Previously, a class of small RNAs known as microRNAs (miRNAs) 
were demonstrated to induce a permissive chromatin structure 
allowing for the reprogramming of fibroblasts to a neuronal iden-
tity (21). Similarly, ectopic introduction of miRNAs enriched in 
mouse and human embryonic stem cells is sufficient to reprogram 
somatic cells to an induced pluripotent state (22–24). How chro-
matin structure is regulated within cranial neural crest as they 
acquire the ability to differentiate into multiple lineages remains 
to be explored. Furthermore, whether miRNAs regulate the acqui-
sition of developmental potential of cranial neural crest has not 
been studied.

We hypothesized that changes in chromatin accessibility are 
regulated by miRNAs to promote the expansion of developmental 
potential in cranial neural crest. Our results demonstrate a tran-
sient increase in chromatin accessibility concomitant with gene 
expression bias toward a neuronal or ectomesenchymal fate at the 
neural plate border in mice. Our results suggest that transcription 
factors associated with early fate specification within the epiblast 
regulate the formation of premigratory neural crest cells. 
Functionally, the miR-302 family targets Sox9 to prevent preco-
cious formation of ectomesenchymal derivatives and chromatin 
remodelers to promote chromatin accessibility required for differ-
entiation of peripheral neurons. Our findings reveal distinct 
post-transcriptional mechanisms that expand developmental 
potential of murine cranial neural crest cells.

Results

Chromatin Accessibility Increases during Cranial Neural Crest 
Specification. To characterize changes in chromatin accessibility 
and transcriptomics during the specification of cranial neural 
crest, we performed single-cell assay for transposase-accessible 
chromatin sequencing (scATAC-seq) and single-cell mRNA 
sequencing (scRNA-seq) of the mouse epiblast at E7.5, and the 
cranial region at E8.25, E8.5, and E9.5 (Fig. 1 A and B). Latent 
semantic indexing analysis was performed on the count matrix 

normalized by term frequency inverse document frequency 
(TF-IDF) followed by singular value decomposition (SVD) 
to correct for differences in cellular sequencing depth, across 
peaks and to integrate datasets. Cell populations were defined 
by gene expression using the markers in SI Appendix, Table S1, 
and chromatin data were overlaid as previously described (25). 
Population-specific genes for all cell populations at each age are 
included within Dataset S1.

Previous studies have shown early expression of neural crest 
genes in the neural folds of presomitic embryos (26–28) and 
SOX9-positive cells at the neural plate border of two somite 
embryos (7). Therefore, we identified neural crest progenitors that 
express at least one neural crest specification factor (Sox9, Pax3, 
Pax7, or Msx1) from anterior ectoderm (expressing Sox2, Otx2, 
Gas1, Bcat1, Lefty2, Fgf5) of a presomitic embryo (TS11d) at E7.5. 
To determine how chromatin accessibility changes during speci-
fication of the earliest neural crest progenitors, we compared acces-
sibility between the E7.5 anterior ectoderm and E7.5 neural crest 
progenitors (Fig. 1C). We found that the number of peaks 
increased slightly in E7.5 neural crest progenitors as compared 
with the E7.5 anterior ectoderm, whereas transcriptional start site 
(TSS) accessibility was similar (Fig. 1D). At later stages, neural 
crest were identified using canonical markers such as Sox9, Pax3, 
Pax7, and Tfap2a. Migratory neural crest were distinguished from 
premigratory neural crest using Sox10 as a marker specific for 
migratory cells (29, 30). Other studies have noted expression of 
Sox10 in neural crest cells at the neural plate border just prior to 
the onset of delamination (13, 31), therefore our migratory neural 
crest populations may be inclusive of some premigratory cells. To 
characterize changes in chromatin accessibility during neural crest 
development, we first analyzed global chromatin accessibility across 
all peaks and found that chromatin accessibility increased from 
E7.5 to E8.25 (SI Appendix, Fig. S1 A and B). At E8.5, global 
chromatin accessibility was similar to E7.5 and then subsequently 
declined at E9.5 (SI Appendix, Fig. S1 A and B). Next, we identified 
differentially accessible peaks and enriched motifs in neural crest 
cells from E7.5 to E9.5 and found greater levels of open chromatin 
from E7.5 to E8.25, which was lost by E9.5, supporting a unique 
mechanism of increased accessibility associated with neural crest 
specification (Fig. 1E; all differentially accessible peaks available in 
Dataset S2). Nucleosome signal, number of peaks, TSS enrich-
ment, and the number of transcripts in E8.25 and E8.5 neural 
crest populations were similar to E7.5 neural crest progenitors (SI 
Appendix, Fig. S1C). Enriched motifs in the E7.5 neural crest pre-
cursors included genes associated with gastrulation such as 
Ovol1/2, Maz and zinc finger transcription factors such as Znf740 
and Znf384 (Fig. 1F; all significantly enriched motifs included for 
each neural crest-associated population in Dataset S2). Top 
enriched motifs in E8.25 premigratory neural crest included 
canonical neural crest specification factors including Tfap2a/b/c, 
whereas top enriched motifs in E8.5 premigratory neural crest 
included Foxb/c. In E8.5 migratory neural crest, enrichment 
included multiple groups of Sox transcription factors such as Sox2, 
Sox8, Sox9, Sox10, and others (Fig. 1F). The presence of motifs 
of a top factor at each age was analyzed in all peaks and is included 
in Dataset S3 (0 motif mismatches) and Dataset S4 (one motif 
mismatch allowed). Motifs for canonical neural crest specification 
factors such as Pax7 are enriched in differentially accessible peaks 
at each stage of neural crest development (Dataset S2). These find-
ings are in line with previous results (32–35) and highlight changes 
in chromatin landscape and identify regulatory elements enriched 
during mouse neural crest development.

Previous studies found chromatin hyperaccessibility during 
somatic cell reprogramming, which poised embryonic stem cell 
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Fig.  1. Chromatin accessibility increases during cranial neural crest specification. (A) Embryos were dissected at E7.5 (TS11d, 0 somites), E8.25 (TS12a, 3 
somites), E8.5 (TS13, 8 to 12 somites), and E9.5 (TS15, 26 to 28 somites), and both single-cell ATAC and scRNA-seq were performed on the epiblast and mouse 
cranial region using 10X Genomics to assess chromatin structure and gene expression changes during cranial neural crest formation. (B) Uniform Manifold 
Approximation and Projection for Dimension Reduction (UMAP) plots showing cell populations obtained from single-cell ATAC and scRNA-seq at each stage. 
Population-specific genes included within Dataset S1. (C) E7.5 Neural crest progenitors (NCCprog, 50 cells) expressing Sox9, Pax7, Pax3, or Msx1 were identified 
from cells of the E7.5 anterior ectoderm (AE, 163 cells). (D) Number of peaks and TSS enrichment in cells of the E7.5 anterior ectoderm compared with the neural 
crest progenitors. (E) Peak plot and heat map showing accessibility over time of differentially accessible peaks in comparing neural crest-associated populations 
at E7.5, E8.25, and E8.5 to nonneural crest at respective stages. All significantly differentially accessible peaks are included in Dataset S2. (F) Top enriched motifs 
in differentially accessible peaks of each neural crest population. Bar plots contain the top five motifs by fold change, while the motif sequence logo is shown 
for the top three most significant motifs. All significantly enriched peaks in the differentially accessible peaks are included in Dataset S2. The presence of motifs 
for top factors was analyzed in all peaks and is included in Dataset S3 (0 mismatches allowed) and in Dataset S4 (one mismatch allowed). (G) Clustering analysis 
was used to group motifs based on their accessibility in E7.5 neural crest progenitors, E8.25 premigratory neural crest, E8.5 premigratory neural crest, and E8.5 
migratory neural crest. All clustering data included within Dataset S9. (H) Coverage plot revealing increased accessibility of Oct4 locus and regulatory elements 
in E8.5 neural crest cells.
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loci for subsequent expression (21). Thus, we hypothesized that 
increased chromatin accessibility would facilitate the use of mul-
tiple gene regulatory networks in cranial neural crest cells. 
Therefore, we analyzed how peaks and motifs are shared between 
neural crest cells across developmental time. Interestingly, when 
we compared motifs enriched in bona fide E8.25 and E8.5 neural 
crest cells with the E7.5 neural crest progenitors, we found that 
the majority of motifs were shared (SI Appendix, Fig. S1D; quan-
tification for each comparison available in Dataset S5; unique and 
shared peaks and motifs from comparisons between each E8.25 
to E8.5 neural crest population and the E7.5 neural crest progen-
itors available in Dataset S6; unique and shared peaks and motifs 
from sequential comparisons between neural crest-associated pop-
ulations across developmental time available in Dataset S7). We 
found that peaks and shared motifs between the E7.5 neural crest 
progenitors and the E8.25 premigratory neural crest were pre-
dicted to be involved in post transcriptional regulation by miR-
NAs, suggesting an important role for posttranscriptional 
regulation as cranial neural crest are specified (SI Appendix,  
Fig. S1E). Peaks shared included genes such as Chd7, Zfp652, 
and Lmntd1, while shared motifs included Klf1/2/4, Zic3, Prrx2, 
Tfap2a, and Snai1 (Fig. 1E). We next determined shared peaks 
and motifs between the E7.5 neural crest progenitors and E8.5 
premigratory neural crest and found that shared peaks were pre-
dicted to be involved in the negative regulation of stem cell dif-
ferentiation, cell proliferation, and migration and included early 
neural crest specification and neural plate border genes such as 
Pax7 and Msx1 (SI Appendix, Fig. S1E). Motifs shared between 
the E7.5 neural crest progenitors and E8.5 premigratory neural 
crest cells were predicted to be involved in the formation of neural 
crest derivatives and miRNA function and included genes such as 
Klf4, Ventx, Pax3, Foxd3, and Pou3f1/3. Next, we identified 
motifs enriched in regions of chromatin accessibility shared 
between the E7.5 neural crest progenitors and populations of 
neural crest at E8.25 and E8.5 (SI Appendix, Fig. S1F and Dataset 
S8). Motifs for factors such as Sox9, Sox2, and Tfap2a were 
enriched within peaks shared between the E7.5 neural crest pro-
genitors and the E8.25 premigratory neural crest. Within peaks 
shared between the E7.5 neural crest progenitors and the E8.5 
migratory neural crest included factors such as Gata3, Ets, and 
Ronin (SI Appendix, Fig. S1F and Dataset S8). These results sug-
gest that early presomitic neural crest populations have shared 
epigenetic landscape with the anterior ectoderm and that accessi-
bility of regulatory elements is similar between E8.25 and E8.5 
neural crest cells and presomitic neural crest progenitors at E7.5.

To analyze how motif accessibility changed during neural crest 
specification, we performed unsupervised clustering of motifs that 
were significantly enriched in differentially accessible peaks of the 
E7.5 neural crest progenitors, E8.25 premigratory, E8.5 premigra-
tory, and E8.5 migratory neural crest cells (Fig. 1G and Dataset S9). 
Cluster 1 represented motifs that were accessible in the E7.5 neural 
crest progenitors, E8.5 premigratory neural crest, and more 
modestly accessible in the E8.25 premigratory neural crest. Cluster 
1 motifs included factors such as Klf4, Zeb1, Otx1, and Snai2 
(Fig. 1G). Cluster two motifs were accessible in each neural crest 
population except the E8.25 premigratory neural crest and con-
tained factors such as Oct4, Foxo3, Ovol1/2, and Pax3/7. Cluster 
3 motifs were most accessible in the E8.25 premigratory neural 
crest and contained motifs for factors such as Eomes, Ventx, 
Foxd3, and Msx1/2 (Fig. 1G). We next analyzed how accessibility 
around pluripotency loci changes during neural crest specification. 
Analysis of the Oct4 locus revealed accessibility from E7.5 through 
E8.5, yet accessibility was increased in E8.25 premigratory neural 
crest around enhancers used in both naïve and primed 

pluripotency (Fig. 1H). Together these data suggest that a transient 
increase in chromatin accessibility is present during specification 
of cranial neural crest cells.

Emergence of Ectomesenchymal and Neuronal-Biased Neural 
Crest. To interrogate changes in gene expression and chromatin 
accessibility during specification of premigratory neural crest, 
we further analyzed scRNA-seq and scATAC-seq of the E8.25 
cranial region. Cell clustering revealed two distinct populations 
of premigratory cranial neural crest cells that robustly express 
canonical neural crest transcription factors (Fig. 2 A and B). Since 
previous studies suggested that specification of cranial neural crest 
within different domains of the ectoderm may have differential 
capacity to give rise to derivatives (7), we identified differentially 
expressed genes and used biological gene ontology analysis to 
identify differences between the two populations. Within one 
population of premigratory neural crest, we identified enriched 
genes such as Tfap2a, E-cadherin, and Epcam, that were predicted 
to be involved in cranial skeleton morphogenesis, and we termed 
this population ectomesenchyme (Fig. 2 C and D; full differential 
expression analysis provided in Dataset S10 and full gene ontology 
analysis provided in Dataset S11). Within the other population 
of premigratory neural crest, we identified differentially expressed 
genes, such as Sox1, Zic2, and Sall4, that were predicted to be 
involved in neurogenesis, and we designated this population 
as neuronal progenitors (Fig. 2 C  and D). Next, we identified 
differentially accessible peaks and significantly enriched motifs, 
and in agreement with a lineage specific function, we identified 
motifs for Tfap2a, and Snai2 enriched within ectomesenchyme, 
whereas the neuronal lineage was enriched for motifs of Pax3/7, 
Sox2, and Otx2 (Fig. 2E; differential peaks and enriched motif 
analysis provided in Dataset S12). Similarly, analysis of motif 
footprints for these lineage-specific transcription factors identified 
an enrichment within their respective lineages. For example, 
Tfap2a was enriched within the ectomesenchymal lineage, and 
Sox2 was enriched within the neuronal lineage (Fig. 2F).

To characterize the emergence of each premigratory neural crest 
lineage, we aligned the cells of the E7.5 anterior epiblast and E8.25 
premigratory cranial neural crest along a pseudotime trajectory. 
Premigratory neural crest reach a bifurcation point at the time of 
specification, resulting in two distinct populations (Fig. 2H and  
SI Appendix, Fig. S2 A and B; Branched expression analysis modeling 
included in Dataset S13). We also noticed that a subset of E8.25 
premigratory neural crest grouped together with the E7.5 anterior 
ectoderm within the most undifferentiated cell state to the left of the 
branch point, and we found that these cells were enriched for genes 
involved in RNA processing (Dataset S14). To determine the spatial 
distribution of each population of E8.25 premigratory neural crest, 
we examined the expression of medial/lateral markers in neuronal 
progenitors and ectomesenchyme (Fig. 2H). Early in the differenti-
ation trajectory, the two populations were indistinguishable from one 
another including similar expression of lateral markers such as 
E-cadherin and Krt8/19. In contrast to ectomesenchyme, neuronal 
progenitors gained expression of medial markers at the end of the 
trajectory (Sox1 and N-cadherin), consistent with later differentiation 
(Fig. 2H). To further investigate the order of emergence of each prem-
igratory neural crest lineage, we analyzed their progression along a 
pseudotime trajectory. Ectomesenchyme cells had progressed further 
compared with neuronal progenitors (Fig. 2I), consistent with an 
abundance of ectomesenchyme previously reported at this time point 
(7). To further support this finding, we analyzed spatiotemporal for-
mation at the neural plate border in mouse embryos using coimmu-
nofluorescence staining for PAX3 (a pan-neural crest transcription 
factor) and either E-CADHERIN (ectomesenchymal) or SOX1 
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(neuronal lineage). We found that premigratory neural crest form 
within a neural plate border domain of the ectoderm that stains pos-
itive for both E-CADHERIN and SOX1 at E8.0 (Fig. 2J and  
SI Appendix, Fig. S2D). Specifically, SOX1 expression is up-regulated 

in medial cells of the neural plate, and weaker expres-
sion was observed in lateral cells at the neural plate 
border expressing PAX3 (Fig. 2J and SI Appendix, 
Fig. S2D). Conversely, E-CADHERIN is ubiqui-
tously expressed throughout the ectoderm at E8.0 
before medial downregulation, as expression is 
restricted to lateral PAX3-positive cells at the neural 
plate border between E8.25 and E8.5 (Fig. 2J and 
SI Appendix, Fig. S2D). As the SOX1-positive and 
E-CADHERIN-positive domains of the ectoderm 
refine and become mutually exclusive between 
E8.25 and E8.5, PAX3+ cells at the neural plate 
border begin to express either SOX1 or 
E-CADHERIN in a mutually exclusive pattern. In 
contrast to E8.0, PAX3 expression is enriched within 
SOX1-positive/E-CADHERIN-negative cells of the 
ectoderm at E8.25 and E8.5. (Fig. 2 J and K and SI 
Appendix, Fig. S2D and Dataset S15; wide field view 
of cross-sections provided in SI Appendix, Fig. S2D). 
These findings support a divergence of premigratory 
neural crest lineages as epithelial compartments of 
the ectoderm are being refined at the neural plate 
border. These data are consistent with previous 
mammalian and avian studies suggesting a general 
lateral to medial transition of neural plate border 
differentiation and that this movement can bias ter-
minal fate (7).

To identify transcriptional regulators of premi-
gratory neural crest specification, we mapped the 
expression of transcription factors enriched within 
E7.5 epiblast cells across both neuronal progenitors 
and ectomesenchyme. We found Oct4, Nanog, 
Sox2, and Sall4 were expressed in both the E7.5 
anterior ectoderm and distinct subsets of E8.25 
premigratory cranial neural crest cells (Fig. 2L and  
SI Appendix, Fig. S2C). Interestingly, we observed 
differential expression of factors that are associated 
with early fate specification across the two popu-
lations of premigratory neural crest. For example, 
Oct4 is preferentially expressed in the ectomesen-
chyme lineage along with related factors, such as 
Oct2 (Fig. 2L). Whereas neuronal-biased cells pref-
erentially expressed Sall4, Otx2, Oct6, and Sox2 
(Fig. 2L). Both populations expressed canonical 
neural crest transcription factors such as Pax3 and 
Sox9 (Fig. 2L). These data identify segregation of 
premigratory neural crest at the neural plate border 
and transcription factors that are differentially 
expressed in a lineage-specific manner within cra-
nial neural crest cells. Our findings highlight spa-
tiotemporal differences in neural crest specification, 
suggesting that neural crest initially form within a 
common domain at the neural plate border and 
are soon thereafter segregated into neural and non-
neural domains of the ectoderm.

Epiblast and Neural Crest Transcription Factors 
Form a Regulatory Network. To explore how 
genetic regulatory networks associated with 
the E7.5 epiblast are integrated into the neural 

crest gene regulatory network, we used RNA sequencing (RNA-
seq) of the epiblast at E7.5 and sorted neural crest populations 
at E8.5 and E9.5 (Wnt1-positive cells at E8.5, and Sox10-
positive cells at E9.5). We applied unsupervised clustering to 
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Fig. 2. Emergence of ectomesenchymal and neuronal-biased neural crest. (A) UMAP plot showing 
separation between the two distinct populations of premigratory neural crest at E8.25. (B) UMAP plots 
of early neural crest specification factors showing expression in both populations. (C) Differentially 
expressed genes in each population of premigratory neural crest. All population-specific genes 
included in Dataset S10. (D) Gene ontology analysis of differentially expressed genes reveals a fate 
bias of the earliest premigratory neural crest. All gene ontology terms included for each population 
in Dataset S11. (E) Significantly enriched motifs were identified from differentially accessible peaks of 
each E8.25 premigratory neural crest population. Representative motifs are shown for each lineage 
and all differentially accessible peaks and significantly enriched motifs included in Dataset S12. (F) 
Transcription factor motif footprint for Tfap2a and Sox2 showing enrichment in the ectomesenchymal 
and neuronal lineages, respectively. (G) Pseudotime trajectory of the E7.5 anterior ectoderm and the 
E8.25 premigratory cranial neural crest reveals two distinct populations. Inset shows number of cells 
in each cell state. Branched expression analysis modeling included in Dataset S13. Genes enriched 
in E8.25 premigratory neural crest that group with cells of the E7.5 anterior ectoderm to the left 
of the node are included in Dataset S14. (H) Branched pseudotime heatmap showing expression 
of medial/lateral genes. (I) Differentiation progression of E7.5 anterior ectoderm and E8.25 cranial 
neural crest populations. Cells are colored according to their progression in pseudotime. Cells of 
the ectomesenchyme were further along the differentiation trajectory compared with neuronal 
progenitors. (J) Zoomed-in view of the neural plate border showing immunofluorescence of PAX3-
positive cells forming within the E-CADHERIN- and SOX1-positive domains at E8.0, E8.25, and E8.5. 
(Wide field view of cross-sections with both individual and merged channels, and full time course 
available in SI Appendix, Fig. S2D). (K) Quantification of the number of neural crest that form as part 
of the nonneural domain and the neural domain at both E8.25 and E8.5. Significantly more neural 
crest form as a part of the lateral ectomesenchymal E-CADHERIN-positive domain compared with 
the medial E-CADHERIN-negative neural region at E8.25 (ANOVA P = 2.09e-08). At E8.5 significantly 
more neural crest form as a part of the medial SOX1-positive neural domain compared with the 
lateral nonneural Sox1-negative domain (ANOVA P = 3.57e-06). Quantifications included in Dataset 
S15. (L) Branched pseudotime plot showing lineage-specific expression of factors expressed in early 
development. Cells are plotted based on their expression of each marker, ordered in pseudotime, 
and colored by population.

http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials


6 of 12   https://doi.org/10.1073/pnas.2212578120 pnas.org

define gene expression modules, used biological gene ontology 
analysis to predict function, and identified significantly enriched 
motifs in the promoter region of genes within each module. We 
examined modules related to neural crest development in more 
detail: epiblast, shared multipotency, neural crest specification, 
EMT, and differentiation (Fig.  3 A  and  B and SI Appendix,  
Fig. S3A; full dataset provided in Dataset S16). The epiblast module 
consisted of genes robustly expressed at E7.5 that declined and 
were minimally expressed at E8.5, such as Oct4, Eomes, and Klf4, 
which are involved in germ layer specification and differentiation 
(Fig. 3B). The shared multipotency module included genes that 
were expressed at both E7.5 and E8.5, but not at E9.5, such 
as Oct2/6, Sall4, and Otx2. The genes within this module were 
predicted to negatively regulate cell differentiation and be involved 
in the processing of noncoding RNAs (Fig. 3C). As expected, the 
neural crest specification module included genes such as Pax3, 
Ets1, Sox9, and Tfap2a that were expressed at E8.5 and E9.5. 
Interestingly, genes enriched in the neural crest specification 
module were predicted to function in miRNA processing (Fig. 3 
B and C), similar to our analysis of scATAC-seq data (SI Appendix, 
Fig. S1E). Genes within the EMT module were robustly expressed 
at E8.5, but not E7.5 or E9.5 and were predicted to function in 
patterning, migration, and nervous system development (Fig. 3 
B and C). Lastly, genes within the differentiation gene module 
increased in expression from E7.5 to E9.5 and included genes 
highly associated with migratory identity such as Sox10, Tfap2b, 
and FoxD3 (6, 36–38) (Fig. 3 B and C).

To further uncover predicted gene regulatory networks associ-
ated with each module, we identified significantly enriched tran-
scription factor-binding motifs in the promoter region of genes 
within each module. We noticed that transcription factors 
expressed early during development were predicted to bind regu-
latory elements of genes expressed at later stages (Fig. 3 D and E). 
For example, Eomes was expressed at E7.5 and had significantly 
enriched motifs in genes that were expressed at both E7.5 and 
E8.5 (Fig. 3 B–E). By comparing the genes and motifs within each 
cluster, we observed a model that predicts a sequential handoff in 
transcriptional control (full dataset provided in Dataset S1). 
Earlier factors were predicted to bind to the promoter region of 
genes expressed at later stages of differentiation, similar to the 
sequential avian neural crest gene regulatory network (35–38). In 
summary, our results suggest that transcription factors from the 
epiblast are critical upstream regulators of the mammalian neural 
crest gene regulatory network. Further work in mammalian neural 
crest cells will be needed to demonstrate the direct binding of 
epiblast transcription factors to regulate neural crest genes.

miR-302 Is Expressed in Cranial Neural Crest Cells. Since we found 
that both increased chromatin accessibility and gene expression 
coincides with enrichment of the miRNA regulatory pathway, we 
hypothesized that miRNAs may have an important role in cranial 
neural crest specification. To identify candidate miRNAs, we 
performed small RNA-seq on the same progenitor and neural crest 
populations from our bulk RNA-seq experiment (E7.5 epiblast, 
E8.5 Wnt1-positive cells, and E9.5 Sox10-positive neural crest). 
At E7.5, miR-302 was the most highly expressed miRNA in the 
epiblast. Supporting an important role in pluripotent cells, miR-302 
is robustly expressed in human embryonic stem cells and sufficient 
to convert somatic cells into induced pluripotent stem cells (22–24). 
At E8.5, miR-302 was the second-most highly expressed miRNA 
in premigratory and migratory neural crest cells, second only to 
mir-92 (SI Appendix, Fig. S4A). Deletion of miR-92 results in cleft 
palate and bone deficiencies (39, 40), and we find that mir-92 
expression increases during neural crest development from E7.5 to 

E9.5 suggesting a role in differentiation of neural crest derivatives, 
rather than neural crest specification or maintaining potential of 
neural crest cells. Robust expression of miR-302 was maintained and 
did not change significantly from E7.5 to E8.5, but its expression 
significantly declined at E9.5 (SI Appendix, Fig. S4B). To identify 
shared miRNAs in pluripotency and cranial neural crest, we defined 
miRNA modules using unbiased clustering and obtained a total of 
seven clusters. We further explored five clusters corresponding to the 
previously defined gene modules: pluripotency, shared multipotency, 
neural crest specification, EMT, and differentiation (Fig. 4A; Full 
clustering analysis provided in Dataset S18). Indeed, the miR-302 
family members were the most highly expressed miRNAs in the 
shared multipotency module representing miRNAs highly expressed 
in both E7.5 epiblast and E8.5 cranial neural crest cells (Fig. 4A). 
For reference, miR-302 was expressed at similar or higher levels 
than miRNAs previously associated with neural crest development, 
such as miR-140, which regulates palatogenesis in zebrafish neural 
crest development (41) (SI Appendix, Fig. S4C). While miRNAs 
associated with primed pluripotency, such as miR-302, were among 
the most highly expressed miRNAs at E7.5 and E8.5, miRNAs 
associated with naïve pluripotency, such as miR-293 (part of the 
naïve-specific miR-290 ~ 295 cluster), were expressed exclusively 
at E7.5 (SI Appendix, Fig. S4D). To validate the expression of miR-
302, we used an established mir-302-eGFP reporter mouse (42) 
and analyzed expression at E7.25 to E9.5 (SI Appendix, Fig. S4E). 
MiR-302-eGFP was enriched within the cranial region compared 
with the trunk (Fig. 4B and SI Appendix, Fig. S4E). At E7.5, MiR-
302-eGFP was expressed in the epiblast and at E8.5 MiR-302-eGFP 
signal colocalized with both premigratory and migratory neural 
crest (Fig. 4 B and C). Importantly, miR-302-eGFP was expressed 
at E8.25 in ectoderm as neural crest are specified (Fig. 4 B and C). 
MiR-302-eGFP declines in neural crest cells starting at E9.0 and is 
largely lost by E9.5 (Fig. 4C).

To determine how miR-302 expression is maintained from the 
epiblast during cranial neural crest development, we analyzed our 
single-cell ATAC-seq data to interrogate chromatin accessibility 
around the mir-302 locus. Consistent with distinct regulatory 
mechanisms, regions of accessibility were different upstream of 
the mir-302 locus across cell populations that express miR-302 
including the neural crest, neural tube, and nonneural ectoderm. 
Regions of accessible chromatin upstream of the miR-302 locus 
were minimal in cell populations that do not express miR-302 
such as the cranial mesoderm (Fig. 4D). Together, these data sug-
gest distinct mechanisms of transcriptional regulation controlling 
miR-302 expression across postgastrulation lineages.

mir-302 Differentially Regulates Specification of Ectomesenchymal 
versus Neuronal Progenitor Neural Crest. To determine how miR-
302 regulates cranial neural crest development, we used CRISPR/
Cas9 genome editing to genetically delete miR-302 and compared 
neural crest development between mir-302−/− and mir-302+/+ embryos 
from E8.0 to E9.5 (Fig. 5 A and B and SI Appendix, Fig. S5 A–F; 
locus details and strain validation are provided within SI Appendix, 
Fig. S5 A–C; strain generation information is provided within the  
SI Appendix). Sanger sequencing and genotyping identified the 
deletion allele and bulk small RNA sequencing of neural crest cells 
confirmed the loss of mir-302 expression (SI Appendix, Fig. S5 A 
and C). Bulk mRNA sequencing of neural crest cells revealed no 
significant change in expression of the mir-302 host gene, Larp7 
(SI Appendix, Fig. S5B). Consistent with previous findings, we 
observed a cranial neural tube closure defect upon mir-302 deletion 
(SI Appendix, Fig. S5E) (42). Since miR-302 is expressed in both 
anterior ectoderm and neural crest cells (Fig. 4), maintains embryonic 
stem cell self-renewal (22–24), and regulates developmental timing 
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of differentiation within the neural tube (42), we first asked whether 
miR-302 prevents precocious specification of cranial neural crest. 
Indeed, loss of mir-302 resulted in precocious expression of SOX9 at 
the neural plate border at E8.0 and a global increase in the number 
of neural crest cells in mir-302−/− embryos from E8.0 to E9.5 (Fig. 5 
A and B and SI Appendix, Fig. S5 D–F, and Dataset S19).

To determine whether mir-302 deletion affects ectomesen-
chyme and/or neuronal premigratory neural crest, we performed 
coimmunofluorescence for PAX3 and E-CADHERIN and ana-
lyzed neural plate border localization in mir-302−/− embryos. Loss 
of mir-302 at E8.0 resulted in precocious expression of PAX3 in 
the lateral E-CADHERIN-positive domain (i.e., ectomesen-
chyme) (Fig. 5C). Later, at E8.25, we found that miR-302 deletion 
resulted in a significant medial expansion of the neural plate 

border into the neural domain of the ectoderm, thus both 
lineages (i.e., ectomesenchyme and neuronal progenitors) 
appear to develop precociously in mir-302−/− embryos 
(Fig. 5C and Figure 5 – Dataset S20). To identify changes 
in gene expression and chromatin accessibility of premigra-
tory neural crest upon mir-302 deletion, we used single-cell 
mRNA and ATAC sequencing of mir-302−/− embryos at 
E8.25 and integrated the data with a somite-matched 
mir-302+/+embryo. Cells of the E7.5 anterior ectoderm and 
E8.25 premigratory neural crest were aligned along a pseu-
dotime trajectory revealing that the majority of mir-
302−/− neural crest cells were part of the ectomesenchyme 
lineage (Fig. 5 D and E and Dataset S21). However, both 
ectomesenchyme and neuronal-progenitor lineages of prem-
igratory neural crest had an increase in the number of 
mRNAs per cell, suggesting miR-302 negatively regulates 
transcript stability in both populations (Fig. 5F and Dataset 
S21). Analysis of TSS accessibility revealed minimal change 
in the ectomesenchyme lineage in contrast to a small decrease 
in neuronal progenitors (Fig. 5G and Dataset S22).

Next, to focus on the formation of neuronal progenitors, 
we compared single-cell mRNA and ATAC sequencing of 
mir-302−/− embryos at E8.5 that were stage-matched to mir-
302+/+ embryos with identical somite counts. Interestingly, 
we identified a significant reduction of chromatin accessi-
bility in E8.5 premigratory cranial neural crest following the 
loss of mir-302, the timepoint when a significant number 
of neural crest emerge from the neural domain (Figs. 2K and 
5 H and I and Dataset S22). Minimal changes in chromatin 
accessibility are observed in mir-302−/− neural crest at E7.5 
and E8.25 (SI Appendix, Fig. S5G). These results suggest 
that at the time when significantly more neural crest are 
forming as a part of the neuronal domain, miR-302 may be 
critical for the differentiation capacity of this lineage of neu-
ral crest. Taken together, our findings are consistent with a 
role for miR-302 to control the timing of neural crest spec-
ification and chromatin accessibility. Together, our results 
demonstrate that posttranscriptional regulation by miR-302 
is required during cranial neural crest development.

miR-302 Targets Sox9 to Restrain Specification of the 
Ectomesenchyme Lineage. To determine if miR-302 is 
required for proper development of the ectomesenchyme 
lineage, we analyzed terminal differentiation into chondrocytes 
using Alcian blue staining, which revealed minimal changes 
after deletion of mir-302 (Fig. 6A and SI Appendix, Fig. S6 
A and B). scRNA-seq of the cranial region at E9.5 revealed an 
increase in expression of genes that promote the chondrocyte 
fate in E9.5 migratory neural crest cells, as well as an increase 
in the number of osteoblast precursors (SI Appendix, Fig. S6 

C and D). Analysis of scATAC-seq data at E9.5 showed minimal 
changes in accessibility of the chondrocyte lineage, thus miR-302 
is not required for terminal differentiation of chondrocytes (Fig. 6B 
and SI Appendix, Fig. S6E). To further understand how miR-302 
prevents precocious specification of ectoderm into ectomesenchymal 
neural crest, we focused on up-regulated miR-302 targets at E7.5. 
We compared a list of genes previously associated with neural crest 
formation to up-regulated targets in the mir-302−/− at our earliest 
time point of E7.5. Consistent with our results, we found that 
miR-302 is predicted to target many well-studied neural crest 
factors. Of these, Sox9 had the most dramatic increase in expression 
during formation (Fig. 6C). Although Sox9 has been thoroughly 
investigated in nonmammalian neural crest specification (2, 29, 43) 
and mammalian chondrocyte differentiation (44), its role in early 
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Fig. 3. Epiblast and neural crest transcription factors form a regulatory network. 
(A) Schematic of differentiation potential and gene expression during neural crest 
development. (B) Clustering of gene expression changes from E7.5 epiblast and sorted 
neural crest cells at E8.5 (Wnt1-positive) and E9.5 (Sox10-positive). (C) Gene ontology 
analysis and (D) motif enrichment for each neural crest-associated gene cluster. 
Gene clusters, gene ontology, and enriched motifs are included in Dataset S16. (E) 
Comparison of motif enrichment and gene modules reveals factors expressed early 
on, which are predicted to regulate genes expressed at later stages of differentiation. 
Cluster and motif comparisons are included in Dataset S17.
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specification of cranial neural crest in mice has not been carefully 
examined. Therefore, we used a neural crest-specific conditional 
deletion of Sox9 by crossing the Sox9 f/fmouse (45) with Wnt1-Cre 
(46) Interestingly, we found a significant reduction of neural crest 
upon Sox9 deletionat E8.5 (Fig. 6D and SI Appendix, Fig. S6F and 
Dataset S23). To validate the direct targeting of Sox9 by mir-302, 
we used a luciferase assay in which we transfected 293T cells with 
plasmids containing wild type and mutated miR-302a-5p-binding 
sites in the 3’UTR of Sox9. Using miR-302a-5p mimics, we found 
evidence of direct binding of miR-302a-5p in the 3′UTR of Sox9, 
which is disrupted upon mutation of the seed sequence (Fig. 6E and 
Dataset S24). To determine whether posttranscriptional regulation 
of Sox9 controls the timing of ectomesenchyme specification, we 
first asked whether deletion of one copy of miR-302 could rescue 
the reduction of neural crest formation of the Sox9−/− embryo, thus 
we compared neural crest in Sox9−/−; mir-302+/− embryos to Sox9−/− 
embryos and found an increase in PAX3-positive neural crest cells. 
To further interrogate the posttranscriptional regulatory axis of 
mir-302/Sox9, we deleted one copy of Sox9 in mir-302−/− embryos 
and observed a decrease in the number of PAX3-positive cells 

compared with mir-302−/− embryos (Fig. 6 F-I and 
SI Appendix, Fig. S6 G-I and Dataset S25). To further 
validate this finding, we used single-cell sequencing 
of a mir-302−/−; Sox9−/−, and mir-302−/−; Sox9+/− 
embryo and compared the number of neural crest 
with a mir-302+/+; Sox9+/+ embryo at E9.5 (Fig. 6J). 
In the mir-302−/− embryo, we observed a 1.5-fold 
increase in neural crest specification, whereas in the 
mir-302−/−; Sox9+/− embryo, this was reduced to 1.3-
fold (Fig. 6J and Dataset S26). Our demonstration of 
partial genetic rescue in mir-302−/−; Sox9+/− embryos 
establishes a critical role for posttranscriptional 
regulation of Sox9 to control specification of the 
ectomesenchymal lineage of neural crest.

miR-302 Is Required for Differentiation of the 
Neuronal Lineage of Cranial Neural Crest. Since we 
found reduced chromatin accessibility in premigratory 
neural crest at E8.5, we next asked whether miR-302 
controls the ability of neural crest to differentiate into 
derivatives of the neuronal lineage. Indeed, we find a 
reduction of peripheral neurons in mir-302−/− embryos 
compared with mir-302+/+ at E10.5 (Fig.  7A). To 
determine whether impaired neuronal differentiation 
was a cell-autonomous defect, we used a neural tube 
explant assay to isolate migratory neural crest cells to 
assess neuronal differentiation (47, 48) (SI Appendix, 
Fig. S7 A–D). Similar to our in vivo observations, we 
found a 10-fold reduction in neuronal differentiation 
of mir-302−/− neural crest cells ex vivo (SI Appendix, 
Fig. S7 C  and D; and Dataset S27). To determine 
whether miR-302 regulates chromatin accessibility, 
we used scATAC-seq at E8.5 to examine specification 
of neuronal-progenitors. Consistent with a defect 
in neuronal differentiation, we found that TSS 
accessibility was reduced in E9.5 peripheral neurons 
upon miR-302 deletion (Fig. 7B). Indeed, we found 
that chromatin accessibility around peripheral neuron 
genes decreased 0.8-fold in mir-302−/− embryos 
compared with mir-302+/+, whereas accessibility around 
chondrocyte genes was increased 1.2-fold (Fig. 7C and  
SI Appendix, Fig. S7E). To better understand the 
increased number of neural crest and associated 
decrease of neuronal differentiation observed in mir-

302−/− embryos, we used single-cell RNA-seq at E9.5 and aligned 
migratory neural crest cells along a pseudotime trajectory (Fig. 7D). 
Mir-302−/− cells accumulated at early steps in the differentiation 
trajectory (20% in mir-302−/− vs. 10% in mir-302+/+ in cell state 
1), leading to a decrease in differentiated cell states of the neuronal 
lineage (<25% in mir-302−/− vs. 40% in mir-302+/+ in cell state 5; 
Fig. 7 E and F and Dataset S28). These data suggest that miR-302 
promotes increased accessibility of chromatin in neuronal-progenitors 
during specification, which is required for terminal differentiation of 
peripheral neurons. Together, these data suggest that miR-302 has 
a distinct role in maintaining chromatin accessibility required for 
differentiation of the neuronal progenitor neural crest.

To better understand how miR-302 controls accessibility of chro-
matin, we further analyzed our scRNA-seq data at E8.25 to identify 
misregulated transcripts that could be leading to a defect at E8.5. 
Thus, we identified up-regulated miR-302 targets in mir-302−/− 
embryos at E8.25 and queried their predicted function in regulating 
chromatin organization using gene ontology analysis. Consistent with 
our observation of reduced chromatin accessibility, we found that 
up-regulated targets of miR-302 were predicted to be involved in 
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Fig. 4. miR-302 is expressed in cranial neural crest cells. (A) Clustering of miRNA expression 
changes from E7.5 epiblast and sorted neural crest cells at E8.5 and E9.5. MiR-302 is the most 
highly expressed miRNA maintained from E7.5 to E8.5 neural crest cells. MiRNA clustering 
analysis included in Dataset S18. (B) Wholemount miR-302-eGFP embryos (TS12b, 6 somites) and 
transverse cross-sections through the cranial region (TS12b, 5 somites). Immunofluorescence 
for SOX9 reveals colocalization with miR-302-eGFP. Signal intensity of miR-302-eGFP reveals 
miR-302 expression in neural crest (NCC) and nonneural ectoderm (NNE), while minimal signal 
was observed in cranial mesoderm. (Scale bar, 100 μm.) (C) Immunofluorescence for GFP and 
SOX9 in sagittal cross-section at E7.25 (TS9a, 0 somites) and transverse cross-section at E8.25 
(TS12a, 3 somites), E8.5 (TS12b, 5 somites), E8.75 (TS12b, 7 somites), E9.0 (TS14, 15 somites), and 
E9.5 (TS15, 21.5 somites). At three to seven somites of age, miR-302-eGFP colocalizes with SOX9. 
(Scale bar, 100 μm.) (D) Coverage plots of accessibility at the mir-302 locus in E8.5 ectoderm-
derived cell populations and minimal chromatin accessibility in the cranial mesoderm.
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heterochromatin assembly, histone deacetylation, and negative regu-
lation of transcription (Fig. 7G and Dataset S29). Top up-regulated 
predicted miR-302 targets that regulate chromatin accessibility 
included Mbd2 and Dnmt3a (Fig. 7G and Dataset S29). These find-
ings suggest the role of miR-302 is context dependent across time 
and distinct lineages of cranial neural crest. MiR-302 directly targets 
Sox9 to control the timing of ectomesenchymal specification and is 
predicted to target chromatin condensing genes to maintain chroma-
tin accessibility required for differentiation of peripheral neurons.

Discussion

To what degree early cranial neural crest reflect a population of homo-
geneous multipotent stem cells versus heterogeneous population of 
progenitors has long been of interest for regenerative medicine, ver-
tebrate evolution, and as a therapeutic target for craniofacial birth 
defects (1–15, 29, 43, 49, 50). Mammalian models have faced chal-
lenges due to a lack of available tools to study neural crest specification 
(51). Our study attempts to overcome this limitation using multiple 
approaches to carefully profile how chromatin accessibility, miRNA, 
and gene expression change during neural crest specification. Our 
results, together with previous findings, suggest increased chromatin 
accessibility (18), miRNAs, and transcription factors (6, 11) are 
shared between somatic cell reprograming and cranial neural crest 
specification. Furthermore, our single-cell multiomic approach 
allowed for the characterization of two distinct populations of prem-
igratory cranial neural crest cells that were similarly identified by other 
groups (5, 7). We find that each population is enriched for different 
lineage-specific genes, differentially accessible peaks, and transcription 
factor motifs, in line with previous results (52, 53). Our findings 
suggest that the heterogeneity of cells observed at the neural plate 
border reflects differential fate bias of ectomesenchyme and neuronal 
progenitors. The increase in chromatin accessibility from TS11d at 
E7.5 to TS12a at E8.25 may allow for simultaneous lineage fate bias, 
subsequent activation of migratory programs and expression of factors 
from earlier stages of development. Careful profiling of chromatin 

accessibility during E7.5 through the progression of TS11a-c before 
cranial neural crest progenitors can be identified from the ectoderm 
will help to further delineate accessibility changes during neural crest 
specification. Recent single-cell studies of cranial neural crest devel-
opment have found that delaminating neural crest share similar tran-
scriptional profiles suggesting previous positional information is 
erased (3, 6, 54). However, single-cell analysis of Wnt1-Cre+ cells 
sorted from four somite stage embryos also reveals multiple progen-
itor populations similar to our results (6). Indeed, Wnt1-Cre marked 
both Oct4 positive and negative neural crest precursors, suggesting 
that multiple distinct types of neural crest are specified shortly after 
gastrulation. The finding that Oct4 regulates ectomesenchyme (6) 
and miR-302 regulates neuronal differentiation (this study) further 
suggests that differential fate bias occurs at the earliest stages of cranial 
premigratory neural crest specification.

Our findings reveal unique factors of early development enriched 
in each population of neural crest and differential posttranscrip-
tional regulation for proper fate specification and differentiation. 
For example, we and others have found enrichment of Oct4 in the 
ectomesenchymal lineage (6), which is consistent with studies in 
embryonic stem cells that showed Oct4 promotes mesendodermal 
and inhibits neural ectoderm fate during exit from pluripotency 
(55). Moreover, deletion of Oct4 resulted in defects within the 
ectomesenchymal but not peripheral neuronal lineage in mice (6). 
However, Oct4 was dispensable for the formation of neural crest 
(6), which suggests additional mechanisms control the timing of 
ectomesenchymal specification. In contrast to the ectomesenchyme 
lineage, the neuronal progenitor lineage repurposed different factors 
such as Sall4, Sox2, and Otx2. In a complementary, but opposite 
role of Oct4, Sox2 inhibits mesendodermal fate and promotes neural 
ectoderm fate during germ layer specification of embryonic stem 
cells (55). Our results suggest that a majority of the neural plate 
border is specified to the neuronal progenitor population at E8.5. 
Interestingly, we also find reduced chromatin accessibility in E8.5 
mir-302−/− neural crest and a defect in peripheral neuron differen-
tiation, consistent with increased chromatin accessibility being 
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C Fig. 5. mir-302 differentially regulates specification 
of ectomesenchymal versus neuronal progenitor 
neural crest. (A) Wholemount immunofluorescence 
for SOX9 in mir-302+/+ and mir-302−/− embryos at E8.0 
(2 somites, TS12a), E8.25 (4 somites, TS12a), E8.5 
(7 somites TS12b), and E8.75 (9 somites, TS13). (B) 
Boxplot of PAX3-positive cells over time. ANOVA mir-
302+/+ versus mir-302−/− E8.0 P = 0.015, E8.25 P = 0.038, 
E8.5 P = 0.049, E9.5 P = 0.094. Raw data available in 
Dataset S19. (C) Immunofluorescence of mir-302+/+ 
and mir-302−/− transverse cranial cross-sections for 
E-CADHERIN and PAX3 at E8.0 (2  somites, TS12a) 
and E8.25 (3 to 4 somites, TS12a). (Scale bar, 50 μm.) 
Zoomed-in view of the mir-302+/+ and mir-302−/− neural 
plate border. Quantification of the number of PAX3-
positive cells in the E-CADHERIN-negative domain of 
mir-302+/+ and mir-302−/− ectoderm at E8.25 revealed 
a significant expansion of the neural plate border into 
the neural domain upon mir-302 deletion (ANOVA 
P = 0.00059). Raw data available in Dataset S20. 
(D) Pseudotime trajectory comparing the mir-
302+/+ and mir-302−/−  E7.5 anterior ectoderm and 
E8.25 cranial neural crest. (E) Quantification of cell 
distribution and (F) total mRNA increase, in each 
cell state of the mir-302−/− relative to mir-302+/+. Raw 
data available in Dataset S21. (G) TSS enrichment 
of the mir-302+/+ and mir-302−/−  ectomesenchyme 
and neuronal progenitor lineages of neural crest. A 
slight reduction in TSS accessibility is observed in the 
neuronal progenitor lineage. Raw data available in 
Dataset S22. (H) TSS enrichment in E8.5 mir-302+/+ and 
mir-302−/− premigratory neural crest cells. Raw data 
available in Dataset S22. (I) Violin plots comparing the 
TSS enrichment and the number peaks in E8.5 mir-
302+/+ and mir-302−/− premigratory neural crest cells.

http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212578120#supplementary-materials


10 of 12   https://doi.org/10.1073/pnas.2212578120 pnas.org

required for neuronal differentiation. Indeed, mutations in chro-
matin remodelers have been identified as the cause of several cran-
iofacial syndromes, illustrating the relevance of understanding 
chromatin dynamics during neural crest development (56–58).

The idea that chromatin structure could be modulated by 
miRNA control of chromatin remodelers is an attractive method 
to direct cell differentiation for cell fate engineering and regen-
erative medicine (59–67). Future studies are needed to better 
understand how miRNAs control fate specification by modulat-
ing the expression of genes that control chromatin accessibility 
in both pluripotent and neural crest cells and determining which 
chromatin remodelers control the dynamic changes observed 
during early neural crest development. Our observation of two 
distinct populations of premigratory cells that were differentially 
affected by loss of miR-302 provides an additional mechanistic 
explanation as to why some defects occur in cranial neural crest 
cartilage versus neuronal lineages in humans. Since the function 
of miR-302 is conserved in mice and humans (42) and Sox9 
deletion results in defects in cranial chondrocyte differentiation 
(44), we hypothesize that disruption of the miR-302 regulatory 
axis may underlie some human craniofacial and neurological 
disorders. Consistent with our findings, Dicer was reported to 
be up-regulated in chicken neural crest cells (68). Thus, preco-
cious differentiation and early expansion of neural crest following 

deletion of miR-302 suggests that posttranscriptional regulation 
is a conserved mechanism of regulation during cranial neural 
crest specification. In the present study, our approach to studying 
the lineage-specific role of miR-302 in neural crest cells lacks 
cellular specificity, as there is currently no method of genetically 
deleting or lineage tracing subsets of premigratory neural crest 
cells independently. Future studies will be critical for addressing 
outstanding questions regarding the lineage-specific role of miR-
302. For example, we find that Sox9 is expressed comparably 
within both lineages of neural crest (Fig. 2B) and with our cur-
rent approach to dissect the role of the mir-302/Sox9 axis in 
ectomesenchymal neural crest, it remains to be determined 
whether mir-302 could be targeting Sox9 in the neural lineage 
of premigratory neural crest to inhibit ectomesenchymal fate. 
Lineage-specific tools will also be critical for determining subtle 
differences in timing of formation, migration, and terminal dif-
ferentiation of each population of premigratory neural crest. 
For example, as neural crest form during development, they are 
exposed to different environmental cues suggesting that early 
delaminating leader cells have similar potential to later delami-
nating cells that follow (69). Determining the premigratory 
population that is the first to undergo EMT, then lineage tracing 
these cells and determining their terminal fate will be important 
for delineating differences between early leader versus follower 
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Fig. 6. miR-302 targets Sox9 to restrain specification of the ectomesenchyme lineage. (A) Alcian blue staining of E15.5 mir-302+/+ and mir-302−/− mandibles.  
(B) Violin plot of TSS fragments showing no change in accessibility of the E9.5 ectomesenchyme lineage. (C) Change in expression from E7.5 to E8.5 of up-regulated 
miR-302 targets that are known neural crest genes. (D) Wholemount immunofluorescence of E8.5 (TS12b, 5 somites) Sox9+/+ and Sox9−/− embryos for PAX3, PAX7, 
and SOX9. (E) Luciferase assay to demonstrate the direct binding of miR-302 to the 3′UTR of Sox9 (ANOVA for binding sites 2 and 3 and Fgf15-positive control 
P < 0.05). The miR-302a 5p seed sequence (TTAAAG) was mutated to (TTGACG) within each seed sequence. Plasmids were transfected into human embryonic 
stem cells and normalized using internal control luciferase. Error bars represent SD. Raw data available in Dataset S24. (F) Transverse cross-sections through 
the cranial region and pharyngeal arch 1 of E9.0 (TS14) Sox9+/+; miR-302+/+, Sox9−/−, and Sox9−/−; and miR-302+/− embryos. (Scale bar, 100 μm.) (G) Quantification 
of the fold change of the number of PAX3-positive cells from the cranial and pharyngeal arch sections of E9.0 (TS14) Sox9+/+; miR-302+/+, Sox9−/−, and Sox9−/−; 
and miR-302+/− embryos. Raw data available in Dataset S25. (H) Transverse cross-sections through the cranial region and pharyngeal arch of E9.5 (TS15) Sox9+/+;  
miR-302+/+, miR-302−/−, and miR-302−/−; Sox9+/− embryos. (Scale bar, 100 μm.) (I) Quantification of the fold change of the number of PAX3-positive cells from the 
cranial and pharyngeal arch sections of E9.5 (TS15) Sox9+/+; miR-302+/+, miR-302−/−, and miR-302−/−; Sox9+/− embryos. Raw data available in Dataset S25. (J) UMAP plots 
and quantification of neural crest cell number of miR-302−/− and miR-302−/−; Sox9+/− embryos compared with Sox9+/+; miR-302+/+. Raw data available in Dataset S26.
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populations. MiR-302 deletion results in precocious specification 
of ectomesenchyme at E8.0 and an increase in both the number 
of osteoblast precursors and in expression of chondrocyte genes 
at E9.5. However, Alcian blue staining revealed that chondrocyte 
derivatives of mir-302−/− embryos appear similar to wild type at 
E15.5. It remains unknown whether the mir-302−/− ectomesen-
chymal neural crest cells undergo apoptosis, or whether signaling 
and patterning processes within the pharyngeal arches can bal-
ance these transcriptional changes to regulate terminal differen-
tiation and compensate for early differences in cell number 
(70–74).

Our results, together with previous studies, suggest that both 
transcription factors and miRNAs involved in primed pluripo-
tency are critical regulators of the earliest cranial crest cells. Our 
findings begin to unravel the role of miR-302 during the transi-
tion from epiblast to neural crest and subsequent craniofacial 
development (16, 60–67). Since OCT4, NANOG, and SOX2 
bind to the mir-302 promoter region in pluripotent cells (66) and 
pluripotency is transiently lost following gastrulation, it will be 
interesting to determine how miR-302 is maintained (i.e., not 
reactivated) in neural crest cells. Similarly, the mechanisms driving 
reactivation of pluripotency programs remain unknown. A limi-
tation of transcriptomic studies is a lack of information on protein 
levels. While we demonstrate a lineage-specific transcriptional 
reactivation of pluripotency transcription factors in neural crest 
cells, the translation of these factors has not been thoroughly 
investigated. In summary, our study reveals posttranscriptional 

regulation as a critical regulator of expanded developmental 
potential and timing of cranial neural crest development.

Data, Materials, and Software Availability. Raw and processed single-cell mRNA 
and single-cell ATAC data can be found under GEO SuperSeries GSE216138 and 
GSE216136. Bulk mRNA sequencing data can be found on the GEO database under 
GSE137227. All study data are included in the article and/or SI Appendix.
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Fig. 7. miR-302 is required for differentiation of the peripheral neuron lineage of cranial neural crest. (A) Wholemount immunofluorescence for TUJ1 in mir-
302+/+ and mir-302−/− embryos at E10.5 (TS17). (B) Violin plot of TSS fragments showing a reduction in accessibility of the E9.5 peripheral neuron lineage. (C) Peak 
plot and bar plot comparing chromatin accessibility of peripheral neuron and chondrocyte genes. (D) To assess whether mir-302 deletion results in a block in 
peripheral neuron differentiation, E9.5 neural crest cells and E9.5 peripheral neurons were aligned along a pseudotime trajectory. Differentiation trajectory of 
E9.5 neural crest cells and E9.5 peripheral neurons reveals two branch points, resulting in five cell states. (E) Plot showing cells residing in each cell state during 
differentiation of E9.5 neural crest into peripheral neurons, colored by genotype. (F) Percent of mir-302+/+ and mir-302−/− cells residing in each cell state. E9.5 
peripheral neurons of the mir-302−/− embryo reside in the most undifferentiated cell state. Raw data available in Dataset S28. (G) Gene ontology of miR-302 targets 
that regulate chromatin accessibility predicts involvement in heterochromatin assembly and histone deacetylation consistent with a reduction in chromatin 
accessibility upon mir-302 deletion. Top up-regulated miR-302 targets in mir-302−/− E8.5 premigratory neural crest that regulate chromatin accessibility, many 
of which are known to methylate histones. Raw data available in Dataset S29. (H) Schematic demonstrating the maintenance of developmental potential of the 
ectoderm during formation of the ectomesenchyme lineage by miR-302 via direct targeting of Sox9, and the maintenance of developmental potential of the 
neuronal progenitor lineage by miR-302 via predicted targeting of chromatin condensing genes.
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