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NEUROSCIENCE

Spatiotemporal cellular movement and fate decisions
during first pharyngeal arch morphogenesis

Yuan Yuan', Yong-hwee Eddie Loh?, Xia Han', Jifan Feng', Thach-Vu Ho', Jinzhi He',

Junjun Jing', Kimberly Groff', Alan Wu', Yang Chai'*

Cranial neural crest (CNC) cells contribute to different cell types during embryonic development. It is unknown
whether postmigratory CNC cells undergo dynamic cellular movement and how the process of cell fate decision
occurs within the first pharyngeal arch (FPA). Our investigations demonstrate notable heterogeneity within the
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CNC cells, refine the patterning domains, and identify progenitor cells within the FPA. These progenitor cells un-
dergo fate bifurcation that separates them into common progenitors and mesenchymal cells, which are charac-
terized by Cdk1 and Spry2/Notch2 expression, respectively. The common progenitors undergo further bifurca-
tions to restrict them into osteogenic/odontogenic and chondrogenic/fibroblast lineages. Disruption of a
patterning domain leads to specific mandible and tooth defects, validating the binary cell fate restriction pro-
cess. Different from the compartment model of mandibular morphogenesis, our data redefine heterogeneous
cellular domains within the FPA, reveal dynamic cellular movement in time, and describe a sequential series of

binary cell fate decision-making process.

INTRODUCTION

The heterogeneous structures that form the face together serve cru-
cial physiological and sociological functions in human life. From birth,
faces are essential to individuals’ identity and serve as powerful in-
dicators of our emotions and health status (1). The multiple distinc-
tive cellular origins of the various facial tissues and sensory organs
are vital to their anatomy and function, yet poorly understood (2).
Numerous congenital craniofacial abnormalities affect the form and
function of the face, such as cleft lip/palate and micrognathia (3). A
comprehensive understanding of facial morphogenesis at the cellular
and molecular levels is fundamental to the explanation and, ulti-
mately, prevention of these developmental defects, which have serious
physiological and psychosocial consequences and can substantially
compromise the quality of life.

During facial morphogenesis, cranial neural crest (CNC) cells
contribute to a variety of tissue types, including craniofacial skeletal
structures, chondrocytes, odontoblasts, dental pulp cells, connective
tissue, melanocytes, neurons, and glia of the peripheral nervous sys-
tem (4, 5). Different sets of transcriptional networks specify the early
(induction and migration), intermediate (intra-arch patterning),
and late (terminal differentiation) stages of CNC cell development.
Specifically, a hierarchical gene network composed of sequentially
expressed transcriptional factors including Brn3c, Lhx5, Sox8, Tfap2b,
and Ets] has been identified to play an important role in regulating
early CNC induction and migration (6). During the intermediate
stage of CNC development, Soldatov and colleagues (7) recently
performed single-cell RNA sequencing analysis and demonstrated
the sequential binary fate restrictions of CNC cells during epithelial-
to-mesenchymal transition and early migration. Coexpression and
competition of genes drive the alternative fate programs toward
sensory neuron, autonomic neuron, and mesenchyme (7). Shortly
after CNC migration into the first pharyngeal arch, patterning do-
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mains are established within the mandibular process to set the pri-
mary identities of CNC mesenchymal cells. A new set of specifiers,
such as homeobox genes Alx1, Barxl, Lhx8, and Gsc, which have
been proposed to be induced by epithelial signals, divide the mandible
into four patterning domains along the proximal-distal and oral-
aboral axes (8-10). Multiple signaling networks have been identi-
fied as responsible for patterning domain establishment. Through
epithelial-mesenchymal interactions, signaling molecules such as
endothelinl, Bmp4, Fgf8, and Shh induce the expression of domain
specifiers in the mesenchyme (9, 11, 12). Recently, this patterning
process was tested by single-cell RNA sequencing analysis based on
gene expression profiling, and it was revealed that Bmp and Shh
signaling are involved in regulating patterning along the oral-aboral
axis (12). However, despite advances in identifying specifiers during
early CNC cell differentiation, we have limited understanding of
whether the postmigratory CNC cells continue to move within the
first pharyngeal arch and whether their fates are solely restricted by
the ectodermal signaling, as proposed in the compartment/unit
condensation model, and subsequently determined through cellu-
lar differentiation during craniofacial development (13, 14). From a
developmental perspective, it is fascinating to investigate the dy-
namic processes through which postmigratory CNC cells commit
to different fates and subsequently give rise to a variety of structures
within the craniofacial complex. The expression of master regula-
tors of chondrogenesis, osteogenesis, and odontogenesis, such as
Sox9, Runx2, and Dspp, respectively, in the mandibular primordium
indicates the beginning of the third stage, the terminal differentia-
tion of postmigratory CNC cells (15, 16). Furthermore, the link be-
tween the domains established within the first pharyngeal arch in
the patterning stage and different tissue types formed afterward is
also largely missing (17, 18). Last, the locations of progenitor cells
for the differentiated cell types and their migratory paths by which
they reach the final destinations also remain unknown.

In this study, we investigated cellular heterogeneity during early
mandible development and refined and mapped patterning domains
with distinct differentiation potential back into the first pharyngeal
arch in fine detail. We also transcriptionally profiled single cells
from critical developmental stages, closely tracked CNC cells within
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the first pharyngeal arch, and identified a series of bifurcating fate
decisions as they formed different lineages. Our findings reveal that
the most proximal group of postmigratory CNC cells undergoes
dynamic intrapharyngeal arch movement, following routes from the
proximal toward the distal, aboral, and oral domains, and contributes
to multiple lineages within the first pharyngeal arch. Last, we used
single-cell analysis to identify how impairment of the patterning pro-
cess affects CNC cell fate decision and leads to specific mandibular dys-
morphology, which provides novel insight into the cellular dynamics
of mandibular morphogenesis in normal and abnormal development.

RESULTS

Refining the patterning domains of the embryonic day 10.5
mouse first pharyngeal arch

To understand the cellular heterogeneity of postmigratory CNC
cells and their roles in early mandible development, we isolated the
mandibular primordium from mouse embryos at embryonic day
10.5 (E10.5) and sequenced individual cell transcriptomes (Fig. 1A).
Through unsupervised clustering and marker analysis, we identi-

B
Red blood cells
17
Endothelial cells Glial cells
CNC-derived
16 ‘ T '4 ; meseni:;;e
Mesogg}ﬁ 89 0 : 153\ s
: 3 ; R
12 74 et o ~61 Oral epithelium
A “13“ Pharyngeal
Pharyngeal cleft endoderm
Oral Aboral Proximal Distal |
C Lhx6 D Gsc E  Nbi1 F  Hand1
|
Lhx6 Nbl1

Clusters
.
°

Fig. 1. Patterning domains in the first pharyngeal arch. (A) Scanning electron
microscopy scan of mouse embryo at E10.5 shows the general scheme of the intra-
pharyngeal arch patterning domains (top); histology of the first pharyngeal arch at
E10.5 shows the homogeneous cellular morphology (bottom). PA1, first pharyngeal
w of E10.5 mandibular primordium identified 20 major clusters representing eight
different cell types. (C to F) FeaturePlots of patterning genes representing different
domains. Lhx6 is expressed in the oral domain, Gsc is expressed in the aboral do-
main, Nbl1 is expressed in the proximal domain, and Hand1 is expressed in the
distal domain. (G to J) RNAscope analysis of patterning genes representing different
domains. (K) DotPlot of signature genes of mesenchymal clusters. (L) Schematic of
cluster mapping within the first pharyngeal arch. The dotted circle indicates the
mesodermal core. For example, clusters 2, 12, 6, and 7 as shown with Hand1, Alx3,
and Lix1 expression are in the distal domain of the first pharyngeal arch.

Yuan etal., Sci. Adv. 2020; 6 : eabb0119 16 December 2020

fied eight different cell types within the E10.5 first pharyngeal arch,
including CNC-derived mesenchymal cells (DIx5" and PrrxI"), oral
epithelium (Fgf8" and VglI2*), pharyngeal cleft (Wnt6" and Tfap2b*),
pharyngeal endoderm (Shh* and Nkx2-3"), mesoderm-derived cells
(TbxI* and Myf5"), endothelial cells (Cdh5" and Cldn5"), erythroid
cells (Hba-al" and Hbb-bt"), and glial cells (PlpI1™ and Sox10")
(Fig. 1B) (19-23). RN Ascope analysis of known marker genes in
mandibular sections confirmed the clusters derived from different
germ layers (fig. S1A).

In the E10.5 samples, patterning domains along the proximal-
distal and oral-aboral axes were well separated, which was confirmed
using RNAscope in situ analysis of genes known to be differentially
expressed in each domain, including Lhx6, Gsc, Nbll, and Handl
(Fig. 1, G to J). We noticed that the clusters of cells that formed the
oral and aboral as well as the proximal and distal domains were lo-
cated in regions that mimicked their in vivo anatomical locations
(Fig. 1, C to F). We also reclustered CNC-derived mesenchymal
cells with a lower principal components analysis (PCA) dimension
factor to identify the major differences among these cells. We ob-
served five clusters. Clusters 0 through 3 represented the four pat-
terning domains along the proximal-distal and oral-aboral axes,
suggesting a significant influence of the patterning process on
CNC-derived mesenchymal cells (fig. S1, B and C). Cluster 4, which
was located in the center, had no apparent patterning gene marker
expression, revealing an unidentified cell population residing either
scattered throughout the tissue or in the central region of the E10.5
first pharyngeal arch (fig. S1, B and C).

In E10.5 samples, unsupervised clustering predicted 20 cell clus-
ters, with 13 of them representing the CNC-derived mesenchyme,
suggesting considerable complexity and heterogeneity among the
postmigratory CNC cell population within the first pharyngeal arch
(Fig. 1B). To facilitate the understanding of this complex patterning
process, we performed extensive in situ analysis and mapped the
13 cell clusters representing CNC-derived mesenchyme back into
their in vivo locations (Fig. 1L and fig. $2). On the basis of established
patterning domain markers for mice (Lhx6 and Etv4 for oral, Gsc
for aboral, Handl and AlxI for distal, and Barx1 for proximal), we
fit our 13 newly identified clusters within the CNC-derived mesen-
chyme into these four patterning domains. Specifically, clusters 1, 3,
4, and 15 represent the proximal domain; clusters 5 and 6 represent
the oral domain; clusters 0, 7, 8,9, and 11 represent the aboral domain;
and clusters 2 and 12 represent the distal domain. In the zebrafish
first pharyngeal arch, previous studies have named three specific
patterning domains: dorsal, intermediate, and ventral (24, 25). Using
partition-based graph abstraction (PAGA) analysis and Louvain
clustering, we also observed a clear separation among these regions
based on marker gene expression (Pou3f3 for dorsal, DIx3 for inter-
mediate, and Hand]I for ventral) (fig. S1, E and F) (26). The tradi-
tional patterning domains in the first arch give us the fundamental
positional identity of CNC cells. However, the 13 fine-grained pat-
terning domains we identified will allow us to reveal more nuanced
differences and investigate the distinct differentiation potentials and
future contributions of these heterogeneous groups of postmigratory
CNC cells at a much higher resolution.

Single-cell analysis of lineage specification of CNC cells
within the mandibular primordium at E12.5

As early as E12.5, the establishment of Meckel’s cartilage (MC)
and bone primordium in the mandible suggests that CNC-derived
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mesenchymal cells have already acquired their fates and begun the
process of differentiating toward distinct lineages (27). Clustering
of the transcriptomes of samples at E12.5 and E14.5 revealed the
expansion of a variety of cell types, such as epidermal, CNC-derived
mesenchymal, and endodermal cells, over developmental time
(Fig. 2A and fig. S3). An array of terminally differentiated tissue
types derived from CNC cells emerged during this period, such as
osteoblasts (Runx2" and Sp7"), chondroblasts (Sox9" and Col2al"),
odontoblasts (Pax9" and Barx1"), and tendon and ligament precur-
sors (Scx* and Tnmd") (Fig. 2A and fig. S3).

To better demonstrate the multilineage differentiation of CNC
cells, we isolated mesenchymal cell clusters at E12.5 and performed
pseudotemporal analysis using Monocle 2 (28). The pseudotempo-
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Fig. 2. Lineage specification of CNC cells within the mandibular primordium
at E12.5. (A) Cell annotation on UMAP plot of E12.5 mandibular primordium indi-
cates different cell types based on known differentiation marker genes expression.
(B) Pseudotemporal analysis of mesenchymal population showing the multilineage
differentiation process of postmigratory CNC cells within the first pharyngeal arch.
(C) Selected marker gene expression of each cell lineage in green. (D) Pseudotime
trajectory of chondrogenic lineage. Top left: Pseudotime trajectory colored by cell
clusters; bottom left: pseudotime trajectory colored by timeline, and heatmap show-
ing transcriptional dynamics during differentiation. Specific genes are listed on the
right to show their expression dynamics. (E and H) FeaturePlot of genes in the in-
termediate stage of chondrogenic differentiation at E10.5. (F, G, I, and J) Immuno-
fluorescence (F and G) and RNAscope (I and J) detection of indicated protein or
mRNA transcripts for genes in the intermediate stage (cluster Il) at E10.5 and E12.5,
respectively. M, Meckel’s cartilage.

Yuan etal., Sci. Adv. 2020; 6 : eabb0119 16 December 2020

ral differentiation analysis predicted that the early mesenchymal
progenitors generated distinct trajectories to osteocyte, chondrocyte,
and fibroblast lineages (Fig. 2B). Each of these trajectories was iden-
tifiable by known markers corresponding to the respective cell types
(Fig. 2C). Consistent with Monocle, PAGA analysis (26) also showed
a similar differentiation trajectory of E12.5 mandibular mesenchyme
(fig. S5). We further examined each lineage trajectory individually.
On the basis of the dynamics of their differentiation patterns, the
genes associated with each trajectory were divided into three clusters
(numbered I, II, and III) (Fig. 2D). Genes in cluster I were strongly
expressed in the early stages of differentiation process. Postmigra-
tory CNC cells in the mandibular arch strongly expressed genes in
cluster I, such as Twist2, Epha4, and Osr2. Genes in cluster III were
highly expressed in the terminally differentiated cells, so these genes
indicated the characteristics of each progenitor cell type, including
chondrogenic cells (Sox9 and Col2al), osteoblasts (Runx2 and Mef2c),
and fibroblasts (DIkI and Shox2) (Fig. 2D and fig. S4, A and B).
Genes in cluster II were highly expressed in the intermediate stage
of differentiation. We identified several first-arch aboral/distal do-
main patterning genes expressed in the intermediate stage of chon-
drogenesis, such as Gsc and Maf (Fig. 2D). In addition, IgfI was also
highly expressed in the aboral domain within the first pharyngeal
arch at E10.5. These data suggest that the cells in the aboral/distal
domain of the first arch are primed for mandibular chondrogenic
differentiation, which is consistent with previous findings (29).

We further analyzed the contribution of cells located in the
aboral/distal domain (clusters 7 to 9 and 12) at E10.5 to the future
mandibular development. At E10.5, Gsc was highly expressed in the
aboral/distal domain of the first pharyngeal arch, whereas Foxp2
expression was found in two distinct domains: the aboral/distal do-
main where Gsc expression was seen, and the aboral/proximal do-
main (Fig. 2, Fand I). At E12.5, both Gsc and Foxp2 were specifically
expressed in the perichondrium of MC, suggesting a possible regu-
latory role of these genes in mandibular chondrogenesis (Fig. 2,
G and J). Gsc regulation of chondrogenesis has been reported pre-
viously. In Gsc™’~ mice, defects of MC and the middle ear structure,
which is derived from MC, were observed (30). We further investi-
gated the contribution of Foxp2" cells to chondrogenesis during
mandible development using Foxp2Cre;tdTomato mice. As expected,
at E15.5, Foxp2-derived cells contributed to both the perichondrium
and mature chondrocytes (fig. S6, A and B), suggesting a potential
role of Foxp2 in chondrogenesis (31). Overall, the pseudotime anal-
ysis faithfully reflected the multilineage differentiation process of
postmigratory CNC cells within the first pharyngeal arch and also
offered new insights into the potential molecular mechanisms that
control the commitment of each cell lineage.

Integrative analysis of mouse mandibular development
reveals sequential fate decisions of postmigratory CNC cells
To investigate the complex developmental process of mandibular
morphogenesis over time, we performed integrated analysis of
single-cell RNA sequencing data from three different developmen-
tal stages (E10.5, E12.5, and E14.5) using Seurat 3 (32). We identi-
fied 17 clusters that could be manually identified with 17 major cell
types through their expression of highly specific marker genes
(Fig. 3A; erythroid, endothelial, and myeloid clusters were removed
for visualization purposes). On the basis of the developmental stage
at which each cluster emerges, we can see the developmental prog-
ress of different cell types that give rise to each cell lineage through
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Fig. 3. Integrative analysis of mouse mandibular development reveals sequential fate decisions of postmigratory CNC cells. (A) Seurat 3 UMAP plot integration of
mandibular primordium at E10.5, E12.5, and E14.5. (B) Marker gene expression in the integration analysis showing terminally differentiated lineages. (C) Seurat 3 UMAP
plot integration of mandibular primordium at E10.5, E12.5, and E14.5 based on the developmental stages. The red-boxed area is the epithelial compartment, and the
blue-boxed area shows the initial fate bifurcation of the postmigratory CNCs. (D) Monocle 3 pseudotime trajectory of CNC-derived mesenchymal cells showing the se-
quential fate decisions of postmigratory CNC cells. Top: Pseudotime trajectory colored by stage; bottom left: pseudotime trajectory colored by timeline; bottom right:

schematic drawing representing the hierarchy of differentiation trajectory.

terminal differentiation (Fig. 3, A and C). For example, in the epi-
thelium, early cells from E10.5 in the central region branched in
three different directions, representing the oral epithelium (Pdgfa™),
skin epithelium (Cxcl14"), and dental epithelium (Pitx2") at later
developmental stages (Fig. 3, A and C). The differentiation trajectory
of CNC-derived mesenchymal cells predicts a different develop-
mental progression pattern from that of the epithelium. Mesenchymal
cells at E10.5 were tightly clustered on one side with two streams of
cells branching out toward the later-stage clusters on the other side,
connecting to cells from E12.5 and E14.5, among which we identi-
fied the osteogenic/odontogenic lineage, chondrogenic lineage, der-
mal fibroblast, and perimysial fibroblast lineages (Fig. 3, A and C).
The multilineage differentiation ability of CNC cells has been
well characterized in previous investigations, showing that during
their epithelial-mesenchymal transition and early migration, they
lose multipotency following a structured pattern of lineage restric-
tions (7). However, the means by which postmigratory CNC mes-
enchymal cells make their fate decisions and whether their lineage
commitment occurs simultaneously in a compartmentalized model
or in a dynamic sequential manner remain unclear. We used Mono-
cle 3 pseudotime analysis to computationally model the cell fate de-
cisions of CNC-derived mesenchyme. Our results demonstrated
that CNC-derived progenitors acquire their fates through an orderly
sequential bifurcation process. Specifically, the progenitors first bi-
furcate into two different groups: the Notch2" stromal cell lineage
and the common progenitors of the odontogenic, osteogenic, chon-
drogenic, and fibroblast lineages. The second bifurcation separates
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the odonto-/osteoprogenitors from the chondrogenic and fibroblast
lineages (Fig. 3D).

The integration analysis predicts that the first fate choice of post-
migratory CNC cells happens at E10.5. The commitment to each
fate is marked by expression of Spry2, a gene encoding an Fgf sig-
naling antagonist, in one branch, and Cdk1, a cell cycling gene, in
the other (Fig. 4A). We identified that some cells strongly express
both marker genes, suggesting the common origin of these two lin-
eages (Fig. 4B). Consistent with this, in situ analysis showed Spry2 is
highly expressed in the oral domain of the first arch at E10.5, where-
as strong CdkI expression was detected in the proximal region with
partially colocalized expression of Spry2 (Fig. 4, D to F), suggesting
a possible progenitor role of postmigratory CNC cells in the proxi-
mal region of the first pharyngeal arch.

Dynamic intra-arch cellular movement contributes

to postmigratory CNC cell fate decision

We integrated the clusters gleaned from the E10.5 samples into the
combined E10.5 to E14.5 datasets and mapped each cluster in the
E10.5 mesenchyme to the differentiation trajectories defined by
Seurat 3 integration analysis. This approach allowed us to investi-
gate the differentiation potential and heterogeneity of CNC cells in
the first pharyngeal arch at a much higher resolution than the tra-
ditional patterning domains. To our surprise, each cluster in the
CNC-derived mesenchyme showed a unique pattern, collectively
revealing a well-defined hierarchy of postmigratory CNC cell move-
ment and differentiation. Cells in cluster 3 in the proximal domain
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Fig. 4. Fate decision of postmigratory CNC cells at E10.5. (A) FeaturePlot of
markers representing the first bifurcated lineages toward common progenitors
(Cdk1*) and stromal cells (Spry2*). (B) Cdk1 and Spry2 show largely branch-specific
expression patterns, but are coexpressed in some cells at E10.5. X and Y axes indi-
cate the expression level of each gene in the cells. (C) Heatmap showing expres-
sion of branch-specific genes in cells assigned to either lineage. (D to F) RNAscope
detection of indicated mRNA transcripts showing lineage bifurcation of the post-
migratory CNC cells starting from the proximal region of the first pharyngeal arch
toward the oral and aboral directions. Arrow points to Spry2 expression in the oral
domain, and arrowhead points to the Cdk1 expression in the proximal region.
Boxed area highlights the coexpression of Spry2 and Cdk1. (G) E10.5 clusters in
Seurat 3 integration embedding showing different differentiation potential of cells
within the first pharyngeal arch mesenchyme. (H) RNA velocity analysis projected
onto the t-SNE plot. The arrows indicate the predicted future cell states. (I) Heat-
map of whole-mount immunofluorescence of Ki67 expression in E10.5 embryo.
Arrow points to the strong expression of Ki67 in the proximal region of the first
pharyngeal arch. (J to L) Immunofluorescence of Ki67 expression in E10.5 embryo
section. Red-boxed area shows the proximal region of the first pharyngeal arch,
and yellow-boxed area shows the distal region of the first pharyngeal arch. Arrows
point to Ki67-positive cells.

represented the most undifferentiated population in the first pha-
ryngeal arch mesenchyme, which has also been demonstrated in
zebrafish (33), while cells in clusters 5 and 11 formed bifurcated
streams very close to cluster 3, suggesting that these cells were just
acquiring their cell fate and committing to different lineages. Cells
in cluster 5 in the oral domain were strongly associated with the
Notch2* lineage, while the cells in cluster 11 served as common pro-
genitors that further separated into trajectories toward clusters 6
and 7, which later on contribute to osteogenic/odontogenic, chon-
drogenic, and fibroblast lineages (Fig. 4G). However, this predic-
tion of the differentiation potential of E10.5 cells is derived from
gene expression similarities; genuine lineage tracing will be neces-
sary for further analysis.

Using RNA velocity analysis of the E10.5 CNC-derived mesen-
chyme, we also validated this postmigratory CNC maturation di-
rection from proximal to other domains (34). The velocity field
projected onto the t-stochastic neighbor embedding (t-SNE) plot
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showed strong directional flow originating from clusters 1, 3, and 4,
representing cells in the proximal domain moving in two distinct
directions: cluster 12/2, representing cells in the aboral/distal do-
main, and cluster 5, representing cells in the oral domain (Fig. 4H).
RNA velocity analysis based on scVelo (35) predicted the same di-
rectional flow from the proximal domain to the aboral/distal do-
mains and oral domain (fig. S8, A and B). Consistent with this,
pseudotime analysis of E10.5 mesenchyme also predicted that cells
in the proximal domain would give rise to two lineage trajectories:
one toward the oral domain, and the other toward the aboral/distal
domains (fig. S8, C and D). Taking these findings together, our data
suggest that besides anatomical difference, a cellular hierarchy of
differentiation exists within the first pharyngeal arch mesenchyme.

To validate this discovery in vivo, we first examined the prolifer-
ation activity of cells in the first pharyngeal arch at E10.5. The heat-
map based on whole-mount immunofluorescence of Ki67 expression
indicated that cells in the proximal domain had significantly in-
creased proliferation relative to those in other domains, suggesting
that the cells in this region may be less differentiated (Fig. 4, I to L).
This observation was further confirmed by phospho-histone H3
staining and quantification analysis (fig. 7). We next identified
that Gbx2 is specifically expressed in the proximal domain of the
first pharyngeal arch at E10.5 (Fig. 5, A and B). To investigate the
contributions of Gbx2" cells in the proximal domain, we performed
a cell lineage tracing study using Gbx2CreER;tdTomato mice. We
first harvested Gbx2CreER;tdTomato mice samples 10 hours after
tamoxifen induction, showing that only the cells in the proximal
domain of the first pharyngeal arch were labeled (Fig. 5, C and D).
Twenty-four hours after tamoxifen induction, Gbx2-derived cells
were still largely residing in the proximal region of the first pharyn-
geal arch. However, these Gbx2" cells started to split into two sepa-
rate streams that moved in the oral and aboral directions around
the mesoderm core, confirming the prediction made by the integra-
tion analysis (Fig. 5, E and F). After 4 days of tracing, Gbx2-derived
cells contributed to all the major lineages in the mandible, including
osteoblasts, chondroblasts, dental mesenchyme, and connective tis-
sue (Fig. 5, 1to S, and fig. §9). Furthermore, after 6 days of tracing,
the majority of the mandible was labeled with tdTomato" cells, with
the proximal region labeled more abundantly than the distal region,
suggesting a directional movement of cells in the first pharyngeal
arch (Fig. 5, G and H).

To better monitor the dynamic movement of the CNC-derived
mesenchymal cells in the first pharyngeal arch, we used an indepen-
dent method, Dil (a lipophilic stain), to trace cells in ex vivo first
pharyngeal arch culture. After 2 days, labeled cells underwent vig-
orous movement from the proximal region in the distal direction,
avoiding the mesodermal core in the center (Fig. 5, T to U’). In con-
trast, in the distal domain, the cells labeled with Dil mainly remained
in the local region without much cellular movement throughout the
culture period (Fig. 5, V to W’). However, the movement of the cells
in the proximal region slowed down after 3 days of culture, and after
6 days of culture, Dil-labeled cells contributed to the perichondrium
of the MC (fig. S11, A and C). To better track the movement of the
labeled cells in the proximal domain, we also performed time-lapse
imaging of Dil labeling of the proximal mandibular arch. To optimize
culture conditions, pictures were manually taken at 4-hour intervals
after Dil injection. In the video generated from these images, we vi-
sualized cellular movement from the proximal region toward the dis-
tal (ventral) direction (movie S1). Taking these findings together, our

50f10



SCIENCE ADVANCES | RESEARCH ARTICLE

E10.5 Gbx2-CreER; Tdtomato
A Gbx2
B
€ - &
Gbx2 ¢
tdTomato FITC DAPI Merge

E12

E135 ||

Proximal

o
Distal Proximal

T
Day 0

Fig. 5. Dynamic intra-arch cellular movement contributes to postmigratory
CNC cell fate decision. (A) FeaturePlot of Gbx2 expression at E10.5. (B) RNAscope
detection of Gbx2 expression at E10.5 in the proximal region of the first pharyngeal
arch. (C to G) Whole-mount views of lineage tracing of Gbx2CreER;tdTomato mice
at different time points, as indicated. (C, E, and G) Sagittal views. (D and F) Frontal
views. Arrows point to tdTomato-positive cells. (H) Section of E15.5 mandible of
Gbx2CreER;tdTomato mouse. (I to M) Immunostaining of Sox9 expression on sec-
tion of Gbx2CreER;tdTomato at E12. Boxed area in (L) is enlarged in (M). Arrows in
(M) point to chondroblasts that are derived from Gbx2* cells. FITC, fluorescein
isothiocyanate. (N to S) Immunostaining of Runx2 expression on section of
Gbx2CreER;tdTomato at E13.5. Yellow and green boxes in (Q) are enlarged in (R)
and (S), respectively. Arrows in (S) point to osteoblasts that are derived from Gbx2*
cells. (T to X) Mandibular arch ex vivo culture with Dil labeling on day 0 and day 2.
Boxed areas in (T) to (W) are enlarged in (T') to (W’), respectively. Arrows in (U")
point to migrated CNC cells. (X) Quantification of the Dil-positive area of the ex vivo
culture after 2 days. Scale bars, 500 um.

data suggest previously unappreciated movement of postmigratory
CNC cells within the first pharyngeal arch from the proximal to the
oral and aboral/distal domains, eventually differentiating into odon-
togenic, chondrogenic, osteogenic, and fibroblast lineages. This dynamic
cellular movement likely occurs in parallel with local cell expansion
during mandibular morphogenesis. Overall, our study highlights
how postmigratory CNC cells undergo cell differentiation in vivo
through orderly migration and sequential cell fate decisions.

Disruption of CNC cell patterning leads to

impaired lineage commitment

Next, to test whether disruption of the early patterning domain
would affect CNC cell fate commitment, we took advantage of a
well-established mutant model, Wnt1Cre; Alk5" mice, in which the
transforming growth factor-f (TGF-B) type I receptor is ablated in
all the CNC cells. These mice have compromised canonical TGF-f
signaling, which is known to disrupt first pharyngeal arch pattern-
ing (36). At E10.5, Alk5 mutant mice showed increased apoptosis in
the proximal domain of the first pharyngeal arch, compromised
progenitor population, and, eventually, defective mandible devel-
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opment. Using Seurat 3 to integrate single-cell sequencing data
from control (4705 cells) and Wntl Cre; Alk5™ mice (4690 cells) at
E12.5, we discovered that there was an increased number of cells in
cluster 2 (DIkI*) and a reduced number of cells in cluster 7 (Runx2")
in the Alk5 mutant sample (Fig. 6A). Violin plotting visualized the
down-regulation of Runx2 and up-regulation of DIkl expression.
Specifically, DIk1 was ectopically expressed in cluster 7 in the Alk5
mutant, whereas in the control, the DIk1 expression was minimal
(Fig. 6C). Quantification of cell number percentage based on three
biological replicates showed that there was a decrease in Runx2-
expressing osteoblasts and an increased number of DIk1-expressing
fibroblasts in the Alk5 mutant mice (Fig. 6B). These data suggest a
potential CNC cell fate switch from osteogenic lineage to fibroblast
lineage. To test this hypothesis, we performed pseudotime analysis
on both samples, and consistent with our observations, the osteo-
genic lineage trajectory was missing in the mutant, while the chon-
drogenic and fibroblast trajectories remained (Fig. 6C). To validate
these data, we analyzed Runx2 and DIk1 expression in vivo. In the
control, Runx2 was expressed on the lateral side of MC where the
bone primordium was forming. DIkl was highly expressed in der-
mal fibroblasts underneath the skin as well as perimysial fibroblasts.
In the Alk5 mutant sample, Runx2 expression at E12.5 was markedly
reduced and DIk1 expression expanded into the bone-forming re-
gion, consistent with the computational analysis (Fig. 6, D to K). By
combining these approaches, we were able to monitor how the
CNC cell domains and their migratory contributions are regulated
by TGF-B signaling in normal and abnormally developing models.

DISCUSSION

The heterogeneity of postmigratory CNC cells has been well estab-
lished through extensive studies on first pharyngeal arch patterning
(9, 37). The anatomical position of the postmigratory CNC cells
within the first pharyngeal arch dictates their differentiation poten-
tial, possibly due to the presence of local epithelial inductive signals
(8, 38). The general consensus has been that the cells in the first
pharyngeal arch are compartmentalized, undergo unit expansion
with very limited movement, and only contribute to the structures in
their immediate surroundings in both fish and mammals (3, 25, 39).
Our study revealed three crucial properties of the postmigratory
CNC population: (i) diverse heterogeneity represented by multiple
cell clusters within the first pharyngeal arch, (ii) subpopulations
with different movement ability and trajectories, and (iii) variation
in the cells’ differentiation potential as they move from proximal
toward the distal region of the first pharyngeal arch. Computational
analysis predicted that the cells in the proximal domain are the least
differentiated compared with those in other domains and that these
cells choose their fate through a cellular movement process of bifur-
cation toward either the oral domain or the aboral/distal domain.
This differentiation hierarchy within the first arch mesenchyme has
not been previously realized (40). The Notch2 and Spry2 expression—
driven lineage in the oral domain does not contribute to the odon-
togenic lineage. Although odontogenic-associated genes such as Pax9
and Lhx6 have similar expression patterns to those of Notch2 and
Spry2, they belong to different lineages, as shown in our integration
analysis. These data suggest that the oral region contains a mixed
mesenchymal cell population with different functions and fates
during first pharyngeal arch morphogenesis. This observation also
suggests that the fate decisions of postmigratory CNC cells may not
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Fig. 6. Disruption of CNC cell patterning leads to impaired lineage commitment.
(A) UMAP visualization of canonical correlation analysis of control and Wnt1Cre;
Alk5™ mice mandible primordia. Arrows point to the clusters representing fibro-
blasts (2) and osteoblasts (7). (B) Quantification of cell number percentage of Runx2*
osteoblasts and DIk1* fibroblasts in control and Wnt1Cre;Alk5™" mice mandible
primordia at E12.5. (C) Violin plots of Runx2 and DIk1 expression in each cluster.
(D) Pseudotime trajectories of mesenchymal cells of control and WntICre;AIka’/ﬂ
mice mandible primordia. The colors represent the cell clusters in t-SNE embed-
ding. (E to L) Immunofluorescence of Runx2 and DIk1 expression in control and
WntICre;AIkSﬂ/ﬂ mice at E12.5. Boxed areas in (E), (G), (1), and (K) are enlarged in (F),
(H), (J), and (L), respectively. * in (H) indicates the reduced expression of Runx2.
Dotted line in (J) outlines the mandible bone primordium. Arrows in (L) point to the
ectopic expression of DIk1 in mandible bone primordium in Wnt1Cre;Alks™" mice.
M, Meckel’s cartilage; T, tongue.

entirely depend on local inductive signaling. In the later stages,
these cells gradually lose their location identities and spread out
through the whole mandible (fig. S12, A to D). We also identified
that multiple chromatin remodeling genes, such as Cbx3, Kdmé6b,
and Kmt2d, have highly enriched expression in the Notch2/Spry2*
cell population. Cell populations with similar gene expression pro-
files have also been identified in other developing organs, such as
the frontonasal process and nephron (41, 42), suggesting these cells
could be either transient supporting cells during organogenesis or a
precursor cell population that will later differentiate into different
cell types.

The traditional compartment/developmental unit model based
on gene expression divides the first pharyngeal arch into several
anatomical domains that are fairly localized (13, 14). These com-
partments have been suggested to be responsible for the local devel-
opment of each region of the future mandible. Our cell proliferation
analysis of the mouse E10.5 first pharyngeal arch also supports the
notion that the local expansion of different domains may serve as a
critical driving force guiding mandibular morphogenesis. However,
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this model has certain limitations in explaining the tremendous and
dynamic shape changes during mandibular morphogenesis. Studies
have shown that CNC cells may continue to move in the peripheral
region of the pharyngeal arch, remaining mostly undifferentiated.
These cells will interact with paraxial mesoderm-derived, ectoder-
mal, or endodermal cells and differentiate during mandibular arch
morphogenesis (17, 43). We show here that Gbx2-labeled cells in
the very restricted proximal region retain some migration ability
and undergo dynamic yet directional movement toward the distal
region, contributing to multiple differentiated cell types. The prox-
imal region of the mandibular primordium has higher mobility and
proliferation activity than the distal region and may serve as a driv-
ing force to guide mandibular morphogenesis, possibly due to cells
in other domains being more committed to their lineages, while
cells in the proximal domain continued to maintain undifferenti-
ated status, providing for the growth of the mandible. In the later
stages, the condyle and angle of the mandible located in the proxi-
mal region also serve as growth centers that are responsible for
mandibular bone elongation in postnatal growth (44). The critical
role of cellular movement in embryonic morphogenesis and other
biological processes has long been established, such as in convergent
extension during axis elongation and in epithelial-mesenchymal
transition requiring the loss of cell-cell contact (45). The mobility of
the cells in the proximal region of the first pharyngeal arch is also
associated with higher proliferation activity, suggesting that this
population plays a precursor role. Consistent with this, osteogenesis
initiates from the distal region of the mandibular primordium (46).
Further studies are necessary to determine the precise movements
of neural crest cells from proximal to oral, aboral, or distal domains
within the first pharyngeal arch. Uncovering this cellular hierarchy
of differentiation potential and cell mobility builds on the compart-
ment model and further improves our understanding of the orga-
nized postmigratory CNC cell fate restrictions and the dynamic
mandibular morphogenesis process.

Pseudotime analysis of E12.5 mandible primordium has re-
vealed dynamic changes in gene expression during the differentia-
tion of each cell type. Notably, genes in cluster II (Fig. 2D), which
are highly expressed in the intermediate stage of each differentiation
process, may represent candidate genes that control the differenti-
ation of each progenitor cell type. For example, in the chondrogen-
esis trajectory, genes in the insulin growth factor (IGF) signaling
pathway such as Igfl and Igfbp5 are enriched in the intermediate
stage, suggesting the involvement of IGF signaling in the initiation
of chondrogenic differentiation (Fig. 2D). This is consistent with the
finding that Igfl induces chondrogenesis in mesenchymal stromal
cell culture (47).

Ablation of TGF-P type I receptor in CNC cells leads to partial
loss of the precursor population in the proximal domain in the first
pharyngeal arch at E10.5 due to increased apoptosis (34). Consistent
with this, Alk5 mutant mice show severe disruptions of both tooth
initiation and mandibular bone formation. Significantly, although
apoptosis only affects the very proximal region of the first arch,
marked bone loss is found in both the proximal and aboral regions
of the mandible of Alk5 mutant mice, suggesting the potential cel-
lular contribution of cells from the proximal domain to the aboral
region (36). We also observed a fate change of postmigratory CNC
cells from osteogenic lineage to fibroblast lineage in Alk5 mutant
mandibles. Our integration analysis suggested that, after the initial
bifurcation, a second binary fate decision separates the common
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progenitors into osteo-/odontogenic and fibroblast/chondrogenic
lineages. At E12.5, MC is still formed in the Alk5 mutant, whereas
bone and tooth formation are both defective, suggesting that loss of
TGF-P signaling mainly affects the second binary fate decision, not
the first.

Our single-cell RNA sequencing analysis of the developing man-
dible provides a resource for studies of facial morphogenesis and
various craniofacial defects associated with micrognathia. The dy-
namic movement and differentiation hierarchy of postmigratory
CNC cells in the first pharyngeal arch may also be shared by other
craniofacial structures that are derived from CNC cells, and high-
light the dynamic nature and heterogeneity of cells in building the
craniofacial complex.

MATERIALS AND METHODS

Animal studies

The Gbx2-CreER knock-in (JAX#022135, the Jackson laboratory)
(48), tdTomato conditional reporter (JAX#007905, the Jackson lab-
oratory) (49), Wntl-Cre transgenic line, and Alk5 floxed alleles
(36, 50) mouse lines have all been described previously. The Institu-
tional Animal Care and Use Committee at the University of South-
ern California reviewed and approved all animal work performed in
this study. All work adhered to institutional guidelines. Timed mat-
ings were set up to recover embryos at the appropriate stage (E9.5 to
E16.5). The sexes of the embryos were not determined.

Tamoxifen administration

Tamoxifen (15648, Sigma-Aldrich) was dissolved in corn oil (C8267,
Sigma-Aldrich) at a concentration of 20 mg/ml and injected intra-
peritoneally at a dosage of 0.8 mg/10 g body weight.

RNAscope in situ hybridization

Embryos harvested at predetermined stages were dissected and
fixed in fresh 4% paraformaldehyde overnight at 4°C. Samples
were passed through a sucrose series, embedded in OCT (optimal
cutting temperature) compound (Tissue-Tek), and sectioned on a
cryostat at 8 um. Staining was performed using either an RNAscope
2.5 HD Reagent Kit-RED assay (322350, Advanced Cell Diagnostics)
or an RN Ascope Fluorescent Multiplex Detection Reagent kit (320851,
Advanced Cell Diagnostics) according to the manufacturer’s instruc-
tions. Fgf8 (313411), Tbx1 (481911), DIx5 (478151), Lhx6 (422791),
Gsc (504821), Nbl1 (454541), Hand1 (429651), Alx1 (403161),
Ebf1 (433411), Gbx2 (314351), Maf (412951), Osr2 (517481), Pitx1
(587451), Lix1 (552041-C2), Cgnl1 (587441), Spry2 (425061), and Cdk1
(476081-C2) probes were designed and synthesized by Advanced
Cell Diagnostics.

Immunostaining

Sections were immersed in preheated antigen unmasking solution
(Vector, H-3300) in an Electric steam cooker (9761, Cell Marque,
Sigma-Aldrich) for 10 min, followed by cooling at room tempera-
ture for 30 min. Sections were then incubated with blocking reagent
(PerkinElmer, FP1012) for 1 hour and then primary antibody over-
night at 4°C. After three washes in phosphate-buffered saline, sec-
tions were incubated with Alexa-conjugated secondary antibody
(Invitrogen). Sections were counterstained with 4',6-diamidino-2-
phenylindole (DAPL; D9542, Sigma-Aldrich). Images were captured
using a fluorescence microscope (Leica DMI 3000B) with filter set-
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tings for DAPI/FITC (fluorescein isothiocyanate)/TRITC (tetramethyl
rhodamine isothiocyanate).

Immunostaining was carried out using the following antibodies:
Runx2 (1:100, Cell Signaling, #12556), DIk1 (1:100, Abcam, ab16667),
Foxp2 (1:50, Abcam, ab9361), Ki67 (1:100, Abcam, ab28538), and
Sox9 (1:1000, Abcam, 185230). Alexa Fluor 568 and Alexa Fluor
488 (1:200, Invitrogen) were used for detection.

First pharyngeal arch explant culture

The first pharyngeal arch of E10.5 embryos was dissected out and
cultured in vitro in a Trowell culture system, which has been de-
scribed before (51). In brief, the dissected first arch was cultured on
the membrane filter supported by metal grids in BGJb media with
10% fetal bovine serum (FBS). The first arch was cultured up to
6 days, and the culture medium was changed every other day.

Dil labeling

The technique of Dil injection has been described before (52). Dil
(Molecular Probes CellTracker CM-Dil, C-7000) was dissolved in
100% ethanol at a concentration of 1 pg/ul. The Dil stock was fur-
ther diluted with BGJb medium containing 10% FBS at 1:1 ratio.
Micropipettes were made using 1- to 5-ul Drummond Calibrated
Pipettes (St. Louis, MI). The pipette tip was carefully placed at the
desired position of the first arch, and Dil was injected using gentle
air pressure. The position of Dil injection was validated by using
whole mount or sections of the explant.

Statistics

Data analysis of Fig. 5W (n = 7) was performed using GraphPad
Prism 8, expressed as dot plot with mean point and error bars. The
statistical significance was calculated using two-sided Student ¢ tests.

Single-cell RNA sequencing

Isolation of cells and sequencing

Single-cell transcriptomes were obtained from the digestion of
mandibles of embryos at different stages (E10.5, E12.5, and E14.5).
In brief, a whole mandible was placed in trypLE enzyme (Gibco) on
a thermomixer (Eppendorf) at 37°C for 15 to 30 min, depending on
the stage of the embryo to release cells from the tissue. For mutant
samples, fast genotyping was performed, while embryos were dis-
sected out at designated time points and submerged in BGJb medi-
um with 10% FBS on ice. Embryos were collected, and 1 to 2 mm of
embryonic sac was harvested from each sample. Two hundred mi-
croliters of digestion mix (2 pl of protease kinase + 198 ul of
tail buffer) was added to each sample, which was then digested in
the ThermoMixer for 5 min (55°C + 2000 rpm). The digestion mix
was then heat inactivated on an 85°C heat block for 15 min followed
by regular polymerase chain reaction (PCR) amplification and gel
running process. Then, tissue was dissociated into single cells ac-
cording to the PCR results. Dissociation quality and cell viability were
tested with a Countess I automated cell counter (Thermo Fisher
Scientific) before proceeding to GEM (gel bead-in emulsion) gener-
ation. All our samples had more than 90% viable cells. For each sample,
we targeted 10,000 cells. The number of actually sequenced cells was
3058 cells for E10.5, 4705 cells for E12.5, and 6788 cells for E14.5.
On average, we had a sequencing depth of 80,000 read pairs per cell.
At each stage, we used two biological replicates for sequencing anal-
ysis; for control and mutant single-cell RNA sequencing, three rep-
licates were used for sequencing. Quality control, mapping, and
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count table assembly of the library were performed using the Cell-
Ranger pipeline version 3.0.2.

Identifying variable genes and dimensionality reduction

Raw read counts from the cells in each stage were analyzed using
the Seurat R package (53). Standard Seurat object was generated,
followed by filtering out low gene expression cells (cutoft, 200 genes
per cell). Cell cycle regression normalization, ScaleData, and RunPCA
functions (15 statistically significant principal components, cutoff
of P =0.05) were performed for the t-SNE dimension reduction and
final visualization of the clustering.

Pseudotemporal reconstruction of lineages

We used the Monocle 2 algorithm (28) to reconstruct the multilin-
eage differentiation pathways across the CNC-derived mesenchymal
cells. The differential expressed gene list across different lineages
was generated by M3DropDifferentialExpression function, and then
standard reduceDimension and orderCells function were performed
to estimate the alignment of cells along the trajectories. The estima-
tion of the root of the trajectory was based on the cluster identities
and marker gene analysis. We selected cells that were projected
onto specific lineages on the basis of both the cell clusters they be-
long to and the “state” they were projected onto. The analysis of
each trajectory was performed with standard protocol with default
parameters. The unbranched paths were analyzed to identify genes
that varied across pseudotime.

Integrative analysis of samples at different stages

Seurat 3 was used to combine the single-cell data of three stages and
perform integration analysis. Standard workflow was used to first
identify “anchors” among different datasets with the function Find-
IntegrationAnchors, and then Seurat objects were returned by pass-
ing these anchors to the IntegrateData function. Scaledata, PCA,
and UMAP (uniform manifold approximation and projection) vi-
sualization were then performed for the downstream analysis and
visualization. Monocle 3 pseudotime trajectory analysis was performed
with Seurat 3 UMAP embedding to cell fate restriction hierarchy of
postmigratory CNC cells across the different developmental stages.
The identities of the cells at the first bifurcation point were extract-
ed to analyze their Cdk1 and Spry2 expression level and generate the
heatmap of their transcriptional profiles.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/51/eabb0119/DC1

REFERENCES AND NOTES

1. Y. Chai, Craniofacial Development (Elsevier, Amsterdam, Boston, 2015).

2. S.F.Gilbert, M. S. Tyler, R. N. Kozlowski, Developmental Biology (Sinauer Associates,
Sunderland, Mass, 2003).

3. R.C.M.Hennekam, I. D. Krantz, J. E. Allanson, Gorlin's Syndromes of the Head and Neck
(Oxford Univ. Press, New York, NY, 2010).

4. Y.Chai, X. Jiang, Y. Ito, P. Bringas Jr., J. Han, D. H. Rowitch, P. Soriano, A. P. McMahon,
H. M. Sucov, Fate of the mammalian cranial neural crest during tooth and mandibular
morphogenesis. Development 127, 1671-1679 (2000).

5. N.M. Le Douarin, S. Creuzet, G. Couly, E. Dupin, Neural crest cell plasticity and its limits.
Development 131, 4637-4650 (2004).

6. M. Simoes-Costa, M. E. Bronner, Reprogramming of avian neural crest axial identity
and cell fate. Science 352, 1570-1573 (2016).

7. R.Soldatov, M. Kaucka, M. E. Kastriti, J. Petersen, T. Chontorotzea, L. Englmaier,

N. Akkuratova, Y. Yang, M. Haring, V. Dyachuk, C. Bock, M. Farlik, M. L. Piacentino,

F. Boismoreau, M. M. Hilscher, C. Yokota, X. Qian, M. Nilsson, M. E. Bronner, L. Croci,

W.-Y. Hsiao, D. A. Guertin, J.-F. Brunet, G. G. Consalez, P. Ernfors, K. Fried, P. V. Kharchenko,
I. Adameyko, Spatiotemporal structure of cell fate decisions in murine neural crest.
Science 364, eaas9536 (2019).

Yuan etal., Sci. Adv. 2020; 6 : eabb0119 16 December 2020

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

. A.S.Tucker, G. Yamada, M. Grigoriou, V. Pachnis, P. T. Sharpe, Fgf-8 determines

rostral-caudal polarity in the first branchial arch. Development 126, 51-61 (1999).

. A.Neubuser, H. Peters, R. Balling, G. R. Martin, Antagonistic interactions between FGF

and BMP signaling pathways: A mechanism for positioning the sites of tooth formation.
Cell 90, 247-255 (1997).

. Y. Chai, R. E. Maxson Jr., Recent advances in craniofacial morphogenesis. Dev. Dyn. 235,

2353-2375 (2006).

. C.Alexander, S. Piloto, P. Le Pabic, T. F. Schilling, Wnt signaling interacts with Bmp

and Edn1 to regulate dorsal-ventral patterning and growth of the craniofacial skeleton.
PLOS Genet. 10, 1004479 (2014).

. J.Xu, H. Liu, Y. Lan, M. Adam, D. E. Clouthier, S. Potter, R. Jiang, Hedgehog signaling

patterns the oral-aboral axis of the mandibular arch. eLife 8, e40315 (2019).

. W.R. Atchley, B. K. Hall, A model for development and evolution of complex

morphological structures. Biol. Rev. Camb. Philos. Soc. 66, 101-157 (1991).

. M. E. MacDonald, B. K. Hall, Altered timing of the extracellular-matrix-mediated

epithelial-mesenchymal interaction that initiates mandibular skeletogenesis in three
inbred strains of mice: Development, heterochrony, and evolutionary change in
morphology. J. Exp. Zool. 291, 258-273 (2001).

. M. Mina, Regulation of mandibular growth and morphogenesis. Crit. Rev. Oral Biol. Med.

12, 276-300 (2001).

. J. M. Richman, A. Rowe, P. M. Brickell, Signals involved in patterning and morphogenesis

of the embryonic face. Prog. Clin. Biol. Res. 373, 117-131 (1991).

. M. Minoux, S. Holwerda, A. Vitobello, T. Kitazawa, H. Kohler, M. B. Stadler, F. M. Rijli,

Gene bivalency at Polycomb domains regulates cranial neural crest positional identity.
Science 355, eaal2913 (2017).

. C.A.Ferguson, A.S. Tucker, P. T. Sharpe, Temporospatial cell interactions regulating

mandibular and maxillary arch patterning. Development 127, 403-412 (2000).

. M. J. Depew, T. Lufkin, J. L. R. Rubenstein, Specification of jaw subdivisions by DIx genes.

Science 298, 381-385 (2002).

F.Zhao, A.-K. Bosserhoff, R. Buettner, M. Moser, A heart-hand syndrome gene: Tfap2b
plays a critical role in the development and remodeling of mouse ductus arteriosus

and limb patterning. PLOS ONE 6, €22908 (2011).

C. Biben, C.-C. Wang, R. P. Harvey, NK-2 class homeobox genes and pharyngeal/oral
patterning: Nkx2-3 is required for salivary gland and tooth morphogenesis. Int. J. Dev. Biol.
46, 415-422 (2002).

D. Han, H. Zhao, C. Parada, J. G. Hacia, P. Bringas Jr., Y. Chai, A TGFB-Smad4-Fgf6 signaling
cascade controls myogenic differentiation and myoblast fusion during tongue
development. Development 139, 1640-1650 (2012).

N. Kaukua, M. K. Shahidi, C. Konstantinidou, V. Dyachuk, M. Kaucka, A. Furlan, Z. An,

L. Wang, I. Hultman, L. Ahrlund-Richter, H. Blom, H. Brismar, N. A. Lopes, V. Pachnis,

U. Suter, H. Clevers, |. Thesleff, P. Sharpe, P. Ernfors, K. Fried, I. Adameyko, Glial origin

of mesenchymal stem cells in a tooth model system. Nature 513, 551-554 (2014).

J. C.Talbot, S. L. Johnson, C. B. Kimmel, hand2 and DIx genes specify dorsal, intermediate
and ventral domains within zebrafish pharyngeal arches. Development 137, 2507-2517 (2010).
D. M. Medeiros, J. G. Crump, New perspectives on pharyngeal dorsoventral patterning

in development and evolution of the vertebrate jaw. Dev. Biol. 371, 121-135 (2012).

F. A. Wolf, F. K. Hamey, M. Plass, J. Solana, J. S. Dahlin, B. Géttgens, N. Rajewsky, L. Simon,
F.J. Theis, PAGA: Graph abstraction reconciles clustering with trajectory inference
through a topology preserving map of single cells. Genome Biol. 20, 59 (2019).

K. Oka, S. Oka, T. Sasaki, Y. Ito, P. Bringas Jr., K. Nonaka, Y. Chai, The role of TGF-f signaling
in regulating chondrogenesis and osteogenesis during mandibular development.

Dev. Biol. 303, 391-404 (2007).

X. Qiu, A. Hill, J. Packer, D. Lin, Y.-A. Ma, C. Trapnell, Single-cell mRNA quantification

and differential analysis with census. Nat. Methods 14, 309-315 (2017).

P.T. Sharpe, Neural crest and tooth morphogenesis. Adv. Dent. Res. 15, 4-7 (2001).

J. A.Rivera-Pérez, M. Wakamiya, R. R. Behringer, Goosecoid acts cell autonomously

in mesenchyme-derived tissues during craniofacial development. Development 126,
3811-3821(1999).

H. Zhao, W. Zhou, Z. Yao, Y. Wan, J. Cao, L. Zhang, J. Zhao, H. Li, R. Zhou, B. Li, G. Wei,
Z.Zhang, C. A. French, J. D. Dekker, Y. Yang, S. E. Fisher, H. O. Tucker, X. Guo, Foxp1/2/4
regulate endochondral ossification as a suppresser complex. Dev. Biol. 398, 242-254 (2015).
A. Butler, P. Hoffman, P. Smibert, E. Papalexi, R. Satija, Integrating single-cell
transcriptomic data across different conditions, technologies, and species.

Nat. Biotechnol. 36, 411-420 (2018).

L. Barske, A. Askary, E. Zuniga, B. Balczerski, P. Bump, J. T. Nichols, J. G. Crump,
Competition between Jagged-Notch and Endothelin1 signaling selectively restricts
cartilage formation in the zebrafish upper face. PLOS Genet. 12, e1005967 (2016).

G. LaManno, R. Soldatov, A. Zeisel, E. Braun, H. Hochgerner, V. Petukhov, K. Lidschreiber,
M. E. Kastriti, P. Lonnerberg, A. Furlan, J. Fan, L. E. Borm, Z. Liu, D. van Bruggen, J. Guo,

X. He, R. Barker, E. Sundstrém, G. Castelo-Branco, P. Cramer, |. Adameyko, S. Linnarsson,
P.V.Kharchenko, RNA velocity of single cells. Nature 560, 494-498 (2018).

90of 10


http://advances.sciencemag.org/cgi/content/full/6/51/eabb0119/DC1
http://advances.sciencemag.org/cgi/content/full/6/51/eabb0119/DC1

SCIENCE ADVANCES | RESEARCH ARTICLE

35. V.Bergen, M. Lange, S. Peidli, F. A. Wolf, F. J. Theis, Generalizing RNA velocity to transient
cell states through dynamical modeling. Nat. Biotechnol. 10.1038/s41587-020-0591-3 ,
(2020).

36. H.Zhao, K. Oka, P. Bringas Jr., V. Kaartinen, Y. Chai, TGF-B type | receptor Alk5 regulates
tooth initiation and mandible patterning in a type Il receptor-independent manner.
Dev. Biol. 320, 19-29 (2008).

37. M.T.Cobourne, P.T. Sharpe, Tooth and jaw: Molecular mechanisms of patterning
in the first branchial arch. Arch. Oral Biol. 48, 1-14 (2003).

38. A.S.Tucker, K. L. Matthews, P. T. Sharpe, Transformation of tooth type induced by
inhibition of BMP signaling. Science 282, 1136-1138 (1998).

39. D.E.Lieberman, The Evolution of the Human Head (Belknap Press of Harvard University
Press, Cambridge, Mass, 2011).

40. M. Simées-Costa, M. E. Bronner, Establishing neural crest identity: A gene regulatory
recipe. Development 142, 242-257 (2015).

41. H.Li, K. L.Jones, J. E. Hooper, T. Williams, The molecular anatomy of mammalian
upper lip and primary palate fusion at single cell resolution. Development 146,
dev174888 (2019).

42. A.N.Combes, B. Phipson, K. T. Lawlor, A. Dorison, R. Patrick, L. Zappia, R. P. Harvey,

A. Oshlack, M. H. Little, Single cell analysis of the developing mouse kidney provides
deeper insight into marker gene expression and ligand-receptor crosstalk. Development
146,dev182162 (2019).

43. D.M.Noden, P. A. Trainor, Relations and interactions between cranial mesoderm and
neural crest populations. J. Anat. 207, 575-601 (2005).

44. M.B.Engel, A. G. Brodie, Condylar growth and mandibular deformities. Oral Surg. Oral
Med. Oral Pathol. 1, 790-806 (1948).

45. A.Locascio, M. Manzanares, M. J. Blanco, M. A. Nieto, Modularity and reshuffling of Snail
and Slug expression during vertebrate evolution. Proc. Natl. Acad. Sci. U.S.A. 99,
16841-16846 (2002).

46. J.M.Smartt Jr,, D. W. Low, S. P. Bartlett, The pediatric mandible: I. A primer on growth
and development. Plast. Reconstr. Surg. 116, 14e-23e (2005).

47. J.Fischer, N. Knoch, T. Sims, N. Rosshirt, W. Richter, Time-dependent contribution of BMP,
FGF, IGF, and HH signaling to the proliferation of mesenchymal stroma cells during
chondrogenesis. J. Cell. Physiol. 233, 8962-8970 (2018).

48. L.Chen, Q. Guo, J. Y. Li, Transcription factor Gbx2 acts cell-nonautonomously to regulate
the formation of lineage-restriction boundaries of the thalamus. Development 136,
1317-1326 (2009).

Yuan etal., Sci. Adv. 2020; 6 : eabb0119 16 December 2020

49. L.Madisen, T. A. Zwingman, S. M. Sunkin, S. W. Oh, H. A. Zariwala, H. Gu, L. L. Ng,

R. D. Palmiter, M. J. Hawrylycz, A. R. Jones, E. S. Lein, H. Zeng, A robust and
high-throughput Cre reporting and characterization system for the whole mouse brain.
Nat. Neurosci. 13, 133-140 (2010).

50. M.Dudas, J. Kim, W.-Y. Li, A. Nagy, J. Larsson, S. Karlsson, Y. Chai, V. Kaartinen,

Epithelial and ectomesenchymal role of the type | TGF-beta receptor ALK5 during facial
morphogenesis and palatal fusion. Dev. Biol. 296, 298-314 (2006).

51. Y. Chai, P. Bringas Jr., C. Shuler, E. Devaney, R. Grosschedl, H. C. Slavkin, A mouse
mandibular culture model permits the study of neural crest cell migration and tooth
development. Int. J. Dev. Biol. 42, 87-94 (1998).

52. M.Rothova, J. Feng, P.T. Sharpe, R. Peterkova, A. S. Tucker, Contribution of mesoderm
to the developing dental papilla. Int. J. Dev. Biol. 55, 59-64 (2011).

53. R.Satija, J. A. Farrell, D. Gennert, A. F. Schier, A. Regev, Spatial reconstruction of single-cell
gene expression data. Nat. Biotechnol. 33, 495-502 (2015).

Acknowledgments: We thank B. Samuels for the critical comments on this manuscript. We
also thank A. Smith and G. Crump for comments. Funding: This study was supported by NIH
RO1 DE012711, U01 DE024421, and U01 DE028729 to Y.C. Author contributions: Y.Y. and Y.C.
designed the study, organized experimental work, and wrote the manuscript. Y.-h.E.L.
performed computational analysis of single-cell data. T.-V.H., K.G., and A.W. generated
whole-mount cell proliferation heatmap. X.H., J.F., J.H., and J.J. gave feedback on experimental
aspects and implemented the data interpretation. Competing interests: The authors declare
that they have no competing interests. Data and materials availability: All single-cell
RNA-seq datasets are available through the FaceBase data repository (Record ID 1-DTK2,
doi: 10.25550/1-DTK2; http://facebase.org). All data needed to evaluate the conclusions in the
paper are present in the paper and/or the Supplementary Materials. Additional data related to
this paper may be requested from the authors.

Submitted 22 January 2020
Accepted 27 October 2020
Published 16 December 2020
10.1126/sciadv.abb0119

Citation: Y. Yuan, Y.-h. E. Loh, X. Han, J. Feng, T.-V. Ho, J. He, J. Jing, K. Groff, A. Wu, Y. Chai,

Spatiotemporal cellular movement and fate decisions during first pharyngeal arch morphogenesis.
Sci. Adv. 6, eabb0119 (2020).

100f 10


http://dx.doi.org/10.25550/1-DTK2
http://facebase.org

