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INTRODUCTION:Multipotent progenitors

must choose among multiple downstream

fates. In developing embryos, progenitor cells

exhibit transcriptional or epigenetic hetero-

geneity that is related to early biases in cell

fate choices, and can be externally induced

or stochastic in nature. Molecular assess-

ment of the transient states assumed by cells

during these developmental progressions has

the potential to illuminate how such fate-

specific biases emerge and unfold to ensure

fate commitment. With this aim, we exam-

ine multipotent neural crest cells—transient

embryonic progenitors unique to vertebrates

that build the head, teeth, neuroendocrine

tissue, and autonomic and sensory nervous

systems. Cranial neural crest preferentially

gives rise to a multitude of mesenchymal

types of facial cartilage and bones, in addition

to neuronal, glial, and pigment cell–type prog-

eny. By contrast, trunk neural crest does not

form bone or cartilage derivatives in vivo.

The logic and molecular mechanisms that al-

low neural crest to resolve multiple potential

cell fates at each axial level remain poorly

understood.

RATIONALE: Here we used single-cell and

spatial transcriptomics with statistical analysis

of branching trajectories to investigate lineage

relationships inmouse neural crest. Combined

with lineage tracing and functional perturba-

tions, we addressed spatiotemporal dynam-

ics associated with early cell fate decisions in

mouse trunk and cranial neural crest cells

with different fate potential.

RESULTS:We find that up to early migration,

neural crest cells progress through a sequence

of common transcriptional states, followed by

fate bifurcations duringmigration that can be

formalized as a series of sequential binary

decisions. The first decision separates sensory

neuro-glial fate from all other fates, whereas

the second decision occurs between auto-

nomic andmesenchymal lineages and reveals

a bipotent Phox2b
+
/Prrx1

+
subpopulation. De-

cision points uncover dis-

tinct roles of neural crest

regulators:Neurog2 is in-

volved in early repression

of melanocytes and acti-

vation of sensory fate at

later steps. Each decision

consists of initial coactivation, gradual biasing,

andcommitment phases. Early genes of compet-

ing cell fate programs coactivate in the same

cells, starting frompremigratory stage. As cells

approach cell fate bifurcation points, increased

synchronization of fate-specific programs and

repulsion of competing fate programs lead to

gradual appearance of cell fate bias, which

becomes pronounced uponneural crestmigra-

tion. Cell fate commitment culminates with

activation of mutually exclusive, fate-specific

gene expression programs. Early transcrip-

tional patterns reveal that fate biasing of neu-

ral crest is already detectable when neural

crest cells delaminate from the neural tube.

In particular, the neuronal bias of trunk and

mesenchymal bias of cranial neural crest

emerge during delamination, indicating that

thismight be the timewhen themesenchymal

potential, distinct between cranial and trunk

neural crest, is installed. In support to this hy-

pothesis, wefind that sustained overexpression

of a single gene, Twist1, normally activated

upon delamination only in the cranial com-

partment, is sufficient to reverse the trunk

crest developmental program to a mesenchy-

mal route.

CONCLUSION:Our analysis resolved a branch-

ing transcriptional trajectory of the differen-

tiating neural crest, illustrating transcriptional

implementation of major cell fate decisions

and pinpointing the key differences defining

cranial versus trunk neural crest potential.

Our results show that neural crest cells dif-

ferentiate through a series of stereotypical

lineage-restriction events that involve coex-

pression and competition of genes driving

alternative fate programs.▪
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Cell fate acquisition in neural crest. (A) Stepwise model of neural crest developmental

dynamics. EMT, epithelial-to-mesenchymal transition. (B) Key phases of fate decision in neural

crest cells. (C) Different fate potential of cranial versus trunk neural crest is encoded by

the mesenchymogenic genes Twist1 and Prrx2. A single factor, Twist1, confers mesenchymal

potential to trunk neural crest.
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Neural crest cells are embryonic progenitors that generate numerous cell types in

vertebrates. With single-cell analysis, we show that mouse trunk neural crest cells become

biased toward neuronal lineages when they delaminate from the neural tube, whereas

cranial neural crest cells acquire ectomesenchyme potential dependent on activation of

the transcription factor Twist1. The choices that neural crest cells make to become

sensory, glial, autonomic, or mesenchymal cells can be formalized as a series of sequential

binary decisions. Each branch of the decision tree involves initial coactivation of bipotential

properties followed by gradual shifts toward commitment. Competing fate programs

are coactivated before cells acquire fate-specific phenotypic traits. Determination of a

specific fate is achieved by increased synchronization of relevant programs and concurrent

repression of competing fate programs.

M
ultipotent progenitors acquire one of the

multiple downstream fates. In develop-

mental systems, progenitor cells exhibit

transcriptional or epigenetic heteroge-

neity related to early biases in cell fate

choices and can be oscillatory or stochastic (1–3).

Understanding how fate-specific biases emerge

and unfold to ensure fate commitment requires

deeper understanding of cell profiles during pro-

genitor, transient, and derivative states. Toward

that goal, we examined a continuum of states in

the neural crest (NC) lineage at different points

along the murine rostrocaudal body axis during

embryogenesis. As neural crest cell fate decisions

are traceable, irreversible, and produce well-

known differentiated cell types, we were able to

investigate the interplay ofmultiple fate-specific

genetic programs.

Multipotent neural crest cells are a migratory

embryonic cell population found only in verte-

brates that confers traits such as complex head,

teeth, elaborate endocrine regulation, and auto-

nomic and sensory nervous systems. Neural crest

cells have distinct developmental potential along

the anterior-posterior axis. Cranial neural crest

cells give rise to mesenchymal cell types of the

head, including facial cartilage and bone, glia,

and some neurons of cranial ganglia and pig-

ment cells (4). By contrast, trunk neural crest cells

do not form bone or cartilage derivatives in vivo,

even after being grafted to the head (5). However,

despite knowledge about genes and signals that

regulate neural crest development (6), the mech-

anisms that enable neural crest cells to commit

to amultitude of possible cell fates at each axial

level remain unclear.

Here we combine single-cell RNA sequencing

(scRNA-seq) with spatial transcriptomics and

lineage tracing to examine the spatiotemporal

transcriptional landscape and cell fate decisions

involved in cranial and trunk neural crest differ-

entiation in the mouse embryo at the embryonic

day 8.5 (E8.5) to E10.5 stages.

scRNA-seq reveals the transcriptional

changes in neural crest

during delamination

Wnt1
Cre

recombines in the dorsal neural tube

where the premigratory neural crest resides.

Focusing first on trunk neural crest, we dis-

sected, then dissociated, the cervical region and

trunk areas posterior to the otic vesicle fromE9.5

Wnt1
Cre

/R26R
Tomato

mouse embryos (Fig. 1A),

and measured mRNAs of single TOMATO
+
cells

with high coverage using Smart-seq2 protocol

(median of 7025 genes detected per cell) (fig. S1A).

Our design takes advantage of the developmen-

tal asynchrony of neural crest formation along

the anteroposterior axis of the embryo to sample

cellular states along neural crest maturation

trajectories.

Analysis of transcriptional heterogeneity (7)

separates neural tube and neural crest popula-

tions into two compartments (6) (Fig. 1, B, C,

and E, and fig. S1, F and G). These are connected

by two “bridges,” corresponding to neural crest

delamination [marked by activation of epithelial-

to-mesenchymal transition (EMT) drivers such

as Snai1] (6) (Fig. 1, G to I, and fig. S1C) and

neurogenesis processes [marked by proneuro-

genic transcription factors (TFs)] (fig. S2, B to E).

Estimates of RNA velocity, which predict the

direction in which cells are moving in transcrip-

tional space (8), show a convergent velocity

pattern in the neurogenesis bridge, reflecting

convergence of neural crest and neural tube neu-

rogenesis programs (Fig. 1D). By contrast, the

delaminating bridge shows pronounced move-

ment from the neural tube toward differentiating

neural crest cells. Although delamination of neu-

ral crest has been viewed as an abrupt transition

of pre-EMT tomigrating neural crest (9), our data

reveal an extensive sequence of transcriptional

events that unfold during delamination and early

migration (Fig. 1, B,H, and I; fig. S1C; and table S2).

This enabled us to separate the premigratory

neural crest into two distinct subpopulations.

The earliest, pre-EMT population, is composed

of cells that have not yet started delaminating

from the neural tube. It is marked by peak ex-

pression of neural plate border specifiers previ-

ously tied to NC, such as Zic1/3/5, Msx1 (9, 10),

Mafb (11), and Gdf7 (12) (Fig. 1, E and G, and fig.

S1C). The pre-EMT population, however, still ex-

presses neural tube markers such as Olig3 and

FoxB1 and is localized to the neural tube (Fig. 1H

and fig. S1, C and F). The second, delaminating

subpopulation is marked by activation of the

key EMT gene Snai1 (6) and absence of Atoh1,

and is accompanied by sequential transient up-

regulation of a battery of genes, including Dlx5,

Pak3,Pdgfra, andHapln (Fig. 1H,I). Up-regulation

of classical neural crest specifiers (Sox9, Foxd3,

and Ets1) and down-regulation of many neural

plate border specifiers (Zic3, Mafb, Gdf7) show

variable timing across this progression, with some

neuroectodermal border specifiers, such asMsx1,

Msx2,Wnt3a, and Lmx1a (9, 13, 14), retaining

expression in the delamination cluster. On the

side opposite the neural tube, the delamination

bridge connects with a subpopulation of Sox9
+
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Fig. 1. Major aspects

of trunk neural

crest heterogeneity.

(A) Immunohisto-

chemistry of

E9.5Wnt1Cre;R26RTOM+

embryo, showing

SOX10+/Wnt1TOM+

neural crest cells

(NCCs) migrating in

the head and trunk.

Note post-otic vesicle

incision (dashed

lines), showing sepa-

ration between cranial

and trunk portions.

(B and C) t-SNE

embedding shows

1107 cells (points)

from mouse E9.5

Wnt1Cre/R26RTomato

trunk. The embedding

reflects spatio-

temporal aspects of

neural crest (NC)

development. Twelve

major clusters of

transcriptionally

similar cells (colors)

correspond to differ-

ent stages of NC and

ventral neural tube

(vNT) development.

(D) Analysis of

RNA velocity shows

major directions of

cell progression

in transcriptional

space. The arrow start

and end points indi-

cate observed-current

and predicted-future

cell states, respec-

tively. (E) Gene

markers (cluster-

specific) link NC

clusters to develop-

mental states.

(F) Anatomical local-

ization of NC clusters

inferred from in situ

sequencing of

32 cluster-specific

genes in E9.5 sections

(representative trunk

section). Cell identity

of vNT, which was

not captured in the

single-cell dataset, is

imputed using the

observed NC and NT

clusters. (G) Characteristic gene expression patterns as detected by scRNA-seq (upper) and in situ sequencing (bottom) of a representative trunk

section (see data S11 for others). (H) Transcriptional dynamics around delamination illustrate relationships between previously unknown and known

markers. Cells of pre-EMT, delaminatory, and early migratory clusters were ordered by their delamination pseudotime, estimated using a principal curve.

(I) scRNA-seq data predicts specific Dlx5 expression around delamination (left), validated through immunochemistry (right).
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cells that express Cdh11 or Itga4, genes involved

in neural crest migration (15, 16), but do not yet

express known markers of downstream neural

crest fates (Fig. 1E). We will refer to these popu-

lations asmigrating progenitors. Overall, single-

cell data identify substages within the pre- and

postmigratory neural crest stages (6, 9) and yield

sets of marker genes for various stages (table S1).

In situ sequencing shows spatial

segregation of distinct

neural crest states

Transcriptional profiles reveal a cascade of states

from neural crest formation to fate commitment

(Fig. 1, A to E). The early pre-EMT and delami-

nating crest gives rise to a pool of migrating

progenitors, whose heterogeneity is linked to

transcriptional properties of the downstream

fates (fig. S1D), as they begin to express fate-

specific genes. RNA velocity (Fig. 1D) shows a

general flow of neural crest cells along the se-

quence of these developmental stages, followed

bydivergent flows ofmigrating progenitors toward

more mature neural crest derivatives, including

autonomic and sensory neuronal lineage and

mesenchyme (Fig. 1, H and I, and data S1). All

subpopulations demonstrated robust and uniform

cell cycle signatures, except for a small number

of cells committed to neuronal lineages (fig. S4,

A to D). Immunohistochemistry-validatedmarkers

of major subpopulations (fig. S1, F to I) and

RNAscope confirm migratory spatial patterns of

classical lineage markers and new genes pre-

dicted to be implicated in fate specification (fig.

S2 and data S12) (17, 18).

To establish the relative anatomical distribu-

tion of the identified subpopulations, we used

in situ sequencing (19) to simultaneously detect

32 subpopulation-specific transcripts in a spa-

tially resolved manner in 15 serial sections of

the E9.5 embryo (Fig. 1G and data S1 and S11).

These two-dimensionalmeasurements confirmed

the expected anatomical separation of the neural

crest and neural tube populations, and a dorsal

neural tube localization of pre-EMT cluster, as

well as spatial segregation of mature fates along

the dorsoventral axis (Fig. 1, F and G, and fig.

S1E). The subpopulations of migratory progen-

itors showed dorsoventral spatial segregation,

with progenitors transcriptionally adjacent to

the sensory fate (yellow, Fig. 1B) biased toward

dorsal regions, and the progenitors transcrip-

tionally adjacent to autonomic andmesenchymal

fates (violet, Fig. 1B) biased toward ventral re-

gions (Fig. 1F and fig. S1E).

Differentiating neural crest undergoes

sequential binary fate restrictions

To disentangle the transcriptional logic of neu-

ral crest differentiation in the trunk, we used

a branching process to computationally model

the progression of emigrating neural crest cells

through the heterogeneous pool of progenitors

toward committed fates. Specifically, we adapted

a principal graph approach (20) to derive a sta-

tistical ensemble of contiguous tree trajectories

that best explain the observed cell distribution in

a high-dimensional transcriptional space (Fig. 2A

and fig. S3, A to D; see methods). The resulting

trees capture transcriptional changes associated

with transitions between pre-EMT, delaminat-

ing, and migratory states, followed by multiple

cell fate decision branches (figs. S3, A to C, and

S4, H to J, and table S3). The developmental

potential of neural crest cells has been the sub-

ject of previous investigations, showing that pre-

EMT and early migrating neural crest cells are

multipotent (21, 22). However, it remains unclear

how neural crest cells lose multipotency and

whether the choice of multiple fates occurs in a

stochastic manner or follows a structured pat-

tern of lineage restrictions (23, 24). Our results

demonstrate awell-defined transcriptional struc-

ture of cell-fate splits, which appear as a sequence

of binary bifurcations separated by additional

robust transcriptional changes (Fig. 2A and figs.

S3, A to C, and S4, H to J). The first stable bi-

furcation separates sensory lineage from com-

monprogenitors of autonomic andmesenchymal

branches. The second stable fate split, separating

autonomic neuronal fate frommesenchymal dif-

ferentiation, captures a spatially restricted pro-

cess that takes place within the cervical region.

Additional branches can be attributed to glial

differentiation as they show expression of early

glial markers (Mpz, Fabp7, Zfp488, Plp1, Sox10)

and transcriptional signatures of E10.5 Schwann

cell precursors (SCPs) (fig. S4, E to G). Further-

more, removal of the top 50 cells associatedwith

SCPdevelopment leads to disappearance of these

glia-specific branches (fig. S4, H and I). Although

the topology relating sensory, autonomic, and

mesenchymal branches is stable, the anchoring

of the glial branch is uncertain, with some of the

trees in the ensemble placing it within the sen-

sory branch, and others positioning it within the

autonomic-mesenchyme branch (fig. S4J). This

likely reflects both technical uncertainties arising

from limited number of such glial precursors, as

well as the fact that glial precursors arise in both

sensory and autonomic lineages.

Because it has been previously noted that

Wnt1
Cre

line can activate theWnt1 signaling path-

way and induce a developmental phenotype (25),

we generated another single-cell snapshot of the

E9.5 trunk neural crest, using a different neural

crest-specific Cre line (Sox10
CreERT2

/R26R
Tomato

).

Transcriptional dynamics, structure of bifurca-

tions, and patterns of markers expression were

similar betweenWnt1
Cre

and Sox10
CreERT2

snap-

shots, indicating that the effect of Wnt1 activa-

tion in early neural crest is relatively minor (fig.

S5, A to I), consistent with observations by others

(26). To evaluate the extent of spatiotemporal

conservation of transcriptional program in pos-

terior neural crest, we also generated a single-cell

snapshot of hindlimb and tail crest at E10.5 using

Wnt1
Cre

/R26R
Tomato

line. The results recapitulate

transcriptional dynamics at E9.5 in trunk, reveal-

ing more advanced stages of sensory neurogen-

esis (fig. S5, H and I). These combined results

show that upon maturation, trunk NC proceeds

through a stereotypical sequence of binary lineage-

restriction decisions.

Distinct functions of early and late

Neurog2 expression

Many genes exhibit statistically significant and

robust changes along the reconstructed trunk

neural crest developmental tree [1048 genes at a

false discovery rate (FDR) of 0.05; Fig. 2, B and C,

and table S4], which we grouped into 21 major

clusters based on the similarity of their expres-

sion patterns (Fig. 2C and data S2). Although

expression of many clusters recapitulated the

canonical stages of neural crest (6), others cap-

tured more complex regulatory patterns, such as

down-regulation after delamination followed

by reactivation uponmesenchymal specification

(cluster 20, data S2). Among the tree-associated

genes, we identified 137 TFs, many of which were

not previously described in the context of neural

crest development (e.g., Maf, Ikzf2, Rfx4, Ldb2,

Plagl1,Nhlh2) (data S2). Differential expression

of a TF, however, does not establish its regula-

tory role, as TF activity may be modulated by

cofactors or other regulatory machinery. We

therefore looked for coordinated up-regulation

or down-regulation of the predicted TF targets

as an indicator of TF regulatory activity (Fig. 2D).

We used regularized linear models (27) to ana-

lyze 50 of out 137 trajectory-associated TFs that

had known nonredundant sequence binding se-

quence motifs, and identified TFs whose tran-

scriptional changes show statistically significant

regulatory impact on their corresponding target

genes (FDR < 0.25) (Fig. 2D and fig. S6). A pat-

tern of TF activity matching TF expression was

observed for transcriptional activators, and a com-

plementary pattern for repressors (e.g., Foxd3). A

repressive effect ofFoxd3 innon-ectomesenchymal

developmental stages is in agreement with the

results of FoxD3 loss-of-function experiments

(28), including a biasing role of FoxD3 against the

mesenchymal program (29). Several TFs showed

expression in parts of the neural crest develop-

ment tree without exhibiting a detectable regu-

latory impact on their target genes, suggesting

modulation by other processes. For example,

Insm1 is expressed in both autonomic and sen-

sory branches, but shows detectable regulatory

impact only in the autonomic branch. Indeed,

activity of Insm1 is modulated by autonomic-

specific factor Ascl1 in specification of auto-

nomic lineage (30).

ProneurogenicNeurog2 exhibits two peaks of

expression (Fig. 2B): early after the delamina-

tion stage that appears to lack direct regulatory

impact (Fig. 2E), and late at the onset of sen-

sory neurogenesis that can be linked to corre-

sponding regulatory activity (31). Expression of

Neurog2 around the dorsal neural tube has been

previously assumed to mark sensory progenitors

(32), and in that regard, the early expression of

Neurog2 that precedes any bifurcation points is

surprising. It suggests that instead of being lim-

ited to sensory lineage, all neural crest deriva-

tivesmay exhibit transient expression ofNeurog2

during differentiation (Fig. 2E). Indeed, lineage

tracing inNeurog2
CreERT2/+

;R26R
YFP

mouse line

starting from E9.5 confirms that cells expressing

Neurog2 at this early stage end up being widely
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distributed across all types of the neural crest

progeny in the trunk and are not limited to the

canonical sensory fate (Fig. 2F). Earlier studies

have shown that Neurog2 knockout results in

transient delay of sensory lineage differentia-

tion, which is subsequently compensated by

its homolog Neurog1 (31) that also has detect-

able regulatory impact in the sensory branch

(fig. S6A). To assess broader functional impact

of earlyNeurog2 expression on fates distribu-

tion, we analyzed knockinNeurog2
CreERT2/CreERT2

;

R26R
YFP

embryos (33). In the absence ofNeurog2,

the efficiency of genetic tracing appeared pro-

portionally higher in all neural crest deriva-

tives except melanocytes, indicating that early

Soldatov et al., Science 364, eaas9536 (2019) 7 June 2019 4 of 13

Fig. 2. Developmental portrait of trunk neural crest cells. (A) Develop-

mental progression of trunk NCCs modeled using principal trees.

Non-NCCs (empty circles) were excluded from the analysis. Cells with high

average expression of fate-specific markers are shown by distinct vibrant

colors; a heterogeneous pool of migrating progenitors is shown in gray.

(B) Projections of cells onto the principal tree yield smoothed pseudotime-

associated gene expression profiles. Top: Color-coded segments of the

principal tree; segment colors match the colors of corresponding unbiased

clusters in Fig. 1A, where possible. (C) Clustering of genes based on

similarity of NCC expression profiles (see data S1 for extended set of

clusters). (D) Transcription factor (TF) regulatory activity along the NCC

developmental progression. Lower: A pseudotime activity pattern is

shown for a set of TFs predicted to be active during NCC differentiation

(FDR < 0.25). (E) Patterns of expression (left) and activity (right) shown

for representative TFs. (F and G) Immunohistochemistry of control

Neurog2CreERT2/+;R26RYFP/+ (carrying one copy of CreERT2) and mutant

Neurog2CreERT2/CreERT2;R26RYFP/+ (carrying two copies of CreERT2, see

methods for details) tamoxifen-injected at E9.5 and analyzed at E15.5

shows fate partitioning of traced cells between sensory neurons (ISL1+)

(white solid arrowheads), glia (SOX10+) (empty arrowheads), and

melanocytes (MITF+) (white solid arrows). Note that no melanocytes are

traced in control embryos. (H) Quantification of the percentage of traced

sensory neurons, glia, and melanocytes between control and mutant

embryos per organ shows doubling of tracing in neurons and glia, but

significantly higher proportion in melanocytes (*p < 0.05, **p < 0.01,

***p < 0.001). DRG, dorsal root ganglion; SG, sympathetic ganglion.
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Neurog2 expression is not primarily associ-

ated with committed or biased sensory pro-

genitors. Rather, it suggests a nonneurogenic

role ofNeurog2 in active repression of themelano-

cyte fate during early neural crest migration

(Fig. 2, G and H).

Coactivation of alternative programs

and biasing precede fate commitment

To investigate the process of cell fate commit-

ment, we examined how transcriptionalmodules

associated with alternative cell fates assemble

and compete around decision points, focusing

initially on the first bifurcation separating sen-

sory and autonomic branches (Fig. 3A). We ap-

proximated fate-specificmodules by sets of genes

selectively up-regulated in one branch compared

to another (Fig. 3, B and C). Whereas some fate-

specific genes are up-regulated after the bifurca-

tion point (late genes, 45 sensory, 36 autonomic),

others show earlier up-regulation in the progen-

itor branch, before the actual bifurcation point

(early genes, 53 sensory, 86 autonomic) (Fig. 3B

and data files S3 and S4). For example,Neurod1,

thought to be a master regulator of sensory fate,

is induced late in the sensory branch, whereas

another sensory TF,Pou4f1, is up-regulated earlier

during delamination, in amanner similar to that

of Neurog2 (Fig. 3B). This is expected, as bifur-

cation points capture trajectory positions where

the extent of the transcriptional differences be-

tween the alternative cell fates becomes suffi-

ciently large. The expression onset differences

were also confirmed by the RNAscope measure-

ments of select genes in both sensory and auto-

nomic branches (fig. S2).We observed that early

modules of competing cellular fates are coex-

pressed in progenitor cells and exhibit gradual

coactivation as the cells progress toward the

bifurcation point, followed by selective up-

regulation of one module and down-regulation

of another after the bifurcation point (Fig. 3C).

By contrast, late-competingmodules showmutu-

ally exclusive activation in their correspond-

ing branches, without coexpression in individual

cells, consistent with commitment to a partic-

ular fate (Fig. 3D). Many known critical master

regulators do not show detectable expression

around the bifurcation point (including auto-

nomic Phox2b, Ascl1, and sensory Neurog1,

Neurod4, and Neurod1), indicating contribu-

tion of other genes or mechanisms to the early

steps of the decision process. These likely in-

clude exposure to extracellular signals such as

Wnt signaling, BMP signaling, or Delta-Notch

interactions (34).

We next examined whether despite general

coactivation of competing-fate modules, the pro-

genitor cells exhibit an early transcriptional bias

toward a particular fate beyond the effects of

expression noise. In doing so, we controlled for

apparent biases due to developmental asynchrony

of the subpopulations being analyzed, which

can limit interpretation of similar analysis based

on targeted or bulk measurements (fig. S7I) (2).

For the cells positioned around the actual bi-

furcation point, the transcriptional bias toward

one of the possible fates manifests itself as a pro-

nounced negative correlation between the com-

peting gene modules (Fig. 3E). We find that as

cells move toward the first bifurcation point

following the initial coactivation stage, the

degree of transcriptional coordination within

eachmodule increases, and antagonistic expres-

sion of the competing modules becomes more

apparent (Fig. 3, E and F). Simulated controls,

with expression profiles randomized across cells

with similar pseudotime to preserve the overall

gene activation profiles, fail to show such local

coordination of gene modules (fig. S7, A and B).

This indicates that as cells progress toward the

bifurcation point, they undergo gradual tran-

scriptional biasing toward one of the competing

fates. The biasing phase does not appear to be

driven by up-regulation of a single gene. Rather,

we observe broad expression shifts between genes

of the competing fate-specific modules (Fig. 3F).

These results indicate the presence of lineage

priming early in neural crest migration, prior

to the predicted sensory-autonomic bifurcation

point. The transcriptional correlationswithin the

competing modules are reduced following the

bifurcation point. This reduction illustrates that

most of the observed intramodule correlation

can be attributed to compositional heterogeneity

of cells around the bifurcation point (35). When

considering more homogeneous cell populations

within the branches following the bifurcation

point, correlation of genes within the module

becomes relatively low, indicating that regulatory

interactions between genes, such as correlations

induced by stochastic covariation of a TF and its

target genes, are not apparent in such data (36)

(Fig. 3F).

To determine the initial transcriptional events

in the assembly of the fate-specific modules, we

monitored coordinated expression of gene sub-

sets, tracking backward along the progenitor

branch. In doing so, we controlled for the overall

pattern of module activation, as such general

trends can overshadow correlations within a

subset (fig. S8). The results show that early

correlated subsets of modules specific to either

sensory or autonomic fate can be statistically

distinguished at the delamination stage, but not

in the pre-EMT neural crest (Fig. 3G and data

files S5 and S6). We detect earlier formation of

the sensorymodule, compared to the autonomic

module. Overall, we observe three primary phases

of cell fate decision, formalized as a sequence

of initial coactivation, gradual biasing, and com-

mitment phases (Fig. 3H). The initial coactiva-

tion stage is characterized by coexpression of

competing modules within individual cells that

gradually shifts in favor of one of the modules

during the biasing phase, culminating in up-

regulation of mutually exclusive fate-specific

gene expression patterns during commitment.

The three-phase scheme of cell fate decision

also holds for the autonomic-mesenchyme bi-

furcation discussed below (fig. S7, C to H). This

model elaborates on earlier observations of co-

expression of key regulatory factors (37–40)

or programs (41–43) from alternative fates

prior to cell fate commitment noted in other

tissues.

Autonomic-mesenchymal bifurcation

reveals bipotent progenitors

Studies of neuroblastoma, a tumor of sympa-

thetic nervous system that originates from neu-

ral crest cells, revealed that tumor cells can

transit between adrenergic and mesenchymal

phenotypes, creating inter- and intra-tumoral

heterogeneity that poses a therapeutic challenge

(44, 45). Our data uncovered the developmental

bifurcation that separates autonomic and mes-

enchymal fates (Fig. 4A). After the initial stage

of co-activation of both programs (Fig. S7C-E),

commitment to fates is marked by expression of

two fate-specific late genes: Phox2b, a key driver

of autonomic neuronal lineage (46); and Prrx1, a

marker of specified mesenchyme (47). However,

some transient cells co-express both genes at high

levels (Fig. 4A). Consistent with this, correspond-

ingPrrx1 andPhox2bmRNAmolecules colocalize

and proteins are coexpressed in the same few cells

in the ventral neural crest pathway of migration

(Fig. 4, C and D). Nearly all late genes of the auto-

nomic module are coexpressed with late genes

of the mesenchymal module in at least a few

cells, illustrating ubiquitous stochastic coacti-

vation of the alternative fate modules (Fig. 4B).

To test whether the cells expressing Phox2b

can end up in the mesenchymal domain, we

performed lineage tracing with a Phox2b
Cre

/

R26R
TOMATO

mouse line (Fig. 4, F and G). As

expected, the autonomic neurons and numer-

ous glial cells proximal to autonomic compo-

nents were traced. However, we also observed

tracing of multiple cells of the mesenchymal

phenotype in the cervical region, as well as in

the heart, in the proximity of autonomic com-

ponents (parasympathetic neurons of the heart)

(Fig. 4H). Detailed analysis at the region of the

heart and theproximal autonomic ganglia showed

that 21.6 ± 3.1% of traced cells contributed to glia,

9.9 ± 1.6% to autonomic neurons, and 68.4 ± 4.7%

to mesenchyme (Fig. 4H). These results confirm

that some of the cells expressing late-autonomic

signatures subsequently deviate toward mesen-

chymal specification in the cervical region. The

opposite experiment with lineage tracing in

Prrx1-Cre;R26R
mTmG

showed no traced auto-

nomic neurons or glial cells in the entire embryo,

including the cervical region where the large

superior cervical ganglion is positioned (Fig. 4,

E and H). Thus, cells expressing Prrx1 always

differentiate into mesenchymal fates. As a result,

when both Prrx1 and Phox2bmaster regulators

are coactivated in the same cells, cell fate is re-

solved in the direction of mesenchymal derivates

in vivo (Fig. 4B). No sensory neurons were traced

from progenitors expressing Phox2b, demonstrat-

ing that Phox2b
+
cells at the second bifurcation

point are bipotent. The possibility of transdif-

ferentiation of more committed Ascl1
+
/Phox2b

+

autonomic progenitors into mesenchymal pop-

ulation is not supported by RNA velocity anal-

ysis (Fig. 1D) and lineage tracing from E10.5 with

Ascl1
CreERT2

;R26R
TOM

(fig. S9).
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Fig. 3. Logic of cell fate selection for sensory-autonomic bifurcation.

(A) Schematic overview of the sensory-autonomic split in NC

differentiation. (B) Branch-specific (sensory versus autonomic) genes

classified as activated early (before split) and late (after split). Right:

Example of an early (Pou4f1) and a late (Neurod1) sensory-specific

gene. Vertical line marks predicted time of up-regulation. Time of

up-regulation of all genes can be found in data S3 and S4. Colors

encode branches [as in (A)]. (C) Average expression pattern of early

and late branch-specific modules. Early and late modules are set of

genes activated before or after the bifurcation. (D) Scatter plots show

average expression of sensory and autonomic modules in each cell.

Left: Early competing modules show gradual coactivation, followed by

selective up-regulation of one fate-specific module and down-regulation

of another. Right: Late modules show almost mutually exclusive

up-regulation. Colors encode tree branches. (E) Bifurcation point is

characterized by correlated expression of genes within modules, and

repulsion of competing modules. Left: Probability of a cell proximity to the

sensory-autonomic bifurcation point shown (darker colors corresponding

to higher probability). Right: Average correlation of each early

sensory- or autonomic-specific gene (points) with the genes from

the sensory- (x axis) and autonomic-specific (y axis) modules among cells

around the bifurcation point. Genes that have low average correlation with

their own module (<0.07) are shown with faded colors and are excluded

from analysis in (F) for clarity. (F) Early modules show gradual intramodule

coordination and intermodule repulsion. Upper: The plots show average

local correlations of module genes with autonomic and sensory modules in

a set of cells with similar developmental time (marked by black points).

Bottom: Average local correlations of genes within and between branch-

specific modules show gradual increase in coordination within each

module and increasing antagonistic expression between the branch-

specific modules. The difference between intra- and intermodule correla-

tions, which characterize the extent of the antagonistic expression

between the alternate modules, is shown in the upper right corner of

tSNEs. (G) Time of gene inclusion in coordinated branch-specific module

shows early signatures of fate-biased expression programs. Bottom:

Schematic illustrating of formation of a branch-specific module, with

connecting lines indicating onset of expression correlation between genes.

Heatmap: Probabilities of gene inclusion in the branch-specific module

during early stages of differentiation (see data S5 and S6 for gene names).

Right: Examples of inclusion probability estimates for individual genes

in the two modules. (H) Cell fate decisions formalized as a three-phase

process: Initially, cells coactivate competing cell fate–specific programs,

gradually switch to preferential expression of one module, and culminate

by activating mutually exclusive fate-specific expression.
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Fig. 4. Phox2b and Prrx1 coexpression reveals bipotent progenitors.

(A) Infrequent coexpression of Phox2b and Prrx1 is observed despite

mutually exclusive expression of modules. Bottom left: Late modules

of the autonomic-mesenchyme bifurcation show mutually exclusive

expression. Bottom right: Prrx1 and Phox2b show largely branch-specific

expression pattern, but are coexpressed in some cells. (B) The majority of

antagonistic pairs of branch-specifying genes are coexpressed at high

levels in a few cells. Upper: Heatmap with color indicating numbers of cells

with coexpression of two genes from competing late modules (rows,

autonomic; columns, mesenchymal). Lower: Heatmap showing expression

of branch-specific TFs in cells assigned to either branch. (C) Pattern of

Prrx1 and Phox2b expression (by in situ sequencing) at E9.5. Coexpression

of the two genes is observed at the prospective cranial ganglia.

(D) Immunofluorescence for PHOX2B, PRX1, and SOX10 in E9.5 trunk

(PHOX2B+/PRX1+ cells shown by white arrowheads, PHOX2B+/PRX1− by

yellow arrows). (E) Immunohistochemistry on E17.5 embryo for Prrx1GFP,

S100, and ISL1 shows absence of overlap between the mesenchyme

(Prrx1GFP+), glia, and sensory neurons. Note that Prrx1GFP+ shows

colocalization with COLIV, indicating that the vascular mesenchyme was

traced. (F) Immunohistochemistry on E13.5 embryo for SOX10,

Phox2bTOM+, neurofilaments, and PHOX2B (in heart-related panels).

Note the presence of numerous Phox2bTOM+/ PHOX2B− mesenchymal

cells in the cervical region and surrounding Phox2bTOM+/ PHOX2B+

autonomic neurons in the heart. (G) Immunohistochemistry on E13.5 embryo

for SOX10 or PHOX2B, Phox2bTOM+, and ISL1. Note the presence of

numerous Phox2bTOM+/mesenchymal cells in aortic areas, negative for

ISL1, PHOX2B, or SOX10. (H) Analysis of the percentage contribution

of Phox2bTOM+ and Prrx1GFP+ cells to mesenchyme, autonomic neurons,

and glia over the total number of traced cells in the area of the heart

(N = 3 embryos per strain).

RESEARCH | RESEARCH ARTICLE

o
n
 J

u
n
e
 6

, 2
0
1
9

 
h
ttp

://s
c
ie

n
c
e
.s

c
ie

n
c
e
m

a
g
.o

rg
/

D
o
w

n
lo

a
d
e
d
 fro

m
 

http://science.sciencemag.org/


Transcriptional specificity of

cranial neural crest emerges

during delamination

Migration and differentiation of cranial neural

crest are spatiotemporally separated from events

occurring in the trunk. The cranial crest primarily

gives rise to mesenchymal populations responsi-

ble for building the head, which are not produced

by the trunk crest (48). We analyzed single-cell

snapshots of anterior cranial, pre-otic, and post-

otic Wnt1-traced populations at E8.5 (Fig. 5A).

Early neural crest was composed of three spa-

tially distinct populations: Hox
−

population that

corresponds to the anterior cranial neural crest,

Hoxb2
+
that contributes primarily to the man-

dibular level, and HoxD3
+
population that in-

cludes post-otic (including cardiac and vagal)

streams of the neural crest (Fig. 5A, fig. S10A,

table S5, and data S7) (49). The developmental

portrait ofHox
−

anterior cranial neural crest at

E8.5 represented a single differentiation trajectory

that encompasses diverse transcriptional events:

down-regulation of a neural tube–associated pro-

gram, including Zic3 and Pax8; transient expres-

sion of a battery of genes such asPak3 andBmper;

coherent, but not simultaneous, up-regulation of

neural crest markers, including Foxd3, Sox9 and

Sox10, and mesenchymal fate–specifying genes,

including the TFs Twist1 and Prrx2 (Fig. 5, B and

C, table S6, and data S8). Consistent with this,

analysis of Hox
-
neural crest variability shows

trajectory-associated and cell cycle processes (fig.

S10G). Although we did not observe fate bifur-

cations in the cranial crest at the E8.5 stage, an

anticorrelation of the mesenchymal and neuro-

nal genetic programs emerged, coinciding with

the down-regulation of the early neural crest

genes Foxd3 and Sox9 and activation of the

mesenchymal factors (Fig. 5D and fig. S10B).

Thus, cranial neural crest, similar to trunk cells,

progresses through a biasing stage before com-

mitment to a specific fate. This indicates that

signs of ongoing cell fate bifurcations often can

be detected in advance, similar to early detec-

tion of transitions noted in other fields (50). As

in the case of the anterior cranial neural crest,

the snapshot ofHoxb2
+
neural crest cells under-

went a differentiation progression through an

intermediate step towardmigrating cells express-

ing mesenchymal markers (fig. S10, C and D;

Table S7; anddata S9).Hoxb2
−

/Hoxd3
+
neural crest

populationwas represented as an isolated cluster.

Cranial neural crest at all spatial levels expresses

a shared core program (including classical mark-

ers Sox10, Sox9,Foxd3, andEts1). As a result,Hox
−

andHoxb2
+
neural crest subpopulations aremore

similar to each other than to the corresponding

neural tube regions from which they originate

(Fig. 5E). Nevertheless,Hox
−

andHoxb2
+
neural

crest shows expression differences (fig. S10, E

and F), whichmay be a consequence of divergent

differentiation trajectories, or simply reflect re-

sidual differences of their distinct starting states

prior to delamination from the neural tube. We

find evidence for the former, with the difference

between Hox
−

and Hoxb2
+
neural crest correlat-

ing well with the differences in the neural crest

developmental programs induced at the corre-

sponding spatial levels (r = 0.49), but not corre-

lated with the difference of their starting Hox
−

and Hoxb2
+
neural tube states (Fig. 5E). This

indicates that the transcriptional divergence of

the neural crest from different spatial levels

arises primarily during downstream delamina-

tion and migration stages through the activation

of new gene expression programs.

Cranial and trunk crest follow

different paths through a shared

differentiation landscape

To compare more-differentiated populations

arising from different neural crest levels, we

further sampled crest-derived cells of cranial

region at E9.5, post-otic (vagal and cardiac) at

E10.5, and lumbar and tail regions at E10.5. Joint

alignment of all crest datasets (see methods) re-

vealed that neural crest cells at various positional

levels and time points navigate a stereotypic space

of transcriptional states, with some notable biases

(Fig. 5F; fig. S10, H and I; and tables S9 and S10).

The distribution of mature cells of the cranial

compartment is biased toward mesenchymal

fate, whereas cells of the trunk compartments

gravitate toward sensory and autonomic fates

(Fig. 5G and fig. S10M). In line with this, the

fraction of mesenchymal committed cells was

high in the anterior population, whereas the

fraction of sensory committed cells was high in

the posterior population as inferred from Hox

gene expression (fig. S10J). The cranial neural

crest progressed to a more mature mesenchymal

state at E9.5 as compared to the earlier E8.5 time

point, as evident from activation of Prrx1 and

Twist2. By contrast, trunk neural crest showed

active maturation of sensory progenitors from

E9.5 to E10.5, including activation ofDcx, Stmn2,

and down-regulation ofNeurog2 (fig. S10I). Post-

otic neural crest occupied an intermediate posi-

tion between anterior cranial and trunk neural

crest, and shared some features with each of

those populations (51). Snapshot of post-otic

neural crest populations at E10.5 represented

mostlyHoxd3
+
cells, indicating a dominant con-

tribution from the vagal neural crest (Fig. 5G).

The population contains cells of autonomic and

cardiac-mesenchyme fates with a small admix-

ture of sensory-committed cells. Cardiac mes-

enchyme is necessary for development of cardiac

valves and the outflow tract (52). Heterogene-

ity of this subpopulation revealed three initial

steps of ectomesenchyme differentiation that

aremarked by sequential acquisition and down-

regulation of Six2 followed by transient up-

regulation of Dlx6 and activation ofMsx2 and

heart-specific Hand2, and then activation of

downstream cardiac markers Hand1, Dkk1, and

Gata6 (Fig. 5H, table S8, and data S10). Screen-

ing of the neural crest snapshot at E8.5, E9.5,

and E10.5 stages did not reveal coexpression of

the melanoblast markers (Mitf, Pmel, Dct) or a

broader transcriptional signature of prospec-

tive melanoblasts at any of the spatiotemporal

levels, indicating late consolidation of melano-

cytic fate (fig. S10, K and L).

During delamination and early migration

stages, both cranial and trunk neural crest pro-

gress through a similar sequence of transcrip-

tional steps, as illustrated by intermixing in

joint expression space (Fig. 5G and fig. S11A).

Nevertheless, in addition to such common ma-

turation signatures, cranial and trunk neural

crest also activate their own distinct modules

(Fig. 6A and fig. S11, A and D). For cranial cells,

this includes activation of a broad mesenchy-

mal program, including regulatory factors such

as Twist1, Prrx2, and Dlx2 (Fig. 6B), whereas

activation of the sensory program that includes

Neurog2, Pou4f1, and Nkx2.1 is specific to

trunk cells. Therefore, we hypothesized that

early activation of fate-specific programs after

delamination can predispose cells toward spe-

cific fates and account for the distinct down-

stream fate biases of trunk and cranial neural

crest cells.

Twist1 activation is sufficient to

reroute trunk neural crest into

a mesenchymal fate

To test if activation of mesenchymal regulators

can bias trunk neural crest toward mesenchy-

mal differentiation, we electroporated Twist1-

expression constructs into the developing chick

neural crest. Such targeted and sustained over-

expression of Twist1 in the trunk neural crest

starting from pre-EMT stage resulted in down-

regulation of traditional trunk fates such as neu-

ronal sensory, autonomic, and glial and alteration

of the neural crest migration patterns (Fig. 6C).

Instead of the expected migration toward the

dorsal aorta, Twist1
+
cells in the trunk predomi-

nantly followed a path to dermal regions, where

they activated expression of a dermal mesen-

chymal marker Prrx1, not observed in wild-type

trunk neural crest (Fig. 6C). Some Twist1
+
cells

migrated to sensory ganglia and the dorsal aorta,

where they did not take neuronal or glial fates

(fig. S12, A and B). Conversely, CRISPR-Cas9–

based knockdown of Twist1 in chick cranial neu-

ral crest resulted in a reduction of mesenchymal

populations and an increase in glial and neuro-

nal derivatives (fig. S12, C to F), consistent with

previous studies (53, 54).

Overexpression of the downstream mesen-

chymal factor Prrx2 in the trunk resulted in

massive apoptosis of neural crest cells (fig. S11B).

The rare surviving cells were not able to pick

traditional trunk fates, as compared to controls

[green fluorescent protein (GFP)–only DNA or

neuro-glia–related genes, such as Crabp1; fig.

S11B]. By contrast, regulator of sensory fate

Pou4f1 is strongly activated upon delamination

in the trunk, but is poorly expressed in cranial

crest: Overexpression of the dominant-negative

version ofBrn3c, a homolog of Pou4f1 in chick, in

cranial and trunk chick neural crest resulted in

no obvious phenotype in the trunk, as expected,

whereas it caused a decrease of Sox9
+
/Pax7

+

cranial neural crest cells (fig. S11C). This suggests

that Pou4f1 might be another factor differen-

tially regulating fates in different NC popula-

tions along the anteroposterior axis.
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Fig. 5. Spatiotemporal

analysis of cranial

neural crest. (A) t-SNE

embedding shows

subpopulations observed

in 1345 cells collected

from the cranial part of

E8.5 Wnt1-Cre;R26TOM+

embryos (left: represent-

ative embryo shown).

(B) Analysis of the

developmental progres-

sion identifies timing

of transcriptional events

of early Hox− cranial

NCCs. (C) Pseudotime

expression trends of

representative genes

[from (B)] are shown for

early Hox− cranial NCCs.

(D) Correlation of

fate-specific gene

modules reveals emer-

gence of mesenchymal

versus neuronal

biases in migration.

Similar to Fig. 3F, the

cells were arranged by

pseudotime and binned

in groups of 50 cells

(upper panels) to

estimate intra- and

intermodule correla-

tions between the mes-

enchymal and neuronal

(sensory, autonomic)

gene modules from E9.5

trunk NCC analysis

(lower panels). (E) Tran-

scriptional differences

of migratory Hoxb2+

and Hox− cranial NCCs

emerge during

delamination. Left:

NCCs from Hox- and

Hoxb2+ populations

show more similar pro-

files in the migratory

stage, compared to NT,

whereas transcriptional

differences between

Hox- and Hoxb2+ in NT

(DNT) and migratory

stage (DNC) are not

correlated. Right: The

difference in transcrip-

tional shifts accompa-

nying delamination in Hoxb2+ (dNC+) and Hox- (dNC−) NCCs correlates with the resulting expression difference between Hox− and Hoxb2+ populations

at the migratory stage (DNC), indicating that most migratory differences between levels emerge during delamination, instead of reflecting initial

differences at the NTstage. (F) A joint embedding of NCCs from different stages (E8.5, E9.5, E10.5) and locations (cranial, trunk, cardiac, hindlimb, and

tail) shows stereotypic landscape of NC development. Inset shows schematic tree of differentiation. (G) Distribution of transcriptional states of

spatiotemporally distinct datasets (colored according to developmental time). (H) Three early ectomesenchyme developmental states of progressive

maturation in cardiac NC population.
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Discussion

We used single-cell profiling to characterize spa-

tiotemporal transcriptional dynamics of neural

crest, showing progressive restrictions of cell

fates, each realized through sequential phases of

coactivation, biasing, and resolution of compet-

ing fates (Fig. 7A). Computational reconstruction

of such differentiation trajectories from tran-

scriptional similarity merely predicts likely lin-

eage relationships, requiring additional validation

(55). Here we relied on targeted lineage tracings

ofNeurog2,Phox2b, andPrrx1 to validate gradual

restriction of the developmental potential pre-

dicted by the derived transcriptional tree (Fig. 7B).

However, clonal tracing techniques that are being

developed to progressively record clonal histories

of individual cells (56) would be ideally suited for

validation of a complex differentiation process

such as the one that takes place in neural crest.

The process of delamination largely erases

the transcriptional signatures that distinguish

different anteroposterior neural crest levelswithin

the neural tube and activates fate-specifying gene

programs. Such dissipation of pre-EMT signatures

is consistent with the transient phenotype ob-

served by Simoes-Costa et al., who identified a

cranial-specific pre-EMTgene regulatory network

capable of transient activation of the mesenchy-

mal properties in trunk, but unable to overcome

the environmental signals and generate trunk

mesenchyme (57). It indicates that acquisition

of a fate likely requires appropriate cell-intrinsic

state and extrinsic signaling during delamination.

Consistently, we find that mesenchymal tran-

scriptional bias emerges during delamination,

indicating that this might be the point where

mesenchymal potential is imbued to the neural

crest. In support of this hypothesis, we noted that

sustained overexpression of Twist1, normally ac-

tivated upon delamination only in the cranial

compartment, is sufficient to reverse trunk crest

developmental program to amesenchymal route.

This parallels previous observations in chordates,

where misexpression of a tunicate Twist resulted

in conversion of a cephalic melanocyte lineage

into migrating ectomesenchyme (58). Twist1

might therefore be the ancient and sufficient

factor defining the mesenchymal potential of

migrating neural crest—a key step in the evolu-

tionary development of the head in vertebrates.

The spatiotemporal data presented here

may provide a resource for studies of neural

crest biology and regulation, as well as inves-

tigations of neural crest–derived cancers and

neurocristopathy-associated diseases. Although

cell fate decisions in other systems may be based

on different organizational principles, the mo-

lecular logic of cell fate decision characterized

here for murine neural crest may also be shared

by other organisms or tissues. Additional data,

arising from analogous single-cell transcriptional

studies or the new generalized lineage-tracing

techniques, might soon allow such interorganis-

mal comparisons to be performed.

Materials and methods summary

Neural crest cellswere tracedusing theWnt1
TOMATO

and Sox10
CreERT2

;R26R
TOMATO

strains fromE8.5 to

E10.5 mouse embryos. Embryos were collected

and the TOMATO
+
parts of the tissue were se-

lected after stereoscopical observation usingultra-

violet illumination. The tissue was dissociated

and TOMATO
+
cells were sorted by fluorescence-

activated cell sorting on a 384-well plate in single-

cell mode. The sorted cells were lysed and their
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Fig. 6. Activation of early mesenchymal and sensory transcriptional

programs. (A) Scatter plot contrasts expression changes accompanying

NC transition from pre-EMT to migrating stages in cranial and trunk

NC shows overall correlation (r = 0.5). However, more up-regulated genes

upon transition in trunk or in cranial compartments end up preferentially

expressed in sensory and mesenchymal-autonomic fates, respectively.

(B) Mesenchymal regulators are activated early in cranial cells (top, only

cranial expression shown), whereas sensory regulators are activated early

in trunk cells (bottom, only trunk expression shown). (C) Immunofluorescence

for SOX2, ISL1, and RFP (red fluorescent protein) after electroporation of

control RFP-containing plasmid (left) versus after Twist1 electroporation

(right) in the developing chicken embryo trunk shows ectopic mesenchymal

induction upon Twist1 overexpression. NC, neural crest; NT, neural tube;

NCC, neural crest cell; DRG, dorsal root ganglion.
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transcriptomes sequenced using the Smart-seq2

protocol. Individual single-cell datasets were pre-

processed using PAGODA1 and PAGODA2 pack-

ages, which includes normalization, clustering

of cells, and t-distributed stochastic neighbor

embedding (t-SNE) for visualization (7). Joint

analysis of multiple datasets was performed

using the CONOS package (59).

Individual populations of clustered cells were

validated using a variety of approaches. Major

subpopulations (pre-EMT, delaminating and

migrating neural crest, sensory neurons, auto-

nomic neurons, and mesenchyme) were vali-

dated onE9.5 embryos using immunofluorescence

and comparison with public in situ databases

Soldatov et al., Science 364, eaas9536 (2019) 7 June 2019 11 of 13

Fig. 7. Schematic

representation of

neural crest fate

decisions. (A) Com-

pared to a classical

model (left), the model

of NC development

proposed here resolves

a sequence of stages

around delamination,

heterogeneity of

migratory progenitors,

and sequential struc-

ture of lineage restric-

tions. (B) Upper:

Individual binary

decisions are resolved

via a three-phase

mechanism involving

coactivation, biasing,

and commitment.

Lower: Lineage tracing

shows that early acti-

vation of Neurog2 is

linked to repression of

melanocytes in multi-

potent progenitors,

whereas Prrx1 and

Phox2b, involved

in coactivation and

biasing phases, mark

downstream mesen-

chymal and autonomic

fates with sporadic

coexpression in

bipotent population

around fate bifurcation.

(C) Distinct gene

modules, activated

upon delamination

along the cranial

to post-otic axis of the

embryo, establish bias

toward either mesen-

chymal (e.g., Twist1) or

sensory neuronal fate.
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(Allen Brain Atlas and Eurexpress) (17, 18). Ana-

tomical localization of the subpopulations was

established using multiplexed in situ sequenc-

ing of 32 genes (19), followed by computational

alignment of the single-cell transcriptional pro-

files with the spatially resolved in situ measure-

ments. Expression patterns of specificmarkers of

the sensory lineages were validated on E9.5 and

E11.5 stages using RNAscope.

RNA velocity was used to assess transcrip-

tional dynamics of cells (8). To quantify segre-

gation of lineages, we adapted a computational

method to reconstruct transcriptional trajectory

tree from single-cell profiles using principal graph

approach (20). Expression of transcription factors

and their potential targets, predicted on the basis

of DNA binding motifs, was analyzed to assess

regulatory activity along the tree. We developed

a computational method to analyze patterns of

cell fate decisions, which tracks formation of

fate-specific gene modules prior to fate bifur-

cations. Dynamics around major branches of

neural crest fate acquisition (mesenchyme, sen-

sory and autonomic neurogenesis) were fur-

ther analyzed using lineage tracing with the

Prrx1-Cre;R26R
mTmG

, Phox2b-Cre;R26R
TOMATO

and Ascl1
CreERT2

;R26R
TOMATO

mouse strains.

Additional validation included the analysis

of knockinNeurog2
CreERT2

;R26R
YFP

mice (where

Neurog2 is replaced by CreERT2, constituting

homozygous embryosNeurog2 knockouts). Over-

expression of Twist1, as well as CRISPR-Cas9–

mediated knockdown, performed as described in

(60), in developing chicken embryos using in ovo

electroporation, was used to validate Twist1 in-

volvement inmesenchymal fate acquisition. Sim-

ilarly, in ovo chicken electroporation was used

to overexpress Prrx2 (mesenchymal driver) and

Crabp1 (driver of neuron-glia fate acquisition)

and a dominant-negative version of Brn3c (avian

homolog of Pou4f1).
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