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Abstract Neural crest cells migrate throughout the embryo, but how cells move in a directed

and collective manner has remained unclear. Here, we perform the first single-cell transcriptome

analysis of cranial neural crest cell migration at three progressive stages in chick and identify and

establish hierarchical relationships between cell position and time-specific transcriptional

signatures. We determine a novel transcriptional signature of the most invasive neural crest

Trailblazer cells that is consistent during migration and enriched for approximately 900 genes.

Knockdown of several Trailblazer genes shows significant but modest changes to total distance

migrated. However, in vivo expression analysis by RNAscope and immunohistochemistry reveals

some salt and pepper patterns that include strong individual Trailblazer gene expression in cells

within other subregions of the migratory stream. These data provide new insights into the

molecular diversity and dynamics within a neural crest cell migratory stream that underlie complex

directed and collective cell behaviors.

DOI: https://doi.org/10.7554/eLife.28415.001

Introduction
Neural crest migration is crucial to vertebrate organogenesis. Signals within the dorsal neural tube

and microenvironments through which neural crest cells travel direct cells in multicellular, discrete

streams to precise peripheral targets. Time-lapse analyses have captured the complexity of neural

crest cell behaviors that include the transition from the dorsal neural tube to directed migration and

movement in collective groups. Cell morphologies and behaviors appear to vary depending on cell

position within a migratory stream. Despite these observations at the population level, our under-

standing of how migrating neural crest cells interpret and respond to microenvironmental signals at

the molecular level and coordinate their behaviors remains poorly understood. Thus, there is a tre-

mendous need to interrogate the genomic features of migrating neural crest cells in a spatial and

temporal manner with the goal of elucidating the underlying mechanisms of directed and collective

cell migration.

The finely-sculpted pattern of discrete neural crest cell migratory streams and their broad differ-

entiation potential have led to fascinating questions of the underlying biology (Kulesa and Gammill,

2010). Neural crest cells undergo an epithelial-to-mesenchymal transition to exit the dorsal neural

tube in a rostral-to-caudal timed manner. As cells exit the neural tube and encounter the paraxial

mesoderm, signals from within the neural tube and paraxial mesoderm sculpt cells onto stereotypical

migratory pathways. By navigating through different microenvironments in a directed manner and
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moving collectively in discrete streams, subpopulations of neural crest cells are distributed through-

out the embryo. In the head, neural crest cells migration directs cells into regions of the face, eye,

and branchial arches where cells play an important role in craniofacial patterning. Cranial neural crest

cells travel in multicellular streams just underneath the surface ectoderm, presenting the opportunity

to visualize and interrogate the in vivo cellular and molecular features of the migration process. Fur-

thermore, the chick embryo is well suited to studying gene expression heterogeneities within neural

crest cell migratory streams since cell isolation and single-cell RT-qPCR techniques have been opti-

mized (Morrison et al., 2012, 2015).

Genomic analyses of premigratory neural crest cells or entire stream populations have revealed

transcription factors and signaling pathways that may play critical roles during neural crest induction,

specification, epithelial-to-mesenchymal transition and early migratory events (Gammill and Bron-

ner-Fraser, 2002; Adams et al., 2008; Simões-Costa et al., 2014; Simões-Costa and Bronner,

2015). This information is typically gained by isolation and bulk RNA-seq analysis of premigratory

and migrating neural crest cells at a single time point, yet provides an important foundation to begin

functional studies to further elucidate aspects of neural crest biology (Simões-Costa and Bronner,

2015, 2016). However, what remains unclear is our understanding of the dynamic nature of gene

expression changes within migrating neural crest cells and how molecular patterns are transduced

into directed and collective cell migration behaviors.

To begin to address this, we recently profiled subpopulations of migrating cranial neural crest

cells manually dissected and isolated by fluorescence activated cell sorting (FACS) from distinct

stream positions at successive developmental stages by RT-qPCR in chick (McLennan et al., 2012,

2015). We discovered regional expression of genes (96 genes selected from the literature) within a

typical cranial neural crest cell migratory stream and confirmed the expression of a subset of genes

by multiplexed fluorescence in-situ hybridization and quantitative measurement (McLennan et al.,

2012, 2015). Intriguingly, by optimizing a single-cell RT-qPCR method (Morrison et al., 2015), we

were able to identify a unique molecular signature of 16 out of 96 genes that was stable and consis-

tent in a subset of cranial neural crest cells confined to the invasive front of the migratory stream

that we termed ‘trailblazers’ (McLennan et al., 2015). Over-expression of either of two transcription

factors (TFAP2A, HAND2) upstream of the trailblazer genes in the follower cell subpopulation led to

alterations in stream morphology (McLennan et al., 2015) suggesting a functional role for trailblazer

genes.

Here, we leverage our previous RT-qPCR data and exploit advances in whole transcriptome

amplification and cell isolation to enable single-cell RNA-seq (scRNA-seq) of neural crest migration.

Our goal was to distinguish inherent variations between individual cells within a neural crest cell

migratory stream. To do this, we compare gene expression fingerprints from 469 cells collected

from the front, lead, and trail subregions of a typical cranial neural crest cell migratory stream at

three developmental stages corresponding to initiation of migration from the dorsal neural tube,

active migration towards and colonization of the branchial arches. We additionally profiled ~100

migrating neural crest cells collected from explanted cranial neural tube cultures for comparison to

in vivo transcriptional signatures. We determine unique transcriptional signatures based on cell posi-

tion within a stream during migration using bioinformatics tools such as unbiased hierarchical cluster-

ing and principle component analyses (PCA). Our bioinformatics analysis provides spatial

transcriptomic signatures for neural crest cell subpopulations within the migratory stream and in

vitro, independent of manual dissection location. We examine expression of a small subset of the

trailblazer transcriptional signature by RNAscope and perform loss-of-function of a subset of trail-

blazer genes and the effects on neural crest migration. These data provide a comprehensive knowl-

edge base from which to identify and functionally test genes and signaling pathways critical to

neural crest migration and organogenesis.
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Results

Bulk RNA-seq analysis affirms a rich diversity of gene expression
between the invasive front and remainder of the neural crest cell
migratory stream
With our previous RT-qPCR analysis that revealed a set of 16 out of 96 genes highly expressed and

consistent during migration in a subset of cells restricted to the invasive front, we sought to expand

the gene list in an unbiased manner. To do this, we first performed bulk RNA-seq on cranial neural

crest cells isolated from the invasive front and remainder of the migratory stream at two successive

developmental stages during migration and branchial arch entry (Figure 1A and Figure 1—figure

supplement 1; Hamburger and Hamilton, 1951, HHSt13 and HHSt15). At these successive devel-

opmental stages, chick cranial neural crest cells of the pre-otic stream adjacent to rhombomere 4

(r4) are mid-migration and colonizing the branchial arch targets, respectively (Figure 1A). We fluo-

rescently labeled premigratory neural crest cells with Gap43-YFP (at HHSt8-9; 4–7 somites), reincu-

bated eggs until HHSt13 or HHSt15 and carefully manually dissected cells from the migratory front

(5% of the stream, termed ‘Front’) and remainder of the stream (95% of the stream, termed ‘Stream’)

(Figure 1A). We then used fluorescence-activated cell sorting (FACS) to isolate neural crest cells

from manually dissected tissues to perform bulk RNA-seq.

Hierarchical clustering showed three distinct features of the data (Figure 1B). First, we find good

correlation of expression levels between the three biological replicates, validating our cells isolations

(Figure 1B). Second, there are statistically significant differences in the expression levels of subsets

of genes between the different subpopulations isolated, confirming a conserved invasion signature

within the front migrating cells (Figure 1B and Figure 1—source data 1). Third, subsets of genes

expressed in the front subpopulation were either consistently up- or down-regulated in comparison

to the remainder of the stream at both developmental stages (Figure 1B and Figure 1—source

data 1).

In order to analyze the bulk RNA-seq data in more general terms, we calculated the mean of the

biological replicates and determined the hierarchical clustering based on mean values (Figure 1C).

These data reaffirmed the significant differences in the expression levels of subsets of genes

between the front and remainder of migrating neural crest cells, and included aspects of the 16

gene scRT-qPCR Trailblazer signature (McLennan et al., 2015) (Figure 1C and Figure 1—source

data 1). We find there is a subset of genes enriched in some neural crest cells at the invasive front

compared with the remainder of the stream, with consistent expression at both developmental

stages and unique to the previous 16 gene scRT-qPCR signature (Figure 1D and Figure 1—source

data 1; n = 23 genes). In contrast, we find a subset of genes reduced in migrating front cells com-

pared with the remainder of the stream, with consistent expression at both developmental stages

(Figure 1E; m = 19 genes). In comparison to our previous identification of 16 genes out of 100 ana-

lyzed by scRT-qPCR (McLennan et al., 2015), bulk RNA-seq analysis validated that ITGB5 and GPC3

(HHSt13), and BAMBI and PKP2 (HHSt15) were enriched in FRONT versus stream samples. EPHA4

(HHSt13) and CDH7 (HHSt15) were reduced. Together, these bulk RNA-seq analyses affirm there is

a rich spatio-temporal diversity of gene expression depending on whether a neural crest cell is within

the invasive front versus any other position within the stream and reveal genes that are either

enhanced or reduced consistently at the invasive front.

Single-cell RNA-seq identifies gene expression variances based upon
spatial position within the neural crest cell stream and temporal
progression along the migratory pathway
To better characterize unique transcriptional signatures and gene expression heterogeneity during

cranial neural crest migration, we isolated and profiled individual cells from different stream posi-

tions at three developmental stages (HHSt11,13,15; Figure 2A, Figure 2—source data 1 and Fig-

ure 2—figure supplement 1). These three progressive developmental stages were selected based

on the different migratory events including recently delaminated from the neural tube (HHSt11),

invasion of the paraxial mesoderm (HHSt13) and entry into the second branchial arch (HHSt15)

with ~8 hr in between the stages. Since there are few recently emigrated neural crest cells at

HHSt11, we could take advantage of single-cell analysis whereas with bulk RNA-seq described above
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Figure 1. Bulk RNA-seq confirms the unique molecular profile of cells at the invasive front of the neural crest stream. (A) Schematic representation of

method used for harvesting samples from the cranial NC stream. Invasive front (Front) is the ventral-most 5% of NC cells. Stream is the remaining 95%

of NC cells. n values as shown. (B) Heatmap of biological replicates of differentially expressed genes in HHSt13 and 15 Front and Stream (n = 477

genes). Black boxes contain gene clusters expressed at significantly higher and lower levels by the Front. (C) Heatmap of mean values of differentially

expressed genes in HHSt13 and 15 Front and Stream samples (n = 477 genes). Black boxes contain gene clusters expressed at significantly higher and

lower levels by the Front. (D) Venn diagram displaying the numbers of genes enriched at the Front of the NC stream at both HHSt13 and 15 with a

union of 23 genes enriched in both comparisons. (E) Venn diagram displaying the numbers of genes reduced at the front of the NC stream at both

HHSt13 and 15 with a union of 19 genes reduced in both comparisons. Hamburger and Hamilton (1951); St, stage.

DOI: https://doi.org/10.7554/eLife.28415.002

Figure 1 continued on next page
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we would not have been able to further dissect into invasive front and stream subpopulations. This

unique approach maintained a level of spatial information within our scRNA-seq data set.

Premigratory neural crest cells were fluorescently labeled at HHSt8 with Gap-43-YFP for ease of

identification during migration through unlabeled tissue for segregation of neural crest cells from

unlabeled tissue by FACS (Figure 2A). We subdivided neural crest cell migratory streams at HHSt13

and HHSt15 into three spatially distinct, non-overlapping subregions by careful manual dissection

and single cells were isolated by FACS. This included neural crest cells within the invasive front (5%

of the stream, termed ‘Front’), lead subregion of the stream (25% of the stream just proximal to the

front, termed ‘Lead’), and remainder of the stream (70% of the stream, termed ‘Trail’) (Figure 2A).

At HHSt11, we did not subdivide the stream since there are relatively small numbers of migrating

neural crest cells adjacent to rhombomere 4 (r4) and refer to these cells as ‘Front’ (Figure 2A). The

total number of single cells analyzed after quality control was 469 (Figure 2B). Hierarchical clustering

of single neural crest cell averages revealed statistically enriched and reduced genes between every

pairwise combination of subpopulations and concordance between Lead cells at HHSt13 and

HHSt15 and Trail cells at HHSt13 and HHSt15 (Figure 2—figure supplement 2). These data show

that spatial location within the stream and temporal progression along the migratory pathway are

primary determinants of gene expression.

In vitro transcriptional signatures of migrating neural crest cells are
distinct from any in vivo profile
Neural tube explant cultures are often used as an assay for neural crest cell migration studies. How-

ever, we previously showed that there are gene expression profile differences between neural crest

cells grown in vitro and neural crest cells isolated from the invasive front in vivo by RT-qPCR

(McLennan et al., 2015). That is, we found significant differences between in vitro and in vivo RT-

qPCR gene expression profiles by Euclidean clustering and dissimilarity matrix plots

(McLennan et al., 2015) that might explain the lack of collective cell migration in culture.

To better characterize in vitro cranial neural crest cell gene expression profiles, we performed

scRNA-seq on neural crest cells derived from explanted neural tubes. To do this, we explanted cra-

nial neural tubes dissected from HHSt8-9 embryos onto fibronectin-coated Mat-tek dishes and

allowed cells to invade the dish for 24 hr, comparable to in vivo HHSt15. At t =+ 24 hr, neural tube

explants were removed from the dish leaving the migrating cells to be collected and isolated by

FACS for single-cell RNA-seq analysis. We identified several key features when we compared in vitro

versus in vivo neural crest cell gene expression profiles (Figure 2—source data 2). First, using a

Pearson correlation matrix to relate the average expression profile of all migrating neural crest cell

subpopulations to show that the average in vitro profile is prominently distinct from all in vivo pro-

files analyzed (Figure 2C). Specifically, the in vitro neural crest cell gene expression profile correlates

poorly with every isolated in vivo subpopulation. The closest correlation is cells most recently exited

from the dorsal neural tube (HHSt11) (Figure 2C; Figure 2—figure supplement 2). To definitively

ensure that the difference between in vitro and in vivo neural crest cell expression was not the prod-

uct of averaging, we performed a principal component analysis (PCA) containing all single-cell RNA-

seq profiles (Figure 2D). The PCA reveals that all in vitro single neural crest cells cluster together

and show minimal overlap with any in vivo single-cell expression profile (Figure 2D).

To gain insight into the gene expression differences between migrating neural crest cells isolated

from the embryo and in vitro, we performed a Condensed Gene Ontology (GO) Term analysis. From

this analysis, there is enrichment of genes associated with biological processes such as cell signaling,

transcription regulation, growth factor response, migration and proliferation by in vivo neural crest

cells when compared to in vitro data (Figure 2E). We find that 806 genes are down-regulated in

Figure 1 continued

The following source data and figure supplement are available for figure 1:

Source data 1. Bulk RNA-seq differential expression gene lists.

DOI: https://doi.org/10.7554/eLife.28415.004

Figure supplement 1. Bulk RNA-seq quality control analyses.

DOI: https://doi.org/10.7554/eLife.28415.003
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neural crest cells grown in vitro (e.g., NKX2-5, NKX2-6, WNT5B, SNAI1, PAX5, PAX9, HAND1,

PHOX2B, EPHA3, EPHA5, NCAM2, FGFs 4, 7, 8, 9, 10, 18, 19, AQPs 1, 3, 5, NEUROD1, NGFR,

NRP1, DLXs 1, 3, 5, 6, TWIST1, TGFBR2, DSP, CDHs 5, 10, CXCL12, GATA4, GATA6, GPC3, ISL1,

BMP2, and KDR (VEGFR2)) compared with in vivo data (Figure 2F and Figure 2—source data 2).

We also find 312 genes up-regulated in migrating neural crest cells in vitro (e.g., WNT9A, SHH,

SOX2, PAX7, IL8, MKX, CDH6 and CDH12) (Figure 2—source data 2). However, despite the

Figure 2. Single-cell RNA-seq shows in vitro and in vivo neural crest have distinct molecular signatures. (A) Schematic representation of method used

for harvesting samples from the cranial NC stream. Front is the ventral-most 5% of NC cells. Lead is the 25% of NC cells immediately following the

Front cells. Trail is the remaining dorsal-most 70% of NC cells. Neural crest cells grown in vitro overnight from isolated neural tubes were also isolated

for this analysis. (B) Numbers of single cells isolated from different subpopulations. (C) Pearson correlation matrix of the average expression profiles,

based upon all differentially expressed genes all subpopulations analyzed (n = 1355 genes). (D) Principal Component Analysis (PCA) of all in vitro and in

vivo single cells using all differentially expressed genes (n = 1355 genes). (E) Condensed Gene Ontology (GO) analysis of genes upregulated in in vivo

NC cells compared to in vitro NC cells (n = 806 genes). (F) Bar chart displaying NC relevant genes increased in in vivo NC cells compared to in vitro NC

cells. HH, Hamburger and Hamilton (1951); St, stage.

DOI: https://doi.org/10.7554/eLife.28415.005

The following source data and figure supplements are available for figure 2:

Source data 1. Single-cell RNA-seq differential expression gene lists for all spatiotemporal subpopulation pairwise comparisons.

DOI: https://doi.org/10.7554/eLife.28415.008

Source data 2. Single-cell RNA-seq differential expression gene list comparing in vitro and in vivo cells.

DOI: https://doi.org/10.7554/eLife.28415.009

Figure supplement 1. Single-cell RNA-seq quality control analyses.

DOI: https://doi.org/10.7554/eLife.28415.006

Figure supplement 2. Single-cell RNA-seq averages show regional and temporal expression differences within the neural crest stream.

DOI: https://doi.org/10.7554/eLife.28415.007
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identification of 312 genes up-regulated in migrating neural crest cells in vitro, we did not find any

GO terms associated with these genes. These data strongly suggest that in vivo embryonic neural

crest cell microenvironmental signals influence both the spatial and temporal heterogeneities of neu-

ral crest cell gene expression and biological processes critical to migration and embryogenesis.

Evidence for unique transcriptional signatures associated with cell
subpopulations within the in vivo neural crest cell migratory stream
When we analyzed the heatmap of averaged expression profiles of all subpopulations we found

regional and temporal expression differences (Figure 2C; Figure 2—figure supplement 2). This sug-

gested a richness of diversity between each of the subpopulations analyzed. To gain insight into the

extent of this diversity, we clustered all single-cell profiles as a heatmap based on subpopulation

(Figure 3). First, we confirm that in vitro neural crest cells display up- and down-regulation of genes

distinct from the in vivo subpopulations (Figure 3; column of cells marked ‘in vitro’). Second, we

identify subsets of genes that either increased (Figure 3, box A) or decreased (Figure 3, box B) with

developmental stage and spatial location within the stream. Third, we discover subsets of genes that

were uniquely reduced (Figure 3, box A’) or enhanced (Figure 3, box C) in individual subpopulations

of migrating neural crest cells. Fourth, we find that some genes show expression changes that corre-

late with spatial position within the stream at a single developmental time point (Figure 3, box D).

Lastly, we identify that heterogeneity of expression among single cells within any subpopulation was

common (Figure 3). A Pearson correlation matrix of all single-cell transcriptomes confirmed similarity

among some, but not all cells within each subpopulation (Figure 3—figure supplement 1), indicat-

ing that our spatial-temporal locations are not completely homogeneous. These results demonstrate

that each cranial neural crest cell subpopulation analyzed (Front, Lead, Trail) can be defined by dis-

tinct molecular signatures, but also include heterogeneity of expression.

Hierarchical clustering and PCA analysis identify distinct transcriptional
signatures associated with the invasive front of the neural crest
migratory stream
Our previous RT-qPCR (McLennan et al., 2015) and bulk RNA-seq (Figure 1) analyses showed that

cranial neural crest cells at the invasive front have portions of their expression profiles that are con-

served as cells travel through different microenvironments. To determine the transcriptional signa-

tures associated with neural crest cells at the invasive front of the migratory stream, we clustered the

invasive front cells in a heatmap based on gene expression, rather than stage of development

(Figure 4A). First, hierarchical clustering reveals that the majority of neural crest cells at the invasive

front cluster together by developmental stage (Figure 4A; Figure 4—source data 1). Further, a

Pearson correlation matrix shows that neural crest cells within the invasive front at HHSt13 and

HHSt15 have expression profiles that cluster most similarly with Lead cell subpopulations, which we

termed Lead-like (Figure 4B). Second, we discover two distinct cell subpopulations exist at HHSt11

termed Cluster1 and Cluster2 (Figure 4A–B). Third, we find a distinct cluster that contains neural

crest cells isolated from the invasive front at all three developmental stages analyzed, termed

scRNA-seq Trailblazers (Figure 4A). The single-cell PCA plot shows these five distinct cell subpopu-

lations within the invasive front over time, with very minimal overlap in expression profile between

the Trailblazer cluster and any other cell subpopulation cluster (Figure 4C; light blue dots). The iden-

tification of a transcriptomic signature associated with Trailblazer cells within the invasive front repre-

sents an unbiased and more comprehensive molecular profile than we previously described by scRT-

qPCR (McLennan et al., 2015).

The scRNA-seq trailblazer signature is uniquely defined and associated
with neural crest cells mostly confined to the invasive front of the
stream
To characterize the scRNA-seq Trailblazer transcriptional signature, we identified genes that are sta-

tistically enriched or reduced (Figure 5A and Figure 4—source data 1). A volcano plot shows that

964 genes are up-regulated (e.g., BAMBI, LUM, MMP2, GATA2, GATA4, GATA5 and GATA6) and

406 genes are down-regulated (e.g., DRAXIN, TFAP2A, TFAP2B, TFAP2C, TFAP2E and SOX10)

within the Trailblazers (Figure 5A and Figure 4—source data 1). Nineteen out of 24 genes (79%)
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Figure 3. Single-cell RNA-seq exposes novel subpopulations within the neural crest stream. Heatmap of all single cells (n = 469 single cells, 1355

genes) analyzed by RNA-seq with single cells clustered by spatiotemporal location. (Box A) Genes increased with developmental time and spatial

location. (Box A’) Example of genes uniquely downregulated by an individual subpopulation. (Box B) Genes decreased with developmental time and

spatial location. (Box C) Example of genes uniquely upregulated by an individual subpopulation. (Box D) Example of regional differences within one

developmental stage.

DOI: https://doi.org/10.7554/eLife.28415.010

The following figure supplement is available for figure 3:

Figure 3 continued on next page
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enriched in the invasive front from our bulk RNA-seq analysis (Figure 1D) were also enriched in Trail-

blazers by scRNA-seq (Figure 4—source data 1). Additionally, 7 out of 19 genes (37%) reduced in

the invasive front from our bulk RNA-seq analysis (Figure 1E) were also reduced in Trailblazers by

scRNA-seq (Figure 4—source data 1). We also find examples of known neural crest-related genes

that are up-regulated in Trailblazers (e.g., EDN1, GPC3, NRP1, BMP2) and include genes (AQP1,

BAMBI, PKP2) identified in our RT-qPCR analysis (McLennan et al., 2015) (Figure 5B). There are

also neural crest-related genes down-regulated in Trailblazers (e.g., MSX1, EDNRB, PAX3, SOX10)

(Figure 5B and Figure 4—source data 1).

With an ensemble of genes that we use to define Trailblazer cells, we may characterize the pres-

ence of these cells within the invasive front. Intriguingly, the number of neural crest cells within the

invasive front (2–3% of the entire migratory stream) with the Trailblazer transcriptional signature

increased significantly during HHSt11 to HHSt13 and was then consistent from HHSt13 to HHSt15.

At HHSt11 we found that approximately 8% of the migrating neural crest cells had a Trailblazer tran-

scriptional signature. By HHSt13, with an estimate of approximately 500 neural crest cells in the typi-

cal migratory stream at this stage and axial level, we found that 49% of the cells within the invasive

front had a Trailblazer transcriptional signature, or around 12 cells. At HHSt15, approximately 32%

(or around 13 cells within the invasive front of a stream of approximately 800 cells) had a Trailblazer

transcriptional signature. In an effort to be more precise about the Trailblazer signature, we filtered

the 964 genes enriched in Trailblazer cells to include only genes detected in the vast majority

(>90%) of trailblazer cells have a more stringent criteria (Figure 5F).

To determine whether the scRNA-seq Trailblazer transcriptional signature is present elsewhere in

the neural crest cell migratory stream, independent of the Pearson correlation matrix result

(Figure 5C), we generated a PCA plot of all analyzed single-cells based on the Trailblazer transcrip-

tional signature genes (Figure 5C). We find that fewer than 10% of neural crest cells in other subre-

gions of the migratory stream show expression profiles that overlap with any of the Trailblazer cells

(Figure 5C; Lead (n = 8 out of 100 cells) and Trail (m = 10 out of 110 cells)). These data suggest that

neural crest cells with a Trailblazer transcriptional signature are mostly confined to the invasive front

of the migratory stream.

To better understand the correlation between our Trailblazer transcriptional signature and cell

invasion we performed signaling pathway enrichment analysis using genes differentially expressed

by the Trailblazers compared to all other neural crest cells harvested from the embryo (Figure 5D).

We present both the developmentally relevant (Figure 5D) and irrelevant (Figure 5—source data 1)

signaling pathways. We find that of the genes differentially expressed by Trailblazers and classified

into known pathways, 81% were increased and only 19% were decreased (Figure 5D; red and blue

numbers respectively). We find increased genes associated with pathways such as WNT/Beta Cate-

nin, tight junction, Rho-family GTPases, EMT, integrin, gap junction, endothelin-1 and BMP signaling

(Figure 5D). Consistent with our previous findings that VEGF/neuropilin-1 chemoattraction guides

cranial neural crest cell migration (McLennan and Kulesa, 2007; McLennan et al., 2010;

McLennan and Kulesa, 2010; McLennan et al., 2015), we find that increased expression of VEGF

receptors 1, 2 and 3 as well as neuropilin-1 (NRP1) in the Trailblazers (Figure 5D). Further, 37 genes

associated with axonal guidance signaling are expressed at significantly higher levels by the Trail-

blazers, including members of the BMP, EPH, MMP and WNT families (Figure 5D). Together, these

results highlight the upregulation of genes and gene families within the Trailblazers previously identi-

fied as functionally critical to neural crest cell migration.

The scRNA-seq analysis validates some of our original 16 gene RT-qPCR
trailblazer signature
When we examined the presence of our 16 gene RT-qPCR Trailblazer signature (McLennan et al.,

2015) within the scRNA-seq data, we found four genes (AQP1, BAMBI, CTNNB1 and PKP2) enriched

in both analyses (Figure 5E). The HHSt15 Lead-like subpopulation that was included in our RT-qPCR

Figure 3 continued

Figure supplement 1. Pearson correlation matrix comparing the similarity of single-cell transcriptomes.

DOI: https://doi.org/10.7554/eLife.28415.011
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Figure 4. Trailblazers are a small subpopulation of cells with a distinct expression signature that exist at the invasive front of the neural crest stream,

regardless of developmental stage. (A) Heatmap with hierarchical clustering of all single cells from the invasive front at HHSt11, 13 and 15 (n = 187

cells), based upon differentially expressed genes from all invasive front comparisons and invasive front compares to stream at HHSt13 and HHSt15

(n = 760 genes). (B) Pearson correlation matrix of the average expression profile of all subpopulations based upon differentially expressed genes from

all invasive front comparisons and comparisons between clusters and all other in vivo cells (n = 3555 genes). (C) PCA of all single cells from the invasive

front at all three developmental time points, based upon differentially expressed genes from all invasive front comparisons and invasive front compares

to stream at HHSt13 and HHSt15 (n = 760 genes).

DOI: https://doi.org/10.7554/eLife.28415.012

The following source data is available for figure 4:

Figure 4 continued on next page
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Trailblazer subpopulation (defined by manual dissection and not molecular signature) showed an

increase of ITGB5 and NEDD9 (Figure 5E). Of the other 16 genes, EPHB1 was enriched in HHSt11

Cluster1 compared to all other migrating cells profiled from in vivo (Figure 5E) and CDH7 and

CXCR4 were enriched in HHSt11 Cluster2 (Figure 5E). Differential expression analysis between

HHSt11 Cluster1 and Cluster2 showed that CDH11, CXCR4, NEDD9, and TFAP2A and TFAP2B were

enriched in HHSt11 Cluster2 compared to Cluster1, but no gene of the 16 RT-qPCR signature genes

were enriched in HHSt11 Cluster1 versus Cluster2 (Figure 4—source data 1).

Expression analysis by RNAscope of individual genes associated with
the scRNA-seq Trailblazer transcriptional signature are not necessarily
restricted to neural crest cells at the invasive front
To visualize the expression of genes associated with the Trailblazer transcriptional signature, we

optimized a novel protocol combining multiplexed fluorescence in situ hybridization (RNAscope;

Morrison et al., 2017; Gross-Thebing et al., 2014) with immunohistochemistry (IHC) in chick (Fig-

ure 6). We took advantage of image analysis tools to quantify the fluorescence signals within subre-

gions or individual neural crest cells by fluorescence spot counting to measure transcript levels

(Figure 6). Together, this allowed us to detect mRNA target expression specifically within HNK1-

labeled migrating neural crest cells in 3D within the intact embryo (Figure 6 and Video 1).

We selected 13 genes for expression investigation based on the following criteria: (1) genes with

enriched expression in Trailblazer cells; (2) high percentage of single Trailblazer cells in which the

gene was detected and; (3) high level at which the gene was expressed by the Trailblazer cells. We

find that none of the 13 genes tested are expressed in all of, or the majority of cells at the invasive

front (Figure 6A–M). That is, some genes appear expressed in a few or some but not in all of the

cells (~30%) of the (narrow) front migratory edge (Figure 6A–M). For example, Plakophilin2 (PKP2)

and Kazal Type Serine Peptidase Inhibitor Domain 1 (KAZALD1) showed heterogeneity of expression

between invasive front neighboring cells (Figure 6A–A”, C–C”; Figure 4—source data 1). Further,

some of the 13 genes analyzed by RNAscope display salt and pepper patterns that include strong

expression in a few cells in the invasive front and similarly strong signal in some cells in the beginning

or middle portions of the stream (not at the front edge of migration). We found Desmin (DES) and

Tescalcin (TESC) to be expressed within the invasive front (Figure B,D; green shading), but also in

migrating neural crest cells within the remainder of the stream (Figure 6B,D; red sharing). Lastly,

some of the 13 genes were not found at the invasive front, and instead appear to be expressed

more strongly at various positions within the migratory stream. That is, TroponinI1 Slow Skeletal

Type (TNNI1), Glypican3, and TFPI2 showed strong signal in some cells in the middle or back por-

tions of the stream (Figure 6E,G,L).

Knockdown of some trailblazer genes showed changes in neural crest
cell distance migrated
To begin to understand the function of Trailblazer genes identified by our scRNA-seq, we performed

loss-of-function experiments by morpholino transfection into premigratory neural crest cells

(Figure 6N–Q and Figure 6—figure supplements 1–3). We selected 8 genes from distinct molecu-

lar families to test, based on the same criteria used for selecting genes for expression analysis, but

also for predicted roles in neural crest migration. These genes included, WNT5B (expressed in 91%

of Trailblazer cells), PKP2 (57%), EDN1 (57%), MMP2 (96%), GATA5 (77%), GPC3 (62%), ANXA1

(47%) and LUM (79%) (Figure 4—source data 1; Figure 6N–Q). We found that knockdown of 3 of

these genes (WNT5B (p=0.0001), PKP2 (p=0.017), EDN1 (p=0.004)) led to a significant reduction

(>13%) in neural crest cell distance migrated (Figure 6N–Q). Specifically, we found that WNT5B

showed the most significant change in neural crest cell migration (21% reduction in distance

migrated) (Figure 6P,Q). Three of these genes did not significantly reduce migration (Figure 6Q)

and for the remaining 2 genes, we could not get sufficient morpholino transfection within the

Figure 4 continued

Source data 1. Single-cell RNA-seq differential expression gene lists for all invasive front subpopulation comparisons.

DOI: https://doi.org/10.7554/eLife.28415.013
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Figure 5. The Trailblazer signature represents tissue development, adhesion and a lack of differentiation. (A) Volcano plot of all genes statistically

enriched or reduced in Trailblazers (n = 47 cells, 1370 genes). (B) Bar chart showing examples of neural crest-related differentially expressed genes in

Trailblazers (red designates previously identified in McLennan et al., 2015). (C) PCA of all single cells analyzed showing minimal overlap of other in vivo

(black dots) and in vitro (gray dots) with the Trailblazers (green dots) (n = 1370 genes). (D) Significant signaling pathways predicted to be enriched (red)

Figure 5 continued on next page
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migrating neural crest stream and therefore did not analyze (data not shown). Although there were

some genes in which high expression in the larger percentage of Trailblazers (>50%) correlated with

the significant reduction in neural crest cell distance migrated (WNT5B, GATA5, PKP2), this was not

a general feature, indicating that expression does not necessarily correlate with function.

Splice blocking morpholinos were used so that their effects could be detected by RT-PCR. For

example, PKP2 MO and ANXA1 MO both resulted in exclusion of an exon (3 and 4 respectively),

which could be seen by using PCR primers that flank the effected exon (Figure 6—figure supple-

ment 2). Other morpholinos were harder to test due to small number of introns/exons (for example

LUM), or frame shifts resulting in unknown changes (for example DLL, GATA5). Overall stream

migration distance was also calculated using the HNK1 neural crest marker, and although some mor-

pholino transfections caused a statistically significantly shorter stream, they all still migrate over 90%

of the distance to the end of the branchial arch (Figure 6—figure supplement 3). This suggests that

the morpholino transfections are cell autonomous and that wildtype neural crest cells are able to

presume the role of the Trailblazers and therefore migrate into the target site.

Identification of two distinct transcriptional signatures associated with
neural crest cells isolated shortly after dorsal neural tube exit
We described above that hierarchical clustering and PCA analyses of scRNA-seq data from neural

crest cells isolated from the invasive front revealed two cell subpopulations with distinct gene

expression profiles at HHSt11, termed Cluster1 and Cluster2 (Figure 4A–C). Neural crest cells within

Cluster1 and Cluster2 are not identified as Trailblazers, but the distinct gene expression profiles

hinted at further examination. Specifically, we find that neural crest cells isolated shortly after dorsal

neural tube exit (Cluster1) were enriched for genes known to be associated with early neural crest

inductive signals and the neural plate border gene regulatory module previously described (Simões-

Costa and Bronner, 2015) (Figure 7A and Figure 4—source data 1). These genes include WNT3,

WNT3A, WNT7B, WNT8B, ZIC1, ZIC3 MSX1, CDH6, EphA7, and CDH2, some of which are

highlighted in a volcano plot (Figure 7A).

In contrast, other known neural crest border plate genes (e.g., TFAP2B, TFAP2C, TFAP2E and

DLX5) and neural crest specification and migration genes (e.g., SNAI1, TWIST1, SOX10, ETS1, RXRG

and EBF1, 2 and 3) were reduced in Cluster1 (Figure 7A and Figure 4—source data 1). The tran-

scription factor PAX6, which was not previously identified in the bulk RNA-seq analysis and neural

crest gene regulatory network (Simões-Costa and Bronner, 2015) was enriched in HHSt11 Cluster1

cells, and is expressed in 85% of Cluster1 cells (Figure 7A). The HHSt11 Cluster2 subpopulation dis-

plays increased expression of genes related to later neural crest cell specification, epithelial-to-mes-

enchymal transition (EMT) and migration (Figure 7B). These genes include PAX3, TFAP2B, SOX8

and SOX10 (Figure 7B and Figure 4—source data 1). We also uncover additional transcription fac-

tors SOX8 (expressed in all Cluster2 cells) and FHL2 (expressed in 70% of Cluster2 cells) that were

enriched in the HHSt11 Cluster2 subpopulation (Figure 7B). Furthermore, HHSt11 Cluster2 cells also

showed decreased expression of factors thought to describe the neural crest gene regulatory net-

work (e.g., WNT2B, WNT3A, WNT4, WNT5B, WNT7B, WNT9A, BMPR1B, BMP2, BMP10, FGF3,

FGF8, FGF10, ZIC1, TFAP2C, DLX1, DLX3, DLX6, SNAI1, ID1 and ID3) (Figure 7B and Figure 4—

source data 1). A gene ontology (GO) analysis was compiled using the R package cluster Profiler

(3.2.6). GO term analysis reveals distinct molecular characteristics of cells within each cluster

(Figure 7C–D). Neural crest cells within Cluster1 display genes enriched in signaling, adhesion and

cell guidance, with no depleted GO terms (Figure 7C). Cluster2 identifies with neural crest cells that

display genes depleted in signaling and transcription regulation, with no enriched GO terms

Figure 5 continued

or reduced (blue) in Trailblazers. VEGF and axonal guidance signaling are highlighted. The statistical significance was set at log (�1.3) [p<0.05]. (E)

Comparison to previous RT-qPCR generated trailblazer signature. (F) Genes enriched and detected in >95% of trailblazer cells.

DOI: https://doi.org/10.7554/eLife.28415.014

The following source data is available for figure 5:

Source data 1. Unbiased signaling pathways enriched in single cell subpopulations.

DOI: https://doi.org/10.7554/eLife.28415.015
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Figure 6. Expression and functional perturbations of selected genes enriched in Trailblazers. (A–M) Typical cranial neural crest cell migratory streams at

HHSt13 adjacent to rhombomere 4 (r4) with HNK-1-positive cells color coded by the number of PKP2 (Plakophilin 2; A), Desmin (B), KAZALD1 (Kazal

Type Serine Peptidase Inhibitor Domain1; C), Tescalcin (D), Troponin I1 (E), Annexin1 (F), Glypican 3 (G), BDNF (Brain Derived Neurotrophic Factor; H),

Nexilin (I), BAMBI (BMP and Activin Membrane Bound Inhibitor; J), Desmoplakin (K), TFPI2 (Tissue Factor Pathway Inhibitor 2; L), and CDH5 (Cadherin 5;

M). RNAscope spots detected per cell. (A’–M’) Single cells outlined with expression were selected from each neural crest cell migratory stream and

(A”–M”) the number of RNAscope spots per cell volume for a cell with high expression and adjacent neighboring cells is shown in the bar graphs. (N)

Schematic representation of morpholino and electroporation procedure. (O) Morpholino transfected migrating cranial neural crest migration at HHST15

(n = 16 control MO embryos, n = 20 EDN1 MO embryos, n = 20 PKP2 MO embryos, n = 20 MMP2 MO embryos, n = 7 GATA5 MO embryos, n = 5

WNT5B MO embryos, n = 10 GPC3 MO embryos, n = 7 ANXA1 MO embryos, n = 22 LUM MO embryos). (P) Correlation plot of distance migrated and

expression in trailblazers. Circle size correlates with statistical significance: PKP2 MO, p=0.017, EDN1 MO, p=0.0004, MMP2 MO, p=0.0032, GATA5

MO, p=0.022, WNT5B MO, p=0.0001 (Q) Box plot of the distance migrated of morpholino transfected neural crest cells as a percentage of the distance

Figure 6 continued on next page
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(Figure 7D). These results more comprehensively describe the molecular characteristics of neural

crest cells shortly after dorsal neural tube exit and suggest a dynamic transition from neural tube

exit to acquisition of directed migration.

To identify signaling pathways enriched within HHSt11 clusters, we performed pathway enrich-

ment analyses for the lists of genes differentially expressed by HHSt11 Cluster1 and Cluster2 versus

all other in vivo NC cells to (Figure 7E,F). For both HHSt11 clusters, we found a mix of up- and

down-regulated genes within these pathways, but overall observed increased gene expression asso-

ciated with signaling pathways in Cluster1 and decreased gene expression associated with signaling

pathways in Cluster2 (Figure 7E,F). Specifically, in Cluster1, 59% of differentially expressed genes

associated with signaling pathways were up-regulated compared to only 1% in Cluster2. Interest-

ingly, based on the gene expression, pathways

such as WNT/Beta Catenin signaling, EMT, PCP

pathway and axonal guidance signaling are

increased in Cluster1 but then decreased in Clus-

ter2 (Figure 7E,F). When focusing just on axonal

guidance signaling, ADAMs, EPHs and WNTs

are increased in Cluster1 but then decreased in

Cluster2. The presence and absence of signaling

pathways are also relevant. For example, Eph/

ephrin signaling is significant in Cluster1 but not

in Cluster2 (and therefore does not make the

Cluster2 list) (Figure 7E,F). Actin cytoskeleton

signaling is significant in Cluster2, with 21 out of

22 genes showing decreased expression, but

this pathway is not significant in Cluster1

(Figure 7E,F). These results highlight the dra-

matic differences between Cluster1 and 2 at

HHSt11 and suggest that their roles in EMT and

migration may be very different.

The transcriptional signatures of
lead and trail subpopulations are
defined by small numbers of
differentially expressed genes
To define the genes and pathways associated

with Lead and Trail subpopulations, we analyzed

expression differences unique to each Lead and

Trail subpopulation relative to all other in vivo

cells isolated. Lead and Trail subpopulations

were the largest subpopulations isolated (25%

(Lead) and 70% (Trail) of the migratory stream,

Figure 6 continued

from the neural tube to the tip of the branchial arch. HH, Hamburger and Hamilton (1951); St, stage; OV, otic vesicle; MO, morpholino. Bar = 20 um

(A–G). Bar = 15 um (H–M). Bar = 50 um (O).

DOI: https://doi.org/10.7554/eLife.28415.016

The following source data and figure supplements are available for figure 6:

Source data 1. Primer sequences used to test activity of splice blocking morpholinos.

DOI: https://doi.org/10.7554/eLife.28415.020

Figure supplement 1. Trailblazer genes chosen for perturbation experiments.

DOI: https://doi.org/10.7554/eLife.28415.017

Figure supplement 2. Testing of splice blocking morpholinos.

DOI: https://doi.org/10.7554/eLife.28415.018

Figure supplement 3. Analysis of stream neural crest migration after morpholino transfections in a subset of neural crest.

DOI: https://doi.org/10.7554/eLife.28415.019

Video 1. RNAscope fluorescence signal of Tescalcin

expression A typical 3D confocal image z-stack of a

HHSt13 chick embryo highlighting the neural crest cell

migratory stream adjacent to rhombomere four with

cells labeled for Tescalcin by RNAscope and neural

crest cells marked by HNK1 immunohistochemistry.

The HNK1 membrane label was used to mark the

boundaries of neural crest cells and mask the Tescalcin

channel in 3D. The locations of RNAscope label for

Tescalcin were detected and assigned to individual

cells using the HNK1 boundaries. The cells were then

colored by the number of detected Tescalcin

RNAscope label spots with red being the highest and

blue the lowest. A typical cell is approximately 20–30

um in diameter.

DOI: https://doi.org/10.7554/eLife.28415.021
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Figure 7. Newly emerging neural crest segregate into discrete groups representing a transition from EMT to directed migration. (A) Volcano plot of all

genes statistically enriched or reduced in St11 Cluster1 (n = 20 cells, 381 genes). (B) Volcano plot of all genes statistically enriched or reduced in St11

Cluster2 (n = 55 cells, 1040 genes). (C) GO Term analysis of genes differentially enriched by HHSt11 cluster1. No GO terms were reduced. (D) GO Term

analysis of genes differentially reduced by HHSt11 cluster2. No GO terms were enriched. (E) Significant signaling pathways predicted to be enriched

Figure 7 continued on next page
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respectively), and exhibit high degrees of heterogeneity (Figure 3 and Figure 3—figure supple-

ment 1; Figure 8—source data 1). First, at HHSt13, we identified 45 enriched and 151 reduced

genes in Trailers and 26 enriched and 35 reduced genes in Leaders (Figure 8A,B; Figure 8—source

data 1). AQP5, ALOX5AP, and SS5R were enriched and NKX2-6, NRG1 and UNC5B were reduced

in Trailers (Figure 8A). PKP1, PKDREJ, and CWH43 were enriched and MSX1 and myosin reduced in

Leaders (Figure 8A; Figure 8—source data 1). Strikingly, signaling pathway enriched analysis

revealed reduced expression of genes associated with known developmental pathways (Figure 5—

source data 1). These included VEGF signaling as well as genes associated with actin cytoskeleton

and integrin signaling (Figure 8C).

Second, at HHSt15, we identified 174 enriched and 132 reduced genes in Trailers (Figure 8D;

Figure 8—source data 1). Enriched genes in HHSt15 Trailers included GATA5, HOXA3 and NOG;

reduced genes included FGF16, NEFM and NEUROD4 (Figure 8D; Figure 8—source data 1).

Genes associated with developmental pathways such as Rho GTPases, RHOA, CXCR4, BMP and

Actin cytoskeleton signaling were reduced in HHSt15 Trailers (Figure 8F; Figure 5—source data 1).

HHSt15 Leaders had 77 enriched genes, including FGFs, NKX2-6 and SHH, as well as 138 reduced

genes, including CDH7, PAX7 and SOX10 (Figure 8E; Figure 8—source data 1). From these gene

lists, signaling pathway enrichment analysis showed reduced activity in axonal guidance, ephrin

receptor and netrin signaling pathways (Figure 8F; Figure 5—source data 1).

Discussion
Cell migration in the embryo positions cells into precise target tissues at appropriate axial levels to

ensure proper patterning and organ development. Directed motion and collective movement in

groups are characteristics of embryonic cell migration and differ from processes where precursor

cells are born and in the same location undergo shape changes and sorting to give rise to tissue

structures. To study cell migration during embryonic development, we used the highly invasive neu-

ral crest as a model. We focused on cranial neural crest cell migration and exploited the strengths of

the avian embryo to perform manual cell isolation at progressive developmental stages, bulk and

single-cell RNA-seq to determine gene expression profiles within cells of a typical migratory stream

over time. Our goal was to identify novel transcriptional signatures and molecular transitions associ-

ated with subpopulations of cells within a cranial neural crest cell migratory stream and determine

how these transcriptional signatures changed as cells traveled through different microenvironments.

This information has the potential to lead us to a better understanding of the molecular features

underlying observed complex neural crest cell behaviors and mechanistically help to explain directed

and collective cell migration processes.

We found that four features contribute to the precise directed and collective migration of the cra-

nial neural crest to precise head targets. First, the majority of neural crest cells within the invasive

front change their gene expression in a consistent manner during migration; however, a small sub-

population of Trailblazer cells narrowly confined to the invasive front have a conserved transcrip-

tional signature throughout migration. Second, cranial neural crest cells newly exited from the dorsal

neural tube cluster into two subpopulations with profiles distinct from the Trailblazer signature and

indicative of a rapid switch from epithelial-to-mesenchymal transition to directed migration. Third,

Lead neural crest cells (near the front of the stream, but not narrowly confined to the invasive front)

cluster more closely with cells within the invasive front that do not display a Trailblazer transcriptional

signature. Fourth, Trailing neural crest cells display a gene expression profile distinct from Lead and

Trailblazer cells and cluster more closely with newly exited cells and in vitro migrating cells, the latter

of which have a molecular signature distinct from any other in vivo profile.

The significant molecular distinction between cranial neural crest cells isolated from the invasive

front and compared to other cells throughout the stream during migration (HHSt13 and HHSt15)

Figure 7 continued

(red) or reduced (blue) in St11 Cluster1. Axonal guidance signaling is highlighted. (F) Significant signaling pathways predicted to be enriched (red) or

reduced (blue) in St11 Cluster2. Axonal guidance signaling is highlighted. GO terms with a p-value<0.05 and a q-value <0.1 were considered significant.

Significant GO terms were considered using the simplify function with an adjusted p-value cutoff of 0.05.

DOI: https://doi.org/10.7554/eLife.28415.022
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Figure 8. Lead and trailing subpopulations exhibit high degrees of heterogeneity. (A) Volcano plot of all genes statistically enriched or reduced in St13

Trail (n = 60 cells, 196 genes). (B) Volcano plot of all genes statistically enriched or reduced in St13 Lead (n = 49 cells, 61 genes). (C) Significant signaling

pathways predicted to be enriched (red) or reduced (blue) in St13 Trail and Lead. (D) Volcano plot of all genes statistically enriched or reduced in St15

Figure 8 continued on next page
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suggests cells at the invasive front rapidly adapt to changes in the local microenvironments through

which cells travel. Heatmaps of both the bulk RNA-seq 3X replicates (Figure 1B) and the mean val-

ues (Figure 2—figure supplement 2) showed that there are distinct clusters of genes expressed at

significantly higher or lower levels in the invasive front when compared to cells within the remainder

of the stream. The number of genes up-regulated in cells within the invasive front at HHSt13 (n = 61)

and HHSt15 (m = 55) was consistent with an overlap that included 23 genes (Figure 1). In contrast,

greater than 50% (255 out of 477) of the differentially expressed genes on the heatmaps (Figure 1B)

at HHSt13 but less than 8% (36 out of 477) at HHSt15 were down-regulated in cells within the inva-

sive front, with an overlap of 19 genes (Figure 1B, blue bands). The nearly 4-fold difference in the

number of genes down-regulated versus up-regulated in cells within the invasive front at HHSt13

confirmed rapid changes take place as neural crest cells encounter the microenvironment of the

branchial arch entrance. Yet, the 42 genes (23 up-regulated and 19 down-regulated) out of the 477

differentially expressed genes represented a conserved molecular signature at the two developmen-

tal stages and level of consistent gene expression during this microenvironmental transition.

In vivo expression analysis using RNAscope and immunolabeling identified heterogeneous

expression within neighboring Trailblazers, but could not confirm gene expression unique to cells

within the invasive front suggesting an inconsistency between the Trailblazer transcriptional signa-

ture and the in vivo mRNA expression patterns. While we expected the RNAscope expression analy-

sis to identify more Trailblazer cells than were detected we found that none of the 13 genes tested

were expressed in all of, or the majority of the cells at the invasive front. Instead, RNAscope analysis

showed some genes either appeared in a few Trailblazer cells or displayed salt and pepper patterns

that included strong expression in a few cells in the middle or back portion of the migratory stream

(Figure 6). Further, some genes were not found expressed at the front edge at all (Figure 6). This

could be due to differences in sensitivity between scRNAseq and RNAscope technologies. That is,

the chemistry of scRNAseq may detect more transcripts than the newly established RNAscope

recently optimized for avian embryos (Morrison et al., 2017). Further, the low number of cells within

the invasive front that we detected to have a Trailblazer signature (for example, at HHSt13 there are

approximately 10–15 Trailblazer cells out of 500 total cells in the migratory stream) make it difficult

to visualize such a low number of expressing cells. In addition, the 3D nature of the cranial neural

crest cell migratory stream and depth into the embryo make it difficult to more accurately assess

fluorescence transcript levels in trailblazer cells in comparison to follower cells located more dorsal

and accessible to signal detection by confocal microscopy. Future studies aided by technological

advances that increase resolution may better link scRNA-seq data with mRNA expression detection.

Several genes discovered within the scRNA-seq Trailblazer transcriptional signature and previ-

ously identified in our RT-qPCR analysis have been implicated in human cancer cell invasion. These

genes included AQP1, BAMBI, CTTNB1, and PKP2 (Figure 5; McLennan et al., 2015). BAMBI, a

transforming growth factor beta (TGFB) inhibitor is up-regulated in metastatic carcinomas including

colorectal and osteosarcoma (Fritzmann et al., 2009; Zhou et al., 2013). Similarly, the expression

of PKP2, a desmosomal adhesions protein has been implicated in glioma and bladder cancer metas-

tasis (Takahashi et al., 2012; Zhang et al., 2017) and high expression of Tescalcin, a gene thought

to play a role in cell differentiation and implicated in invasive colorectal cancer (Kang et al., 2016).

Furthermore, WNT5B, a gene identified within our scRNA-seq Trailblazers has been implicated in

cancer aggressiveness in a number of cancer cell lines and tissues (Harada et al., 2017). When we

knocked down PKP2 and WNT5B in premigratory neural crest cells by morpholino we found signifi-

cant reduction in cell distance migrated (Figure 6N–Q; WNT5B (21% reduction, p=0.0001), PKP2

(13% reduction, p=0.017). Thus, genes identified and associated with some of the most invasive

Figure 8 continued

Trail (47 cells, n = 306 genes). (E) Volcano plot of all genes statistically enriched or reduced in St15 Lead (n = 46 cells, 215 genes). (F) Significant

signaling pathways predicted to be enriched (red) or reduced (blue) in St15 Trail and Lead.

DOI: https://doi.org/10.7554/eLife.28415.023

The following source data is available for figure 8:

Source data 1. Single-cell RNA-seq differential expression gene lists for HH13 and 15 Leader and Trailer subpopulations.

DOI: https://doi.org/10.7554/eLife.28415.024
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cranial neural crest cells may have a critical functional role in migration and may be part of a broader

molecular signature in cancer aggressiveness.

Pathway analysis of the Trailblazer transcriptional signature identified genes involved in VEGF sig-

naling, strengthening support for our previous discovery that VEGF chemoattraction is critical for

neural crest migration (McLennan and Kulesa, 2007; McLennan and Kulesa, 2010;

McLennan et al., 2010). We found that all three VEGF receptors as well as neuropilin-1 (NRP1) were

expressed at significantly higher levels in the Trailblazer neural crest cells (Figure 5D). When we pre-

viously knocked down neuropilin-1 in chick cranial neural crest cells, cells were able to migrate away

from the neural tube but failed to invade the second and rostral portion of the third branchial arches

(McLennan and Kulesa, 2007; McLennan and Kulesa, 2010; McLennan et al., 2010). These data

provide strong evidence to support a critical role of the Trailblazer neural crest cells to guide inva-

sion into the branchial arches.

Axonal guidance signaling in general has provided insights that have led to discoveries of mecha-

nisms of neural crest migration in the head (Osborne et al., 2005; Gammill et al., 2007), eye

(Lwigale and Bronner-Fraser, 2009) and gut (Anderson et al., 2007). Furthermore, there is exciting

emerging evidence that genes implicated in nervous system development have functional similarities

with vascular patterning, including endothelial tip cell invasion (Wälchli et al., 2015). When we per-

formed pathway analysis, we found a significant number of axonal growth cone signaling genes

(n = 26) identified within the Trailblazer transcriptional signature (Figure 5D) and early emigrating

neural crest cells (Figure 8) indicative of shared molecular features between the two invasion phe-

nomena. However, our investigation of the neural crest literature showed that only 7 out of the 26

genes we found enriched in the Trailblazer cells have been examined in neural crest cell migration,

including BMP2, BMP4, MMP2, RAC2, SEMA3C, WNT1, and WNT11 (Anderson, 2010;

Correia et al., 2007; de Melker et al., 2004; Goldstein et al., 2005; Matthews et al., 2008;

Tang et al., 2016; Toyofuku et al., 2008). Thus, determination of the function of the other 19 out of

26 axonal growth signaling genes in neural crest migration may lead to exciting insights and further

our knowledge of common developmental principles of neurovascular patterning (Figure 5D).

The scRNA-seq analysis validated some but not all of the genes identified by our 16 gene RT-

qPCR Trailblazer signature (McLennan et al., 2015), which is understandable given the key variances

between the two analyses. Specifically, the RT-qPCR Trailblazer signature was defined by cells nar-

rowly confined within the invasive front in HHSt13 and 15 embryos. Our scRNA-seq data defined

Trailblazers as a molecularly distinct subpopulation within the invasive front at HHSt11, 13 and 15.

Second, RT-qPCR and scRNA-seq are distinct methodologies. Notably, RT-qPCR is the gold stan-

dard of sensitivity for detecting lowly abundant transcripts, whereas scRNA-seq is capable of uncov-

ering many more genes within a single analysis. Thus, our new scRNA-seq analysis added

information from HHSt11 cells to refine and expand the Trailblazer signature based upon unbiased

clustering of a comprehensive transcriptome analysis.

Newly emerging neural crest cells clustered as two distinct subpopulations with transcriptional

signatures unique from that of the Trailblazer cells suggesting a rapid molecular transition to

directed migration shortly after neural tube exit. At HHSt11, there are few neural crest cells that

have delaminated from the dorsal neural tube at the axial level of r4 such that we grouped together

all cells that were isolated (Figure 2). Hierarchical clustering identified the Trailblazer signature and

two other transcriptional signatures that we associated with Cluster1 and Cluster2 (Figure 4). Genes

within the transcriptional signature of Cluster1 closely resembled those related to the premigratory

and delamination events of the neural crest (Figure 7). In contrast, genes within the transcriptional

signature of Cluster2 more closely resembled those related to directed neural crest cell migration

(Figure 7). Interestingly, we found very little overlap between the Cluster1 and Cluster2 transcrip-

tional signatures that was indicative of a rapid switch in the gene expression profile rather than con-

tinuous progression of gene expression changes (Figure 7). Further analysis of mRNA and protein

expression of multiple genes using RNAscope as shown above or in other emerging strategies

(Choi et al., 2016; Roellig et al., 2017) will help to shed light on the spatial positions of cells with

these unique transcriptional signatures identified by scRNA-seq.

The significant differences in gene expression profiles comparing in vivo transcriptional signatures

with in vitro data was not surprising given the absence of the neural crest microenvironment and

lack of formation of discrete migratory streams in culture. PCA analysis highlighted the poor correla-

tion in gene expression patterns (Figure 2C,D) with the closest subpopulation to the in vitro neural
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crest cells being a subpopulation of the newly exited neural crest cells at HHSt11 (Figure 2C). This

made logical sense since both in vitro and newly exited in vivo neural crest cells are within the range

of influence from signals within the neural tube (Figure 2C). Furthermore, no GO terms were upre-

gulated in in vitro neural crest cells and instead there was a down-regulation of terms such as devel-

opment, cell signaling, migration and proliferation (Figure 2E). Furthermore, our previous RT-qPCR

study showed that migrating chick cranial neural crest cells did not display distinct Lead and Trailer

gene expression profiles in culture (McLennan et al., 2015). However, exposure to VEGF in vitro

resulted in the upregulation of a small subset of genes associated with an in vivo lead cell signature

(McLennan et al., 2015). Together, this evidence supported our model that the in vivo embryonic

neural crest cell microenvironment critically influences transcriptional signatures of migrating neural

crest cells.

Advances in cell isolation and single-cell RNA-seq have proven invaluable for elucidating cell-type

specific transcriptional signatures, often defined by an ensemble of genes rather than high expres-

sion of any single gene (Dueck et al., 2016; Tasic et al., 2016), during single time-point embryonic

and adult neurogenic events (Chu et al., 2016; DeLaughter et al., 2016; Nelson et al., 2016;

Scholz et al., 2016; Tirosh et al., 2016a, 2016b; Dulken et al., 2017; Litzenburger et al., 2017).

However, the identification of distinct transcriptional signatures associated with dynamic cell popula-

tions during cell migratory events has remained challenging and unclear. By using single-cell tran-

scriptome analysis applied to embryonic cranial neural crest cell migration at three progressive

developmental stages, we provide the first comprehensive analysis of neural crest migration. Our

data identify and establish hierarchical relationships between cell position- and time-specific tran-

scriptional profiles, including a Trailblazer transcriptional signature characterized by a large number

of differentially expressed genes within a small subpopulation of cells at the invasive front. Func-

tional in vivo knockdown of a subset of individual Trailblazer genes showed significant but modest

changes in neural crest cell distance migrated. However, expression analysis by RNAscope multiplex

fluorescence in situ hybridization could not definitively confirm expression restriction to the invasive

front. The present study provides new insights into the molecular patterns that underlie directed,

collective cell migration of the neural crest and reveals individual targets and signaling pathways for

future mechanistic studies and to other neural crest migratory streams throughout the body and

other cell invasion phenomena in cancer, wound healing, and the immune system response.

Materials and methods

In Ovo electroporation
Fertilized, white leghorn chicken eggs (NCBI Taxonomy ID:9031; Centurion Poultry Inc., Lexington,

GA, USA) were incubated in a humidified chamber at 38C to the developmental desired stage. For

NC cell isolations, pre-migratory NC were labeled by electroporation of a Gap43-YFP plasmid DNA

into the dorsal neural tube of HHSt9 embryos as previously described (McLennan and Kulesa,

2007) and re-incubated (8, 16 and 24 hr for HHSt11, 13 and 15, respectively). After re-incubation,

embryos were harvested into chilled 0.1% DEPC PBS and screened for health and transfection effi-

ciency before tissue isolations were performed.

For functional analysis, H2B mCherry (2.5 mg/ml) and fluorescein-tagged morpholinos (0.5 mM)

(Gene Tools, Philomath, OR, USA) were injected into the neural tube and electroporated at HHSt8

(Figure 6N). The embryos were re-incubated to HHSt15. After re-incubation, embryos were har-

vested and fixed in 4% paraformaldehyde at room temperature for 2 hr or at 4C overnight. Immuno-

histochemistry was then performed on the embryos for HNK1 (neural crest cell marker) using a

standard protocol (McLennan and Kulesa, 2007) before being imaged on a LSM 800, using a Plan-

Apochromat 10x/0.45 M27 objective (Zeiss, Oberkochen, Germany) (Figure 6—figure supplement

3).

For splice-blocking morpholino validation by RT-PCR, the chicken LMH cell line was transfected

with either control or experimental splice blocking morpholino using Endo-porter (Gene Tools, Philo-

math, OR). 48 hr after transfection, cell lysate was harvested and total RNA isolated (RTN70 Sigma,

St. Louis, MO). RNA was converted to cDNA (4368814, Thermo Fisher Scientific, Waltham, MA) for

RT-PCR (M7122, Promega, Madison, WI, USA) using primers flanking the region affected by each

morpholino to demonstrate perturbation of translation (Figure 6—source data 1). PCR products
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were analyzed on a LabChip GX Touch (PerkinElmer, Waltham, MA) (Figure 6—figure supplement

2).

Tissue isolations
All manual dissections of Gap43-YFP transfected neural crest cells were performed using a fluores-

cent dissecting microscopy. For bulk RNA-seq samples, the NC streams adjacent to rhombomere 4

(r4) were isolated by manual dissection from HHSt13 and 15 embryos and divided into three biologi-

cal replicates. The streams were subsequently cut into two spatially distinct, non-overlapping por-

tions: the most invasive front (5% of the stream, termed ‘Front’) and the remaining proximal-most

trailing portion of the stream (95% of the stream, termed ‘Stream’). Developmental stage- and

stream position-matched pools of tissue were dissociated as previously described (Morrison et al.,

2015).

For scRNA-seq, the NC r4 stream was isolated by manual dissection at HHSt11, 13 and 15.

HHSt11 r4 streams containing few migrating NC were pooled. For HHSt13 and 15 embryos, the r4

NC stream was further subdivided by manual dissection into three spatially distinct, non-overlapping

portions: the most invasive front (5% of the stream, termed ‘Front’), the leading portion of the

stream (25% of stream proximal of the most invasive front, termed ‘Lead’) and the proximal-most

trailing portion of the stream (70% of the stream, termed ‘Trail’). Developmental stage- and stream

position-matched tissues were pooled and dissociated before cytometric isolation as previously

described (Morrison et al., 2015). Optimizing tissue dissociations and limiting processing time from

embryo to lysis are critical for maintaining cell health and generating high quality scRNAseq data

(Morrison et al., 2015).

In Vitro neural crest cell cultures
Cranial neural tubes (NT; r3-r5) were removed from embryos at HHSt9, plated as previously

described (Krull et al., 1997). NT were incubated for 24 hr to allow NC to emerge from the NT and

migrate onto the substrate. NT were then gently removed with a tungsten needle, so that only

migratory NC remained. Media was gently removed and the adherent cells rinsed once with 0.1%

DEPC PBS before trypsinization (25200–056, Thermo Fisher Scientific, Waltham, MA) for 5 min at

37C and trypsin inactivation with fetal bovine serum. The cells were then pelleted and resuspended

in chilled 0.1% DEPC PBS.

Cytometry
Cells were isolated by FACS, which included forward scatter, side scatter, pulse width, live/dead

stain and YFP gates as previously described (Morrison et al., 2015). Cells were sorted directly into 6

ul of Clontech lysis solution containing 0.05% RNAse inhibitor. Following lysis for 5 min at room tem-

perature, lysates were immediately frozen on dry ice and stored at �80C.

Bulk RNA-seq
Bulk RNA-seq lysates were thawed on ice. cDNA synthesis and library preparation were performed

with SMART-seq v4 Ultra Low Input RNA-seq (634892, Takara, Kusatsu, Shiga, Japan) and Nextera

XT DNA dual indexing library preparation kits as recommended by the manufacturer (FC-131–1096,

Illumina, San Diego, CA). All 12 libraries (4 samples with 3 biological replicates each) were pooled

and run across 2 lanes of an HiSeq 2500 generating 50 bp single reads (Illumina). Quality control

analyses, including reads per samples, coverage by normalized position along transcript and correla-

tion among all samples and biological replicates are shown in Figure 1—figure supplement 1.

Single-cell RNA-seq
Single-cell lysates were thawed on ice. cDNA synthesis and library preparation were performed with

SMART-seq v4 Ultra Low Input RNA-seq (634892, Takara, Kusatsu, Shiga, Japan) and Nextera XT

DNA dual indexing library preparation kits as recommended by the manufacturer (FC-131–1096, Illu-

mina). Despite more cost-effective scRNAseq strategies, SMARTseq v4 was employed in order to

detect the greatest number of genes per single cell, which is critical for distinguishing highly similar

cell subpopulations (Ziegenhain et al., 2017; Dueck et al., 2016). All single-cell cDNAs and libraries

were first quantified on a Qubit. Representative single-cell cDNAs and libraries were also quantified
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on a Bioanalyzer 2100 High Sensitivity DNA Assay (Agilent, Santa Clara, CA). A maximum of 96 sin-

gle-cell libraries were pooled per lane of a HiSeq 2500 generating 50 bp single reads (Illumina).

Quality control analyses for scRNA-seq are shown in Figure 2—figure supplement 1.

Computational analysis
Fastq files were mapped to the chicken genome galGal4 from UCSC using Tophat (2.0.13) with

options -x 1 g 1. Ensembl 80 annotations were used to define gene coordinates. Quality of the sam-

ples was assessed using FastQC (0.10.1). The R environment (RRID:SCR_001905) was used for the

statistical analysis of the data. All annotated code is located in Supplementary file 1. RPKM values

generated and differentially expressed genes were found using edgeR. Genes were considered dif-

ferentially expressed if they had an Benjamini-Hochberg adjusted p-value less than 0.05 and a log2

fold change greater than 2 or less than �2. Hierarchical clustering was performed using Pearson cor-

relations. Clustering was achieved using base principal component functions in R. Gene ontology

(GO) analysis was completed using ClusterProfiler (3.2.6). GO terms with a p value less than 0.05

and a q value below 0.1 were considered significant. Significant GO terms were condensed using

the simplify function with an adjusted p value cutoff of 0.05. Pathway enrichment analyses were per-

formed using Qiagen’s Ingenuity Pathway Analysis (RRID:SCR_008653; v31813283, Hilden,

Germany).

RNAscope ISH, Immunohistochemistry and Image Analysis
RNAscope multiplex fluorescent ISH (Advanced Cell Diagnostics, Newark, CA) combined with IHC in

the whole avian embryo was adapted from Gross-Thebing et al.’s work in the zebrafish

(Morrison et al., 2017; Gross-Thebing et al., 2014). Major optimizations for success in the avian

included fixation time, avoiding air drying the embryos, volumes and incubation times. IHC to label

migratory NC in the whole embryo was performed as described previously (McLennan and Kulesa,

2007). Images were collected on a LSM 800 confocal microscope. Images were analyzed with the

Cell module in Imaris (RRID:SCR_007370; Bitplane, Belfast, Northern Ireland). Using the HNK1 as a

neural crest membrane marker (RRID:AB_10013722), cells were segmented and then spots of RNA-

scope signal detected and assigned to each cell. Smoothing and background subtraction aided in

segmentation of the cells. Manual modifications to the cell borders was completed in some cases

where Imaris failed to segment properly using the Surface module and marching cubes detection.

Cell surfaces were colored to represent the number of detected transcripts.

For morpholino transfected fixed embryos at HHSt15, a sharpened tungsten needle was used to

remove the trunk portion of the embryo and cut the cranial embryo in half down the midline.

Embryos were then mounted into glass slides as previously described (Teddy and Kulesa, 2004)

and imaged by confocal microscopy on a LSM 800 (Zeiss). The percentage of distance the morpho-

lino transfected cells migrated was calculated by measuring the total distance of the ba2 and dis-

tance the morpholino transfected cells migrated.
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Correia AC, Costa M, Moraes F, Bom J, Nóvoa A, Mallo M. 2007. Bmp2 is required for migration but not for
induction of neural crest cells in the mouse. Developmental Dynamics 236:2493–2501. DOI: https://doi.org/10.
1002/dvdy.21256, PMID: 17676634

de Melker AA, Desban N, Duband JL. 2004. Cellular localization and signaling activity of beta-catenin in
migrating neural crest cells. Developmental Dynamics 230:708–726. DOI: https://doi.org/10.1002/dvdy.20091,
PMID: 15254905

DeLaughter DM, Bick AG, Wakimoto H, McKean D, Gorham JM, Kathiriya IS, Hinson JT, Homsy J, Gray J, Pu W,
Bruneau BG, Seidman JG, Seidman CE. 2016. Single-cell resolution of temporal gene expression during heart
development. Developmental Cell 39:480–490. DOI: https://doi.org/10.1016/j.devcel.2016.10.001, PMID: 27
840107

Dueck HR, Ai R, Camarena A, Ding B, Dominguez R, Evgrafov OV, Fan JB, Fisher SA, Herstein JS, Kim TK, Kim
JM, Lin MY, Liu R, Mack WJ, McGroty S, Nguyen JD, Salathia N, Shallcross J, Souaiaia T, Spaethling JM, et al.
2016. Assessing characteristics of RNA amplification methods for single cell RNA sequencing. BMC Genomics
17:966. DOI: https://doi.org/10.1186/s12864-016-3300-3, PMID: 27881084

Dulken BW, Leeman DS, Boutet SC, Hebestreit K, Brunet A. 2017. Single-cell transcriptomic analysis defines
heterogeneity and transcriptional dynamics in the adult neural stem cell lineage. Cell Reports 18:777–790.
DOI: https://doi.org/10.1016/j.celrep.2016.12.060, PMID: 28099854

Fritzmann J, Morkel M, Besser D, Budczies J, Kosel F, Brembeck FH, Stein U, Fichtner I, Schlag PM, Birchmeier
W. 2009. A colorectal cancer expression profile that includes transforming growth factor beta inhibitor BAMBI
predicts metastatic potential. Gastroenterology 137:165–175. DOI: https://doi.org/10.1053/j.gastro.2009.03.
041, PMID: 19328798

Gammill LS, Bronner-Fraser M. 2002. Genomic analysis of neural crest induction. Development 129:5731–5741.
DOI: https://doi.org/10.1242/dev.00175, PMID: 12421712

Gammill LS, Gonzalez C, Bronner-Fraser M. 2007. Neuropilin 2/semaphorin 3F signaling is essential for cranial
neural crest migration and trigeminal ganglion condensation. Developmental Neurobiology 67:47–56.
DOI: https://doi.org/10.1002/dneu.20326, PMID: 17443771

Goldstein AM, Brewer KC, Doyle AM, Nagy N, Roberts DJ. 2005. BMP signaling is necessary for neural crest cell
migration and ganglion formation in the enteric nervous system. Mechanisms of Development 122:821–833.
DOI: https://doi.org/10.1016/j.mod.2005.03.003, PMID: 15905074

Gross-Thebing T, Paksa A, Raz E. 2014. Simultaneous high-resolution detection of multiple transcripts combined
with localization of proteins in whole-mount embryos. BMC Biology 12:55. DOI: https://doi.org/10.1186/
s12915-014-0055-7, PMID: 25124741

Hamburger V, Hamilton HL. 1951. A series of normal stages in the development of the chick embryo. Journal of
Morphology 88:49–92. DOI: https://doi.org/10.1002/jmor.1050880104, PMID: 24539719

Harada T, Yamamoto H, Kishida S, Kishida M, Awada C, Takao T, Kikuchi A. 2017. Wnt5b-associated exosomes
promote cancer cell migration and proliferation. Cancer Science 108:42–52. DOI: https://doi.org/10.1111/cas.
13109, PMID: 27762090

Kang J, Kang YH, Oh BM, Uhm TG, Park SY, Kim TW, Han SR, Lee SJ, Lee Y, Lee HG. 2016. Tescalcin expression
contributes to invasive and metastatic activity in colorectal cancer. Tumor Biology 37:13843–13853.
DOI: https://doi.org/10.1007/s13277-016-5262-0, PMID: 27485112

Krull CE, Lansford R, Gale NW, Collazo A, Marcelle C, Yancopoulos GD, Fraser SE, Bronner-Fraser M. 1997.
Interactions of Eph-related receptors and ligands confer rostrocaudal pattern to trunk neural crest migration.
Current Biology 7:571–580. DOI: https://doi.org/10.1016/S0960-9822(06)00256-9, PMID: 9259560

Kulesa PM, Gammill LS. 2010. Neural crest migration: patterns, phases and signals. Developmental Biology 344:
566–568. DOI: https://doi.org/10.1016/j.ydbio.2010.05.005, PMID: 20478296

Litzenburger UM, Buenrostro JD, Wu B, Shen Y, Sheffield NC, Kathiria A, Greenleaf WJ, Chang HY. 2017.
Single-cell epigenomic variability reveals functional cancer heterogeneity. Genome Biology 18:15. DOI: https://
doi.org/10.1186/s13059-016-1133-7, PMID: 28118844

Lwigale PY, Bronner-Fraser M. 2009. Semaphorin3A/neuropilin-1 signaling acts as a molecular switch regulating
neural crest migration during cornea development. Developmental Biology 336:257–265. DOI: https://doi.org/
10.1016/j.ydbio.2009.10.008, PMID: 19833121

Matthews HK, Broders-Bondon F, Thiery JP, Mayor R. 2008. Wnt11r is required for cranial neural crest
migration. Developmental Dynamics 237:3404–3409. DOI: https://doi.org/10.1002/dvdy.21758, PMID: 1
8942153

McLennan R, Dyson L, Prather KW, Morrison JA, Baker RE, Maini PK, Kulesa PM. 2012. Multiscale mechanisms of
cell migration during development: theory and experiment. Development 139:2935–2944. DOI: https://doi.
org/10.1242/dev.081471, PMID: 22764050

Morrison et al. eLife 2017;6:e28415. DOI: https://doi.org/10.7554/eLife.28415 25 of 27

Tools and resources Cell Biology Developmental Biology and Stem Cells

https://doi.org/10.1387/ijdb.082667ra
https://doi.org/10.1387/ijdb.082667ra
http://www.ncbi.nlm.nih.gov/pubmed/19247964
https://doi.org/10.1242/dev.140137
http://www.ncbi.nlm.nih.gov/pubmed/27702788
https://doi.org/10.1186/s13059-016-1033-x
http://www.ncbi.nlm.nih.gov/pubmed/27534536
https://doi.org/10.1002/dvdy.21256
https://doi.org/10.1002/dvdy.21256
http://www.ncbi.nlm.nih.gov/pubmed/17676634
https://doi.org/10.1002/dvdy.20091
http://www.ncbi.nlm.nih.gov/pubmed/15254905
https://doi.org/10.1016/j.devcel.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27840107
http://www.ncbi.nlm.nih.gov/pubmed/27840107
https://doi.org/10.1186/s12864-016-3300-3
http://www.ncbi.nlm.nih.gov/pubmed/27881084
https://doi.org/10.1016/j.celrep.2016.12.060
http://www.ncbi.nlm.nih.gov/pubmed/28099854
https://doi.org/10.1053/j.gastro.2009.03.041
https://doi.org/10.1053/j.gastro.2009.03.041
http://www.ncbi.nlm.nih.gov/pubmed/19328798
https://doi.org/10.1242/dev.00175
http://www.ncbi.nlm.nih.gov/pubmed/12421712
https://doi.org/10.1002/dneu.20326
http://www.ncbi.nlm.nih.gov/pubmed/17443771
https://doi.org/10.1016/j.mod.2005.03.003
http://www.ncbi.nlm.nih.gov/pubmed/15905074
https://doi.org/10.1186/s12915-014-0055-7
https://doi.org/10.1186/s12915-014-0055-7
http://www.ncbi.nlm.nih.gov/pubmed/25124741
https://doi.org/10.1002/jmor.1050880104
http://www.ncbi.nlm.nih.gov/pubmed/24539719
https://doi.org/10.1111/cas.13109
https://doi.org/10.1111/cas.13109
http://www.ncbi.nlm.nih.gov/pubmed/27762090
https://doi.org/10.1007/s13277-016-5262-0
http://www.ncbi.nlm.nih.gov/pubmed/27485112
https://doi.org/10.1016/S0960-9822(06)00256-9
http://www.ncbi.nlm.nih.gov/pubmed/9259560
https://doi.org/10.1016/j.ydbio.2010.05.005
http://www.ncbi.nlm.nih.gov/pubmed/20478296
https://doi.org/10.1186/s13059-016-1133-7
https://doi.org/10.1186/s13059-016-1133-7
http://www.ncbi.nlm.nih.gov/pubmed/28118844
https://doi.org/10.1016/j.ydbio.2009.10.008
https://doi.org/10.1016/j.ydbio.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19833121
https://doi.org/10.1002/dvdy.21758
http://www.ncbi.nlm.nih.gov/pubmed/18942153
http://www.ncbi.nlm.nih.gov/pubmed/18942153
https://doi.org/10.1242/dev.081471
https://doi.org/10.1242/dev.081471
http://www.ncbi.nlm.nih.gov/pubmed/22764050
https://doi.org/10.7554/eLife.28415


McLennan R, Kulesa PM. 2007. In vivo analysis reveals a critical role for neuropilin-1 in cranial neural crest cell
migration in chick. Developmental Biology 301:227–239. DOI: https://doi.org/10.1016/j.ydbio.2006.08.019,
PMID: 16959234

McLennan R, Kulesa PM. 2010. Neuropilin-1 interacts with the second branchial arch microenvironment to
mediate chick neural crest cell dynamics. Developmental Dynamics 239:1664–1673. DOI: https://doi.org/10.
1002/dvdy.22303, PMID: 20503363

McLennan R, Schumacher LJ, Morrison JA, Teddy JM, Ridenour DA, Box AC, Semerad CL, Li H, McDowell W,
Kay D, Maini PK, Baker RE, Kulesa PM. 2015. Neural crest migration is driven by a few trailblazer cells with a
unique molecular signature narrowly confined to the invasive front. Development 142:2014–2025. DOI: https://
doi.org/10.1242/dev.117507, PMID: 25977364

McLennan R, Teddy JM, Kasemeier-Kulesa JC, Romine MH, Kulesa PM. 2010. Vascular endothelial growth factor
(VEGF) regulates cranial neural crest migration in vivo. Developmental Biology 339:114–125. DOI: https://doi.
org/10.1016/j.ydbio.2009.12.022, PMID: 20036652

Morrison JA, Bailey CM, Kulesa PM. 2012. Gene profiling in the avian embryo using laser capture
microdissection and RT-qPCR. Cold Spring Harbor Protocols 2012:pdb.prot072140. DOI: https://doi.org/10.
1101/pdb.prot072140, PMID: 23209136

Morrison JA, Box AC, McKinney MC, McLennan R, Kulesa PM. 2015. Quantitative single cell gene expression
profiling in the avian embryo. Developmental Dynamics 244:774–784. DOI: https://doi.org/10.1002/dvdy.
24274, PMID: 25809747

Morrison JA, McKinney MC, Kulesa PM. 2017. Resolving in vivo gene expression during collective cell migration
using an integrated RNAscope, immunohistochemistry and tissue clearing method. Mechanisms of
Development 148:100–106. DOI: https://doi.org/10.1016/j.mod.2017.06.004, PMID: 28633909

Nelson AC, Mould AW, Bikoff EK, Robertson EJ. 2016. Single-cell RNA-seq reveals cell type-specific
transcriptional signatures at the maternal-foetal interface during pregnancy. Nature Communications 7:11414.
DOI: https://doi.org/10.1038/ncomms11414, PMID: 27108815

Osborne NJ, Begbie J, Chilton JK, Schmidt H, Eickholt BJ. 2005. Semaphorin/neuropilin signaling influences the
positioning of migratory neural crest cells within the hindbrain region of the chick. Developmental Dynamics
232:939–949. DOI: https://doi.org/10.1002/dvdy.20258, PMID: 15729704

Roellig D, Tan-Cabugao J, Esaian S, Bronner ME. 2017. Dynamic transcriptional signature and cell fate analysis
reveals plasticity of individual neural plate border cells. eLife 6:e21620. DOI: https://doi.org/10.7554/eLife.
21620, PMID: 28355135

Scholz P, Kalbe B, Jansen F, Altmueller J, Becker C, Mohrhardt J, Schreiner B, Gisselmann G, Hatt H, Osterloh S.
2016. Transcriptome analysis of murine olfactory sensory neurons during development using single cell RNA-
Seq. Chemical Senses 41:313–323. DOI: https://doi.org/10.1093/chemse/bjw003, PMID: 26839357

Simoes-Costa M, Bronner ME. 2016. Reprogramming of avian neural crest axial identity and cell fate. Science
352:1570–1573. DOI: https://doi.org/10.1126/science.aaf2729, PMID: 27339986

Simões-Costa M, Bronner ME. 2015. Establishing neural crest identity: a gene regulatory recipe. Development
142:242–257. DOI: https://doi.org/10.1242/dev.105445, PMID: 25564621

Simões-Costa M, Tan-Cabugao J, Antoshechkin I, Sauka-Spengler T, Bronner ME. 2014. Transcriptome analysis
reveals novel players in the cranial neural crest gene regulatory network. Genome Research 24:281–290.
DOI: https://doi.org/10.1101/gr.161182.113, PMID: 24389048

Takahashi H, Nakatsuji H, Takahashi M, Avirmed S, Fukawa T, Takemura M, Fukumori T, Kanayama H. 2012. Up-
regulation of Plakophilin-2 and down-regulation of plakophilin-3 are correlated with invasiveness in bladder
cancer. Urology 79:240.e1–24240. DOI: https://doi.org/10.1016/j.urology.2011.08.049

Tang W, Cai P, Huo W, Li H, Tang J, Zhu D, Xie H, Chen P, Hang B, Wang S, Xia Y. 2016. Suppressive action of
miRNAs to ARP2/3 complex reduces cell migration and proliferation via RAC isoforms in Hirschsprung disease.
Journal of Cellular and Molecular Medicine 20:1266–1275. DOI: https://doi.org/10.1111/jcmm.12799, PMID: 26
991540

Tasic B , Menon V, Nguyen TN, Kim TK, Jarsky T, Yao Z, Levi B, Gray LT, Sorensen SA, Dolbeare T, Bertagnolli D,
Goldy J, Shapovalova N, Parry S, Lee C, Smith K, Bernard A, Madisen L, Sunkin SM, Hawrylycz M, et al. 2016.
Adult mouse cortical cell taxonomy revealed by single cell transcriptomics. Nature Neuroscience 19:335–346.
DOI: https://doi.org/10.1038/nn.4216, PMID: 26727548

Teddy JM, Kulesa PM. 2004. In vivo evidence for short- and long-range cell communication in cranial neural crest
cells. Development 131:6141–6151. DOI: https://doi.org/10.1242/dev.01534

Tirosh I, Izar B, Prakadan SM, Wadsworth MH, Treacy D, Trombetta JJ, Rotem A, Rodman C, Lian C, Murphy G,
Fallahi-Sichani M, Dutton-Regester K, Lin JR, Cohen O, Shah P, Lu D, Genshaft AS, Hughes TK, Ziegler CG,
Kazer SW, et al. 2016a. Dissecting the multicellular ecosystem of metastatic melanoma by single-cell RNA-seq.
Science 352:189–196. DOI: https://doi.org/10.1126/science.aad0501, PMID: 27124452

Tirosh I, Venteicher AS, Hebert C, Escalante LE, Patel AP, Yizhak K, Fisher JM, Rodman C, Mount C, Filbin MG,
Neftel C, Desai N, Nyman J, Izar B, Luo CC, Francis JM, Patel AA, Onozato ML, Riggi N, Livak KJ, et al. 2016b.
Single-cell RNA-seq supports a developmental hierarchy in human oligodendroglioma. Nature 539:309–313.
DOI: https://doi.org/10.1038/nature20123, PMID: 27806376

Toyofuku T, Yoshida J, Sugimoto T, Yamamoto M, Makino N, Takamatsu H, Takegahara N, Suto F, Hori M,
Fujisawa H, Kumanogoh A, Kikutani H. 2008. Repulsive and attractive semaphorins cooperate to direct the
navigation of cardiac neural crest cells. Developmental Biology 321:251–262. DOI: https://doi.org/10.1016/j.
ydbio.2008.06.028, PMID: 18625214

Morrison et al. eLife 2017;6:e28415. DOI: https://doi.org/10.7554/eLife.28415 26 of 27

Tools and resources Cell Biology Developmental Biology and Stem Cells

https://doi.org/10.1016/j.ydbio.2006.08.019
http://www.ncbi.nlm.nih.gov/pubmed/16959234
https://doi.org/10.1002/dvdy.22303
https://doi.org/10.1002/dvdy.22303
http://www.ncbi.nlm.nih.gov/pubmed/20503363
https://doi.org/10.1242/dev.117507
https://doi.org/10.1242/dev.117507
http://www.ncbi.nlm.nih.gov/pubmed/25977364
https://doi.org/10.1016/j.ydbio.2009.12.022
https://doi.org/10.1016/j.ydbio.2009.12.022
http://www.ncbi.nlm.nih.gov/pubmed/20036652
https://doi.org/10.1101/pdb.prot072140
https://doi.org/10.1101/pdb.prot072140
http://www.ncbi.nlm.nih.gov/pubmed/23209136
https://doi.org/10.1002/dvdy.24274
https://doi.org/10.1002/dvdy.24274
http://www.ncbi.nlm.nih.gov/pubmed/25809747
https://doi.org/10.1016/j.mod.2017.06.004
http://www.ncbi.nlm.nih.gov/pubmed/28633909
https://doi.org/10.1038/ncomms11414
http://www.ncbi.nlm.nih.gov/pubmed/27108815
https://doi.org/10.1002/dvdy.20258
http://www.ncbi.nlm.nih.gov/pubmed/15729704
https://doi.org/10.7554/eLife.21620
https://doi.org/10.7554/eLife.21620
http://www.ncbi.nlm.nih.gov/pubmed/28355135
https://doi.org/10.1093/chemse/bjw003
http://www.ncbi.nlm.nih.gov/pubmed/26839357
https://doi.org/10.1126/science.aaf2729
http://www.ncbi.nlm.nih.gov/pubmed/27339986
https://doi.org/10.1242/dev.105445
http://www.ncbi.nlm.nih.gov/pubmed/25564621
https://doi.org/10.1101/gr.161182.113
http://www.ncbi.nlm.nih.gov/pubmed/24389048
https://doi.org/10.1016/j.urology.2011.08.049
https://doi.org/10.1111/jcmm.12799
http://www.ncbi.nlm.nih.gov/pubmed/26991540
http://www.ncbi.nlm.nih.gov/pubmed/26991540
https://doi.org/10.1038/nn.4216
http://www.ncbi.nlm.nih.gov/pubmed/26727548
https://doi.org/10.1242/dev.01534
https://doi.org/10.1126/science.aad0501
http://www.ncbi.nlm.nih.gov/pubmed/27124452
https://doi.org/10.1038/nature20123
http://www.ncbi.nlm.nih.gov/pubmed/27806376
https://doi.org/10.1016/j.ydbio.2008.06.028
https://doi.org/10.1016/j.ydbio.2008.06.028
http://www.ncbi.nlm.nih.gov/pubmed/18625214
https://doi.org/10.7554/eLife.28415


Wälchli T, Mateos JM, Weinman O, Babic D, Regli L, Hoerstrup SP, Gerhardt H, Schwab ME, Vogel J. 2015.
Quantitative assessment of angiogenesis, perfused blood vessels and endothelial tip cells in the postnatal
mouse brain. Nature Protocols 10:53–74. DOI: https://doi.org/10.1038/nprot.2015.002, PMID: 25502884
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