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Abstract of the Dissertation 
 

Transcriptomic and Genetic Investigations into Lineage Specification of the Neural Crest 
and Tailbud in Vertebrate Embryo Development 

 
by 

David Tatarakis 
Doctor of Philosophy in Biological Sciences 

University of California, Irvine, 2021 
Professor Thomas F. Schilling, Chair 

 
 
In embryonic development, tissues arise from multipotent progenitor populations and 

undergo lineage specification and terminal differentiation. Two examples of this are the 

neural crest (NC) and the multiple progenitor cells of the tailbud. The NC is a 

multipotent highly migratory cell type that gives rise to numerous tissues and cell types 

in the adult animal, including pigmentation, cartilage and bone, neurons and glia, and 

many others. Much is known about the mechanisms driving NC induction and migration, 

but how lineage specification and migration are coordinated is still not well-understood. 

To address outstanding questions in NC development, we took a multifaceted 

approach, employing both traditional functional characterization of a novel Wnt regulator 

and data-driven single-cell and bulk transcriptomics.  

 

Here, I show that Lmo7a regulates both migration and specification of glial and pigment 

lineages through interactions with focal adhesions (FAs) and canonical Wnt signaling. 

Lmo7a is expressed in premigratory NC cell, and its loss results in large midline 

aggregates of NC cells that go on to express markers of pigment and glial lineages. 

These cells also show abnormally high levels of canonical Wnt signaling. I show that 



 

x 
 

Lmo7a is required for proper formation of FAs, suggesting a novel connection between 

cell adhesion and lineage specification in the NC through canonical Wnt signaling. 

 

I also build a single-cell RNA-seq timeline of cranial NC development to investigate 

lineage decisions. I identify the precise timing of pigment, skeletal, and neural/glial 

lineage specification and identify several novel markers of each. Further, using 

combinatorial analysis of bulk and single-cell RNA-seq data, I computationally model 

the Wnt signaling dynamics that correspond to lineage specification. I identify a putative 

Wnt regulatory gene atp6ap2 which encodes the (Pro)renin receptor ((P)RR) protein as 

a potential regulator of pigment development. Using CRISPR-Cas9 genome editing, I 

verify a role for ((P)RR) in pigment maturation potentially through canonical Wnt 

signaling.  

 

I also investigate lineage relationships in the tailbud by constructing a comprehensive 

single-cell transcriptome map of all cells in the tailbud. I uncover evidence for a novel 

connection between neuromesodermal progenitors and both vascular endothelium and 

hematopoiesis. I also show that cell cycle arrest is indicative of a notochord fate in 

midline progenitor cells. In this thesis, I provide novel insights into lineage specification 

in the NC and tailbud.  

 
 
 
 
 

 
 
 



 

1 
 

Chapter I 
Introduction and Background 

 

A brief history of lineage tracing in developmental biology 

The central question at the heart of all developmental biology is that of how a fully 

formed adult animal grows from a single-celled embryo. The observation over 100 years 

ago that cells do not arise spontaneously but instead come from the division of pre-

existing cells inevitably led to the study of how these daughter cells acquire distinct 

identities. The earliest of these studies involved careful observation of invertebrates and 

revealed the then novel idea that the first cell divisions gave rise to cells that had a 

predetermined fate (Conklin, 1905). This process of tracking the terminal identities (also 

called “lineages”) of progenitor cells became known as “lineage tracing.” The apparent 

pre-determined nature of development informed early models, which described cell fate 

decisions as irreversible and progressively more restrictive (Waddington, 1957).  

  

In the next decades, researchers would apply several lineage tracing approaches and 

techniques to characterize the development of many organisms. For example, the 

relatively simple nature of the C. elegans embryo allowed for a complete fate map to be 

constructed  using time lapse imaging with phase contrast microscopy (Deppe et al., 

1978; Sulston et al., 1983), but more complex organisms required additional 

methodology. Classical experiments with tissue transplantation revealed the embryonic 

origins of entire body segments and organs, exemplified by the discovery of Spemann’s 

organizer through the engraftment of tissue between frog embryos (Spemann & 

Mangold, 1924) and the mapping of several organ-forming regions in gastrulating avian 
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embryos through duck/chick allografts (Waddington, 1932) and chick/quail chimeras (Le 

Douarin & Teillet, 1973). While these techniques were powerful for observing tissue-

level lineage relationships, they were limited in their ability to provide cell fate 

information at the level of single cells. 

 

The ability to track the fates of individual cells was aided by developments in cell 

labeling technologies. The injection of so-called “vital dyes,” which label cells without 

impacting their viability (Axelrod, 1979; Vogt, 1929) including fluorescent dextrans 

(Gimlich & Braun, 1985; Weisblat & Shankland, 1985; Wetts & Fraser, 1988) or 

enzymes like horseradish peroxidase (HRP) (David A. Weisblat et al., 1978) enabled 

transient labeling of live cells and their progeny. Using this paradigm, it became 

possible to perform cell lineage tracing in a wide variety of organisms including many 

vertebrates. Researchers gained valuable insights into the embryonic origins of adult 

tissues and structures in Xenopus laevis (Eagleson et al., 1995; Eagleson & Harris, 

1990), chicken (Garcia-Lopez et al., 2009; Serbedzija et al., 1989), mouse (Balakier & 

Pedersen, 1982; Johnson & Ziomek, 1981; Lawson et al., 1986; Rosenquist, 1971), and 

many teleost fish species (Ballard, 1973, 1982, 1986) including zebrafish (Kimmel et al., 

1990). Despite their broad usefulness in tracking the fates of cells in many organisms, 

these cell labeling techniques had numerous limitations. Dye dilution reduced the 

specificity and longevity of labels, making it difficult to draw definitive conclusions about 

clonal relationships between cells over long periods of developmental time. Further, 

these techniques provided no information about molecular mechanisms or signaling 

events that drove the lineage relationships they uncovered. 
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The advent of genetic engineering in the late 20th century brought new, powerful 

techniques for lineage tracing in the form of cell labeling by genetic recombination. The 

first of these methods, heat shock-induced FLP-FRT, was employed to map clonal 

relationships between cells in Drosophila embryos by driving LacZ expression (Harrison 

& Perrimon, 1993). In mouse, the Cre-Lox system was developed first to drive 

expression of LacZ (Soriano, 1999) and later EGFP (Mao et al., 2001) in specific cell 

types/tissues. Later, Cre-Lox labeling was expanded to enable analysis of clonal 

relationships in mouse neurons and glia through the development of Brainbow (Livet et 

al., 2007), which was then adapted to other cell types and organisms (Pan et al., 2013; 

Hampel et al., 2011). These systems allowed for permanent genetic labeling of cells to 

track their progeny. These techniques, although orthogonal to earlier cell labeling 

approaches in their methodologies, achieved largely the same goals: observation of 

lineage relationships across developmental time. They still did not in and of themselves 

offer the ability to characterize the mechanisms or molecular pathways driving these cell 

fate decisions. 

 

The 21st century gave rise to the “Omics revolution,” where next generation sequencing 

(NGS) technologies offered the ability to measure gene expression at an unprecedented 

scale. RNA sequencing (RNA-seq) enabled researchers to measure the relative 

abundances of all mRNAs in a sample, allowing for investigations into gene expression 

signatures with orders of magnitude more information than with traditional quantitative 

PCR (qPCR) and microarray techniques (Lister et al., 2008; Mortazavi et al., 2008; 
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Nagalakshmi et al., 2008). In developmental biology, lineage tracing capabilities were 

furthered by advances in NGS technologies that could profile the transcriptomes of 

individual cells (Gierahn et al., 2017; Jaitin et al., 2014; Macosko et al., 2015; Picelli et 

al., 2014). These technologies were quickly deployed to explore the transcriptional 

diversity among cells in many tissues and developmental contexts (Haber et al., 2017; 

Klein et al., 2015; Zeisel et al., 2015). The enormous influx of transcriptomic data 

enabled researchers to investigate cell fate decisions in a completely new way by 

employing increasingly sophisticated computational techniques that inferred lineage 

relationships from single-cell RNA-seq data (Cannoodt et al., 2016; La Manno et al., 

2018; Wolf et al., 2019). This allowed for lineages to be tracked along with the changes 

in gene expression that accompanied fate determination and other cellular behaviors in 

development. Several initiatives were undertaken to map the entirety of cellular 

transcriptional heterogeneity in whole adult animals including the Human Cell Atlas 

(Rozenblatt-Rosen et al., 2017) and Tabula Muris (Schaum et al., 2018). The first whole 

embryo single-cell transcriptomic map of early vertebrate development was achieved in 

zebrafish, where thousands of cells were sequenced from multiple stages ranging from 

pre-gastrulation to early larval stages (Briggs et al., 2018; Farrell et al., 2018; Wagner et 

al., 2018). These large-scale transcriptomic maps provide an invaluable resource to 

guide further, more detailed investigation into the specification of cell fates in particular 

tissues and organ systems.  
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Perspectives on lineage specification are ever-evolving, and many questions remain. 

The classical view of development as a series of progressively more restrictive lineage 

bifurcations is not sufficient to explain the complex dynamics at play. Some cell fate 

decisions may indeed be stable, while others may be reversible, demonstrated perhaps 

most dramatically by the discovery that adult cells can be reprogrammed to a pluripotent 

state by the expression of just a handful of factors  The stability or reversibility of cell 

fate decisions (Takahashi & Yamanaka, 2006). Further, while some lineage tracing 

studies in invertebrates have achieved a complete hierarchical map of cell fate 

decisions, such efforts are orders of magnitude more challenging in vertebrates. This is 

because unlike invertebrate body plans which are largely epithelial, vertebrates are 

comprised of a huge number of mesenchymal cells that exhibit dynamic cellular 

behaviors and migrate through complex environments throughout development. Thus, 

to achieve a complete understanding of cell fate decisions in vertebrates, we will need 

to examine questions such as: How many cell types/states exist within developing 

tissues? How plastic are individual lineage decisions? What intercellular signals are 

involved in such decisions? How are migratory behaviors coordinated with lineage 

specification? In this thesis, I will present my work using traditional reverse genetic and 

molecular biology approaches along with scRNA-seq to address some of these difficult 

questions and advance our understanding of cell fate determination in neural crest and 

vertebrate tailbud development. 
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Neural crest induction and migration 

The neural crest (NC) is a multipotent population of cells that is specified at the border 

of the neural plate and epithelium. These cells delaminate from the neuroepithelium and 

migrate throughout the embryo, eventually giving rise to numerous cell types and 

structures. (Mayor & Theveneau, 2012). The NC, first identified in 1868 by Wilhelm His 

in chick embryos (His, 1868) is present in all vertebrates, and the emergence of this cell 

type played a major role in the evolution of the head (Gans & Northcutt, 1983; Northcutt 

& Gans, 1983). NC cells are broadly divided into two main categories: cranial and trunk. 

Cranial NC cells form the craniofacial skeleton, the facial nerves, and pigmentation of 

the skin and eyes. Trunk NC cells form the dorsal root ganglia, pigmentation in the rest 

of the body, and several other structures including the enteric nervous system (Vega-

Lopez et al., 2017). 

 

NC induction is a complex process involving many gene interactions and inductive 

signals from surrounding tissues as the neural and nonneural ectoderm are segregated 

during neural tube formation. Among these are fibroblast growth factor (FGF), Wnt, and 

bone morphogenic protein (BMP) signaling molecules secreted from nonneural 

ectoderm and underlying axial mesoderm (Garnett et al., 2012; Meulemans & Bronner-

Fraser, 2004). The combined signaling from these pathways leads to the expression of 

neural crest specifier genes at the folds of the neural plate including Foxd3, Snail1/2,  

AP-2α, Sox10, and Twist (Hopwood et al., 1989; LaBonne & Bronner-Fraser, 1998; Luo 

et al., 2003; Sasai et al., 2001; Wang et al., 2011). These factors and others interact in 
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numerous ways, promoting and maintaining each other’s expression. These interactions 

form a complex gene regulatory network that is not yet fully understood.  

 

Following induction, NC cells must delaminate from the neuroepithelium and migrate to 

their target destinations. This process involves an epithelial-to-mesenchymal transition 

(EMT) characterized by shifts in cadherin expression. Premigratory NC cells first 

downregulate E-cadherin and upregulate N-Cadherin and Cadherin6b. This first shift is 

then followed by a downregulation of N-cadherin and Cadherin6b and an upregulation 

of Cadherin7 and Cadherin11 (Nakagawa & Takeichi, 1995, 1998). These changes are 

driven by cooperation of the NC specifiers downstream of Wnt and BMP signaling 

(Burstyn-Cohen et al., 2004; Heuberger & Birchmeier, 2010; Stuhlmiller & García-

Castro, 2012). Canonical Wnt signaling is particularly important as it drives expression 

of Snail1, Snail2, and Twist1, which then regulate the changing cadherin profiles of 

delaminating NC cells (Chalpe et al., 2010; Lander et al., 2013). 

 

After delamination, the NC begins to migrate away from the dorsal neural tube, quickly 

diverging into discrete streams along different defined pathways. In the cranial NC, 

streams form corresponding to the pharyngeal arches (PAs) whereas in the trunk NC, 

streams are defined by their migratory path medial or lateral to the somites. Directed 

migration of these streams is the result of both guidance cues from surrounding tissues 

and cell-cell communication between the NC cells themselves (Szabó & Mayor, 2018). 

Ephrins (Eph) secreted from surrounding mesodermal tissues play a crucial role in 

constraining and guiding the migratory streams in both the trunk and cranial NC 
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(Santiago & Erickson, 2002; Smith et al., 1997; Wang & Anderson, 1997). Vascular 

endothelial growth factor (VEGF) and FGF serve as secreted signals to guide the 

migration of the NC migratory streams, the loss of either of which disrupts their directed 

migration (McLennan et al., 2010; Trokovic et al., 2005). Cxcl12/Sdf1 is expressed in 

the pharyngeal mesenchyme and signals to cranial NC cells through Cxcr4 to facilitate 

their migration, however it remains unclear if this signaling is merely a permissive signal 

for migration or a true directional chemotactic signal. The relative importance of this 

interaction for robust NC migration is also not clear (Olesnicky Killian et al., 2009; 

Theveneau et al., 2010).  

 

In addition to these external signals, communication between NC cells also drives their 

directed migration. NC cells exhibit contact inhibition of locomotion (CIL) whereby cells 

that come into contact with each other repolarize to move away from one another. This 

behavior may be at least partially responsible for the migration of NC cells away from 

the NC-dense dorsal midline following EMT (Carmona-Fontaine et al., 2008; Teddy & 

Kulesa, 2004). Interestingly, this behavior appears to depend on the noncanonical 

Wnt/planar cell polarity (PCP) pathway, and involves the expression of Wnt11 in 

migrating NC cells (Theveneau et al., 2010). NC cells may also communicate through 

the complement pathway with NC cells expressing both the complement fragment C3a 

and its receptor C3aR leading to mutual attraction (Carmona-Fontaine et al., 2011). 

These types of cell-cell interactions inform the theory of leader-follower dynamics in NC 

collective migration, which holds that a small number of NC cells at the migratory front 

are specialized to guide the migration of the entire stream (McLennan et al., 2012, 
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2015; Morrison et al., 2017).  However the nature of this leader cell population is not 

fully understood (Richardson et al., 2016; Theveneau & Linker, 2017). 

 

Models of Lineage Specification in the Neural Crest 

The unique combination of migratory behavior and multipotency in the NC has 

fascinated developmental biologist for many years and led to numerous efforts at 

mapping the contributions of NC cells to adult tissues through traditional lineage tracing 

techniques (Le Douarin & Teillet, 1973; LeDouarin, 1980; Serbedzija et al., 1989, 1990, 

1992; Weston, 1970). A long-standing area of interest in NC biology concerns the timing 

and mechanism of lineage decisions. The NC as a whole has a remarkable ability to 

give rise to a huge array of cell types, but the ability of individual NC cells to contribute 

to these lineages is less clear (Dupin et al., 2018).  

 

Some evidence supports the notion that NC cells are entirely unbiased towards any 

lineage until they reach their destination in the embryo. Experiments using quail NC 

cells cultured in vitro and then injected into chick embryos allowed for clonal lineage 

tracing that revealed multiple lineages emerging from a single NC progenitor cell 

(Bronner‐Fraser et al., 1980). Other lineage tracing studies in avian embryos using vital 

dye and fluorescent protein labeling also indicated that some individual NC cells gave 

rise to multiple cell types in vivo (Marianne Bronner-Fraser & Fraser, 1988; McKinney et 

al., 2013). Other researchers have employed genetic recombination lineage tracing to 
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examine this question in mouse. One such study found no apparent lineage restrictions 

in NC cells when recombined either during migration or prior to the onset of migration. 

Individual NC cells were recombined at multiple stages before and during migration, and 

in all cases only very few cells gave rise to lineage-restricted derivatives (Baggiolini et 

al., 2015). These findings support a model for NC lineage specification where 

premigratory NC cells are entirely multipotent and acquire their later identities through 

Figure 1.1: Simplified models of lineage specification in the NC. A) A model for 
lineage specification where NC cells migrate away from the neural tube (NT) as a 
homogenous population of unspecified progenitors. NC cells arrive at their target 
destination and then receive signals from the surrounding tissues to acquire the 
appropriate lineage identity. B) Another model where a fate map arises not long after 
NC induction. NC cells have predefined identities based on their position in the 
premigratory population. They begin already spatially segregated and migrate as 
committed progenitors and arrive at their target destinations to undergo terminal 
differentiation. C) A hybrid model incorporating aspects from both A and B. In this 
model, NC cells begin unspecified as they leave the neural ectoderm, but quickly 
become biased towards one or more lineages influenced by both extrinsic signals from 
the surrounding tissues and communication between NC cells themselves. The biased 
progenitors become spatially segregated and arrive at their target destinations to 
undergo lineage commitment and terminal differentiation owing partially to signals 
from the surrounding tissues.    
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signals from their environments after migration (Fig 1.1 A). Other evidence points 

toward a much different model of lineage specification, where a fate map exists in the 

early NC prior to migration (Fig 1.1 B). Lineage tracing studies in zebrafish and chick 

using vital dye labels showed that clones derived from individually-labeled premigratory 

NC cells were restricted to particular lineages based on their location (Krispin et al., 

2010; Raible & Eisen, 1994; Schilling & Kimmel, 1994). Some in vitro studies also 

revealed clonal restrictions through serial cultures of single mammalian NC cells 

(Stemple & Anderson, 1992).  

 

These competing models of lineage specification have been difficult to reconcile, and it 

seems likely that both perspectives have validity. The true picture of NC lineage 

specification may involve a hybrid model (Fig 1.1 C), in which there is some degree of 

lineage bias in premigratory and/or early migrating NC cells with terminal lineage 

commitment being achieved through communication between NC cells and their 

environment as well as between NC cells. Such a model would be difficult to examine 

comprehensively using traditional techniques, but the advent of single-cell -omics 

approaches presents an exciting new paradigm to examine this issue.  

 

Single-cell transcriptomic studies examining lineage specification in the NC 

Recently, several groups have begun to apply these technologies to the questions of 

lineage specification and migration in the NC. One group profiled NC cells in different 

segments of the cranial migratory streams at multiple stages (HH stages 11, 13, and 15) 

in chick embryos using plate-based single-cell RNA-seq (scRNA-seq) (Morrison et al., 
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2017). In this study, the researchers identified a putative population of “trailblazer” NC 

cells at the migratory front, marked by a unique transcriptional signature, which they had 

previously identified in bulk sequencing experiments (McLennan et al., 2015). Apart 

from this population, however, very little heterogeneity was observed, and no signs of 

lineage specification were evident.  

 

Another study examined the premigratory cranial NC for signs of lineage specification in 

zebrafish (Lukoseviciute et al., 2018). Cells were FACS sorted from a foxd3 genetrap 

transgenic, resulting in 94 single-cell libraries built using Smart-seq2. The data revealed 

a remarkably homogenous population of cells, with broad expression of NC specifier 

genes like sox10, and tfap2a. None of these cells expressed any markers that would 

indicate specification of later lineages. Interestingly, a very small group of cells captured 

displayed an entirely different expression profile, characterized by absence of NC 

specifier genes and high expression of pluripotency factors including vox, vent, and 

cx43.4. These cells notably also had low expression of foxd3. These cells were similar 

in their expression to cells marked by the foxd3 transgenic marker at pre-gastrula 

stages, leading the authors to the conclusion that they represent a pluripotent stem-like 

population of NC cells.  

 

An scRNA-seq analysis of premigratory and early migratory NC cells in chick utilized 

both plate-based Smart-seq2 sequencing and 10X Chromium droplet sequencing to 

examine transcriptional heterogeneity (Williams et al., 2019). FACS sorted NC cells, 

marked by an electroporated plasmid containing a Foxd3 enhancer-driven citrine 
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fluorescent marker were sequenced from 6SS and 7SS staged chick embryos. Their 

analysis of the Smart-seq2 data revealed 3 populations of NC cells. One which 

corresponded to an “early” NC population marked by NC specifier genes, and another 

resembled later NC cells, marked by supposed “mesenchymal”-like genes including 

Lmo4, Cxcr4, and Col9a4. These early and late populations were largely segregated 

between the 6SS and 7SS stages, respectively. However, a third population was 

identified with an expression profile that shared some similarities with the early NC 

population, but also contained neural markers like Sox3 and Pax6. This group was 

dubbed a “neural-NC” population, representing an early bias toward neural lineages. 

This population was also observed in their 10X data, along with a bona fide NC 

population and several other cell types. Interestingly, these other cell types, which 

included neuroepithelium and a Pitx2+ “mesenchymal” population were not identified in 

the Smart-seq2 data, despite identical FACS isolation. From these results, the authors 

conclude that cranial NC cells are comprised of two populations: an unspecified NC 

population and a pool of neural lineage-biased NC progenitors. 

 

Most recently, a series of scRNA-seq experiments were performed in mouse, using 10X 

Chromium in a Wnt1-Cre transgenic line marking trunk and cranial NC cells (Soldatov et 

al., 2019). 1107 cells were FACS sorted and sequenced from E9.5 transgenic embryos, 

revealing several populations. Neural tube (NT) cells were identified along with pre-EMT 

NC cells. These populations had largely similar expression profiles, as would be 

expected, but they differed in that NT cells uniquely expressed Pax6 while early NC 

cells expressed Cdh11. A bona fide NC population showed signs of NC specification, 
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with expression of genes including Sox9 and Foxd3. RNA velocity indicated that these 

cells represented a smooth transition from neural tissue to migratory NC. Two major 

lineage branches were identified differentiating from the early migratory NC population: 

“mesenchymal” and autonomic nervous system. Another data set of cranial NC cells 

was obtained from the same transgenic line at E8.5 and E9.5. These data were made 

up largely of cephalic NC (cranial NC cells that migrate around the eyes and brain 

anterior to the pharyngeal arches [PAs]) along with smaller PA NC populations and a 

neuroepithelial population. Marker gene analysis revealed gene expression signatures 

of “mesenchymal” precursors at the later (E9.5) stage. These cells were marked by 

upregulation of Twist1 and Prrx1. Interestingly, in both the trunk and cranial NC, no 

signatures of pigment progenitors were identified. This led to the to the conclusion that 

migrating NC cells first diverge between an autonomic and “mesenchymal” lineage 

branch, with pigment lineages being specified later.  

 

These scRNA-seq studies each sought to examine the heterogeneity present in 

premigratory and/or migrating NC cells, but arrived at very different conclusions. 

Premigratory NC cells in zebrafish appeared almost entirely homogenous apart from a 

population of putative stem-like cells in the study by Lukoseviciute et al (2018), however 

this population was not identified in any of the other single-cell studies. Similarly, the 

studies in chick each identified unique populations among an otherwise largely 

homogenous population of NC cells. Morrison et al (2017) recovered a group of NC 

cells at the migratory front that expressed many genes previously described as part of a 

“trailblazer” identity but found no signs of lineage specification at any stage. Also in 
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chick, Williams et al (2019) reported a putative neural-biased group of NC cells present 

at early stages, but no indication of a trailblazer population. Further, none of these 

populations were identified in mouse by Soldatov et al (2019), who instead found signs 

of “mesenchymal” and neural/glial lineage specification arising during migration.  

 

These discrepancies could, in part, be explained by species-specific differences, 

however they are more easily explained by methodology and differences of 

interpretation of the data. The earlier studies by Morrison et al (2017) and Lukoseviciute 

et al (2018) recovered a relatively small number of cells as they preceded droplet-based 

sequencing technologies, and more nuanced methods for dimensionality reduction 

beyond PCA were not yet available or widely used in single-cell analysis. Notably, while 

all of the studies utilized FACS to obtain pure populations of NC cells, the later droplet-

based experiments clearly indicate that many non-NC cell types are captured, as the 

authors themselves indicate (Soldatov et al., 2019). This is a very common feature of 

sequencing experiments that rely on FACS. FACS gating is inadequate to obtain truly 

pure populations, necessitating careful subclustering in downstream analyses. For this 

reason, it is very likely that some of the populations identified in earlier studies may in 

fact be non-NC cell types mis-attributed to unique NC subpopulations. A reanalysis of 

their data and a recapitulation of the experiments using current methodologies would 

likely uncover information that may have been missed in these studies.  

 

Another limitation of previous single-cell NC studies is the lack of temporal information. 

Global changes in gene expression as NC cells delaminate and migrate are difficult to 
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deconvolve from expression signatures that indicate lineage bifurcation when looking at 

a single snapshot in time. Further, different lineage decisions likely span a range of 

developmental time, making it unlikely to capture them all without a time course. Finally, 

computational methods for trajectory inference (pseudotime, RNA velocity), while 

powerful, are best used as hypothesis-generation tools. When used in a vacuum, they 

can sometimes imply lineage connections and differentiation that does not comport with 

experimentation. Validation and the addition of real developmental temporal information 

would be very helpful in evaluating the lineage bifurcations occurring throughout NC 

development. 

 

Lineage relationships in the vertebrate tailbud 

One aspect of development that is shared across all vertebrates is the presence of an 

embryonic tail. The tail is made up primarily of three tissues: the posterior neural tube, 

the notochord, and paraxial mesoderm (Beck, 2015). Also present in the tail are tissues 

just dorsal and ventral to the notochord, respectively: the floor plate and the hypochord, 

the latter of which exists exclusively in anamniotes (Löfberg & Collazo, 1997). These 

tissues grow and extend as the embryo elongates, eventually giving rise to many 

structures in the adult animal. The growth of the tail depends on cells residing in the 

caudal-most region of the tail, termed the “tailbud.” Ordinarily, different embryonic 

tissues have distinct origins in the three germ layers, but the elongating tail is unique in 

that its tissues appear to derive from a common pool of cells in the tailbud (Noemi 



 

17 
 

Cambray & Wilson, 2007; Noemí Cambray & Wilson, 2002; McGrew et al., 2008). In 

vivo clonal lineage tracing revealed that the neural and mesodermal tissues in the tail 

indeed derive from a population of bipotent cells called neuromesodermal progenitors 

(NMPs) (Martin & Kimelman, 2012; Tzouanacou et al., 2009). The decision between 

neural and mesodermal lineages is controlled by differential levels of canonical Wnt 

signaling (Fig 1.2) (Bouldin et al., 2015; Garriock et al., 2015; Gouti et al., 2014; 

Takemoto et al., 2011). Low Wnt signaling pushes NMPs to a neural fate, while high 

Figure 1.2: Lineage specification of neuromesodermal progenitor derivatives in 
the vertebrate tailbud. Diagram showing the primary tissues of the tail and the 3 
major lineages canonically specified by neuromesodermal progenitors (NMPs) in the 
tailbud. NMPs exist as a mass of self-renewing multipotent cells in the caudal-most tip 
of the tailbud, sustained by expression of sox2 and tbxta. NMPs give rise to both neural 
tube (NT) and mesodermal derivatives. This first bifurcation is controlled by canonical 
Wnt signaling. NMPs that receive high Wnt become mesodermal, while cells receiving 
low Wnt become NT. The mesodermal cells further bifurcate into paraxial mesoderm 
(PM) and lateral plate mesoderm (LPM). Mesodermal precursors that experience high 
Wnt and High FGF signaling become PM, while those that receive low Wnt signaling 
and high BMP signaling are driven to an LPM fate. 
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Wnt results in a mesodermal fate. The mesodermal descendants are further bifurcated 

into paraxial mesoderm, which generates the axial skeleton, musculature and dermis of 

the skin, intermediate mesoderm, which generates the kidneys and associated tubules, 

and lateral plate mesoderm, which generates blood and vasculature. Paraxial 

mesoderm is specified by sustained Wnt signaling and increased FGF signaling, and 

lateral plate mesoderm is induced by a loss of Wnt and an increase in BMP signaling 

(Row et al., 2018). 

 

In addition to neural and mesodermal lineages, there is evidence that the NMPs may be 

responsible for the development of vascular endothelial tissues. Primary vasculature is 

derived from the lateral plate mesoderm specified during gastrulation, but in zebrafish, it 

has been proposed that a secondary round of vascularization occurs in the posterior 

region of the embryo (Martin & Kimelman, 2012). Genetic analysis of the vascular 

mutant cloche  revealed that despite a loss of vasculature lineage markers in the trunk, 

a population of apparent vasculature progenitors remains in the tail (Liao et al., 1997; 

Thompson et al., 1998). In the limb bud, somitic mesoderm-derived cells have been 

shown to contribute to vasculature (Kardon et al., 2002), raising the possibility that the 

tailbud vasculature progenitors may derive from the NMPs. This lineage relationship has 

since been demonstrated in vivo (Row et al., 2018), but whether or not this population 

also gives rise to blood remains an open question. 

 

The relationship between notochord, hypochord, and floor plate is also an active area of 

investigation. The notochord and floor plate are transient structures that serve as both a 



 

19 
 

structural scaffold and a source of signals to pattern the neural tube and surrounding 

mesodermal tissues (Placzek & Briscoe, 2005; Stemple, 2005). The hypochord secretes 

VEGF and other signals to pattern the developing dorsal aorta in fish and amphibians 

(Löfberg & Collazo, 1997). These structures derive from a population of midline 

progenitor cells (MPCs) which are specified during gastrulation (Catala et al., 1995, 

1996; Melby et al., 1996; Selleck & Stern, 1991). Lineage tracing studies have revealed 

species-specific differences in the potency of MPCs. In chick, the notochord and floor 

plate arise from the same pool of cells, whereas in mouse, they appear to come from 

two groups of MPCs that diverge during gastrulation (Jeong & Epstein, 2003; Selleck & 

Stern, 1991). The origins of the hypochord are less understood, but it is generally 

thought of as having an endodermal origin (Eriksson & Löfberg, 2000; Löfberg & 

Collazo, 1997). However, recent work in the zebrafish has offered evidence to suggest 

the existence of bipotential hypochord/notochord progenitors as well as notochord/floor 

plate progenitors both residing in the tailbud (Row et al., 2016). Much remains to be 

learned about the complex lineage relationships in the tailbud, presenting an exciting 

opportunity to leverage the power of modern -omics technologies in discovering new 

and difficult to identify cell populations in development. Two studies using targeted 

single-cell RNA-seq have examining a few of the tailbud progenitor cell types (Chestnut 

et al., 2020; Gouti et al., 2017). However there has yet to be an effort to profile the 

transcriptomes of all cells present in the developing tailbud comprehensively.  

 

In this thesis, I will present my efforts to uncover lineage relationships, characterize the 

spatial and temporal components of cell fate decisions, and identify novel regulatory 
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genes driving and coordinating such decisions through multifaceted investigations using 

the zebrafish as a model organism. In chapter II, I characterize the role a novel 

regulator of cranial NC development, Lim domain only 7a (Lmo7a), which both 

facilitates migration of groups of NC cells and influences their lineage decisions through 

canonical Wnt signaling. In chapter III, I use a novel approach to explore lineage 

decisions in the cranial NC using single-cell RNA-seq while maintaining both spatial and 

temporal information. I then bolster my findings using in vivo spatial transcriptomic 

imaging and CRISPR-Cas9 genome editing, uncovering a novel regulator of pigment 

cell development. Finally, in chapter IV, I use single-cell RNA-seq analysis to build a 

complete transcriptomic atlas of the developing tailbud and potentially uncover a long-

hypothesized connection between NMPs and hematopoietic lineages.  
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Chapter II 

The role of Lmo7a in coordinating migration and lineage specification 
in cranial NC cells 

 
 
 
Introduction 

During embryonic development, cell migration and lineage specification must be tightly 

coordinated. Many of the mechanisms driving progenitor cell migration also regulate 

differentiation toward specific lineages (He et al., 2018; McBeath et al., 2004). In 

vertebrates, this is particularly true for mesenchymal cell populations such as migratory 

neural crest (NC) cells, which emerge from the neural ectoderm and disperse to 

generate an extraordinary variety of cell types throughout the body including neurons, 

glia, pigment cells, cartilage, and bone. Despite extensive studies of both intrinsic and 

extrinsic factors that specify these different fates, how the acquisition of distinct NC 

lineages relate to their migratory behaviors remains largely unclear (Kalcheim & Kumar, 

2017). 

 

NC cells are induced at the neural plate border during neural tube closure through a 

combination of Wnt, BMP, FGF, and Notch signaling (Stuhlmiller & García-Castro, 

2012). They subsequently undergo epithelial-mesenchymal transition (EMT) and 

migrate away from the dorsal midline along distinct trajectories throughout the embryo 

(Kerosuo & Bronner-Fraser, 2012; Mayor & Theveneau, 2012). Among these migratory 

paths, are cranial NC cell streams that populate the pharyngeal arches (PAs) to form 

the facial skeleton, as well as distinct lateral and medial pathways in the trunk in which 
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NC cells form pigment cells in the skin or sensory neurons and glia in peripheral nerves, 

respectively. Some in vivo lineage tracing and in vitro clonal analyses have suggested 

that these fates depend entirely on the migratory environments and final destinations of 

NC cells (Baggiolini et al., 2015; M. Bronner-Fraser et al., 1991; Dupin et al., 2010). 

Other experiments have provided evidence for early lineage specification in 

premigratory NC and a link between initial position, migratory path, and cell fate (Krispin 

et al., 2010; Schilling & Kimmel, 1994; Stemple & Anderson, 1992). In recent years, the 

advent of single cell transcriptomics has given us a more detailed picture of the degree 

to which NC cell fates are both dynamic and heterogeneous during migration 

(Lukoseviciute et al., 2018; Morrison et al., 2017; Soldatov et al., 2019). 

 

Canonical Wnt signaling plays important roles in inducing NC cells, promoting their 

migration, and driving lineage decisions at later stages. Tight regulation of signaling 

levels is vital for proper initiation of migration (Ahsan et al., 2019; Hutchins & Bronner, 

2018; Maj et al., 2016) and also biases cells toward pigment versus glial cell fates 

through regulation of genes such as Sox10/Foxd3 and Pax3/7, respectively  (Curran et 

al., 2010; Dorsky et al., 1998; Minchin & Hughes, 2008). We previously demonstrated 

novel roles for Ovol1a and Rbc3a/Dmxl2 in promoting NC migration, due at least in part 

to changes in responses to Wnt signaling (Piloto & Schilling, 2010; Tuttle et al., 2014). 

Both are specifically expressed in premigratory NC cells, and loss-of-function of either 

gene disrupts the migration of subsets of NC cells, which form aggregates in the dorsal 

midline and acquire pigment cell fates. Ovol1a is a direct Wnt target (Li et al., 2002), 

while Rbc3a/Dmxl2 controls Wnt receptor trafficking, and both alter the localization of 
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cadherins (such as Cdh2) important for migration. These results establish a link 

between adhesive mechanisms that govern NC migration, Wnt signaling, and the 

decisions that lead toward specific cell fates.  

 

In a microarray screen to identify genes downregulated in tfap2a/g-deficient zebrafish 

embryos, we discovered the Lim-domain-only 7 gene lmo7a (Hoffman et al., 2007; 

Tuttle et al., 2014). Lim-domain proteins vary in structure and cellular function and 

include the Lim-domain-only (Lmo) subclass. Lmo1-4 contain no annotated functional 

domains apart from multiple Lim domains and function as nuclear transcriptional co-

regulators important in cancer progression (Matthews et al., 2013; Sang et al., 2014). 

Lmo4 promotes EMT of NC and neuroblastoma cells through direct binding to Snail and 

Slug transcription factors (Ferronha et al., 2013; Ochoa et al., 2012). A protein 

containing four and one-half Lim domains (FHL2) interacts with β-catenin (β-cat) to 

either increase or decrease levels of TCF/LEF dependent transcription, depending on 

the cellular context (Hamidouche et al., 2008; B. Martin et al., 2002). Other Lim-domain 

family members contain multiple functional domains and have more divergent roles.  

 

Lmo7, despite its name, contains a calponin homology (CH) domain, a PDZ domain, 

and a single Lim domain. In mammals, multiple functions have been described for 

Lmo7, including promoting expression of myogenic transcription factors in skeletal 

muscle cells (Dedeic et al., 2011; Holaska et al., 2006) and regulating afadin-nectin-E-

cadherin junctions in epithelial cells (Ooshio et al., 2004) and in the cuticular plate of the 

cochlea (Du et al., 2019). Interestingly, its function in myogenesis requires entry into the 
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nucleus and transcriptional regulation, while its epithelial functions involve interactions 

with the actin cytoskeleton and membrane-associated proteins. Lmo7 also influences 

cancer cell metastasis, such as the expression of myocardin-related transcription 

factors through regulation of Rho-dependent actin dynamics at the cell membranes of 

breast cancer cells (Hu et al., 2011; Nakamura et al., 2005; Teixeira et al., 2014). A 

paralog of Lmo7, LIMCH1, regulates cell migration through roles in focal adhesion (FA) 

formation and actomyosin dynamics (Lin et al., 2017). Lmo7 can localize to FAs and act 

as a shuttling protein to mediate integrin signaling in HeLa cells and mouse embryonic 

fibroblasts (Holaska et al., 2006; Wozniak et al., 2013). Both LIMCH1 and Lmo7 are 

associated with poor prognosis in human lung cancer (Karlsson et al., 2018), and 

expression of Lmo7 (also called PCD1) is associated with increased metastasis in 

numerous human cancers (Furuya et al., 2002; Kang et al., 2000; Sasaki et al., 2003). 

 

Here, we show that zebrafish Lmo7a promotes NC migration and modulates lineage 

decisions through interactions with canonical Wnt signaling, similar to Ovol1a and 

Rbc3a/Dmxl2. Lmo7a is expressed in premigratory NC cells where it localizes to cell 

membranes, and loss-of-function leads to aggregation of subsets of NC cells at the 

dorsal midline. These cells show elevated nuclear β-cat as well as altered paxillin (Pxn) 

localization and reduced phosphorylated focal adhesion kinase (pFAK). Furthermore, 

analysis of gene expression in these NC cell aggregates reveals that the cells adopt 

identities of pigment and glial progenitors, but not other NC lineages. Our results 

suggest that Lmo7a has a dual role in promoting migration of NC cells and regulating 
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lineage decisions through modulation of canonical Wnt signaling and cell adhesion 

dynamics. 

 

 

 

 

 

 

 

 

Figure 2.1: lmo7a expression and domain structure. (A-B) Whole mount in situ 
hybridization (ISH) for lmo7a mRNA (dorsal views, anterior to the left). Expression in 
premigratory NC cells at 12 hpf (A) and migratory NC cells at 16 hpf (B). (C-D) Whole 
mount ISH at 48 hpf (C) and 72 hpf (D) (lateral views), shows expression in the 
notochord and somite boundaries. (E) The lmo7a genomic locus consists of 33 exons. 
The full-length protein contains calponin homology (CH), PDZ, and Lim domains. (F) 
An antisense morpholino targeted the first exon, while CRISPR and CRISPRi gRNAs 
targeted exons 1,4,6, and 7. (G) Sequences for two CRISPR deletion alleles generated 
in Exon 16 compared to WT sequence. 
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Results 

Lmo7a is expressed in and required for migration of subsets of NC cells 

Zebrafish lmo7a was identified in a microarray screen of tfap2a/g-deficient embryos, 

which lack NC cells (Hoffman et al., 2007; Tuttle et al., 2014). Whole mount in situ 

hybridization (ISH) first detected lmo7a expression in cranial NC cells at 12 hours post-

fertilization (hpf), just prior to the onset of NC cell migration (Fig 2.1 A). Expression 

persisted at 16 hpf in migrating NC cells in the PAs and between the eyes (Fig 2.1 B), 

but was no longer detected at 24 hpf. At later embryonic stages (48-72 hpf), expression 

was restricted to the notochord and somite boundaries (Fig 2.1 C, D).  

 

Lmo7a contains CH, PDZ and Lim domains (Fig 2.1 E). Two deletions in lmo7a, -5 bp 

and -35 bp, were generated by CRISPR-Cas9 gene editing using a guide RNA targeting 

exon 16 just upstream of the PDZ domain (Fig 2.1 F, G). Trans-heterozygous mutants 

carrying the Tg(-4.9sox10:nEOS) transgene (hereafter referred to as sox10:nEOS, 

which labels the nuclei of pre-migratory and migrating NC cells) appeared largely 

normal but NC cells formed small aggregates (5-10 cells/aggregate; ~10-20 

cells/embryo)  at the dorsal midline of the neural tube extending along the anterior-

posterior (A-P) axis from the midbrain-hindbrain boundary to the anterior spinal cord 

(Fig 2.2 A,B). Such aggregates closely resemble the phenotypes of rbc3a-/- and ovol1a-

deficient embryos (Piloto & Schilling, 2010; Tuttle et al., 2014).  
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Similar to lmo7a mutants, knockdown of lmo7a using an antisense morpholino targeting 

the translation start site (lmo7a-MO) (Fig 2.1 H) in sox10:nEOS fish resulted in NC 

aggregates (5-30 cells/aggregate; ~50-100 cells/embryo) at the dorsal midline in ~93% 

of injected embryos compared to sibling embryos injected with a control MO (Fig 2.2 D-

E,G-H). Aggregates became distinct by 18 hpf while other surrounding NC cells 

migrated away from them and ventrally into the PAs at approximately the same rate as 

Figure 2.2: lmo7a knockdown disrupts migration of subsets of NC cells. (A-B, D-
I) Whole mount live confocal images of 24 hpf sox10:nEOS embryos. (A-B) NC 
aggregates form along the dorsal midline in lmo7a trans-heterozygous mutants, in 
contrast to WT siblings. (C) Percentages of embryos displaying >10 NC cells at the 
dorsal midline in various lmo7a gene perturbations. (D,G) Embryos injected with 4 ng 
of control morpholino (MO), (E,H) Embryos injected with 4 ng of antisense MO 
targeting lmo7a (F,I) Embryos injected with dCas9 mRNA and 4 gRNAs targeting the 
coding region of lmo7a. NC cell aggregates at the dorsal midline (arrowheads). (A, D-
F) Lateral views. (B, G-I) Dorsal views. Scale bars = 100 μm (A,B,D,G). 
PA=Pharyngeal Arch, OV=Otic Vesicle 
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WT cells. CRISPR inhibition (CRISPRi) produced similar NC cell aggregates in ~64% of 

injected embryos (Fig 2.2F,I). With CRISPRi, expression of lmo7a at 12 hpf was nearly 

undetectable (Fig 2.3A). These results provide independent confirmation that Lmo7a 

function is required for subsets of NC cells to migrate. 

 

 

 

 

Lmo7a localizes to NC cell membranes and its function requires the calponin 

homology domain 

Lmo7 was previously shown to function at the membrane in epithelial cells where it 

interacts with adherens junctions and/or focal adhesions (FAs), and in the nucleus in 

muscle cells, where it binds the transcription factor Emerin (Holaska et al., 2006; Ooshio 

et al., 2004; Wozniak et al., 2013). To determine the subcellular localization of Lmo7a in 

Figure 2.3: Relative expression of lmo7a in CRISPRi and mutant embryos. 
A) Bar plots showing expression levels of lmo7a in WT vs CRISPRi embryos at 
12 hpf based on qPCR using 3 different primer sets targeting different segments 
of the coding region. B) Bar plots showing expression levels of lmo7a in WT vs 
transhet mutant embryos at 12 hpf based on qPCR using 2 primer sets. C) PCR 
of lmo7a in FACS sorted NC cells. Multiple transcripts are detected in pure NC 
populations. 2 NC cell preps were analyzed independently. For A-B) Bars 
indicate mean fold change of 3 biological replicates as compared to mean WT 
expression. Fold changes calculated by taking 2⌃ΔΔ CT for each replicate. Error 
bars indicate mean ±SD. 
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NC cells, we generated a fusion construct encoding superfolder GFP (sfGFP) fused to 

the N-terminus of Lmo7a, sfGFP-lmo7a. This mRNA was injected at the 1-cell stage into 

Tg(-4.9sox10:lyn-tdTomato) embryos (hereafter referred to as sox10:lyn-tdTom) to mark 

NC cell membranes.  At 18 hpf, the sfGFP-lmo7a fusion protein was restricted to bright 

puncta that co-localized with sox10:lyn-tdTom, with little to no expression detected in 

cell nuclei (Fig 2.4 A-C), indicating a potential role at the membrane. 
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Lmo7a contains CH, PDZ and Lim domains, all implicated in protein-protein interactions 

(Fig 2.1 G). To test requirements for these domains in NC cell migration, rescue 

experiments were performed in an lmo7a-MO background. Co-injection of lmo7a-MO 

with mRNA encoding full-length lmo7a significantly reduced the severity of the migration 

phenotype as quantified by the number of NC cells that failed to migrate away from the 

midline by 24 hpf (MO median = 104 cells/embryo, MO+lmo7a-full median = 43.5 

cells/embryo; p<0.001) (Fig 2.4 D, E, H). Next, mRNAs encoding full-length lmo7a 

lacking either the Lim or the CH domain were co-injected with lmo7a-MO. Interestingly, 

removal of the Lim domain caused no significant change in the ability of injected lmo7a 

mRNA to rescue the lmo7a-MO phenotype (MO+lmo7a-noLim median = 30 

cells/embryo; p<0.0001) while lmo7a lacking the CH domain failed to rescue 

(MO+lmo7a-full median = 115 cells/embryo; p=0.35) (Fig 2.4 F, G, H). The CH domain 

mediates interactions with the actin cytoskeleton. These data suggest that the CH 

domain but not the Lim domain is required for lmo7a’s function in early NC cell 

Figure 2.4: Lmo7a localizes to the plasma membrane and requires the CH 
domain in NC. (A-C) Whole mount live confocal images of WT sox10:lyn-TdTomato 
embryos injected with sfGFP-lmo7a fusion mRNA. sfGFP-Lmo7a puncta at the 
plasma membrane of NC cells (arrowheads).(lateral views, anterior to the left). (D-G) 
Whole mount live confocal images of 24 hpf sox10:nEOS embryos (dorsal views, 
anterior to the left). (D) lmo7a MO-injected embryos display large NC aggregates. 
Both full length mRNA (E) and mRNA lacking the Lim domain (F) reduce the number 
of NC cells in aggregates, while mRNA lacking the CH domain (G) does not. (H) 
Quantification of phenotype severity based on median number of NC cells at 
midline/embryo (n = 8 embryos per condition). (I) Schematics of rescue transcripts. 
Tg(sox10:lyn-tdTomato)For (H): Medians: MO = 104 cells/embryo, MO+full mRNA = 
43.5 cells/embryo, MO+noLim mRNA = 30 cells/embryo, MO+noCH mRNA = 115 
cells/embryo. Line indicates median, boxes indicate IQR, whiskers indicate IQR*1.5, 
point indicates outlier. Kruskal-Wallis ANOVA: p-value <0.0001. Posthoc Wilcoxon 
tests (BH corrected) p-values indicated on plot. Scale bars = 20 μm (A) and 100 μm 
(D). 
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migration, further supporting a role for Lmo7a at the membrane in NC cells and potential 

interactions with the cytoskeleton. 

 

NC cells in lmo7a-deficient embryos have aberrant accumulation of focal 

adhesion components 

Based on its membrane localization in NC cells and known roles in FAs (Holaska et al., 

2006; Wozniak et al., 2013), we hypothesized that Lmo7a likely plays a role in FAs 

essential for proper filopodial dynamics and migration. To test this idea we next 

examined filopodial extension and FA formation. We utilized a double transgenic line 

expressing both a fluorescent paxillin (Pxn) fusion protein under the control of a 

ubiquitous promoter, Tg(β-actin:Pxn-EGFP) as well as sox10:lynTdTomato to facilitate 

live, time-lapse imaging of Pxn-based adhesion complexes in NC cells. Embryos were 

imaged from 16-19 hpf, when cranial NC cells migrate into the PAs. In WT embryos, NC 

cells dynamically change morphology as they migrate, extending and retracting 

filopodia. Transient accumulations of Pxn-EGFP were visible along the membranes of 

these NC cells during migration (Fig 2.5A-C). In contrast, in lmo7a-deficient embryos, 

NC cells in aggregates that remained at the midline maintained a rounded morphology 

with few to no filopodial projections and contained large aggregates of Pxn-EGFP that 

appeared cytoplasmic (Fig 2.5D-F). To investigate if Lmo7a colocalizes with Pxn, we 

injected mCherry-Lmo7a mRNA into WT tg(B-actin:Pxn-EGFP) embryos. Overlap of 

mCherry-Lmo7a puncta and Pxn-EGFP puncta was observed at the membranes of 

migratory WT NC cells (Fig 2.5G-I). These observations suggest that in lmo7a-deficient 
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embryos, Pxn-FA complexes fail to form properly at the membrane and that NC cells 

consequently fail to extend directional projections that facilitate migration. 

 

 

Figure 2.5: lmo7a knockdown results in abnormal NC cell morphology and 
aggregation of paxillin complexes. (A-F) Whole mount live confocal images of 
Tg(sox10:lyn-tdTomato; β-actin:paxillin-EGFP) double transgenic embryos. (A-C) 
NC cells at 18 hpf display long cytoplasmic protrusions (filopodia) and localization 
of Pxn-EGFP along the plasma membrane (arrowheads) in WT. (D-F) NC cells in 
dorsal midline aggregates in embryos injected with lmo7a-MO. Cells are rounded 
and accumulate Pxn-EGFP in the cytoplasm.  (G-I) Whole mount live confocal 
images of transgenic β-actin:paxillin-EGFP embryos injected with mCherry-lmo7a 
mRNA. mCherry-Lmo7a puncta colocalize with Paxillin-EGFP in WT NC cells at 24 
hpf (I) (arrowheads). Scale bar = 15 μm 
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To investigate if this Pxn accumulation is indicative of changes in FA dynamics, we 

examined localization of phosphorylated Focal Adhesion Kinase (pFAK) using a 

polyclonal anti-pFAK (pY576) antibody. At 18 hpf, many bright puncta can be seen  

along the membranes of migrating NC cells in embryos injected with a control MO (Ctrl 

MO) (Fig 2.6 A-D). While some puncta can be seen in the membranes of midline 

aggregate NCs in lmo7a-MO-injected embryos (Fig 2.6 E-H), the number of puncta per 

cell was significantly lower than controls (Ctrl MO mean = 13.1/NC cell/ n = 7 embryos, 

Figure 2.6: lmo7a-deficient NC aggregates have decreased levels of 
phosphorylated focal adhesion kinase. (A-H) Whole mount confocal images of 
immunostaining with anti-pFAK antibody (red) and DAPI (blue) in sox10:lynEGFP 
transgenic embryos (green). (A-D) NC cells in Ctrl MO-injected embryos show many 
bright pFAK puncta along their membranes. (E-H) Aggregate NC cells in lmo7a MO-
injected embryos show fewer pFAK puncta in their membranes. (I-L) Migratory NC 
cells in lmo7a MO-injected embryos show unchanged pFAK localization compared to 
Ctrl embryos. (M) Quantification of pFAK puncta per NC cell in Ctrl MO and lmo7a 
MOinjected embryos. Dots represent the number of puncta in individual cells (Ctrl 
MO n=7 embryos, mean=13.1 puncta/cell; lmo7a MO n=5 embryos, mean=6.2 
puncta/aggregate NCcell, mean = 12.5 puncta/migratory NC cell). Ctrl vs lmo7a MO 
aggregate T-test p-value = 1.3e-9, Ctrl vs migratory lmo7a MO NC cells = 0.54. Line 
indicates mean. Error bars indicate ±SD. Scale bars = 20 μm. 
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lmo7a MO non migrating mean = 6.92/NC cell/ n = 5 embryos, p=1.3e-9) (Fig 2.6 M). Notably, 

in lmo7a-deficient embryos, non-NC accumulation of pFAK appeared unaltered as did pFAK 

localization in migrating NC cells (mean = 12.5/NC cell, p=0.54) (Figure 2.6 I-M). 

 

NC cell transplantations reveal non-cell-autonomous effects of lmo7a-deficiency 

on cell migration independent of EMT 

 NC cells in lmo7a-deficient embryos form large aggregates, with single NC cells rarely 

remaining at the midline. This could suggest effects on some non-cell-autonomous factors such 

as EMT or leader-follower dynamics. We first investigated influences on EMT through 

Figure 2.7: N-cadherin expression is not reduced consistent with loss of 
migration. (A-I) Whole mount confocal images of immunostaining with anti-N-cad 
antibody (magenta) in sox10:lynEGFP transgenic embryos (green). (A-C) NC cells in 
Ctrl MO injected embryos show N-cad staining along their membranes. (D-F) Some 
NC cell aggregates in lmo7a MO-injected embryos show reduced N-cad staining, while 
(G-I) other aggregates have normal N-cad membrane staining. (I) There is a bimodal 
distribution of NC aggregate cells that have normal levels and those that have reduced 
levels. Dots represent the N-cad fluorescence intensity in individual cells calculated as 
membrane intensity - (membrane area x background intensity). (Ctrl MO n=4 embryos, 
4 cells/embryo, lmo7a MO n=4 embryos, 4 cells/embryo). Scale bars = 15 μm. 
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examination of N-cadherin expression. In lmo7a-MO-injected embryos, some aggregates 

showed reduced N-cad staining at the plasma membrane as compared to migrating NC cells in 

WT embryos (Fig 2.7 A-F). However, other aggregates displayed normal N-cad localization (Fig 

2.7 G-I). The lack of any correlation between N-cad localization and the formation of aggregates 

suggests the defects seen in lmo7a-deficient embryos are not the result of a change in EMT 

(Fig 2.7 J). 

 

Next, we investigated the possibility that the loss of migration in a small subset of NC 

cells could have non-cell-autonomous effects on surrounding NC cells. We utilized cell 

transplantation to examine how WT NC cells behave in an lmo7a-deficient embryo. At 

the embryonic shield stage, cells at the position known to give rise to NC were 

transplanted from WT Tg(Sox10:nEOS) embryos into stage-matched control and MO-

injected Tg(Sox10:lynTdTomato) embryos. By 24 hpf, a large number of WT donor 

(nEOS+) cells could be seen in the pharyngeal arches of control embryos (Fig 2.8 A-C, 

G) with only ~2.4% of donor cells and ~0.2% of host cells remaining at the midline (Fig 

2.8 G). In MO-injected embryos, both WT donor cells and lmo7a-deficient host cells 

remained at the dorsal midline in aggregates (Fig 2.8 D-G) (Donor cells = ~22%, p = 

0.0032; Host cells = ~40.5%, p = 0.0014). 
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Figure 2.8: Transplantation of WT NC cells into Lmo7a-deficient embryos 
reveals non-cell-autonomous effects of Lmo7a loss. A-C) Micrographs showing 
transplantation of WT NC cells into WT host embryos. Donor embryos express 
sox10:nEOS and host embryos express sox10:lyntdTomato. D-F) Micrographs 
showing transplantation of WT NC cells into lmo7a-MO host embryos. Donor embryos 
express sox10:nEOS and host embryos express sox10:lyntdTomato. G) Dotplots 
showing percentage of cells remaining at the midline in transplant experiments. Dots 
represent WT cells into WT embryos, triangles represent WT cells into MO embryos. 
Left plot shows percentagages of donor cells at the midline in each experiment, right 
plot shows percentages of host cells at the midline. (WT into WT n=7 embryos, Donor 
mean=, Host mean= ; WT into MO n=7 embryos, Donor mean= , Host mean= ). Donor 
cells wilcox p-value=0.0032, Host cells wilcox p-value=0.0014. Lines indicates 
means. Error bars indicate mean ±SD. Scale bars = 50 μm. 
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Lmo7a deficiency elevates canonical Wnt signaling in NC cell aggregates 

We have previously shown that Ovol1a and Rbc3a/Dmxl2 regulate NC cell migration, at 

least in part, by regulating canonical Wnt signaling (Piloto & Schilling, 2010; Tuttle et al., 

2014). To investigate if the NC migratory defects observed in lmo7a-deficient embryos 

also alter Wnt signaling, we examined a canonical Wnt reporter line, Tg(7xTCF:EGFP). 

Figure 2.9: lmo7a knockdown increases canonical Wnt signaling in NC midline 
aggregates. Whole mount live confocal images of double transgenic Tg(sox10:lyn-
tdTomato; 7XTCF:EGFP) embryos at 24 hpf. (A-C) In WT embryos, EGFP is detected 
in migratory NC cells around the midbrain, anterior hindbrain and PAs 1 and 2. (D-F) 
In lmo7a MO injected embryos EGFP is detected in NC aggregates at the dorsal 
midline regardless of anterior-posterior position. (G-I) At higher magnification, most 
cells within each aggregate are positive for EGFP. (A-F) Lateral views. (G-I) Dorsal 
view. Scale bars = 150 μm (A-C) 25 μm (G-I) and 15 μ m (J-N) . PA=Pharyngeal Arch, 
OV=Otic Vesicle 
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In WT embryos, cranial NC cells in PA1 and PA2 as well as over the midbrain 

expressed the Wnt reporter at 24 hpf (Fig 2.9 A-C). In contrast, most of the NC cells 

within aggregates in lmo7a-deficient embryos were TCF-GFP-positive, regardless of their 

Figure 2.10: lmo7a-deficient NC aggregates have increased nuclear localization 
of β-catenin. (A-H) Whole mount confocal images of immunostaining with anti-β-cat 
antibody (red) and DAPI (blue) in 24 hpf sox10:EGFP transgenic embryos (green). (A-
D) In migratory NC cells in WT embryos, β-cat staining is both in the nucleus and 
cytoplasm. (E-H) Aggregate NC cells in lmo7a MO-injected embryos display increased 
nuclear β-cat relative to cytoplasmic staining. (I) Nuclear β-cat levels for each cell were 
quantified as the mean fluorescence intensity in the nucleus divided by the mean 
fluorescence intensity in the cytoplasm in 10 individual cells per embryo.  (WT n=10 
embryos, mean=1.04; lmo7a MO n=8 embryos, mean=1.40). T-test p-value=7.913e-
07. Line indicates mean. Error bars indicate ±SD. (J-Q) Whole mount confocal images 
of immunostaining with anti-β-cat antibody (red) and DAPI (blue) in 12 hpf 
sox10:lynEGFP transgenic embryos (green). Premigratory NC cells in WT embryos 
(J-M) and in lmo7a Mo-injected embryos (N-Q) both display low levels of β-cat staining 
in the nucleus. (R).  (WT n=9 embryos, mean=0.63; lmo7a MO n=9 embryos, 
mean=0.70). T-test p-value=0.023. Line indicates mean. Error bars indicate ±SD. 
Scale bars = 20 μm. 
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A-P position (Fig 2.9 D-F). Levels of Wnt responses varied dramatically between cells 

within an aggregate (Fig 2.9 G-I).  

 

To confirm the apparent increase in canonical Wnt signaling, we analyzed the 

subcellular localization of β-cat in WT and lmo7a-deficient NC cells at 24 hpf (Fig 2.10 

A-H). Similar to our previous results for Ovol1a and Rbc3a, in lmo7a-deficient embryos, 

NC cells in the midline aggregates displayed increased levels of β-cat in the nucleus as 

compared to WT NC cells (Fig 2.10 I).  

 

lmo7a-deficient NC cell aggregates co-express pigment and glia markers 

Increased canonical Wnt signaling can drive NC cells toward pigment cell fates (Curran 

et al., 2010). To determine if this is the case in NC aggregates in lmo7a-deficient 

embryos, we performed in situ Hybridization Chain Reaction (HCR) for genes that mark 

different NC lineages at 24 hpf (Fig 2.11). In lmo7a-MO injected embryos, expression of 

the skeletogenic marker dlx2a was restricted to the PAs, similar to WT, and was 

excluded from midline NC aggregates (Fig 2.11 B, F). In contrast, all of these 

aggregates expressed mitfa, which labels melanocyte progenitors (Fig 2.11 C, G). 

These results suggest that elevated canonical Wnt signaling in NC cells that aggregate 

at the midline in lmo7a-deficient embryos promotes their differentiation as pigment cells, 

similar to our previous results for Ovol1a and Rbc3a/ Dmxl2.  
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Figure 2.11: NC aggregates adopt a bipotential pigment/glial cell fate. (A-H) 
Whole mount confocal images of in situ hybridization chain reaction (HCR) for NC 
lineage markers in transgenic Tg(sox10:lyn-tdTomato) embryos. (A-D) In WT 
embryos, dlx2a is expressed in NC cells within the PAs and mitfa expression is 
observed in many NC cells outside the PAs. (E-H) In lmo7a MO-injected embryos, 
dlx2a expression is unaffected, but mitfa expression marks NC aggregates at the 
dorsal midline. (I-M) Whole mount confocal images of HCR for NC lineage markers. 
(I) NC aggregates in lmo7a MO-injected embryos express both the glial progenitor 
marker foxd3 (J) and the melanocyte progenitor marker mitfa (L), and some cells co-
express both markers (M). (N-Q) Whole mount confocal images of HCR for NC lineage 
markers in lmo7a MO-injected double transgenic Tg(sox10:lyn-EGFP; 7XTCF:nls-
mCherry). Both mCherry+ and mCherry- NC cells in midline aggregates express mitfa. 
Scale bars = 100 μm (A) 15 μm (I) and 20 μ m (N). 
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However, surprisingly, NC aggregates in lmo7a-deficient embryos were also positive for 

foxd3 mRNA, which at this stage in WT marks Schwann cell precursors (Fig 2.11 I-M). 

Furthermore, many NC cells within an aggregate clearly co-expressed both mitfa and  

foxd3. Wnt signaling promotes Mitf and represses Foxd3 in the context of lineage 

specification (Curran et al., 2010). Therefore, to assess the Wnt responses occurring in 

these apparent bipotential mitfa/foxd3 double-positive NC cells we examined their 

expression of 7xTCF:nls-mCherry. Although expression is mosaic in the NC aggregates 

of lmo7a-deficient embryos (Fig 2.11 N-O), all mCherry- cells also expressed mitfa (Fig 

2.11 P).  

 

Bulk RNA-seq of NC cell aggregates reveals unique expression signature distinct 

from that of ovol1a-deficient aggregates. 

Lmo7a-depleted NC cells fail to migrate, increase their Wnt signaling, and express both 

pigment and glial lineage markers, but how are these phenotypes connected? And how 

do these aggregates differ in their gene expression profiles from those found in ovol1a-

deficient embryos? To address these questions, we analyzed their transcriptomic 

profiles using RNA-seq. We took advantage of the photoconvertible nature of the EOS 

protein in the sox10:nEOS transgenic line in order to isolate select groups of NC cells 

for transcriptomic analysis. Briefly, NC aggregates in lmo7a-MO and ovol1a-MO 

injected embryos were photoconverted from green to red with a 405nm laser at 24 hpf, 

converted and unconverted NC cells were subsequently isolated via fluorescence 

activated cell sorting (FACS), and total RNA was extracted and used to construct cDNA 

libraries for RNA-sequencing (RNA-seq) (Fig 2.12 A-B). 
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Differential gene expression analyses were performed comparing both the entire NC 

population and isolated NC aggregates of lmo7a- and ovol1a-deficient embryos with NC 

cells from stage matched WT embryos. In lmo7a morphants, >1000 genes differed 

significantly from WT and in ovol1a morphants >500 genes differed from WT (FDR 

<0.05). The top 500 genes in each condition were clustered based on their expression 

profiles (Fig 2.12 B). Several genes involved in NC migration had decreased expression 

in the NC cell aggregates including ednrab, cxcr4b, and the Wnt response modulator 

draxin. Aggregates also showed increased expression of multiple pigment specifiers 

including mitfa, gch2, and pax7a as well as the glial markers foxd3 and sox10, further 

supporting the notion that these cells adopt a glial/pigment identity. In addition to these 

known NC regulators, several novel genes had altered expression. Expression of the 

matrix metalloproteinase mmp9 was severely reduced while mmp2 was upregulated. 

While neither of these genes have been implicated in NC development, mmp17b plays 
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an important role in promoting NC migration (Leigh et al, 2013). Aggregates also 

misexpress a number of NC cadherins including decreased cdh11 and increased cdh1 

and pcdh10a. Finally, lmo7a-deficient aggregates express higher levels of the Rho-

Figure 2.12: Bulk RNA-seq of lmo7a and ovol1a morphant aggregates reveals 
unique transcriptional signatures. A) Live fluorescent image showing 
photoconverted NC cell aggregate in morphant embryo. B) Diagram showing 
experimental design. Photoconverted aggregates and non-converted NC cells in both 
lmo7a and ovol1a morphant embryos were isolated via FACS and then each 
population was combined for bulk RNA-sequencing. C-D) Heatmaps showing the top 
500 DE genes in each morphant condition compared to WT NC cells. Side annotation 
bars show which genes are associated with GO terms for cell cycle, cell adhesion, 
cell-cell adhesion, cartilage development, and pigment development. lmo7a MO 
aggregates show downregulation of many cell adhesion genes and cartilage 
development genes, whereas ovol1a MO aggregates show upregulation of many cell 
adhesion genes and cartilage development genes and downregulation of pigment 
development genes. 
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GTPase rhoub, which is known to have NC expression (Thisse et al, 2004), but has no 

previously described role in NC development. Interestingly, ovol1a-deficient aggregates 

showed increased expression of cartilage development and cell adhesion genes (Fig 

2.12 C). This strikingly different expression profile is surprising, considering the 

migratory defect so closely resembles that seen in lmo7a-deficient embryos. 
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Discussion 

NC cells integrate many signals as they migrate to arrive at their final positions and 

generate the correct cell types. The gene regulatory network for NC specification and 

differentiation has been well studied, but the relationship between NC migration and fate 

is still poorly understood (Kalcheim & Kumar, 2017). Here we show novel roles for 

Lmo7a in regulating both NC migration and lineage specification through its functions in 

modulating adhesion and canonical Wnt signaling. This is the first evidence for a role for 

Lmo7 in NC development, and given the complex and modular nature of its function in 

other contexts, we can hypothesize many potential mechanisms. In our model (Fig 2.13 

), Lmo7a serves to direct formation of FAs in a similar manner to its previously 

described function in cultured cells (Holaska et al., 2006; Wozniak et al., 2013). Loss of 

Lmo7a would then interfere with formation of the Pxn-FA complex at the membrane, 

thereby disrupting the ability of NC cells to migrate in a coordinated manner. This is 

consistent with its highly restricted expression to migrating NC cells as well as its 

subcellular localization to the membrane where it regulates Pxn localization. We 

hypothesize that this loss of proper Pxn-FA formation may disrupt a complex similar to 

the recently described NC Cadherin11-FA complex, which includes Pxn and β-cat 

(Langhe et al., 2016), thereby increasing the amount of free β-cat in the cell and 

consequently elevating canonical Wnt signaling (Fig 2.13). This would be consistent 
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with previously described roles for Lmo7 in regulating FA formation (Wozniak et al 

2013) and in linking cadherins to afadin-nectin junctions (Ooshio et al., 2004).   

 

Lmo7a regulates NC cell migration and FA localization 

Lmo7 has been implicated in muscle and epithelial development as well as cancer 

metastasis. The mechanism of its function and its subcellular localization differ in each 

of these contexts. In muscle, Lmo7 interacts with transcriptional regulators in the 

nucleus, while in normal epithelia and breast cancer cells it interacts with 

transmembrane signaling molecules and the actin cytoskeleton  (Dedeic et al., 2011; 

Holaska et al., 2006; Hu et al., 2011; Nakamura et al., 2005; Ooshio et al., 2004; 

Teixeira et al., 2014). A large number of alternatively spliced Lmo7 transcripts have 

been identified, which further increases the range of this multifaceted protein’s potential 

functions. 

Figure 2.13. Hypothetical model for Lmo7a functions in NC cells (A) Lmo7a 
promotes proper assembly of the Pxn-FA complex in coordination with a Cadherin-β-
Cat complex similar to a classical adherens junction. Both associate with elements of 
the actin cytoskeleton. (B) In the absence of Lmo7a, the Pxn-FA complex fails to 
localize correctly and accumulates in the cytoplasm. This also disrupts the Cadherin-
β-Cat complex, resulting in loss of directional migration and increased free β-Cat 
levels. 
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We found that an sfGFP-Lmo7a fusion protein localized to the plasma membrane of 

zebrafish NC cells, with no detectable expression in the nucleus. In addition, injection of 

mRNA encoding an Lmo7a protein lacking the Lim domain rescued NC migration at 

similar levels to full length mRNA, while mRNA lacking the CH domain did not. CH 

domains are well known to mediate interactions with the cytoskeleton through binding 

with F-actin (Korenbaum & Rivero, 2002). Taken together these results strongly suggest 

a role for Lmo7a at the membrane, perhaps similar to its role in connecting the 

cytoskeleton to adherens junctions in epithelial cells (Ooshio et al., 2004).  

 

In breast cancer cells, Lmo7 functions to modify the cytoskeleton and promote 

transcription of metastatic genes. Consistent with a similar structural role for Lmo7a in 

NC cells, we found mislocalization and aggregation of Pxn, an essential scaffolding 

protein for FA formation. Directional FAs have been observed in NC cells cultured in 

vitro (Toro-Tapia et al., 2018), and proper FA-Integrin (Itg) signaling is crucial for 

directed NC migration and cardiac outflow tract formation in vivo (Dai et al., 2013). 

LIMCH1, a related protein with a very similar domain structure as Lmo7, controls cell 

migration by regulating FA formation and actomyosin dynamics (Lin et al., 2017). Lmo7 

itself has been shown to localize to FAs and act as a shuttling protein to mediate Itg 

signaling in HeLa cells and mouse embryonic fibroblasts (Wozniak et al., 2013). The 

essential nature of its CH domain in NC migration supports this notion, as CH domains 

have been found to bind Pxn (Sjöblom et al., 2008). Our results suggest a role for 

Lmo7a in promoting NC cell migration through regulation of FA dynamics. This 
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requirement appears to be specific to subsets of NC cells. This finding is similar to loss 

of Fscn1-dependant filopodia in premigratory NC cells, which leads to a loss of 

ventrolateral migration of subsets of NC cells (Boer et al., 2015). The selective loss of 

NC migration in lmo7a-deficient embryos reinforces the notion that requirements for 

specific migratory regulators are heterogeneous in the NC and possibly lineage-specific.  

This is an exciting avenue for research into the in vivo relationship between FAs and NC 

migration and lineage decisions. 

 

NC aggregates elevate Wnt signaling secondary to a loss of migratory capacity 

After NC migration at 24 hpf, unmigrated NC aggregates in lmo7a-deficient embryos 

display high levels of Wnt signaling as measured using both the transgenic Wnt 

reporter, Tg(7xTCF:EGFP) and nuclear β-cat protein. This may have important 

consequences both for the migratory behaviors as well as the fates of the cells. By this 

stage most wild-type NC cells as well as migrated NC cells in lmo7a-deficient embryos 

have significantly downregulated Wnt signaling. In addition to its roles in NC induction 

and migration, Wnt signaling also regulates the fate decision between pigment and glial 

lineages. Bipotential pigment/glial progenitors downregulate foxd3 and upregulate mitfa 

in response to elevated Wnt, biasing them toward a pigment cell fate (Curran et al., 

2010). Surprisingly, despite high levels of Wnt signaling, the NC aggregates in lmo7a-

deficient embryos express both foxd3 and mitfa, often in the same cells. This is in 

contrast to previous findings showing that when either rbc3a/dmxl2 or ovol1a are 

eliminated, NC cells aggregate at the dorsal midline, upregulate responses to Wnt, and 
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all become pigment cells. Comparative analysis with other known Wnt-regulatory 

mutants may help to disentangle the effects on migration and lineage specification.  

 

How these functions of Lmo7a in adhesion lead to specific effects on distinct NC 

derivatives is less clear. Either Lmo7a functions to regulate the pigment/glial fate 

decision directly, or it may affect migration of a subset of NC cells that is distinct from 

the populations affected by rbc3a/dmxl2 and ovol1a. NC aggregates in lmo7a-deficient 

embryos appear strikingly similar to loss of rbc3a or ovol1, yet distinct in that they 

contain both pigment and glial progenitors (Piloto & Schilling, 2010; Tuttle et al., 2014). 

In the case of ovol1a, the migration defect observed in NC cells showed a clearly 

correlates with elevated Wnt signaling through downstream Wnt effector genes and 

adoption of pigment cell fate. Similarly, in the case of rbc3a/ dmxl2, effects on trafficking 

of Frizzled-7 receptors correlates with elevated nuclear β-cat and pigment cell identity. 

However, our results with lmo7a call into question a direct connection between NC 

aggregation, Wnt signaling, and lineage specification. It is possible that this reflects 

either differential premigratory positioning of cells affected in each context or some yet 

unknown secondary transcriptional roles for one or more of these genes. Comparative 

transcriptomic analyses may help to resolve these differences, and further elucidate the 

distinct roles of these novel regulators in NC development. Preliminary bulk RNA-seq 

comparisons indicate profiles for NC aggregates that are distinct between lmo7a and 

ovol1a-deficient embryos. However, This data alone is not sufficient to disentangle the 

differences between them (partially due to complications arising from infiltrating cell 

types in FACS sorting). Single-cell comparative RNA-seq between these gene 
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perturbations at the stages leading up to and following aggregation would help to 

uncover the expression dynamics that accompany an aggregation phenotype in 

individual cells, perhaps revealing why these effects are partially non-cell-autonomous. 

Furthermore, this information would allow us to probe how responses to Wnt signaling 

differ between NC aggregate cells that adopt pigment vs glial identities. Our results 

continue to underscore the complex nature of the manifold roles for Wnt signaling in NC 

development. 

 

Conserved roles for Lmo7 in coordinating cell migration and fate  

Cells that undergo EMT and migrate require a spatiotemporal balance of several 

interconnected cellular processes including signal transduction, actomyosin activity, and 

FA assembly/disassembly. Taken together, our results suggest that Lmo7a forms a 

novel link between these processes in migrating NC cells. While previous work has 

shown important roles for Lmo7 in regulating cell-cell junctions in epithelial cells (Du et 

al., 2019; Ooshio et al., 2004) we propose novel roles for Lmo7a in Wnt signaling in NC 

cells as well as in cell migration through regulation of Pxn-FAs (Figure 7). Similarly 

migration of mesenchymal stem cells (MSCs) and their commitment to form osteoblasts 

are both regulated by cytoskeletal reorganization through FAs and Itgs (Khang et al., 

2012), under the control of canonical Wnt signaling (He et al., 2018).  

 

Mammalian Lmo7 has been shown to localize to FAs and influence Itg signaling in vitro 

(Holaska et al., 2006; Wozniak et al., 2013) and its relative, LIMCH1, regulates FA 

formation and actomyosin dynamics (Lin et al., 2017). Both are associated with 
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increased cancer metastasis (Furuya et al., 2002; Hu et al., 2011; Kang et al., 2000; 

Nakamura et al., 2005; Sasaki et al., 2003; Teixeira et al., 2014). While mammalian 

Lmo4 has been implicated in NC and cancer EMT, by directly regulating Snail and Slug, 

it is both structurally and functionally quite distinct from Lmo7 (Ferronha et al., 2013; 

Ochoa et al., 2012). Lmo7 may have gained a specific role in NC cells in regulating the 

association of Pxn and FAs with the actin cytoskeleton during migration, as well as 

linking these to Cdh and β-cat membrane/nuclear ratios, thereby indirectly influencing 

Wnt signaling. Future studies should examine if LMO7 plays a role in cell migration in 

other embryonic cells in which it is expressed (e.g. axial mesoderm that forms the 

notochord) and as a potential therapeutic target in cancer metastasis. 
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Materials and Methods 

Zebrafish husbandry and transgenic lines 

Embryos were obtained from natural breeding and staged as described in Kimmel et al, 

1995. All zebrafish lines were maintained according to standard protocols (Westerfield, 

2000). Transgenic lines used in this study include Tg(-4.9sox10:nEOS)w18 (Curran et al., 

2010), Tg(-4.9sox10:lyn-tdTomato)ir1040(Schilling et al., 2010), Tg(-4.9sox10:lyn-

EGFP)ir866(Schilling et al., 2010), Tg(-7.2sox10:EGFP)ir937(Schilling et al., 2010; Wada et 

al., 2005) , Tg(β-actin:Pxn-EGFP)mai1(Goody et al., 2010), Tg(7XTCF:EGFP)ia4(Moro et 

al., 2012), and Tg(7XTCF:nls-mCherry)ia5(Moro et al., 2012). HCR, chemical inhibition, 

and WNT-reporter analysis experiments were performed in double transgenic embryos 

derived from crosses of Tg(7XTCF:EGFP)ia4 to Tg(-4.9sox10:lyn-tdTomato)ir1040. For 

Pxn-EGFP live imaging, Tg(β-actin:Pxn-EGFP)mai1 was crossed to Tg(-4.9sox10:lyn-

tdTomato)ir1040 and double-transgenic progeny were analyzed. For live imaging, 

embryos were mounted in 1% low-melt agarose dissolved in embryo medium containing 

1% tricaine. Images were taken on either a Nikon C1 confocal or a Leica SP8 confocal. 

Images were processed using ImageJ (NIH). 

 

 

In situ hybridization and hybridization chain reaction 

A 291 bp clone corresponding to a retained intron in the lmo7a genomic locus, was 

obtained from OpenBiosystems (EST BI845812) and used to generate an antisense 

DIG-labeled probe, which was then used for ISH as previously described (Thisse and 

Thisse, 2008). foxd3, mitfa, and dlx2a HCR probes were ordered from Molecular 
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Technologies (Los Angeles, CA) using the accession numbers NM_131290.2, 

NM_130923.2, and NM_131311.2 respectively. Whole mount HCR was carried out as 

described (Choi et al., 2014).  

  

Immunohistochemistry 

For β-cat staining, embryos were fixed in 4% paraformaldehyde (PFA) for 1.5 hours at 

room temperature, permeabilized in PBS/1%Triton-x/1%DMSO for 1 hour at room 

temperature (RT), washed with PBS/0.1%Triton-x/1%DMSO, and blocked with 5% 

Donkey Serum for 1 hour at RT. Embryos were then incubated overnight at 4°C with 

1:200 β-cat antibody (GeneTex) in block. For pFAK stains, embryos embryos were fixed 

in 4% PFA for 1 hour at room temperature, permeabilized in acetone at -20°C for 5 

minutes and then PBS/1%Triton-x/1%DMSO for 30 minutes at RT, washed with 

PBS/0.1%Triton-x/1%DMSO, and blocked with 5% Donkey Serum/2% BSA for 1 hour at 

RT. Embryos were then incubated overnight with 1:200 pFAK antibody (Invitrogen) in 

block.  

 

Molecular cloning 

Coding sequences of lmo7a were amplified from cDNA isolated from 16 hpf zebrafish 

embryos. cDNA was generated using Protoscript II First Strand Synthesis Kit (New 

England Biolabs). Lmo7a rescue constructs and lmo7a:sfGFP fusion constructs were 

generated by Gibson Assembly (Gibson et al, 2009) into the pCS2+ vector.  

 

Morpholino and mRNA microinjections 
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Antisense morpholino oligonucleotide (MO) targeting lmo7a (5’-

TCGCCACTCCATCACCGGTCAACGT-3’) and Control MO (Gene Tools) were 

dissolved in nanopure water prior to injection. For all mRNA injection experiments, 

mRNAs were transcribed in vitro using the mMessage mMachine kit (Ambion). All 

injections were performed at the 1-cell stage, and a volume of 1 nl was injected in all 

cases. For XAV939 treatment experiments, lmo7a MO was injected at 3 ng/embryo 

because of DMSO and XAV939 toxicity. For all other experiments, it was injected at 4 

ng/embryo. Control MO was injected at 4 ng/embryo. In all cases, 400 pg of mRNA was 

injected. 

 

 

 

CRISPR and CRISPRi gRNA   

For CRISPR-Cas9 injections, templates were generated using a different scaffold 

chimeric primer design (Varshney et al, 2015) and multiple target-specific primers as 

described (Wu et al, 2018). gRNAs were then synthesized using T7 MegaShortScript kit 

(Ambion).  gRNAs were incubated with Cas9 protein (IDT) at 37°C for 5 minutes and 

injected into embryos at the 1-cell stage. 150 pg gRNA and 800 pg Cas9 protein were 

injected. For CRISPRi injections, templates for gRNAs were generated by PCR using 

the scaffold chimeric primer design (Larson et al, 2013) and a target-specific primer 

containing a T7 promoter sequence. dCas9 mRNA was synthesized from the pT3T-nls-

dCas9-nls plasmid (Rossi et al, 2015) using mMessage mMachine kit (Ambion). dCas9 
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mRNA was coinjected with gRNAs targeting multiple sites along the lmo7a coding 

region. 75 pg gRNAs and 450 pg dcas9 mRNA were injected.  

 

Genotyping  

The CRISPR-Cas9 induced Δ5 and Δ35 deletions were identified by PCR of gDNA 

isolated from individual juvenile fish using primers targeting Exon16 of the lmo7a 

genomic locus. Heterozygous F1 fish were incrossed to generate transheterozygous F2 

fish. 

 

Quantitative RT-PCR 

For qPCR, total RNA was extracted from biological triplicates of de-yolked CRISPRi-

injected and dCas9-injected control embryos using trizol (Invitrogen) and purified using 

Direct-zol RNA Miniprep kit (Zymo). cDNA was generated using Protoscript II First 

Strand cDNA Synthesis kit (New England Biolabs). cDNAs were diluted 1:20 and then 

qPCR was carried out in triplicate using the Luna Universal qPCR Master Mix (New 

England Biolabs). 3 primer sets targeted different exon-exon junctions in the lmo7a 

coding region and primers targeting rps13a as the control housekeeping gene were 

used for normalization. qPCR was performed on a LightCycler 480 (Roche). Fold 

changes were determined by calculating ΔΔCT values for each biological replicate. 
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Statistical analyses 

For mRNA rescues, medians were compared using Kruskal-Wallis ANOVA and posthoc 

Wilcoxon tests. For β-cat and pFAK stains, normal distribution assumptions were tested 

using Shapiro-Wilk tests and means were compared using Welch’s two sample T-tests. 

Statistical tests were carried out using R, and plots were generated in R using the 

ggplot2 package. Other R packages used include: plyr, dplyr, reshape2, ggpubr, 

ggsignif, FSA, plotly, plotrix, and gridExtra.  

 

 Bulk RNA-seq library construction and sequencing 

RNA was extracted from cell lysates using the RNEasy Micro Kit (Qiagen). cDNA 

libraries were generated following the Smart Seq II protocol (Picelli et al, 2014). 

Libraries were then sequenced on a NovaSeq6000 (Illumina) at a depth of ~20M reads 

per sample.  
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Chapter III 

A single-cell transcriptomic timeline of cranial NC development 
reveals timing of lineage decisions and novel regulators of NC 

development 
 

Introduction 

A fundamental question in developmental biology is how embryonic cells acquire their 

fates as part of tissues undergoing rapid growth and cell rearrangements. A dramatic 

example of this in vertebrates is the neural crest (NC), a highly migratory and multipotent 

transient cell population. NC cells are specified at the border of the neuroepithelium and 

epidermis, undergo an epithelial-mesenchymal transition (EMT) and migrate extensively 

throughout the embryo to generate a wide variety of cell types including cartilage, bone, 

neurons, glia, pigment, and many others (LeDouarin, 1980; Weston, 1970). Despite many 

studies addressing the origins and emergence of these cell types during NC migration the 

degree to which individual NC cells are multipotent or biased toward particular lineages, 

as well as the timing of their lineage decisions, remains unclear (Dupin et al., 2018; 

Kalcheim & Kumar, 2017; Prasad et al., 2019).  

 

Lineage tracing experiments in vivo have produced evidence both for NC multipotency as 

well as early lineage restrictions prior to migration. Cell labeling experiments in the chick 

have shown that single premigratory NC cells can give rise to multiple fates (Bronner-

Fraser & Fraser, 1988; Bronner‐Fraser et al., 1980; McKinney et al., 2013), while in 

zebrafish many single labeled cranial NC cells generate cell-type restricted clones 

depending on their initial premigratory locations (Schilling & Kimmel, 1994). Cell labeling 

of trunk NC cells in chick and zebrafish embryos has similarly provided evidence for a 
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spatiotemporal map of NC cell fate independent of migratory environment (Krispin et al., 

2010; Raible & Eisen, 1994), while lineage tracing in mice using genetically encoded 

fluorescent tags suggests that early NC cells show no apparent lineage restrictions 

(Baggiolini et al., 2015). A variety of in vitro studies, for example serially isolating single 

NC cells and assaying the array of cell types they can generate in culture have also shown 

restricted potency (Stemple & Anderson, 1992). These seemingly inconsistent findings 

highlight the need for further investigation into the timing and mechanisms of lineage 

specification in the NC. 

 

Recent studies have revisited this issue with new single-cell transcriptomic and 

epigenomic approaches. Single cell RNA sequencing (scRNA-seq) and ATAC-seq data 

from FAC-sorted premigratory and migrating NC cells in mice suggest that 

glial/ectomesenchymal lineages arise during migration (Soldatov et al., 2019) while 

similar studies of chick NC cells suggest an earlier split between neural and non-neural 

lineages (Williams et al., 2019). Interestingly, some of the single cell evidence points to a 

population of stem-like premigratory NC cells in zebrafish(Lukoseviciute et al., 2018) and 

this is supported by spatial genomic analyses of gene expression in the chick dorsal 

neural tube (Lignell et al., 2017). However, another independent single cell NC study in 

chick shows no evidence for similar early stem-like subpopulations (Morrison et al., 2017). 

Thus, many questions remain as to precisely when and where distinct cell lineages 

emerge in the NC, as well as the mechanisms that regulate their fate decisions.  
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To address these questions, we have generated scRNA-seq datasets for cranial NC cells 

of the first pharyngeal (mandibular) arch in zebrafish. Unlike previous single cell studies, 

which lack spatial information and rely on pseudotime to infer temporal changes in gene 

expression, our study focuses on the mandibular NC subpopulation over a closely spaced 

series of stages (every few hours). Our scRNA-seq data suggest that premigratory NC 

cells are relatively homogenous at the transcriptional level. Gene expression signatures 

of pigment and skeletal lineages emerge mid-migration and a neural/glial signature 

becomes apparent slightly later during migration. We identify several novel markers of 

these lineages and confirm their expression and spatial segregation within the migrating 

NC using in situ hybridization. Emergence of these lineage-specific gene expression 

signatures correlates with shifts in Wnt signaling between NC cells and surrounding 

tissues, which we show by computationally integrating bulk RNA-seq data from Wnt 

reporters with the scRNA-seq data. Our findings provide valuable insights into the 

specification of lineages in the cranial NC and uncover novel regulators of cell fate 

decisions. 
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Results 

Single cell RNA-seq of cranial NC cells reveals heterogeneity in gene expression 

during migration 

To profile heterogeneity in gene expression over time in a defined population of cranial 

NC cells, we constructed a single cell transcriptomic timeline for cells that contribute to 

the first pharyngeal arch (PA, mandibular) over the period that they migrate. We isolated 

cells of the first PA migratory stream using a transgenic photoconvertible marker of NC 

cells, tg(sox10:nEOS) (Fig 3.1 A). Photoconverted cells were isolated via FACS at 6 

embryonic stages from the onset to essentially completion of NC migration in this stream: 

12, 14, 18, 20, 24, and 30 hours post fertilization (hpf) (Fig 3.1 B). Single cell cDNA 

libraries were then constructed via the 10X Genomics platform and sequenced. Clustering 

and marker gene analysis using Seurat (Stuart et al., 2019) revealed a large NC 

population and a few smaller populations of likely non-NC cell types including 

endodermal, mesodermal/cardiac, neuroectodermal, and epithelial progenitors (Fig 3.1 

C; Fig 3.2 A-C). These presumptive non-NC cells were removed from further analyses to 

obtain a pure population of NC cells. Following clustering and dimensionality reduction 

using Seurat, these cells largely clustered within their time point identities (Fig 3.1 D). 

Marker genes obtained through differential gene expression analysis using Seurat 

revealed general trends in temporal gene expression dynamics (Fig 3.1 E). For example, 

expression of early NC specifier genes including sox10 was very strong in the 12 and 14 

hpf populations, but considerably reduced later. Conversely, expression of many pigment-

specifiers including mitfa, as well as markers of skeletal lineages including col2a1b 

progressively increased at mid-late migration stages (Fig 3.1 F).  
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Differentiation of lineages is characterized by their expression of unique transcription 

factors (TFs) that in turn drive expression of downstream differentiation programs. For 

example, in the pigment lineage of NC, master regulatory TFs like Mitf precede 

expression of later enzymes involved in pigment production such as tyrosinase. 

Therefore, a temporal analysis of TFs can inform the specification of lineages prior to their 
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terminal differentiation. In order to investigate the mechanisms driving the emergence of 

the pigment and skeletal developmental branches, we used pseudotime analysis driven 

by differentially expressed TFs. Dimensionality reduction and clustering with a 

comprehensive list of TFs (adapted from Vaquerizas et al., 2009; Fig 3.3 A) resulted in 

smooth connections between clusters. Combined lineage trajectory and pseudotime 

analysis using Monocle3 (Cao et al., 2019; Trapnell et al., 2014) identified TFs with 

differential expression across developmental time (Fig 3.3 B). Louvain clustering 

uncovered 6 distinct modules of gene expression, in total consisting of 91 TFs (Fig 3.3 

C, D). Three of these TF modules distinctly overlapped with the early NC, pigment, and 

skeletal populations. Using these TFs along with other, established canonical markers, 

we built lists of genes that mark early NC, pigment, skeletal, and neural/glial lineages 

(Table S1). 

 

Distinct gene expression signatures arise progressively during NC migration  

To examine the temporal emergence of lineages in more detail, we utilized the partition-

based graph abstraction (PAGA) method  (Wolf et al., 2019), which determines topology 

of the data and computes a measure of cell connectivity. The PAGA graph was then used 

Figure 3.1: Time course scRNA-seq of isolated first pharyngeal arch NC cells 
reveals broad changes in gene expression across developmental time. A) 
Diagram showing experimental set up. NC cells expressing photoconvertible nEOS 
were photoconverted and isolated via FACS, and then sequenced using 10X 
Genomics Drop-seq. B) Live fluorescent images showing photoconverted first PA 
migratory stream at 4 of 6 timepoints. C) Unbiased clustering and UMAP embedding 
showing NC and other cell types isolated. All 6 timepoints were aggregated and 
analyzed together. Canonical markers for each cell type are displayed. D) Pure NC 
subpopulation was subclustered and reanalyzed. UMAP displays time point identities 
for each cell. E) Dotplot displaying markers for each time point. F) UMAPs displaying 
relative expression levels for presumptive early NC, pigment, and cartilage lineages 
marked by sox10, mitfa, and col2a1b respectively. 
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to initialize force directed layout in ForceAtlas2 (Jacomy et al., 2014) for single-cell 

embedding that preserves global topology and connectivity (Fig 3.4 A). Module scoring 

revealed groups of cells enriched for markers of each lineage (Fig 3.4 B). We then applied 

probabilistic cell identification using CellAssign driven by these lineage markers (Zhang 

et al., 2019). This analysis revealed cells identified as early NC, pigment, skeletal, 

neural/glial, and another group that belonged to none of these lineages, which we labeled 

as “transitional” (Fig 3.4 C). Expression of most markers was restricted to single lineages, 

though a few were shared between lineages (Fig 3.5 A). Transitional cells showed a 

unique expression profile, distinct both from any specific lineage as well as earlier NC 

Figure 3.2: Expression profiles of non-NC cell types. A) Heatmap showing top 
marker genes in each cell type in Fig. 1C. B) Stacked barplots showing the number of 
each cell type recovered in each time point.  C) Feature plots showing expression of 
strong marker genes for each cell type overlayed with UMAP.  
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cells. PAGA embedding and connectivity were then used to calculate pseudotime and 

identify branch points.  Importantly, when ordered by pseudotime, the cells analyzed in 

this manner arranged in a way that largely recapitulated real developmental time (Fig 3.5 

B), suggesting that branch points correspond closely to the temporal emergence of each 

lineage (Fig 3.4 D). These analyses suggest that subpopulations with gene expression 

signatures of pigment and skeletal lineages appear first, while the neural/glial progenitor 

subpopulation arises later.  

Figure 3.3: Temporal analysis of transcription factors in the NC. A) NC data set 
from Fig. 1D re-analyzed using only TFs. The new UMAP shows the same broad 
structure but smoothens connections between time points (black lines). B) The same 
UMAP overlayed with pseudotime values calculated using Monocle3. C)  Six 
modules of TFs were identified with distinct expression profiles across pseudotime. 
Feature plots showing expression scores for each module overlayed with the UMAP. 
3 modules correspond to early NC, skeletal, and pigment branches (dashed line 
boxes), totaling 91 TFs. D) Heatmap showing correlation between each of the 91 TFs 
making up the modules. Hierarchical clustering reveals groups of co-expressed TFs. 
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Skeletal and pigment lineage markers included many that were expected, such as dlx2a 

and mitfa, respectively. However, numerous genes with no previously-characterized role 

in NC were co-expressed in these lineages as well. Among these, sox11a and phlda3 

were expressed specifically in putative skeletal progenitors, while atp6ap2 and phlda1 

were expressed in putative pigment progenitors (Fig 3.5 C). To confirm the specificity of 

their expression in vivo, we performed in situ Hybridization Chain Reaction (isHCR). 

Strikingly, as predicted, phlda3 was co-expressed with dlx2a while atp6ap2 expression 

overlapped with mitfa (Fig 3.4 E). sox11a and phlda1 had similar expression patterns in 

vivo (Fig 3.6 A, B).  Based on their expression in pseudotime, each of these genes has 

a temporal expression profile that closely matches canonical skeletal and pigment 

progenitor markers (Fig 3.4 F). Taken together with their spatial patterns of expression 

with isHCR these genes are strong candidates for novel factors involved in the 

Figure 3.4: Pseudotemporal analysis and in situ Hybridization Chain Reaction 
(isHCR) reveal emergence of NC lineages during migration. A) ForceAtlas (FA) 
embedding of single cell timeline initialized using PAGA graph with time point identities 
of individual cells labeled and color-coded. B) Module scores, color code distinct from 
A, for early NC, pigment, skeletal, and neural/glial lineages overlaid on FA embedding. 
C) CellAssign probabilistic cell type labels computed using module score genes 
overlaid on FA embedding, color code distinct from A or B. D) Pseudotime was 
calculated using PAGA graph. Cells are arranged according to pseudotime values 
along the x-axis, with pseudotime scaled within each branch. Branch points are split 
on the y-axis and connected by dashed lines. Color code corresponding to C. E) 
Confocal micrographs of isHCR for novel markers of skeletal and pigment progenitors 
in PA1 at 24 hpf in tg(sox10:lynTdTomato) embryos where NC plasma membranes 
are marked by tdTomato (red). Expression of phlda3 (green in upper panels) overlaps 
with dlx2a (magenta) in the ventral portion of the migratory stream, and atp6ap2 
expression (green in lower panels) overlaps with mitfa (magenta) in the dorsal portion. 
F) Local regression graphs for novel and canonical markers of early NC, pigment, and 
skeletal progenitors, showing expression levels (Y axis) across pseudotime (X axis). 
Lines indicate moving averages for each branch. Temporal expression profiles for 
phlda3 and sox11a strongly resemble that of dlx2a, while profiles of phlda1 and 
atp6ap2 resemble that of mitfa. G) Feature plots showing expression of twist1b and 
twist1a. First two panels show individual expression patterns (blue and green 
respectively). Third panel shows overlapping expression in teal. 
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development of these NC lineages. The emergence of a skeletal progenitor signature also 

clearly correlates with a shift in expression of two Twist1 orthologs; early NC cells express 
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twist1b, while later putative skeletal progenitors express twist1a. Notably, neither pigment 

nor neural/glial branches express either Twist1 ortholog (Fig 3.4 G). 

 

The TF foxd3 plays numerous roles in NC development, including NC induction as well 

as specification of the neural/glial lineage (Dottori et al., 2001; Lister et al., 2006; Montero-

Balaguer et al., 2006; Stewart et al., 2006). Consistent with this, we observed foxd3 

expression in early NC cells, reduced expression in transitional cells, and later 

upregulated expression in neural/glial cells in our scRNA-seq dataset (Fig 3.5 A,C). To 

confirm these temporal dynamics of foxd3 expression in vivo, we performed isHCR and 

found that expression was high at 12 hpf, significantly lower by 18 hpf, and increased 

again by 24 hpf (Fig 3.5 D-E), consistent with our pseudotemporal analysis in scRNA-seq 

data (Fig 3.5 F). In addition, while changes in expression levels at 12 and 18 hpf both 

occurred broadly across all NC cells, the later increase at 24 hpf was restricted to a small 

subset of cells (Fig 3.5 G). These observations are consistent with previous work and the 

Figure 3.5: Marker gene profiles of NC lineages and in vivo temporal expression 
patterns of foxd3. A) Heatmap showing average expression of top lineage markers 
in each NC subtype. B) Dendroplot with cells ordered according to pseudotime and 
colored according to real developmental time point identity. C) Feature plots showing 
relative expression (dark purple indicates high levels) of lineage markers overlayed 
with ForceAtlas (FA embedding. D) Confocal micrographs of isHCR for foxd3 
expression (white) at 12, 18, and 24 hpf in tg(sox10:lynTdTomato) embryos where NC 
plasma membranes are marked by tdTomato (red). Enlarged region is the PA1 
migratory stream. E) Quantification of foxd3 expression from isHCR images in PA1 
using corrected total fluorescence intensity (Y axis) at 12 hpf (n = 7 embryos, mean = 
278640), 18 hpf (n = 5 embryos, mean = 48478), and 24 hpf (n = 5 embryos, mean = 
118584). Dots represent means in individual embryos; lines represent means within 
conditions. Error bars represent mean ±SD. F) Local regression graph for foxd3 
expression levels (Y axis) in pigment (green), glial (yellow) and skeletal (blue) 
progenitors across pseudotime (X axis). Lines indicate moving averages for each 
branch. G) Barplots showing expression levels of foxd3 (Y axis) across developmental 
time points (X axis). Lines indicate means, boxes indicate IQR, whiskers indicate 
IQR*1.5, points indicate outliers. For micrographs, Scale bars = 50µm. 
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interpretation that foxd3 shifts 

from a broad early NC marker 

to a specific neural/glial 

lineage specifier, lending 

strong support that other 

temporal and lineage-specific 

features of our scRNA-seq 

analyses are accurate. 

 

A distinct gene expression 

signature defines a 

transitional population of NC 

cells mid-migration 

The analysis of single-cell 

expression profiles near 

branchpoints in our pseudotime analyses pinpointed 18 hpf as the stage at which 

heterogeneity begins to increase in the cranial NC of PA1 in zebrafish (Fig 3.7 A). To 

gain deeper insights into the apparent rapid developmental changes taking place at 18 

hpf, we generated a second, larger scRNA-seq data set at this stage, containing 420 NC 

cells. Dimensionality reduction and clustering in Seurat resulted in 5 clusters with distinct 

expression profiles (Fig 3.7 B). One cluster showed a clear pigment progenitor 

expression signature, while two clusters had expression profiles indicative of the skeletal 

lineage. Another cluster appeared relatively undifferentiated, with low level expression of 

Figure 3.6: isHCR confirms additional novel 
markers of skeletal and pigment lineages. 
Confocal micrographs of isHCRs co-labeled for 
phlda1 (green) and mitfa (magenta) in putative 
pigment progenitors (A) and sox11a (green) and 
dlx2a (magenta) in putative skeletal progenitors (B) 
at 24 hpf in tg(sox10:lynTdTomato) embryos where 
NC plasma membranes are marked by tdTomato 
(red).  
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both pigment and skeletal lineage markers. The fifth cluster was even less distinct, 

marked by heat shock and cell cycle genes, and possibly stressed/unhealthy cells that 

were missed initially. However, notably these cells expressed some unique factors 
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including mmp2 perhaps indicative of a unique phenotype within the migratory stream 

(Fig 3.7 C, D, Fig 3.8A).   

 

To confirm our scRNA-seq evidence for early NC lineage specification events at 18 hpf 

in vivo, we again performed isHCR, for genes thought to mark either a pigment or skeletal 

progenitor identity. foxd3 expression was relatively broad across the migratory stream, 

while both mitfa and dlx2a marked subsets of NC cells, consistent with the idea that some 

transitional cells exist at this time point for both lineages. However, mitfa and dlx2a isHCR 

labeling did not overlap in NC cells of the PA1 migratory stream, with dlx2+ NC cells 

largely occupying the ventral region of the stream and mitfa+ NC cells being restricted to 

the dorsal region (Fig 3.7 E). We also performed RNA velocity analysis (La Manno et al., 

2018), and this also confirmed that NC differentiation trajectories within the transitional 

population largely progressed toward either the pigment or skeletal clusters (Fig 4F). 

Thus, our in vivo isHCR and scRNA-seq data at 18 hpf both indicated the presence of NC 

Figure 3.7: Analysis of 18 hpf scRNA-seq dataset shows emergence of distinct 
lineages as well as transitional cell states. A) Stacked barplot showing percentages 
of cell types at each time point from 12-24 hpf, color code corresponding to Fig. 2C. 
B) Based on heterogeneity at 18 hpf a new larger scRNA-seq data set was generated 
at this stage. Dimensionality reduction and unbiased clustering revealed 5 distinct 
clusters: 2 skeletal-like clusters, a pigment cluster, a transitional cluster, and a cluster 
showing signs of cell stress, color code distinct from A. C) Heatmap showing top 10 
marker genes for each cluster, colored bar across the top indicates color code 
corresponding to B. D) Boxplots showing early NC, pigment, and skeletal module 
scores for each cluster, color coding corresponding to B and C. E) Confocal 
micrographs of isHCR for known markers of early NC (foxd3, white), pigment (mitfa, 
green), and skeletal (dlx2a, blue) progenitors in tg(sox10:lynTdTomato) embryos 
where NC plasma membranes are marked by tdTomato (red). Expression of foxd3 
overlaps strongly with mitfa and to a lesser extent with dlx2a. However, mitfa and dlx2a 
do not overlap. F) RNA velocity showing differentiation trajectories (arrows) for all 
cells. The transitional population (inset) is split between progressing toward the 
skeletal (blue) and pigment (green) clusters. 
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cells with pigment and skeletal progenitor signatures, with many cells still in transition. 

Transitional cells were identified by a unique expression profile characterized by 

overlapping expression of early NC markers like sox10, foxd3, and pax3a and lowlevel 

expression of later lineage markers including dlx2a, mitfa, and sox11a. Other lineage 

markers like pax7b and dlx5a were absent and likely only appear later as these 

subpopulations further differentiate. 

 

Combined bulk and scRNA-seq reveals Wnt signaling dynamics in developing NC 

Many different Wnt ligands and receptors facilitate communication between NC cells and 

their surrounding tissues during induction, migration, and lineage specification (De Calisto 

et al., 2005; Ji et al., 2019; Maj et al., 2016; J. Wu et al., 2003). To gain insights into the 

dynamics of Wnt ligand-receptor interactions during cranial NC migration, we generated 

transcriptomic profiles of Wnt-responsive NC cells using a transgenic line of zebrafish 

carrying a fluorescent Wnt reporter, tg(7xTCF:mcherry), thought to primarily respond to 

canonical Wnt signaling (Moro et al., 2012). By combining this with tg(sox10:egfp) to mark 

NC cells, we FACS sorted double-transgenic NC cells exhibiting high levels of Wnt 

responsiveness (“high-Wnt”, mCherry+) from those with much lower Wnt responses 

Figure 3.8: Additional marker genes in 18 hpf neural crest subpopulations. A) 
Feature plots showing expression of 4 marker genes in 18 hpf neural crest. 
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(“low-Wnt”, mCherry-). Bulk RNA libraries were then constructed and sequenced from the 

high and low Wnt-responsive NC populations (Fig 3.9 A). 1917 genes were differentially 

expressed (DE) between the two populations (Fig 3.9 B). From these DE genes, 1027 

Figure 3.9: Bulk RNA-seq of a transgenic Wnt reporter combined with scRNA-
seq analysis reveals temporal kinetics of Wnt signaling. A) Diagram showing 
experimental design. Lateral views of the head of a sox10:EGFP;7xTCF:nls-mCherry 
transgenic, showing migrating NC cells with either high (high Wnt) or low (low Wnt)  
mCherry levels were isolated via FACS and then combined for bulk RNA sequencing. 
Differentially expressed (DE) genes were then analyzed using our scRNA-seq timeline 
to uncover temporal patterns. B) Heatmap showing DE genes between high-Wnt and 
low-Wnt cells. C) Wnt-upregulated genes were clustered based on their temporal 
profiles in the scRNA-seq timeline using DPGP (Dirichlet Process Gaussian Process). 
The timeline (X axis) was split into pigment (left panels) and non-pigment (right panels) 
branches to separate out Wnt-regulated genes that specifically drive pigment 
specification. For each branch, two major clusters of genes were identified as having 
early or late expression signatures. Example genes from each temporal cluster are 
inset with the plots.  
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genes were upregulated in the high-Wnt population. Because Wnt signaling has such 

varied functions across all stages of NC development, we attempted to disentangle the 

temporal role of each gene in the profile. We utilized our scRNA-seq timeline and the tool 

DPGP (Dirichlet Process Gaussian Process) (McDowell et al., 2018) to identify shared 

temporal profiles among groups of genes in the bulk transcriptomic data by gene 

clustering. Since canonical Wnt signaling promotes pigment cell fates (Curran et al., 

2010), we analyzed the pigment and non-pigment branches separately. The combined 

analyses identified 358 Wnt-responsive genes that were organized into groups 

Figure 3.10: Cell-cell signaling analysis suggests changes in source of Wnt 
signaling across development in the NC. A) Heatmap showing average expression 
of Wnt ligands in each cell type in the single cell timeline. B) Heatmaps showing 
average expression of Wnt receptors in NC cells both at different timepoints and in 
different lineages. C) Signaling analysis for cell-cell communication between NC cells 
and other cell types through SoptSC, color code corresponding to Fig. 1C. The bottom 
half of each circos plot represents signal-sending clusters; the top half represents 
signal-receiving clusters. Arrows are colored according to signal-sending cell type. 
Width of arrows indicates probability of a signaling event between the two cell types. 
D) Feature plot showing expression of wnt11 in all cell types except endothelial, with 
NC expression confined mostly to early NC cells and pigment cells. 
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corresponding to early and late development in both pigment and non-pigment 

trajectories (Fig 3.9 C).  

 

Having analyzed Wnt responses in migrating cranial NC cells, we next investigated 

heterogeneity in the expression of Wnt receptors in NC cells as well as Wnt ligands across 

all cell types in our FACS sorted samples. Several Wnt ligands, wnt4, wnt7bb, wnt3, and 

wnt8b, were expressed strongly in cells with a neuroectodermal gene expression profile, 

while wnt7aa, wnt11, and wnt11r were expressed in cells with an epithelial profile. wnt11 

and wnt11r were also expressed in the mesodermal/cardiac subpopulation (Fig 3.10 A). 

Interestingly, there was a dramatic shift in expression of Wnt receptors in the NC over the 

time course of migration (Fig 3.10 B). Notably, at 18 hpf, expression of fzd7a, highly 

expressed in early NC cells, was reduced, while expression of other genes, such as 

atp6ap2, was strongly upregulated in cells showing a pigment progenitor gene expression 

signature. Expression of several other canonical and noncanonical Wnt receptors 

increased at 20-24 hpf, near the end of NC migration into the mandibular arch, including 

ror1, fzd3b, and fzd2. The Wnt receptor profile of each NC subtype was even more 

striking, particularly the pigment-specific expression of atp6ap2, skeletal-specific 

expression of fzd8a, and neural/glial-specific expression of mcama (Fig 3.10 B).  

 

We also performed cell-cell communication network analyses on our NC scRNA-seq 

datasets using the SoptSC package (Wang et al., 2019), which predicts signaling 

between cells in scRNA-seq data through expression of pathway components. To 

facilitate this analysis, we generated an unbiased list of directional NC Wnt targets (up 
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or downregulated) by filtering DE genes from our bulk Wnt-reporter RNA-seq data using 

the “Wnt signaling” GO term. With the full set of ligands, receptors, and Wnt-regulated 

genes expressed in our scRNA-seq datasets, we calculated signaling probabilities 

between each NC cell subtype and surrounding tissues at 14, 18, 20, and 24 hpf. The 

resulting signaling probabilities suggest changes in the sources of signals as well as 
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their strength over time (Fig 3.10 C). Surprisingly, we also found evidence for Wnt-

dependent communication between NC cells, weak at 14 hpf but stronger at 24 hpf.  

 

Because initial specification of at least some lineages appears to be taking place by 18 

hpf, we investigated Wnt signaling dynamics at this stage in our larger 18 hpf data set. 

Analysis of all cells revealed several non-NC cell types expressing Wnt ligands 

including cardiac mesoderm, endothelium, and epithelium as well as a small arch 

mesodermal population and a periderm population (Fig 3.11 A). Wnt ligands had 

uneven distribution across cell types. wnt6b, wnt11r, and wnt16 were mostly expressed 

in the mesodermal populations, while wnt7bb, wnt4, wnt11, and wnt7aa were enriched 

in epithelial and peridermal cells (Fig 3.11 B). Wnt receptors also had distinct 

Figure 3.11: Emergence of pigment and skeletal lineages are marked by unique 
Wnt signals from epithelial tissues. A) UMAP showing all cell types isolated from 
photoconverted PA1 NC cells. Cell types were determined from top differentially 
expressed (DE) genes and combined with NC subtype identities from our NC-specific 
analysis. B) Heatmap showing average expression of Wnt ligands in each cell type. 
C) Heatmap showing average expression of Wnt receptors in each cell type. D) 
Feature plots showing expression of Wnt receptors lrp5, fzd6, and atp6ap2. E) Circos 
plots showing imputed signaling interactions. Top segments of each circle indicate 
signal-receiving cells. Bottom segments indicate signal-sending cells. Each line 
indicates a signaling event between two individual cells. Lines are colored according 
to the cell type identity of the signal-sending cell. Colors are consistent with UMAP. F) 
Live embryos injected with either Cas9 alone (top row) or Cas9 and 4 gRNAs targeting 
phlda3 (middle row) or atp6ap2 (bottom row) shown in lateral views at 28 hpf (left 
column) and 48 hpf (right column). Note reduced black melanocyte pigmentation with 
atp6ap2 CRISPR. G) Confocal micrographs showing Wnt-responsive TCF-EGFP 
(green, outlined by dashed white lines) and mitfa (magenta) expression in PA1 at 24 
hpf in tg(sox10:lynTdTomato;7xTCF:EGFP) embryos where NC plasma membranes 
are marked by tdTomato (red). H) Quantification of 7xTCF:EGFP using corrected total 
fluorescence intensity between control embryos (n = 7 embryos, mean = 193407) and 
atp6ap2 CRISPR embryos (n = 6 embryos, mean = 49567). Wilcox p-value = 0.0023. 
Dots represent mean in individual embryos. Lines represent mean within conditions. 
Error bars represent mean ±SD.  
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expression patterns across NC cell subtypes. Several receptors including fz6 and lrp5 

were expressed strongly in the transitional population but also in pigment and skeletal 

cells. Pigment cells again had very strong enrichment of atp6ap2 (Fig 3.11 C, D).  

SoptSC analyses at 18 hpf revealed three notable lineage-specific interactions: 

signaling from epithelial and peridermal cells to transitional NC cells via wnt7aa and 

lrp5, signaling from epithelial cells to skeletal NC lineages via wnt4 and fzd6, and 

signaling from epithelial and peridermal cells to NC-derived pigment progenitors via 

wnt7aa and atp6ap2 (Fig 3.11 E).  

 

Requirements for atp6ap2 in pigment cell development 

The atp6ap2 gene encodes a component of the v-ATPase complex, which also 

functions as an intracellular renin receptor and Wnt co-receptor (Cruciat et al., 2010; 

Ichihara & Yatabe, 2019). While mutants/knockdowns of atp6ap2 in zebrafish have 

been reported to cause biliary defects (EauClaire et al., 2012), it has not been 

Figure 3.12: isHCR of mitfa reveals pigment progenitors are specified in atp6ap6 
crispants. A) Confocal micrographs of isHCR showing mitfa expression (green) at 24 
hpf in a Cas9-injected control (left panel) and atp6ap2 CRISPR-injected embryo (right 
panel) in tg(sox10:lynTdTomato) transgenics where NC plasma membranes are 
marked by tdTomato (red). B) Quantification of mitfa expression using corrected total 
fluorescence intensity between control embryos (n = 4 embryos, mean = 35447) and 
atp6ap2 CRISPR embryos (n = 5 embryos, mean = 31242). Wilcox p-value = 0.73. 
Dots represent means in individual embryos. Lines represent means within conditions. 
Error bars represent means ±SD. For micrographs, Scale bars = 50µm. 
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implicated in NC development. To test atp6ap2 function we generated targeted 

mutations in zebrafish using multiplexed CRISPR-Cas9 genome editing (Wu et al, 

2018). F0 embryos injected with gRNAs targeting atp6ap2 (hereafter called “crispants”) 

displayed a severe loss of pigmentation compared to siblings injected with Cas9 alone 

or Cas9 and gRNAs targeting the skeletal marker phlda3 (Fig 3.11 F). Melanocytes 

were both reduced in number and size in embryos at 48 hpf, possibly due to defects in 

their specification. To test this hypothesis, we examined mitfa expression by isHCR, but 

observed no differences in mitfa expression between control embryos and atp6ap2 

crispants (Fig 3.12 A, B), suggesting that defects are in later differentiation or survival. 

Because atp6ap2 may act as a Wnt co-receptor, we next investigated if Wnt signaling 

was affected in atp6ap2 crispants using tg(7xTCF:EGFP). Crispants showed a marked 

decrease in eGFP intensity in mitfa+ cells, as well as in other Wnt-responsive regions 

(Fig 3.11 G, H). Together, these results indicate a previously unknown role for atp6ap2 

in NC and maintenance of melanocytes through canonical Wnt signaling and 

demonstrate the utility of predictive signaling analysis using single-cell data in 

identifying novel regulatory genes. 
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Discussion 

NC development involves coordinated fate decisions as cells are migrating to achieve 

proper formation of a huge variety of cell types. Previous single-cell studies have 

reported expression profiles of cranial NC lineages but lack detailed spatial information 

and rely on pseudotime to derive transitional cell states. In this study, we present a 

single-cell transcriptomic timeline of zebrafish cranial NC development with cells 

isolated from the mandibular arch migratory stream at closely spaced timepoints during 

their migration. Thus, the data derive from a known NC subpopulation and capture real-

time gene expression dynamics to contextualize inferred lineage connections and clarify 

the temporal transitions that cranial NC cells undergo as they differentiate. By 

assimilating multiple inputs and outputs in the NC gene regulatory network using 

several computational pipelines, we identify a key transitional cell stage mid-migration 

when heterogeneity in gene expression arises and subpopulations of skeletal and 

pigment progenitors begin to emerge, followed by neural/glial progenitors. We uncover 

several novel genes that strongly mark these lineage bifurcations. In addition, through 

integration of bulk RNA-seq from a Wnt reporter transgenic with our single-cell data, we 

model lineage-specific Wnt signaling dynamics and demonstrate an essential function 

for the Wnt-regulatory factor, Atp6ap2, in NC-derived pigment cell development. 

Together, our results reveal novel transcriptional changes and cell-cell signals that 

coordinate NC cell migration and fate. 
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Premigratory cranial NC cells show no lineage bias with pigment, skeletal, and 

glial lineages specified mid-migration 

Previous lineage-tracing studies in a variety of species have provided evidence both for 

multipotency and lineage restrictions in premigratory NC cells (Baggiolini et al., 2015; 

Krispin et al., 2010; McKinney et al., 2013; Schilling & Kimmel, 1994). Our scRNA-seq 

analyses show that premigratory mandibular NC cells in zebrafish have homogenous 

gene expression signatures. These results suggest either that premigratory NC cells are 

entirely unspecified toward any particular lineage or that lineage specification is not 

detectable at the level of transcription prior to migration. The first signs of transcriptional 

heterogeneity become apparent at 18 hpf, when subsets of cells express multiple 

markers of pigment and skeletal precursors. Notably, these two sets of precursors are 

already spatially segregated in the mandibular NC at this stage (Fig 3.7). mitfa+ 

pigment progenitors are restricted to the dorsal region of the migratory stream, whereas 

dlx2a+ skeletal progenitors occupy the ventral region. NC cells with signatures of glial 

precursors are detected slightly later in migration, at 20 hpf.  This demonstrates that 

lineage decisions and spatial organization are coordinated early in cranial NC migration. 

This could be explained by the predicted changes in signaling between NC cells and 

their environment. Investigation into the spatial distribution of signaling molecule 

expression in vivo would help to elucidate the mechanics governing this apparent 

coordination. 

 

The emergence of the pigment lineage followed by later specification of glial lineages is 

somewhat surprising, as the prevailing model describes a bifurcation between these two 
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lineages occurring simultaneously as the result of competing interactions between foxd3 

and mitfa (Curran et al., 2010). Our results support this transitional overlapping 

expression of mitfa and foxd3, probably representing the interplay whereby mitfa 

expression inhibits foxd3 as the pigment lineage is specified (Fig 3.7). However, it 

seems the glial lineage decision may be driven by a later re-deployment of foxd3 in a 

population of NC cells distinct from this foxd3+/mitfa+ transitional pigment population 

(Fig 3.4 ; Fig 3.5). These findings clarify the timing of cNC lineage decisions and 

provide context to the bifurcation between pigment and glial cell fates.  

 

Our findings are somewhat in disagreement with previously published single-cell 

transcriptomics studies of the NC, which arrived at varying interpretations regarding the 

temporal aspects of lineage specification. scRNA-seq data in chick cranial NC identified 

a putative “neural” NC population prior to migration characterized by low expression of 

NC specifiers TFAP2A/B and FoxD3 and high levels of Sox3  (Williams et al., 2019). We 

found no evidence of an early neural NC progenitor population but did see a similar 

expression profile in neural tube (NT) cells that we captured (Fig 3.2). Our findings also 

differ from single-cell RNA-seq in mouse, which revealed an early bifurcation between 

neural and mesenchymal lineages in trunk NC cells, with no obvious specification of 

pigment cells (Soldatov et al., 2019). These discrepancies could reflect our 

computational integration of the temporal data e.g. parallel analyses of pseudotime 

using Monocle 3 and PAGA combined with real-time data. Alternatively, they could 

reflect real regional differences in lineage specification among NC subpopulations 

(trunk, cranial, and cephalic) or differences between species. A combinatorial analysis 
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of these currently available single-cell NC data sets with the added context of our 

temporal single-cell data could help to reconcile these discrepancies and build a more 

robust understanding of early lineage specification. 

 

Unique deployment of Twist1 paralogs in zebrafish NC development 

One striking marker of the skeletogenic lineage in our data is twist1a. Twist1 functions 

as both a NC specifier and regulator of mesenchymal NC cell lineages (Simões-Costa & 

Bronner, 2015). In mammals and amphibians, early Twist1 expression in the 

neuroepithelium marks cells that will undergo EMT and give rise to NC, with expression 

persisting in NC cells that later progress toward skeletal fates (Hopwood et al., 1989; 

Ishii et al., 2003; Soo et al., 2002). Zebrafish have two Twist1 orthologs, twist1a and 

twist1b, which likely arose with the whole genome duplication in teleosts and are often 

grouped together in the context of NC development (Germanguz et al., 2007). Here we 

show that they have striking mutually exclusive temporal expression profiles. While 

twist1b strongly marks early NC cells, its expression quickly drops off within the first 6 

hours of migration, during which time NC cells with a signature of skeletal progenitors 

upregulate twist1a expression. This strongly suggests that in zebrafish the twist1 

duplicates diverged in function during evolution, with twist1b retaining one ancestral 

function as a NC specifier and twist1a another function in driving migration in skeletal 

lineages, consistent with the gene duplication and divergence hypothesis (Force et al., 

1999). This serves to highlight species-specific strategies in NC development. 
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Distinct Wnt signaling components correlate with NC heterogeneity and a role for 

Atp6ap2  

Our computational analyses of Wnt signaling synthesizes input from bulk- and scRNA-

seq data allowing us to predict interesting trends in individual gene expression 

trajectories and cell-cell communication. This reveals evidence for several lineage- and 

stage-specific interactions including: 1) epithelial Wnt7aa signaling to Lrp5 in transitional 

NC cells, 2) epithelial Wnt4 signaling to skeletal progenitors via Fzd6, and 3) epithelial 

Wnt7aa signaling to pigment progenitors via Atp6ap2 (Fig 3.11 E). Wnt signaling has 

been implicated in multiple aspects of NC induction, delamination and migration, as well 

as multipotency and cell fate determination (reviewed in Ji et al., 2019; Rocha et al., 

2020), including several of the components identified here (Willems et al., 2015). These 

results highlight the dynamic nature of Wnt signaling in the NC. Further investigation 

into individual lineage and stage-specific Wnt signals presents an exciting opportunity to 

uncover new mechanisms driving NC lineage specification.  

 

As evidence of the promise of such an approach, our marker gene and predictive 

signaling analyses unbiasedly identified atp6ap2 as a marker and putative regulator of 

pigment progenitor development potentially through canonical Wnt signaling. This gene 

encodes the (pro)renin receptor protein ((P)RR), which has numerous cellular functions. 

(P)RR is a receptor that binds prorenin to activate tissue RAS, but it is also a subunit of 

the v-ATPase complex and is vital for proper vesicular acidification in the kidney and 

heart (Ichihara & Yatabe, 2019). Atp6ap2/(P)RR also serves as a co-receptor for LRP6 

in canonical Wnt signaling during anterior-posterior patterning of the central nervous 
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system (CNS), linking LRP6 to the v-ATPase complex to activate the Wnt-β-catenin 

pathway upon binding of Wnt ligand  (Cruciat et al., 2010).  Here we demonstrate that 

atp6ap2 expression marks NC cells that adopt pigment cell fates and is vital for their 

survival/maturation. Further, we show that this defect correlates with a reduction in 

canonical Wnt signaling, supporting the notion that the function of Atp6ap2 in 

melanocytes resembles its previously identified role in mediating canonical Wnt 

signaling in the CNS. The loss of pigmentation we observe in atp6ap2 crispants is 

consistent with a zebrafish mutant for atp6ap2 called pekin, which exhibits biliary 

defects as well as hypopigmentation (EauClaire et al., 2012). Wnt signaling is required 

both for specification of the pigment lineage and for later differentiation of mature 

melanocytes (Vibert et al., 2017). We previously characterized a role for the v-ATPase 

associated proteins Rbc3a and Atp6v0a1 in controlling migration of pigment progenitor 

NC cells through modulation of canonical Wnt signaling (Tuttle et al., 2014). This role for 

Atp6ap2 in pigment cell development post migration further highlights the multifaceted 

importance of v-ATPase-mediated canonical Wnt signaling. 
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Materials and Methods 

Zebrafish husbandry and transgenic lines 

Embryos were obtained from natural breeding and staged as described in Kimmel et al., 

1995. All zebrafish lines were maintained according to standard protocols (Westerfield 

et al, 2000). Transgenic lines used in this study include Tg(sox10:nEOS)w18 (Curran et 

al., 2010), Tg(sox10:lyn-tdTomato)ir1040 Tg(-7.2sox10:EGFP)ir937,(Schilling et al., 2010), 

Tg(7XTCF:EGFP)ia4 (Moro et al., 2012), and Tg(7XTCF:nls-mCherry)ia5 (Moro et al., 

2012). 

 

Embryo dissociation and FACS 

Transgenic Tg(sox10:nEOS) zebrafish embryos were mounted in 1% agarose and 

imaged on a Nikon C1 confocal. NC cells of the PA1 NC migratory stream were 

converted by drawing a region of interest (ROI) around the targeted cells and then 

exposing the ROI to 405 laser light for 10 seconds. Embryos were then dissociated 

using mechanical disruption and trypsin/collagenase P incubation as described in 

Barske et al., 2016. Dissociated cell samples were processed on a BD FACS Aria II cell 

sorter. Photoconverted (red) cells were separated from unconverted (green) cells based 

on intensity of red/green fluorescence. For Wnt reporter experiments, TCF:mCherry 

Sox10:LynEGFP double positive cells and Sox10:LynEGFP+ TCF:mCherry- cells were 

FACS sorted.  
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 10x library construction and sequencing 

Single cell suspensions were processed on a 10x Chromium platform for single-cell 

library construction. Libraries were then sequenced on a HiSeq2500 (Illumina). 

 

Read mapping and pre-processing 

FASTQ files were mapped to the zebrafish transcriptome GRCz11 using CellRanger. 

Mapped reads for the 12-30 hpf timeline were aggregated using CellRanger before 

further computational analysis. Counts matrix normalization and scaling were performed 

using Seurat v3. 

 

Bulk RNA-seq library construction and sequencing 

RNA was extracted from cell lysates using the RNEasy Micro Kit (Qiagen). cDNA 

libraries were generated following the Smart Seq II protocol (Picelli et al, 2014). 

Libraries were then sequenced on a NovaSeq6000 (Illumina) at a depth of ~20M reads 

per sample.  

 

Bulk RNA-seq data processing and analysis 

Reads were mapped to zebrafish genome GRCz11 and quantified using STAR v2.5.2a 

and RSEM v1.2.31. Differential gene expression analysis was carried out using R and 

the edgeR package (Robinson et al., 2010). TCF:mCherry+ NC cells were compared to 

TCF:mCherry- NC cells, and FDR <0.05 was used as a cutoff for significant differences 

in expression level. Heatmaps were generated using ComplexHeatmap R package. 
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Standard computational analysis of single-cell RNA-seq data 

Variable features identification, principal component analysis (PCA), UMAP reduction, 

and unbiased clustering were performed in Seurat v3. Differential expression analysis in 

Seurat v3 was used to identify cluster markers by Wilcoxon rank sum test. Cluster 

markers were then used to assign cell types. Visualizations were generated using 

Seurat v3 and ggplot2 with color palettes from the RColorBrewer and Viridis packages. 

A subset counts matrix containing TFs was analyzed with Monocle3 for trajectory and 

pseudotime analysis. Identification of temporally distinct TF modules was performed 

using the graph_test and find_gene_modules functions in Monocle3. 

 

Multiplex CRISPR-Cas9 genome editing 

Perturbations of atp6ap2 were achieved using the multiplex CRISPR technique 

described by Wu et al., 2018. Four unique gRNAs targeting the coding region of 

atp6ap2 were synthesized using T7 MegaShortScript kit (Ambion).  gRNAs were 

incubated with Cas9 protein (IDT) at 37°C for 5 minutes and injected into embryos at 

the 1-cell stage in amounts of 150 pg gRNA and 800 pg Cas9 protein per embryo. 

gRNA primer sequences were taken from the database provided by Wu et al, 2018. 

 

In situ hybridization chain reaction 

HCR probes were ordered from and designed by Molecular Technologies (Los Angeles, 

CA). Whole mount HCR was carried out as described by Choi et al., 2014.  
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Quantitative analyses of HCR and Wnt reporter 

Raw fluorescence intensities were measured using ImageJ and corrected total cell 

fluorescence  (CTCF) values were calculated using the formula CTCF = Integrated 

Density – (Area x Mean background fluorescence). Mean intensity values between 

timepoints and/or conditions were compared using Wilcoxon signed-rank test. For foxd3 

measurements, means were compared using Kruskal-Wallis ANOVA and then pairwise 

comparisons were performed using Wilcoxon signed-rank tests. Statistical tests were 

carried out using R, and plots were generated in R using the ggplot2 package. Other R 

packages used include: plyr, dplyr, reshape2, and ggpubr.  

 

Clustering of DE genes via Dirichlet process Gaussian process (DPGP) modeling 

For temporal profiling of DE genes from Wnt reporter bulk RNA-seq, genes were 

clustered using scRNA-seq data for cells from either the pigment branch or the non-

pigment branch separately with DPGP (McDowell et al., 2018). Briefly, the DPGP model 

assumes that the temporal expression of a gene is generated from a mixture of 

Gaussian processes, such that each Gaussian process corresponds to a gene 

expression cluster, the parameters of which are further generated by a Dirichlet 

process. The concentration parameter α for the Dirichlet process was set to 0.2. To 

obtain temporal expression patterns for each gene, average counts of all cells in a 

branch for all time points were calculated (except 30 hpf for the pigment branch), which 

constituted a time series for that gene. DPGP was allowed to infer the optimal clustering 

that attained maximum a posteriori (MAP) likelihood, given those time series of average 

gene expression. 
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PAGA dimensionality reduction and trajectory inference 

The PAGA_tree (Wolf et al., 2019) wrapper in the Dyno (Saelens et al., 2019) package 

was used to infer developmental trajectories. The dataset was first processed with the 

default option, recipe_Zheng17 in Scanpy. The method PAGA_tree was then applied with 

the parameters, n_comps=50, n_neighbors=15, resolution=1, n_dcs=10. 

“AAACCTGAGTGGCACA” in the 12 hpf dataset was chosen as the root cell. A simplified 

model was obtained using Dyno based on which pseudotime was also computed in Dyno. 

PAGA coarse graph was used to initialize single-cell embedding in ForceAtlas2 (Jacomy 

et al., 2014). 

 

Probabilistic cell type assignment 

Cell Types were assigned based on known markers and novel TFs derived from TF 

pseudotemporal analysis (Fig 3.2) in a supervised approach using the package 

CellAssign (Zhang et al., 2019). The exact marker genes are listed in the individual csv 

files. The function cellassign was used with learning_rate=0.02, shrinkage=TRUE, and a 

size factor estimated using the computeSumFactors function in scran package (Lun et 

al., 2016). 

 

Cell-cell communication analysis in scRNA-seq data 

Communication between cells was predicted from our single-cell RNA-seq data using 

the SoptSC suite of computational tools (Wang et al., 2019). Briefly, the probability of 

communication between individual cells is calculated for individual ligand-receptor pairs 

based on their expression of these factors and expression of downstream target genes. 
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Analysis was performed in R using the R package for SoptSC https://github.com/

mkarikom/RSoptSC/. 

 

RNA velocity 

RNA velocity for 18 hpf was computed using the Scvelo package (Bergen et al., 2020) 

using default parameters. 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 



 

92 
 

Chapter IV 

Single-cell RNA-seq analysis of tailbud development reveals a 
hemangioblast population and a role for cell cycle regulation in 

midline progenitor fate specification 
 

 

Introduction 

In vertebrate development, many structures in the elongating body axis derive from the 

tailbud, a structure at the caudal-most tip of the embryo. The tailbud contains a group of 

self-renewing multipotent cells called neuromesodermal progenitors (NMPs), which 

contribute to both the neural tube (NT) and paraxial mesoderm (PM) and lateral plate 

mesoderm (LPM) (Griffith et al., 1992; Tzouanacou et al., 2009). NMP identity is 

maintained by co-expression of the transcription factors sox2 and brachyury (tbxta), and 

the interaction of these factors with canonical Wnt signaling determines the bifurcation 

between neural and mesodermal lineages (Koch et al., 2017; Martin & Kimelman, 

2012). Tbxta in combination with high levels of canonical Wnt signaling drives NMPs to 

a mesodermal identity (Martin & Kimelman, 2008, 2010). In zebrafish, the development 

of this lineage also depends on tbx16 and msgn1 (Bouldin et al., 2015; Manning & 

Kimelman, 2015). Less is known about the role of sox2 in this process, but evidence 

indicates sustained sox2 expression and low canonical Wnt signaling together prevent 

entry of NMPs into the mesoderm and instead promote a neural fate (Kinney et al., 

2020; Koch et al., 2017; Takemoto et al., 2011). 

 

Despite many years of research into the origins and derivatives of NMPs, some 

questions remain about their contributions to the tissues of the vertebrate body, 
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complicated by differences between species. In zebrafish, NMP-derived mesodermal 

progenitors are further bifurcated into paraxial mesoderm and lateral plate mesoderm 

(Martin & Kimelman, 2012). However, in mouse this does not appear to be the case. 

Wnt3a mutants have severe loss of paraxial mesoderm due to loss of brachyury 

expression in NMPs (Yamaguchi et al., 1999), yet lateral plate and intermediate 

mesoderm populations are unaffected (Gouti et al., 2014). Further, there is evidence in 

zebrafish that NMPs may contribute to vascular endothelial tissues. The zebrafish 

vascular mutant cloche has nearly complete loss of endothelial and vascular tissues, 

but maintains a population of apparent vasculature progenitors in the tail (Liao et al., 

1997; Thompson et al., 1998). It is possible therefore that in the zebrafish tailbud, 

vasculature progenitors may derive from the NMPs.  

 

Another active area of investigation in tailbud biology concerns the potential presence of 

a hemangioblast population. This progenitor cell type, which gives rise to both vascular 

endothelium and blood has long been theorized but difficult to identify in vivo (Lacaud & 

Kouskoff, 2017; Nishikawa, 2012). Clonal expansion of cells from the primitive streak in 

mouse and in vivo lineage tracing of ventral mesoderm in zebrafish reveal the 

emergence of both vascular and blood lineages, leading to the conclusion that a 

hemangioblast population likely derives from this mass of mesodermal progenitors 

(Huber et al., 2004; Vogeli et al., 2006). Recently, using a CRISPR knock in zebrafish 

line driving GFP in the etv2 locus, it was observed that both vasculature and blood cells 

were labeled (Chestnut & Sumanas, 2020). Further, single-cell RNA-seq of FACS 

sorted GFP+ cells in heterozygous and homozygous etv2 knock outs from this line 
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revealed an increase in red blood cells (RBCs) and LPM. They further observed by 

FACS an increased number of gata1+ cells in etv2 knockdowns (Chestnut et al., 2020). 

Together, these observations point to a connection between hemangioblasts and 

tailbud-derived LPM, but this has not been demonstrated. 

 

Do NMP derivatives give rise to both vasculature and blood? If so, are these separate 

populations, or are there mechanisms driving divergence of bipotent progenitors? The 

lingering questions surrounding tailbud lineage relationships present an exciting 

opportunity to employ modern single-cell omics technologies. Recently researchers 

have begun to examine these questions through scRNA-seq analysis of in vitro cultured 

NMPs and specific FACS sorted NMP-derived lineages. These studies, however, are 

limited in their ability to examine lineage connections by the lack of a complete picture 

of the many cell types in the tailbud. Here we present a complete single-cell 

transcriptomic atlas of the developing tailbud in zebrafish and use it to explore the 

relationships between NMPs are their derivatives as well as mechanisms driving the 

emergence of notochord, floor plate, and hypochord lineages. 
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Results 

 
Single-cell RNA-seq reveals the cellular landscape of the tailbud 

To profile the many cell types and progenitor cell states in the developing tailbud 

comprehensively, we generated a single-cell transcriptomic atlas of the tailbud in 

zebrafish. 30 Tailbuds were isolated from 16 hpf embryos by manual dissection and 

then dissociated into single cells by trypsin and collagenase P digestion. Single-cell 

libraries were then constructed on the 10X Chromium platform and sequenced on an 

Illumina HiSeq2500 (Fig 4.1 A). Following filtering for low quality cells, 11,138 total 

single-cell transcriptomes were obtained with an average of about 3500 genes detected 

per cell.  

 

Cell cycle effects were regressed, and then dimensionality reduction and clustering 

were performed, revealing 13 major cell types based on their expression of canonical 

marker genes (Fig 4.1 B-C). Epidermal cells were evident by their expression of epcam 

and krt8, distinct from peridermal cells that express krt17 and anxa1c. Neural tube (NT) 

cells expressed sox19a and multiple her genes, with more mature neuroblasts 

expressing elavl3. Axial mesoderm (AM)/notochord cells were easily identified by 

expression of noto and shha. Two distinct populations of paraxial mesoderm (PM) could 

be identified, which we dubbed “anterior” (more mature) and “posterior” (less mature). 

They shared high expression of msgn1 and tbx16, but the posterior PM had much 

higher expression of ripply1, and the posterior PM had high vox and ved expression. 

NMPs formed a cluster of cells that was located closely between the NT and PM 
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populations in UMAP space. These cells were characterized by high expression of 

sox2, tbxta, and fgf8a. A population of hematopoietic cells was evident by expression of 

multiple hbbe genes. Two other populations of mesoderm were identified as 

intermediate mesoderm (IM) and lateral plate mesoderm (LPM). Despite similar 

expression profiles these two populations were distinguished from each other by the 

Figure 4.1: scRNA-seq of the developing vertebrate tailbud identifies major cell 
types. A) Schematic showing procedure for tailbud single cell isolation and 
sequencing. B) UMAP embedding of 11,138 single cells sequenced from the tailbud. 
Cell types are labeled, and two markers for each cell type are included below labels. 
C) Dotplot showing top 4 marker genes in each cell type by differential expression 
analysis. Colored boxes correspond to cell type. Greyscale indicates average 
expression and dot size indicates percent of expressing cells within each cell type. 
Marker genes were determined by Wilcoxon rank sum test. 
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LPM-specific expression of lmo2 and etv2 and the IM-specific expression of pax2a. 

Finally, a small population of dorsal  

aorta cells were marked by unique expression of hand2 and emilin2b. 

 

Pseudotime analysis suggests lineage connections between NMPs and 

hematopoietic lineages 

Because epidermal lineages are distinct from the other major tailbud tissues in their 

ontogeny, we subclustered all but the epidermal and peridermal lineages. The resulting 

dimensionality reduction maintained the overall topology seen in the whole tailbud (Fig 

4.2 A). Because the tail grows throughout body elongation during embryogenesis and 

cells continuously differentiate from their progenitor cell niches in the tailbud, it was 

likely that we captured cells at intermediate stages of differentiation. Therefore, we 

performed pseudotime analysis in Monocle3 to infer differentiation trajectories (Fig 4.2 

B). The resulting trajectories confirm the expected relationships between NMPs and 

both neural and PM lineages but also predict a connection between NMPs and IM/LPM 

lineages (Fig 4.2 A-B). We then used a comprehensive list of TFs adapted from 

Vaquerizas et al., (2009) to identify sets of co-regulated TFs that correspond to the 

emergence of the observed lineages. Among the top 150 TFs that differed in their 

expression across pseudotime, we uncovered 7 modules of that correspond to specific 

lineages (Fig 4.2 C-D). 

 

The connection between NMPs and IM and LPM lineages was somewhat surprising, so 

we investigated this connection further by subclustering those cell  
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populations (Fig 4.3). We identified two smaller subpopulations of cells that were not 

recovered in the larger data set analysis: IM/pronephros, marked by epcam, and 

Kuppfer’s Vesicle, marked by dand5 (Fig 4.3 A-B). Trajectory and pseudotime analysis 

reproduced the connections observed in the larger data set, connecting a population of 

Figure 4.2: Pseudotime analysis of all non-epidermal cells uncovers 
connections between neuromesodermal progenitors and neural and 
mesodermal lineages.  A) UMAP embedding of all non-epidermal cells. Trajectory 
computed using Monocle3 predicts connection between NMPs and neural tube, axial 
(notochord), paraxial, intermediate, and lateral plate mesoderm. B) Pseudotime 
values calculated in Monocle3 using differentiation trajectory with NMPs as the starting 
node. C) Heatmap showing average expression of differentially expressed 
transcription factors across pseudotime trajectory. 7 modules of TFs were identified 
with specific expression patterns in particular lineages. D) Heatmap showing pairwise 
Pearson correlation between each of the top 150 differentially expressed TFs. Several 
clusters of highly correlated TFs correspond to the identified modules. 
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NMPs to the IM and LPM lineages, and then to the hematopoietic cells. (Fig 4.3 C-D). 

We analyzed gene expression across pseudotime and discovered 6  
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modules of genes that correspond to stages across the supposed differentiation 

trajectory (Fig 4.3 E-F). Among these genes were several factors that have known roles 

in specification of mesodermal lineages. Expression of id3 and notch1a both drop off as 

cells progress through the IM and LPM phases of the trajectory. Pax2a increases in 

early IM cells and then decreases in later IM and then further decreases in LPM and 

hematopoietic cells as gata1a increases drastically (Fig 4.3 G). When cells are 

arranged by pseudotime, expression of key markers for each lineage form a smooth 

gradient that 

implies a transition from NMP through IM and LPM to an eventual hematopoietic fate 

(Fig 4.3 H).  

 

To address outstanding questions regarding the fate of the MPCs that give rise to 

notochord, hypochord, and floor plate, we performed analysis on the population of cells  

Figure 4.3: Subclustering of NMPs and non-axial or paraxial mesodermal 
lineages uncovers pronephros and Kupffer’s Vesicle cells and characterizes 
novel lineage relationship between NMPs and hematopoiesis. A) UMAP showing 
dimensionality reduction on a subset of cells including NMPs, all non-paraxial 
mesoderm, and the aorta. B) Dotplot showing top 4 marker genes in each cell type by 
differential expression analysis. Colored boxes correspond to cell type. Greyscale 
indicates average expression and dot size indicates percent of expressing cells within 
each cell type. C) Trajectory computed in Monocle3 overlayed with UMAP colored by 
unbiased clustering. D) Pseudotime values computed in Monocle3 using the 
differentiation trajectory with NMP cluster 4 as the starting node. E) Heatmap showing 
average expression in each unbiased cluster for differentially expressed gene modules 
identified in Monocle3. F) Gene signature scores for gene modules overlayed with 
UMAP embedding. G) Local regression plots showing moving average expression for 
id3, notch1a, gata1a, and pax2a across pseudotime for clusters 4, 6, 5, 3, and 1, which 
represent the trajectory leading from NMPs to HM through IM and LPM. H) Heatmap 
with cells from NMP to HM trajectory ordered by pseudotime showing expression of 
genes that mark a smooth transition between cell types. Module identities for each 
gene are displayed on the left. 
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Figure 4.4: Analysis of notochord population reveals hypochord and floor plate 
progenitor populations and identifies lineage-specific cell cycle states. A) 
UMAP embedding of all cells assigned a notochord identity in the full tailbud 
analysis. Unbiased clustering resulted in 5 distinct clusters. B) UMAP colored by cell 
cycle states determined by cell cycle scoring. G1, S, and G2/M stages are not evenly 
distributed among clusters. C) Heatmap showing average expression among cells in 
each cell cycle stage for several factors driving development of MPC-derived tissues. 
D) Dotplot showing top 4 marker genes in each cell type by differential expression 
analysis. Colored boxes correspond to cell type. Greyscale indicates average 
expression and dot size indicates percent of expressing cells within each cell type. 
E) Gene scoring for canonical markers for each MPC-derived cell type and paraxial 
mesoderm. F) Violin plots showing expression distribution among cells in each 
cluster for notch genes. G) Gene scoring for Notch signaling targets 
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assigned the notochord (AM) cell type identity. Following dimensionality reduction and 

clustering, we found 5 clusters of cells with distinct expression profiles (Fig 4.4 A,D). 

Interestingly, while the clusters separated somewhat according to cell cycle state (Fig 

4.4 B), based on distinct patterns of gene expression, these cell cycle signatures also 

corresponded to expression of notochord and floor plate specifier genes (Fig 4.4 C). 

Cells in G1 phase expressed genes associated with an immature notochord or 

notochord progenitor state including noto and tbxta. Cells in S phase strongly 

resembled mature notochord cells, with expression of col2a1a and id3. Cells in G2/M 

phase showed expression of floor plate markers including cdh6 and hes6, which also 

imply active Notch signaling. These expression profiles suggested the cell cycle phases 

may be indicative of differential acquisition of a notochord or floor plate identity, so we 

examined this directly by computing gene scores (Tirosh et al., 2016) across the data 

set for notochord, floor plate, and hypochord cell type signatures using a list of 

canonical markers for each (Fig 4.4 E). Clusters 0 and 4 showed enrichment for 

markers of mature notochord, while parts of clusters 1 and 4 were enriched for floor 

plate markers. A small population assigned to cluster 4 was enriched for a hypochord 

signature. Cluster 3 showed enrichment for paraxial mesoderm, suggesting these cells 

may have been mis-identified in the larger clustering analysis. To further investigate the 

identity of the putative floor plate subpopulation, we examined Notch signaling. 

Expression of notch1a was relatively broad across the cell types, and notch2 expression 

was low in the floor plate population. However, notch3 was expressed highly in the floor 

plate population (Fig 4.4 F). Further, gene scoring for canonical Notch signaling targets, 

revealed strong enrichment in the putative floor plate subpopulation. Taken together,  



 

103 
 

these analyses indicate that despite all these cells initially being assigned a notochord 

identity in the full tailbud analysis, we did indeed capture all three MPC-derived tissues.  

 

To better understand the connections between these MPC-derived cell types, we next 

performed trajectory and pseudotime analyses. Dimensionality reduction and trajectory 

inference in Monocle3 predicted the expected connections between clusters (Fig 4.5 A). 

The trajectory also implied a branching point between floor plate and notochord fates 

originating from cluster 3, so pseudotime was calculated with this cluster as the starting 

node (Fig 4.5 B). Floor plate markers cdh6 and sox2 increased along the trajectory 

Figure 4.5: Pseudotime analysis details emergence of notochord and floor 
plate and identifies a molecular signature of MPCs. A) UMAP embedding and 
trajectory computed in Monocle3. B) Pseudotime values computed from 
differentiation trajectory with putative MPC population (cluster 1) as the starting node 
overlayed with Seurat UMAP. C) Local regression for markers of floor plate and 
notochord markers across the floor plate trajectory branch (cluster 1 to cluster 4) and 
notochord trajectory branch (cluster 1 to cluster 5). Line indicates moving average 
expression. D) Heatmap showing average expression within clusters for floor plate 
and notochord markers as well as fgf8a and sox2. E) UMAP overlayed with 
expression for both fgf8a and noto. Overlapping expression observed in cluster 1. 
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branch leading to cluster 4, while in the trajectory leading to cluster 5, expression of 

these genes drops off rapidly. In contrast, cdh6 and sox2 decrease in the cluster 5 

branch, while twist2 increases and decreases by the end of the trajectory (Fig 4.5C). 

Next we investigated gene expression within the putative MPC-population which gives 

rise to both of these branches. Strikingly, this population is uniquely marked by 

overlapping expression of fgf8a and noto, representing a potential novel signature of the 

MPCs.  
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Discussion 

Possible mechanistic requirement for cell cycle control in the specification of 

MPC-derived tissues 

It has been well established that notochord, hypochord, and floor plate arise from a 

common precursor cell in the tailbud called the midline progenitor cell (MPC) (Catala et 

al., 1995, 1996; Selleck & Stern, 1991). Recently, in zebrafish it was shown that the 

emergence of these tissues involves sequential lineage bifurcations, with two MPC-

derived bipotent progenitors giving rise to notochord/floor plate and 

notochord/hypochord, respectively (Row et al., 2016). The lineage decisions of these 

progenitors are driven by differential levels of Wnt and Notch signaling. Consistent with 

Figure 4.6: Lineage relationships between tailbud midline progenitor cells 
(MPCs) derivatives and corresponding cell cycle states. Diagram showing the 
lineage bifurcations leading to emergence of notochord, hypochord, and floorplate 
from MPCs. MPCs give rise to two bipotent populations of cells which then bifurcate 
further. Dashed outlined shape fill colors correspond to cell cycle states. The 
trajectory giving rise to notochord is characterized by an extended cell cycle arrest in 
G1 phase before late entry into S phase. Trajectories giving rise to hypochord or 
floorplate quickly enter G2/M phase. 



 

106 
 

this, our data indicate that Notch signaling precludes a notochord fate in this population, 

with cells enriched for Notch targets progressing to either hypochord or floor plate (Fig 

4.4). Another interesting aspect of this process is that midline progenitors appear to 

undergo a cell cycle arrest which keeps them in G1 phase before they progress to a 

notochord fate (Sugiyama et al., 2009, 2014). While this has been observed in vivo in 

zebrafish, how this arrest is related to the transcriptional changes driving specification of 

MPC-derived lineages is not known. Our data show that the putative MPC population is 

indeed almost exclusively in G1 phase. Further, the trajectory leading to a notochord 

fate remains in G1, while the trajectory leading to floor plate/hypochord quickly enter 

G2/M phase (Fig 4.6). While these findings alone do not offer a mechanistic explanation 

for the role of cell cycle arrest in MPC lineage specification, they do indicate that these 

processes are tightly correlated. Further, they may imply that Notch signaling plays 

some role in the cell cycle progression that drives the non-notochord fates. In vivo 

perturbation of cell cycle regulation in MPCs will help to deconvolve the relationships 

between the cell cycle, Notch, and lineage specification.  

 

Evidence for an NMP-derived hemangioblast population in the zebrafish tailbud 

For many years, researchers have studied the possibility of an embryonic 

hemangioblast population of cells capable of giving rise to both vasculature and blood 

cells (Lacaud & Kouskoff, 2017; Nishikawa, 2012). However, the hemangioblast has 

been difficult to characterize in vivo, and the ontology of this population is not clear. Our 

data show a clear connection between NMP-derived vascular progenitors (LPM) and a 

population of hematopoietic cells marked by multiple hemoglobin genes. Indeed, the 
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progression from NMP to hematopoiesis in our data is marked by an initial upregulation 

of etv2 followed by a subsequent downregulation and an increase in gata1a expression. 

This progression is also characterized by increased BMP signaling, as marked by id3 

expression, which then decreases (Fig 4.3). Therefore, cells in the LPM progenitor pool 

that downregulate etv2 would go on to give rise to red blood cells, while those 

maintaining etv2 expression would likely give rise to vascular endothelium.  

 

This interpretation is consistent with both our data and the recent observations by 

Chestnut et al and strongly supports the notion that NMP-derived cells give rise to both 

vascular endothelium and red blood cells. It seems, therefore that there is a 

hemangioblast population in zebrafish which is in fact a common progenitor pool 

derived from NMPs that progresses through an LPM-like identity before acquiring either 

a vascular endothelial or hematopoietic cell fate based at least partially on expression of 

etv2. This population would be distinct from hemangioblasts that derive from 

gastrulation-specified LPM. Our data also suggest that this decision is likely controlled 

by BMP signaling. Experiments in vivo should be performed to verify the validity of this 

finding by directly testing the ability of NMP-derived LPM progenitors to form blood with 

the proper levels of BMP signaling and repression of etv2. 
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Materials and Methods 

Tailbud dissociation and 10x library construction and sequencing 

Wild type AB zebrafish embryos were obtained by natural breeding. Tailbuds were 

obtained by manual dissection at 16 hpf. Tailbuds were then dissociated into single cell 

suspension using mechanical disruption and trypsin/collagenase P incubation as 

described in Barske et al., 2016.  

 

10x library construction and sequencing 

Single cell suspensions were processed on a 10x Chromium platform for single-cell 

library construction. Libraries were then sequenced on a HiSeq2500 (Illumina). 

 

Read mapping and preprocessing 

FASTQ files were mapped to the zebrafish transcriptome GRCz11 using CellRanger. 

Mapped reads for the 12-32 hpf timeline were aggregated using CellRanger before 

further computational analysis. Counts matrix normalization and scaling were performed 

using Seurat v3. 

 

Computational analysis and pseudotime computation of single-cell RNA-seq data 

Variable features identification, principal component analysis (PCA), UMAP reduction, 

and unbiased clustering were performed in Seurat v3. Differential expression analysis in 

Seurat v3 was used to identify cluster markers by Wilcoxon rank sum test. Cluster 

markers were then used to assign cell types. Visualizations were generated using 

Seurat v3 and ggplot2 with color palettes from the RColorBrewer and Viridis packages. 
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A subset counts matrix containing TFs was analyzed with Monocle3 for trajectory and 

pseudotime analysis. Identification of temporally distinct TF modules was performed 

using the graph_test and find_gene_modules functions in Monocle3. 
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Chapter V 

Conclusion and Future Directions 
 

Cell fate determination is a fundamental aspect of embryonic development. The 

decision of a multipotent progenitor cell to adopt one fate over others can involve many 

layers of transcriptional regulation and signaling dynamics. Moreover, the development 

of complex tissues involves lineage decisions made not only on the level of individual 

cells, but also on the level of large groups of cells that must simultaneously coordinate 

intercellular signals and dynamic physical rearrangements. The incredible complexity of 

this process makes cell fate determination exceedingly difficult to study 

comprehensively. To build a more complete understanding, a multifaceted approach is 

needed, utilizing both traditional genetic and molecular techniques combined with the 

unbiased approaches of modern -omics technologies. Such investigations allow for the 

examination of entire aspects of cellular biology (eg: transcriptome, proteome, 

epigenome), which can reveal previously-unseen heterogeneity and/or plasticity in 

lineage specification that would almost certainly be missed by investigation driven 

entirely by a priori knowledge. And further, these unbiased approaches are at their most 

powerful when used to inform new directed investigations.  

 

In this thesis, I have presented my work using such an approach to address long-

standing questions regarding cell fate determination in neural crest (NC) biology as well 

as an entirely data-driven analysis of lineage specification in the tailbud. In chapter II, 

my functional characterization of Lmo7a in NC migration and cell fate decisions links 

focal adhesion dynamics with canonical Wnt signaling, presenting a novel mechanism 
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for coordination of cell fate decisions and migration. In chapter III, I leveraged in vivo 

imaging along with the integration of bulk and temporal single-cell RNA-sequencing to 

uncover the precise timing of skeletal, pigment, and neural/glial fate decisions in the 

cranial NC. These analyses also uncovered a novel role in NC canonical Wnt signaling 

and pigment cell development for the (pro)renin receptor (atp6ap2). In chapter IV, I 

generated the first complete single-cell transcriptomic map of cellular diversity in the 

tailbud and investigate the mechanisms regulating lineage connections between several 

cell types. Each of these studies on their own provide novel insights into mechanisms 

driving lineage specification in these embryonic multipotent progenitors and present 

exciting opportunities for further investigation.  

 

Together, these studies highlight the strength of applying modern -omics techniques 

combined with genetics and molecular biology to questions of lineage specification. 

Both the NC and tailbud multipotent progenitors are examples of cells that must 

coordinate cell fate decisions within a rapidly changing environment as the embryo 

develops and in the case of NC cells, as they migrate. In both cases, traditional 

concepts of progressive lineage bifurcations appear to require a more nuanced 

interpretation. My work uncovering the role of Lmo7a in NC migration and lineage 

specification suggests the decisions between neural/glial and pigment lineages involve 

interactions between adhesion factors and Wnt signaling components, the loss of which 

can result in aberrant bipotent cell states. My scRNA-seq timeline of NC development 

uncovered putative transitional states that precede lineage bifurcation and correlate with 

spatial reorganization within the migratory stream. Finally, my work in constructing a 
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single-cell atlas of transcriptional diversity in the tailbud revealed multiple transitional 

states whose ultimate fate decisions require input from major signaling pathways like 

BMP as well as regulation of the cell cycle. In each of these instances, the unbiased 

large-scale investigation afforded by modern -omics combined with directed 

investigation through traditional techniques reveal that regulation of lineage specification 

involves integration of many factors to achieve robust development. Further, they 

suggest that there is more heterogeneity and a greater number of transitional cell states 

present within these tissues than was previously observed. Together, these 

observations could suggest greater plasticity and more complex regulation of lineage 

acquisition than current models account for. 

 

A detailed picture of the emergence of lineages in the cranial NC 

A long-standing challenge in the study of NC development has been pinpointing the 

timing of lineage decisions and the capacity of individual NC cells to contribute to each 

lineage. The difficulty in addressing these particular issues comes in part from the rapid 

and dynamic nature of the early stages of NC development. NC cells rapidly migrate 

away from the neuroepithelium, covering sometimes great distances within the embryo 

and encountering many environments. Examining this kind of dynamic heterogeneity 

within a cell population is a task particularly well-suited to single-cell transcriptomics, 

which allows for profiling the entire transcriptome of thousands of cells simultaneously. 

In the last 4 years, a number of papers have begun to examine NC lineage specification 

using single-cell transcriptomics, but have not produced consistent conclusions 

(Lukoseviciute et al., 2018; Morrison et al., 2017; Soldatov et al., 2019; Williams et al., 
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2019). The issues surrounding the interpretation of these studies were discussed in 

detail in chapter I: lack of pure NC populations, reliance on pseudotime alone, 

differences between trunk and cranial NC, etc. I have attempted to reconcile 

outstanding questions in neural crest lineage specification through careful analysis and 

follow up studies of single-cell RNA-seq data that maintains a degree of spatial and 

temporal information. 

 

First, I circumvent difficulties in interpreting computationally derived lineage connections 

from pseudotime and RNA velocity by constructing a single-cell RNA-seq timeline with 

fine temporal resolution. My data includes 6 time points that correspond to premigratory 

and several migratory stages, resulting in a comprehensive view into the early and 

middle stages of NC development. By including this temporal information, I confirm that 

the pseudotemporal connections describing the emergence of lineages comports with 

real-world time, greatly increasing the reliability of this information. Using this approach, 

I found that the first truly distinct lineage specified in the cranial NC is pigment. These 

cells become identifiable by expression of mitfa, pax3/7, and several other canonical 

pigment specifiers by 18 hpf, but not 14 hpf. This demonstrates that this lineage is 

indeed specified in the middle stages of migration, but not before. In addition, I identified 

a later small neural/glial population expressing foxd3 that branches off from a larger 

group of mesenchymal-like NC cells that presumably adopt a skeletal fate based on 

their expression of dlx genes and col2a1b. I confirmed skeletal and pigment lineage 

divergence in vivo at 18 hpf through in situ Hybridization Chain Reaction (isHCR), 

further bolstering the notion that this timing is accurate.  
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My findings are in contrast to all of the previous NC single-cell studies (Lukoseviciute et 

al., 2018; Morrison et al., 2017; Soldatov et al., 2019; Williams et al., 2019), which never 

identified pigment progenitors through sequencing. Importantly, my data also strongly 

indicate that the premigratory NC is indeed homogenous in gene expression, with no 

obvious signs of lineage specification until mid-migration. This observation is consistent 

with the findings from Soldatov et al, (2019) which similarly show emergence of lineages 

after migration onset. This, however, does not conclusively show there is no biasing of 

lineages at this stage, merely that any such biasing is not present at the level of 

transcription. Further, through signaling probability analysis, I show that the emergence 

of lineages corresponds to shifts in Wnt signaling dynamics, most of which involve 

signals from surrounding cell type. Together, my single-cell analyses strongly support a 

hybrid model for NC lineage specification (Fig 1.1) where cell fate decisions occur 

dynamically during migration.  

 

This model could be further investigated through emerging technologies in spatial 

transcriptomics. Multiplexed in situ techniques including HCR and RNAscope allow 

investigation of overlapping expression of many genes at once and could help to 

address the spatial separation of lineages more conclusively in the migratory stream. 

One study attempted a version of this using HCR, and spatially resolved a stem-like 

niche in the chick NC, but this study was limited to a few dozen genes (Lignell et al., 

2017).  Alternatively, in situ sequencing techniques like the 10X Genomics Visium 

platform allow for whole transcriptome sequencing with preserved spatial information 
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down to the level of a few cells. Together with the knowledge presented here and in 

other sequencing studies, these techniques would allow us to build a truly complete 

understanding of how lineage-specific expression profiles emerge and segregate within 

NC migratory streams. This would conclusively answer the questions of when and 

where NC cell fate decisions occur. 

 

Several of the novel markers I predicted from the single-cell RNA-seq timeline were 

validated in vivo through isHCR. Each of these genes had lineage-specific expression in 

the NC, and one gene, atp6ap2, has a functional role in melanocyte development. It is 

likely that the other genes I identified computationally have unknown functional roles as 

well. Furthermore, the signaling analysis I performed for Wnt signaling dynamics 

predicts signaling between the NC and surrounding tissues through ligand-receptor 

pairs that are specific to particular lineages. Both these novel lineage markers and 

lineage-specific signaling molecules provide a wealth of potential for follow up functional 

characterization studies. Rapid mutagenesis screens in zebrafish have been made easy 

and efficient by advances in CRISPR-Cas9 techniques (Wu et al., 2018). Such a screen 

guided by the results from my single-cell analysis would likely reveal previously 

unknown functions for many candidate genes. 

 

Characterization of Lmo7a function reveals coordination of NC migration and cell 

fate through focal adhesion and Wnt signaling dynamics 

Lmo7 has been studied in multiple cellular contexts including cardiac muscle, skeletal 

muscle, and epithelial cells, where it is known to play roles in both cell adhesion and 
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transcriptional regulation (Dedeic et al., 2011; Holaska et al., 2006; Ooshio et al., 2004; 

Ott et al., 2008; Wozniak et al., 2013). It has also been implicated in Emery-Dreifuss 

muscular dystrophy and multiple cancers including lung adenocarcinoma (Hu et al., 

2011; Mull et al., 2015; Nakamura et al., 2011). My work describes the first identified 

role for Lmo7 in NC biology, with a hypothesized mechanism that is similar to but 

distinct from its mechanistic requirements in other cell types. I show that focal adhesion 

(FA) dynamics are dysfunctional in Lmo7a-deficient NC cells, which draws an 

interesting parallel to the described role for Lmo7 in muscle, where it has been shown to 

localize to FAs (Wozniak et al., 2013). Unlike in these cells however, I show that Lmo7a 

also has an effect of canonical Wnt signaling in NC cells. This finding suggests a 

previously unknown mechanistic relationship between FA dynamics and Wnt signaling 

in NC cells.  

 

Focal adhesions and Wnt signaling are known to be connected in cancer biology and in 

several developmental contexts (Fonar & Frank, 2011; Wörthmüller & Rüegg, 2020). In 

mouse osteoblasts, Wnt signaling is enhanced by FAK (focal adhesion kinase)-

mediated stabilization of β-catenin, which enhances its nuclear localization and 

increases downstream Wnt target expression (Fonar & Frank, 2011). This is strikingly 

similar to the model I propose for the connection between focal adhesion complexes 

and Wnt signaling through Lmo7a in NC cells. While much of the molecular biology of 

this model is yet unproven, my work presents the intriguing possibility that Wnt signaling 

in the NC may be regulated in part by FAK. This would open up an entirely new 
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paradigm for the coordination between NC migration and lineage specification, which 

both involve canonical Wnt signaling. 

 

 Further investigation into mechanistic requirements for FAs in NC cells could further 

illuminate these potential connections. Perturbation of FAK would help to test this 

directly. However, the essential nature of FAK in embryonic development makes whole 

embryo mutants confounding for the analysis of NC-specific defects. Instead, targeted 

mutagenesis in NC cells through UAS or other cell-type specific genome editing 

methodologies would circumvent this potential complication. Alternatively, transient 

chemical inhibition of FAK at the essential timepoints identified by my temporal single-

cell RNA-seq analysis (Chapter III) could aid in specificity of functional characterization. 

Analyses of NC lineage specification and migration in such mutants would help to 

characterize the crosstalk between FAs and Wnt signaling in NC biology and illuminate 

coordination between migration and cell fate decisions. 

 

Lineage-specific and temporal requirements for Wnt regulatory factors in the NC 

Wnt signaling is among the most important signaling pathways in NC biology, 

participating in almost every step of development from induction to EMT and migration 

to lineage specification (De Calisto et al., 2005; Hari et al., 2012; Ji et al., 2019). 

Temporal control of relative Wnt signaling levels is critical for proper NC development 

(Hutchins & Bronner, 2018; Maj et al., 2016), highlighting the dynamic nature of Wnt 

requirements. Previously, our lab characterized the roles of two novel Wnt regulatory 

factors: Rbc3a and Ovol1a (Piloto & Schilling, 2010; Tuttle et al., 2014). These genes 
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are striking both in their roles in promoting migration, and in the lineage-specific 

requirement of these roles. Both Rbc3a and Ovol1a affected only the pigment lineage, 

with NC cells that failed to migrate in their absence adopting exclusively pigment 

identities. This is in contrast to Lmo7a, which appears to affect the migration of both 

pigment and glial progenitors. One striking implication of this difference is that it implies 

final location alone is insufficient to determine NC cell fate. Rather, it might suggest that 

these lineages have differential requirements for particular Wnt-regulatory mechanisms. 

Ovol1a acts downstream of Wnt signaling, activating downstream target gene 

expression. Rbc3a and Lmo7a both appear to act upstream. Rbc3a participates in the 

trafficking of Fzd molecules, and Lmo7a influences the stabilization/localization of β-

catenin. These mechanistic differences do not in and of themselves explain the lineage-

specific requirements, and further comparative analysis is needed. 

 

All three of the above-described proteins are expressed in premigratory and early-

migrating NC cells. Conversely, atp6ap2, is expressed as the pigment lineage becomes 

specified. Loss of this gene does not affect migration or pigment specification, but rather 

later maturation or survival. My computational analyses and follow up functional 

characterization do suggest however that atp6ap2 is required for proper Wnt signaling. 

This therefore potentially represents another Wnt-regulatory factor that has a distinct 

developmental role, but with a temporal-specific requirement that differs from Ovol1a, 

Rbc3a, or Lmo7a. Further characterization of the specific mechanistic role this gene 

plays would offer insights into pigment cell development. But even more exciting is the 

potential afforded by all of these Wnt-regulatory genes to study the temporal and 
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lineage-specific requirement for Wnt signaling in the NC as a whole. In chapter II, I 

present an initial bulk transcriptomic comparison of lmo7a- and ovol1a-deficient NC 

cells. This analysis indicates strikingly different expression profiles and could be 

extended to rbc3a and atp6ap2. Further, a single-cell transcriptomics comparison of 

embryos deficient in each of these genes could illuminate the heterogeneous 

requirements across NC lineages and developmental time. 

 

 

New perspectives on tailbud multipotent progenitors using single-cell RNA-seq 

The tailbud contains multipotent progenitor cell populations that give rise to numerous 

tissues in the posterior segments of the adult body plan. These include the 

neuromesodermal progenitors (NMPs) and the midline progenitor cells (MPCs) which 

contribute to neural tube and paraxial/lateral mesoderm and notochord, floor plate, and 

hypochord, respectively. The relationships between these progenitors and their 

derivatives have been studied extensively, but such studies would be aided greatly by a 

complete transcriptomic profile of all these cells. Current single-cell studies are limited in 

their scope, only profiling a handful of cell types (Chestnut et al., 2020; Gouti et al., 

2017). In chapter IV, I present the first comprehensive transcriptomic atlas of the 

zebrafish tailbud which provides insights into the biology of NMP and MPC lineage 

specification. 

 

Our data shows a clear connection between paraxial mesoderm (PM) and neural tube 

(NT) through an apparent NMP population, as is expected. Surprisingly, however, we 
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also find an apparent relationship between intermediate mesoderm (IM), lateral plate 

mesoderm (LPM) and hematopoietic lineages all stemming from the same NMP 

population. While it is known that LPM derives from NMPs, the notion that blood 

derivatives may share a common origin with these cells has not been demonstrated. 

Recent studies using an etv2 knock in line of zebrafish have also implied such a 

connection, however (Chestnut et al., 2020; Chestnut & Sumanas, 2020). Together with 

these recent findings, our computationally-derived lineage relationships between these 

cell types may in fact point to there being a hemangioblast population in the zebrafish 

tailbud that is NMP-derived. This would answer long-standing questions regarding this 

cell type, which has been very difficult to profile in vivo (Lacaud & Kouskoff, 2017; 

Nishikawa, 2012). The transcriptional profile of the putative hemangioblast population is 

characterized by expression of LPM, IM, and hematopoietic markers. In vivo validation 

of such an expression profile using isHCR or other high resolution in situ techniques 

would help to verify their existence as well as characterize their spatial segregation in 

the tailbud. Further, because our data suggest temporal requirements for BMP signaling 

in the lineage split between lateral mesoderm and hematopoiesis, in vivo experiments 

using BMP agonists or antagonists could shed further light on these bipotent 

progenitors.  

 

In this data set, we also captured all of the MPC-derived tissues: notochord, hypochord, 

and floor plate. In my analysis, I identify a putative MPC population, which is connected 

to both floor plate and notochord, representing one of the recently-described bipotent 

progenitors in the zebrafish tailbud (Row et al., 2016). This cell population is marked 



 

121 
 

uniquely by overlapping expression of fgf8a and noto. This expression profile should be 

verified in vivo using isHCR or other in situ techniques. Strikingly, this population is also 

almost exclusively characterized by G1 cell cycle state. With cells that remain in G1 

progressing toward a notochord fate before entering the cell cycle, and those exiting G1 

immediately progressing toward a floor plate identity. This observation comports with 

recent in vivo observations that notochord progenitors arrest in G1 phase (Sugiyama et 

al., 2009, 2014). Further, they show that cell cycle states in MPCs directly relate to their 

acquisition of lineage-specific transcriptional programs. This could imply a function role 

for cell cycle arrest or a mechanism that regulates both cell cycle state and lineage 

specification in concert. In vivo perturbation of cell cycle regulatory mechanisms in 

these progenitor pools could help to disentangle these possibilities and further our 

understanding of the mechanisms governing the development of MPC-derived tissues.  

 

As with any scientific pursuit, new advances in technologies offer us new perspectives 

and means to investigate old questions. Over the last decade, one of the most 

significant advances driving discoveries in the field of cell fate and lineage determination 

is undoubtedly the rise of next generation sequencing techniques. In this thesis I have 

demonstrated how careful analysis of large transcriptomic data sets can expand our 

understanding of developmental systems. This type of investigation, however, is at its 

most powerful when paired with in vivo experimentation and when informed by the 

wealth of knowledge generated over many decades by the investigators that laid the 

foundations of embryology. Over the next years, current methodologies will undoubtedly 

be improved upon and bolstered by new technological breakthroughs. And with each 
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new window into the complex processes driving cell fate decisions, we move ever closer 

to a complete answer to the age-old question: “how does a fully formed animal grow 

from a single cell?” 
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