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Abstract 

The neural crest is a unique population of stem cells that arise from the developing 

central nervous system of vertebrate embryos. Unlike surrounding neuroepithelial cells, 

neural crest cells undergo an epithelial-to-mesenchymal transition (EMT) and migrate 

into the periphery of the embryo where they contribute to diverse adult lineages, 

including the central nervous system, craniofacial skeleton and melanocytes. Despite the 

fundamental importance of the neural crest, our understanding of the molecular events 

controlling neural crest migration is incomplete. My thesis focuses on how the 

transmembrane scaffolding protein, Tetraspanin18 (Tspan18) regulates neural crest EMT. 

Here I show that Tspan18 is expressed in premigratory, cranial neural crest cells, but is 

downregulated prior to migration. Sustained expression of Tspan18 maintains the 

epithelial cell adhesion molecule cadherin-6B (Cad6B) post-translationally, without 

affecting Cad6B mRNA levels, and in turn inhibits cranial neural crest migration. In 

contrast, morpholino-mediated knockdown of Tspan18 reduces Cad6B protein levels. 

Unexpectedly, this does not lead to precocious migration, emphasizing that although loss 

of Tspan18 is required for migration, loss of Tspan18 alone is not sufficient to trigger 

neural crest migration. This is, at least in part, because EMT is a multiple step process, 

and the other steps of EMT are not affected by Tspan18 knockdown. Together these 

findings suggest that Tspan18 antagonizes neural crest EMT by supporting cell adhesion. 

Additionally, I show here that Tspan18 downregulation at the onset of migration is 

achieved by the winged-helix transcription factor, FoxD3. FoxD3 knockdown sustains 

Tspan18 mRNA levels and inhibits neural crest formation and migration. Importantly, 

Tspan18 knockdown rescues the FoxD3 loss-of-function migration defect without 

rescuing the reduction in neural crest cell number. This suggests that FoxD3 

independently regulates neural crest formation and migration, and effects migration 

through its regulation of Tspan18. Overall, the work in this thesis has defined a novel, 

Tspan18-dependent maintenance of Cad6B protein levels in epithelial cranial neural crest 

cells that is relieved, via FoxD3, to support migration. This work provides important 

insight into how cell adhesion molecules are regulated during EMT and increases our 

understanding for how neural crest transcription factors, like FoxD3, impact the cellular 

events that lead to migration.  
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1.1 Overview of the neural crest 

 The neural crest is a unique, transient population of cells that originates from the 

developing central nervous system of vertebrate embryos. Unlike their neighbors, neural 

crest cells detach from the developing neural tube and undergo an extensive migratory 

phase, during which they actively explore the far reaches of the embryo. Furthermore, 

individual neural crest cells display an incredible ability to differentiate into diverse cell 

types of multiple lineages (Bronner-Fraser and Fraser, 1988), leading to their nickname 

“the fourth germ layer” (Hall, 2000). For example, neural crest cells form not only 

ectodermal derivatives such as the neurons and glia that form our peripheral nervous 

system and the melanocytes that pigment our skin, but also, in spite of their ectodermal 

heritage, mesodermal derivatives including the bone and cartilage shaping our 

craniofacial skeleton and the outflow tract of the heart. Given that they contribute to 

essential adult structures, the neural crest is fundamental to vertebrate success. As a 

result, problems during neural crest development cause a wide array of devastating 

developmental disorders including cleft lip and palate and Hirschprung’s disease 

(Etchevers et al., 2006). Furthermore, their invasive characteristics in the embryo are 

thought to contribute to the metastatic severity of neural crest-derived adult cancers, such 

as melanoma (Gupta et al., 2005). Given its impressive impact on vertebrate 

development, the neural crest has long been an intriguing model for studying many 

cellular behaviors including induction and cell fate decisions as well as cell adhesion and 

migration.  
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1.2 Neural crest induction 

1.2.1 Participating tissue types 

 The formation of a neural crest precursor cell is a long, complex process that 

occurs as the embryo is undergoing extensive morphological changes (Fig. 1-1). Neural 

crest formation begins during gastrulation when inductive signals from the sparse 

underlying mesoderm segregate the ectoderm into three distinct regions. The distal 

ectoderm forms the future epidermis, and is referred to as the non-neural ectoderm 

(NNE), while the proximal region forms the presumptive neural plate (NP) and will 

eventually become the brain and spinal cord. At the margin of the NNE and NP is the 

neural plate border (NPB), the region from which neural crest cells will eventually arise. 

As neurulation commences, the neural plate elevates and the neural folds bend inward 

towards the midline of the embryo. Afterwards, an enclosed neural tube is formed 

following the fusion of the NPB regions from adjacent sides of the embryo and separation 

of the neural ectoderm from the overlying NNE. In chick embryos, neural crest cells 

subsequently migrate from the dorsal portion of the closed neural tube.  

The location of the NPB at the margin of the NNE and the NP suggests that 

inductive signals from both directions might promote neural crest fate. In fact, in chick 

and amphibian embryos and in vitro models, juxtaposing NP tissue with NNE tissue is 

sufficient to induce neural crest fate, with cells of both lineages contributing to neural 

crest derivatives (Dickinson et al., 1995; Moury and Jacobson, 1990; Rollhauser-ter 

Horst, 1979; Selleck and Bronner-Fraser, 1995). Identifying the molecular cues 

controlling this interaction-dependent induction, however, has been more complicated 

and seems to vary between species (for a review see (Stuhlmiller and Garcia-Castro,
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Fig. 1-1. An overview of neural crest development using the chick embryo as a 

model system  

The formation of neural crest precursors takes place as the embryo is undergoing major 

morphological changes. During gastrulation, presumptive neural crest cells (red) can be 

found at the neural plate border, a region molecularly distinct from the adjacent neural 

plate (blue) and non-nerual ectoderm (green). As neurulation progresses the neural folds 

elevate and fold inward towards the embryo midline. Meanwhile, specified premigratory 

neural crest cells are present in the dorsal neural folds. Upon neural tube closure, neural 

crest cells leave the dorsal neural tube and migrate into the periphery of the embryo. 

Image adapted from (Stuhlmiller and Garcia-Castro, 2012a). 
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 2012a)). Furthermore, neural crest induction occurs in close spatial and temporal 

proximity with induction of neural tissue, making it hard to distinguish the two processes. 

Nonetheless, extensive investigation spanning the last two decades has elucidated some 

of the molecular mechanisms controlling neural crest formation and, as a result, neural 

crest induction has been organized into three hierarchical, collaborative steps.  

1.2.2 Initial inducing cues 

The first step of neural crest formation requires presumptive NPB cells to 

integrate multiple environmental cues, in turn distinguishing themselves from the 

surrounding ectoderm. The requirement for the bone morphogenetic protein (BMP) 

signaling pathway (for review see (Nohe et al., 2004)) during this early step of neural 

crest induction has been extensively studied, however its exact role has been highly 

debated. In Xenopus, BMPs play a key role in dorsal-ventral patterning and modulation 

of BMP signaling distinguishes NNE from NP during early neural induction. High levels 

of BMP activity specify NNE and low levels, maintained by endogenous BMP inhibitors 

from the underlying mesoderm, specify NP (Wilson and Hemmati-Brivanlou, 1995). 

Meanwhile, intermediate levels of BMP activity specify the formation of NPB (LaBonne 

and Bronner-Fraser, 1998; Marchant et al., 1998). However, in contrast to Xenopus 

embryos, the NNE in chick embryos expresses BMP4 and BMP7, and both molecules are 

necessary and sufficient to mimic the NPB-inductive activity of the NNE on NP cells 

(Liem et al., 1997; Liem et al., 1995), suggesting that a higher level of BMP activity 

might be required for neural crest induction in avian embryos. Although this discrepancy 

could be solely because of species variation, these conflicting findings could also reflect 

temporal complexity in the requirement for BMP activity. This idea is consistent with the 
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finding that BMP activity only affects chick neural crest specification at later steps: 

around the time of neural tube closure but after initial induction (Selleck et al., 1998). To 

accommodate these conflicting observations, more recently a two-step model has been 

proposed that suggests that BMP inhibition is first required during gastrulation and 

subsequently BMP activity is required during neurulation to maintain the neural crest 

precursor pool (Steventon et al., 2009). Importantly, however, in zebrafish embryos, 

morpholino knockdown of all three endogenously-expressed BMP inhibitors still results 

in a small pool of neural crest (Ragland and Raible, 2004), suggesting that neural crest 

induction requires the activity of additional signaling pathways.  

In addition to the BMPs, both the fibroblast growth factor (FGF) and Wnt 

signaling pathways (for reviews see (Dorey and Amaya, 2010; MacDonald et al., 2009)) 

have been implicated in neural crest induction. FGF signaling is required for the 

formation of neural crest in both Xenopus and chick embryos, as blocking FGF signaling 

prevents mesoderm-induced neural crest formation in vitro (Monsoro-Burq et al., 2003) 

and inhibiting FGF signaling in vivo results in an extensive loss of neural crest markers 

(Mayor et al., 1997; Stuhlmiller and Garcia-Castro, 2012b; Villanueva et al., 2002). 

Likewise, active Wnt signaling is a requirement for neural crest induction and Wnt 

inhibition in Xenopus, zebrafish and chick embryos or in vitro culture leads to loss of 

neural crest markers (Deardorff et al., 2001; Garcia-Castro et al., 2002; LaBonne and 

Bronner-Fraser, 1998; Lewis et al., 2004; Saint-Jeannet et al., 1997; Steventon et al., 

2009). Although both of these signaling pathways are required for neural crest induction, 

a recent study suggests FGFs may actually be required indirectly to activate Wnt 

signaling (Hong et al., 2008). This is consistent with the documented evidence of cross-
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talk between these three signaling pathways (Betancur et al., 2010; Rogers et al., 2012; 

Stuhlmiller and Garcia-Castro, 2012a), emphasizing the fact that neural crest induction is 

highly complex, and likely the result of the convergence of multiple environmental cues, 

rather than the activity of one individual “inducer”.  

1.2.3 The neural crest gene regulatory network 

The combined activity of the BMP, FGF, and Wnt signaling pathways converge 

to induce the expression of an extensive array of highly conserved transcription factors 

that have been assembled into a complex gene regulatory network (GRN; Fig. 1-2) 

(Betancur et al., 2010). There are two transcriptional modules within the GRN that 

collaborate in a step-wise fashion to promote neural crest development. The first 

transcriptional module, the NPB specifiers, discriminate the NPB region from the 

surrounding NP and NNE and provide the NPB region with the competence to activate 

the expression of the second transcriptional module, the neural crest specifiers. Neural 

crest specifiers distinguish neural crest precursors within the dorsal neural tube and 

promote the transition between premigratory and migratory neural crest cells by 

regulating the expression of neural crest effectors. Each module is described in more 

detail below.  

1.2.4 Neural plate border specifiers 

The NPB specifiers, including the homeobox transcription factors Msx1/2, 

Pax3/7, and Gbx2 as well as the zinc finger transcription factor Zic1, are activated by a 

unique combination of signals from the BMP, Wnt, and FGF signaling pathways. 

Although rare, there is some evidence of NPB specifier expression being the direct result 

of one neural crest inducer. For example, Gbx2, the earliest expressed NPB specifier  
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Fig. 1-2. The neural crest gene regulatory network  

The complex gene regulatory network (GRN) that establishes neural crest fate includes 

environmental inducing cues, transcription factors, and effectors. Environmental 

signaling inputs (1) initiate neural crest development. After initial induction, two distinct 

modules of GRN transcription factors collaborate in a step-wise fashion to specify neural 

crest precursor identity. First, neural plate border specifiers (2) distinguish neural plate 

border cells from the surrounding ectoderm and promote the expression of neural crest 

specifiers (3). The expression of neural crest specifiers marks the end of neural crest 

specification and promotes the activity of neural crest effectors (4) that prepare neural 

crest cells for migration. Image adapted from (Betancur et al., 2010).  
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characterized to date, is a direct target of the Wnt signaling pathway (Li et al., 2009). 

However, as they are the first genes activated downstream of the complex environmental 

cues controlling neural crest induction, it is not surprising that the expression of the 

majority of NPB specifiers is a result of the simultaneous activity of more than one 

signaling pathway (Garnett et al., 2012; Monsoro-Burq et al., 2005; Sato et al., 2005; 

Tribulo et al., 2003). Additionally, there is evidence for interplay between NPB 

specifiers. For instance, although Pax3 and Zic1 are independently regulated, both need 

to be present in the NPB at a precise balance in order to achieve neural crest 

specification, as increased levels of either Pax3 or Zic1 promote alternative cell fates at 

the expense of neural crest (Hong and Saint-Jeannet, 2007). 

1.2.5 Neural crest specifiers 

Once NPB identity is established, neural crest specifiers distinguish the identity of 

neural crest precursors within the dorsal neural tube. The neural crest specifiers, 

including AP-2, Snail1/2, Sox10, FoxD3 and Twist, are required in premigratory neural 

crest cells to maintain neural crest precursor fate, number and potency (Betancur et al., 

2010; Prasad et al., 2012). The expression of these genes is the result of synergistic 

regulation by environmental inducing pathways as well as NPB specificer activity. One 

prime example of this regulatory convergence is Snail2 (previously known as Slug). 

Snail2 contains cis-regulatory elements for both Smad1 and TCF/Lef, which clues us into 

its direct regulation by the BMP and Wnt signaling pathways, however, its expression 

also requires the activity of the NPB specifiers Zic1, Msx1, and Pax3/7 (Sakai et al., 

2005; Sato et al., 2005; Tribulo et al., 2003; Vallin et al., 2001). Additionally, in 

Xenopus, it appears that many, if not all neural crest specifiers studied to date are both 
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necessary and sufficient to promote the expression of the other neural crest specifiers 

(Meulemans and Bronner-Fraser, 2004). For example, morpholino-knockdown of Sox10 

leads to a dramatic loss of Snail2 and FoxD3 expression, whereas Sox10 overexpression 

expands the Snail2- and FoxD3-positive domains (Aoki et al., 2003; Honore et al., 2003). 

It is not currently known whether the regulatory cross-talk between neural crest specifiers 

is direct.  

 Many neural crest specifiers are required reiteratively at more than one step of the 

neural crest developmental pathway (Prasad et al., 2012). One example is the winged 

helix transcription factor FoxD3, which is first required during neural crest specification 

to control neural crest precursor survival, multipotency and cell fate (Kos et al., 2001; 

Lister et al., 2006; Montero-Balaguer et al., 2006; Mundell and Labosky, 2011; Nitzan et 

al., 2013; Sasai et al., 2001; Stewart et al., 2006; Thomas and Erickson, 2009). However, 

FoxD3 also regulates neural crest migration later in development. Elevated expression of 

FoxD3 in the trunk neural tube increases the number of emigrating cells and impacts the 

expression of cell-cell adhesion molecules (Cheung et al., 2005; Dottori et al., 2001; Kos 

et al., 2001). However, because FoxD3 is required for neural crest specification, it has 

been hard to determine whether its effect on migration is direct or a consequence of 

altered neural crest specification. Furthermore, although the reiterative nature of some 

neural crest transcription factors can be explained, in part, by the temporal control of their 

stability (Lander et al., 2011; Vernon and LaBonne, 2006), the post-translational 

regulation of many neural crest specifiers remains uninvestigated. Thus we are only 

beginning to understand how neural crest specifiers control multiple steps of the neural 

crest developmental pathway.  
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1.3 The making of a migratory neural crest cell 

Although the expression of neural crest specifiers marks the completion of neural 

crest specification, it is just the beginning of the process to produce a migratory neural 

crest cell. The progression from premigratory to migratory neural crest cell is an event 

that is still not entirely understood, and contemplating this process clearly illustrates the 

gaps in our current knowledge. For example, although a cell is present in the dorsal 

neural tube, and may express neural crest cell markers like Snail2 or Sox10 it is not 

guaranteed to ever become a migratory neural crest cell. In fact, marking individual 

dorsal neural tube cells with lineage-tracing dyes has clearly shown that one cell 

produces daughter cells that remain in the neural tube and contribute to roof plate 

lineages in addition to daughter cells that migrate and eventually differentiate into 

expected neural crest derivatives (Bronner-Fraser and Fraser, 1988; McKinney et al., 

2013; Selleck and Bronner-Fraser, 1995). Supporting this finding is the fact that dorsal 

neural tube cells coexpress both the neural crest marker Snail2 and roof plate marker 

Lmx1a (Chizhikov and Millen, 2004), suggesting that the transcriptional activity of 

neural crest specifiers alone is insufficient for the production of a migratory neural crest 

cell. What, then, is the trigger for neural crest migration? This question will most likely 

be answered when the identity, mechanism, and regulation of neural crest effector genes 

becomes more clear. Unfortunately, despite the longstanding scrutiny of the regulatory 

inputs controlling neural crest specifier expression, few of their direct downstream targets 

have been verified. As a result, we are only beginning to understand how neural crest 

specifiers impact the dynamic cellular behaviors that are required for their migration in 

the later steps of the neural crest developmental pathway.  
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1.3.1 Epithelial-to-mesenchymal transition 

Premigratory neural crest cells are epithelial in nature, but to migrate they modify 

their cellular characteristics and become individual mesenchymal cells through a process 

called epithelial-to-mesenchymal transition (EMT; Fig. 1-3). Epithelial cells are tightly 

associated to one another via specialized junctions, exhibit an apical-basal polarity and 

are anchored to the underlying basement membrane. In turn, epithelial cells form a 

selectively penetrable barrier that separates distinct embryonic tissues and adult organs 

while providing structural integrity and protection from external contaminants (Hay, 

2005). Epithelial tissue is the first embryonic tissue type formed, but because of their 

rigid, adherent nature, epithelial sheets are unable to perform the vast number cellular 

movements required during embryogenesis. In contrast to epithelial cells, mesenchymal 

cells, such as migratory neural crest cells, are loosely associated with surrounding tissue, 

exhibit a front-to-back polarity required for locomotion and are capable of diverse 

morphological movements (Hay, 2005). Embryologists have long appreciated the 

remarkable difference between epithelial and mesenchymal cells and the process of EMT 

has been rigorously investigated.  

EMT occurs at multiple times throughout development and during disease 

progression (Hay, 1968; Hay, 2005; Micalizzi et al., 2010; Powell et al., 2013; Thiery et 

al., 2009). Developmental EMT is required to produce many of the intricate adult 

structures formed during embryogenesis. In addition to neural crest cells, gastrulation in 

early amniote embryos requires EMT in order for epiblast cells to internalize and produce 

the mesoderm and endoderm lineages (Thiery et al., 2009). Furthermore, the 

mesenchymal cells produced during gastrulation eventually undergo the reverse process, 
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Fig. 1-3. An epithelial-to-mesenchymal transition facilitates neural crest migration.  

In order to leave the neural tube, neural crest cells undergo an epithelial-to-mesenchymal 

transition (EMT). EMT is a complex process by which rigid, adherent epithelial cells 

transition into individual mesenchymal cells that are capable of migrating. EMT involves 

dynamic changes in cell polarity and cell-cell adhesion, the breakdown of the restrictive 

basement membrane, and major cytoskeletal rearrangements.  
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MET (mesenchymal-to-epithelial transition), to give rise to transient, mesodermally-

derived epithelial structures like the somites and notochord. In addition to being essential 

to development, EMT has also been implicated in cancer metastasis (Micalizzi et al., 

2010; Nieto, 2011), during which cells from adult epithelial structures, such as the 

mammary gland, detach from the primary tumor and spread throughout the body 

resulting in secondary tumors. Although EMT occurs in distinct tissues and at various 

times during development and disease progression, many of the cellular events that occur 

during EMT are conserved, and the molecular players involved are closely related 

(Micalizzi et al., 2010; Nieto, 2011; Powell et al., 2013; Thiery et al., 2009).  

During EMT cells undergo a complex series of events that include changes in 

cell-cell adhesion, breakdown of the underlying basement membrane, and reorganization 

of the actin cytoskeleton (Fig. 1-3). Together these changes allow epithelial cells to 

detach from their neighbors, invade their surrounding environment and acquire the 

motility they need to migrate. Some of the molecular players that control these cellular 

behaviors, as well as their function specifically during neural crest EMT, are outlined 

below.  

1.4 Molecules involved in EMT 

1.4.1 Cadherins 

One of the defining characteristics of epithelial cells is the presence of specialized 

cell-cell junctions that give epithelial cells their adherent, rigid organization. Three 

distinct structures comprise these specialized junctions: tight junctions, adherens 

junctions (AJs) and gap junctions, which are located in that order along the apical-basal 

axis of an epithelial cell (Fig. 1-3; for review see (Meng and Takeichi, 2009; Oda and 



18 

Takeichi, 2011)). AJs are the only junctional structures conserved in all metazoans (Oda 

and Takeichi, 2011) and are believed to be the main source of physical associations 

between epithelial cells. Therefore, it is not surprising that during EMT, AJs must be 

remodeled to allow for individual mesenchymal cell movement.  

The main functional component of AJs are cell adhesion molecules of the 

cadherin superfamily (Fig. 1-4; for review see (Meng and Takeichi, 2009)). Cadherins are 

integral membrane proteins that provide cell-cell adhesions via their extracellular 

cadherin (EC) domains that, upon binding Ca++, undergo a conformational change and 

interact strongly with cadherins on adjacent cells (Overduin et al., 1995; Pokutta et al., 

1994). Additionally, through intracellular interactions with β-catenin, and subsequently 

α-catenin, cadherins link AJs to the actin cytoskeleton (Yonemura, 2011) providing 

additional structural support to epithelial cells. The cadherin family is extremely diverse, 

but the stereotypical cadherins that provide cell-cell adhesions are called classical 

cadherins, and to date approximately 20 distinct classical cadherins have been identified 

(Oda and Takeichi, 2011). Classical cadherins have been organized into two main 

categories, type I and type II, based on their adhesive properties and phylogenic 

relationships (Oda and Takeichi, 2011). Type I cadherins (cadherin-1 to -5) play a major 

role in epithelial AJs, and include the widely expressed E-cadherin (E-cad; cadherin-1) 

and N-cadherin (N-cad; cadherin-2). Interestingly the role of type II cadherins (cadherin-

6 and higher) in AJs is still unclear, leading to their implication in more transient cell-cell 

adhesions such as those found in migrating mesenchymal cells.  

Many cadherins interact homophilically, for example E-cad binds preferentially to 

E-cad while N-cad prefers N-cad. This observation lead to the idea that cadherin  



19 

 

 

 

 



20 

 

 

 

Fig. 1-4. Cadherin structure 

Adherens junctions are specialized structures found at points of epithelial cell-cell 

contacts. Cadherins, Ca2++-dependent cell adhesion molecules, are the major component 

of adherens junctions. Upon binding Ca2++, cadherins interact homophillically with 

cadherin molecules on adjacent cells, forming strong cell-cell adhesions. Furthermore, 

cadherins are linked to the actin cytoskeleton via interactions with β-catenin, providing 

additional structural support to epithelial cells.  
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expression promotes cell sorting, with cells expressing similar cadherins segregating 

from those expressing different cadherins (Nose et al., 1988; Takeichi et al., 1988). 

However, heterophillic interactions can occur. Cells expressing cadherin-7 or -14 can 

associate with each other just as strongly as they can with cells expressing cadherin-7 or -

14 respectively (Shimoyama et al., 2000). Nonetheless, changes in expression, for 

example from strong, type I cadherins to more transient and flexible type II cadherins is a 

common theme during EMT (Gheldof and Berx, 2013; Wheelock et al., 2008). Such 

cadherin switching presumably leads to reduced epithelial adhesions and perhaps aids in 

cell sorting during EMT.  

1.4.2 Cadherins relevant to neural crest EMT 

Neural crest cells express different cadherins as they progress through 

development, and the expression of an individual cadherin often varies along the rostral-

caudal axis. Prior to migration in chick embryos, N-cad is expressed throughout most of 

the neural tube, but it is downregulated in the dorsal neural folds in the head well before 

cranial neural crest cells migrate and is also downregulated in trunk neural crest cells as 

they exit the neural tube (Akitaya and Bronner-Fraser, 1992; Dady et al., 2012; 

Nakagawa and Takeichi, 1998; Shoval et al., 2007). Additionally premigratory chick 

neural crest cells express cadherin-6B (Cad6B), and its expression is downregulated prior 

to migration in cranial neural crest cells but it is retained in early migrating trunk neural 

crest cells (Coles et al., 2007; Nakagawa and Takeichi, 1995; Park and Gumbiner, 2010). 

Strikingly, recent studies in chick showed that E-cad is expressed throughout the entire 

cranial neural tube, even in early migrating neural crest cells (Dady et al., 2012). 

However, in the trunk E-cad is absent from the neural tube and is instead restricted to the 
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NNE following neural tube closure (Dady et al., 2012). Once migration commences, 

neural crest cells gain the expression of cadherin-7 (Cad7) in chick embryos (Nakagawa 

and Takeichi, 1995) and cadherin-11 (Cad11) in Xenopus embryos (Vallin et al., 1998). 

Thus, as neural crest cells become migratory, they transition from expressing 

premigratory cadherins, like N-cad or Cad6B, to migratory cadherins, such as Cad7 and 

Cad11, indicating that a cadherin switch is involved in neural crest EMT. Furthermore, 

blocking this cadherin switch inhibits migration (Borchers et al., 2001; Coles et al., 2007; 

Dufour et al., 1999; Nakagawa and Takeichi, 1998; Shoval et al., 2007), emphasizing the 

requirement for strict regulation of cadherin expression during neural crest EMT.  

In addition to regional differences in cadherin expression, the function of 

individual cadherins varies along the rostral-caudal axis. For example, Cad6B plays a 

distinct role in cranial and trunk neural crest cells. In chick cranial premigratory neural 

crest, Cad6B appears to be a source of epithelial cell-cell adhesions, as loss of Cad6B 

augments neural crest migration while overexpression of Cad6B inhibits migration (Coles 

et al., 2007). Furthermore, the neural crest specifier Snail2 directly represses Cad6B 

transcription, alleviating Cad6B-dependent cell-cell adhesions and in turn promoting 

migration (Taneyhill et al., 2007). As transcriptional repression of cadherins is a 

recurring observation of EMTs during development and disease, this finding is consistent 

with our generalized understanding of how cells disrupt epithelial adhesions during EMT 

(Gheldof and Berx, 2013; Micalizzi et al., 2010; Peinado et al., 2004; Thiery et al., 2009). 

Meanwhile, early migrating trunk neural crest cells retain Cad6B protein, and in this case 

Cad6B is actually required to promote de-epithelialization by activating a non-canonical 

BMP signaling pathway (Park and Gumbiner, 2010; Park and Gumbiner, 2012). 
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Consistent with this finding, blocking Cad6B function in trunk neural crest cells actually 

inhibits migration (Park and Gumbiner, 2010). This finding suggests that in the trunk 

Cad6B may function in more than just a cell adhesive capacity, and emphasizes that it 

most likely acts through distinct mechanisms in the trunk and head. Further investigation 

into the regional differences in cadherin regulation is required for a more complete 

understanding of how individual cadherins play such distinct roles in cranial and trunk 

neural crest EMT.  

1.4.3 ADAM proteases 

The “A disintegrin and metalloproteinase” (ADAM) family of membrane proteins 

are a diverse group of proteases that have unique roles in regulating cell adhesion, cell 

migration, cell fusion and intercellular signaling (Edwards et al., 2008; Tousseyn et al., 

2006). ADAMs are primary facilitators in protein ectodomain shedding, a process by 

which integral membrane proteins or membrane associated proteins are cleaved to 

produce a soluble extracellular domain and resulting membrane-associated fragment 

(Weber and Saftig, 2012). This can drastically change the function of shed proteins by 

downregulating their presence at the membrane or by liberating soluble ligands or 

cytoplasmic fragments that modulate cell signaling (Blobel, 2005; Weber and Saftig, 

2012). For example, Notch signaling is transduced by multiple cleavages of the Notch 

receptor, the first of which is mediated by ADAM10-dependent ectodomain shedding, 

which removes the Notch extracellular domain and frees up the membrane associated 

portion for further clevage by γ-secretase (Kopan, 2012; Pan and Rubin, 1997; Weber and 

Saftig, 2012). In addition to cell signaling molecules, ADAMs can also cleave cell 
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adhesion molecules including cadherins (Tousseyn et al., 2006), and have thus become 

interesting genes for study during EMT.   

1.4.4 ADAMs relevant to neural crest EMT 

The activity of neural crest cadherins is modulated via proteolytic processing by 

ADAMs. For example, cleavage of Cad11 by ADAM13 is required for migration of 

Xenopus cranial neural crest cells (McCusker et al., 2009). Interestingly, this processing 

produces an extracellular, membrane-associated cleavage product that retains only some 

cell-cell adhesive activity (McCusker et al., 2009) and presumably supports migration by 

promoting transient, mesenchymal cell-cell adhesions in exchange for stronger, epithelial 

adhesions. Such cadherin processing can also act as a switch between cell-cell adhesion 

and cell signaling activity. In chick, loss of N-cad protein is a prerequisite for migration, 

but its downregulation is not mediated transcriptionally, as N-cad mRNA levels are 

unchanged in the dorsal neural tube when trunk neural crest cells begin to migrate 

(Shoval et al., 2007). Instead, cleavage of N-cad by the BMP-responsive 

metalloproteinase, ADAM10, mediates loss of N-cad protein levels (Shoval et al., 2007). 

This cleavage presumably alters N-cad dependent cell-cell adhesions as expected, but 

also produces a soluble C-terminal fragment (CTF2). Furthermore, CTF2 translocates to 

the nucleus and leads to transcriptional changes that promote exit from the neural tube 

(Shoval et al., 2007). This finding suggests that ADAM-dependent cleavage of cadherins 

might serve to communicate disruption of adhesions with the rest of the cell, thus 

coordinating changes in cell-cell adhesion with other cellular events that occur during 

EMT. Unfortunately, ADAM-dependent processing of many neural crest cadherins has 

not been evaluated. Future investigation into this processing will help us gain a more 
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comprehensive understanding for the unique roles cadherins play in neural crest EMT, 

and may help clarify some of the distinct regional differences in cadherin function. 

1.4.5 Matrix metalloproteinases (MMPs) 

 Like all epithelia, the basal surface of the neural tube is surrounded by an intact 

basement membrane (Tosney, 1982), and even when neural crest cells have completed 

other cellular changes that occur during EMT, they will not invade an intact lamina 

(Erickson, 1987). Therefore, during EMT it is crucial that migrating cells breakdown 

their restricting basement membrane. Invading cells do this, in part, via the activity of 

matrix metalloproteinases (MMPs). MMPs are extracellular or cell-surface expressed 

proteins that, upon interaction with metal ions, can enzymatically degrade components of 

the extracellular matrix (ECM), including laminin, as well as cell surface adhesion 

molecules (Sternlicht and Werb, 2001). Although the requirement for MMPs in 

degradation of the tumor microenvironment during cancer progression has been well 

studied (Micalizzi et al., 2010; Przybylo and Radisky, 2007), less is known about how 

specific MMPs impact neural crest development.  

1.4.6 MMPs relevant to neural crest EMT 

 To date, the activity of two MMPs have been implicated in chick neural crest 

EMT. The first, MMP2/gelatinase A, is expressed transiently in early migrating chick 

neural crest cells, and blocking MMP2 activity leads to a drastic loss of migratory neural 

crest cells (Duong and Erickson, 2004). Although MMP2 is known to digest laminin 

(McCawley and Matrisian, 2001), this study did not show a direct effect on the laminin 

surrounding the neural tube. Meanwhile, a later study showed that another gelatinase, 

MMP9/gelatinaseB is also expressed in early migrating chick neural crest cells and its 
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expression in turn promotes the breakdown of both the laminin basement membrane and 

N-cad, while its loss inhibits migration (Monsonego-Ornan et al., 2012). Similarly, the 

activity of a related MMP, MMP14 (MT1-MMP), expressed in Xenopus neural crest cells 

is required to promote migration in that context (Harrison et al., 2004; Tomlinson et al., 

2009), suggesting similar mechanisms control basement membrane breakdown in both 

species. Thus, MMPs appear to be important for promoting neural crest cell invasive 

abilities, however more investigation is required to gain a complete understanding for 

how they are involved in EMT as compared to their involvement during migration.  

1.4.7 RhoGTPases 

 In the final stages of EMT, neural crest cells become motile, retract their apical 

tails and propel themselves out of the neural tube. To complete these actions, neural crest 

cells produce a remarkable amount of mechanical force. In fact, live cell imaging has 

shown that sometimes neural crest cells leaving the neural tube produce enough force to 

rupture their apical tail and leave behind intact cell-cell adhesions (Ahlstrom and 

Erickson, 2009). Such mechanical forces are provided by dynamic cytoskeletal 

rearrangements that are regulated in part by the Rho family of GTPases. The three main 

RhoGTPase family members are Rho, Rac and Cdc42, and all are molecular switches of 

the Ras superfamily that alternate between GDP-bound (off) and GTP-bound (on) 

conformational states (Etienne-Manneville and Hall, 2002; Wennerberg and Der, 2004). 

When bound to GTP, RhoGTPases activate a number of downstream effectors including, 

but not limited to, Rho kinase (ROCK) and cytoskeletal regulators like WASPs and mDia 

(Vega and Ridley, 2007), that in turn lead to the dynamic cytoskeletal rearrangements 

that specify cell shape or enhance motility. For example, constitutively active Rho leads 
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to the formation of actin stress fibers, active Rac results in the formation of lamellipodia 

and Cdc42 promotes the assembly of filopodia (Kozma et al., 1995; Nobes and Hall, 

1995; Ridley and Hall, 1992; Ridley et al., 1992). In addition to providing the mechanical 

force required for leaving the neural tube, RhoGTPases impact the dissolution of 

adherens junctions during EMT and regulate cell motility during migration (Menke and 

Giehl, 2012; Savagner, 2001).  

1.4.8 RhoGTPases relevant to neural crest EMT 

Multiple RhoGTPases have been implicated in regulating various aspects of 

neural crest EMT, including RhoA, RhoB, RhoU and Rac1 (Berndt et al., 2008; Faure 

and Fort, 2011; Fort et al., 2011; Groysman et al., 2008; Liu and Jessell, 1998; Matthews 

et al., 2008; Notarnicola et al., 2008; Shoval and Kalcheim, 2012). Despite conflicting 

findings on the exact requirement for RhoGTPases as neural crest cells exit the neural 

tube and actively migrate (Berndt et al., 2008; Groysman et al., 2008; Liu and Jessell, 

1998), there is strong evidence that RhoGTPases regulate cell-cell adhesions during 

neural crest EMT. In fact, inhibiting Rho signaling via ROCK inhibitors in chick trunk 

neural crest cells prematurely downregulated N-cad in the dorsal neural tube and 

promoted migration, while overexpression of RhoA or RhoB maintained N-cad levels 

and inhibited migration (Groysman et al., 2008), suggesting that Rho stabilizes N-cad 

protein levels and antagonizes EMT. This is consistent with the general idea that 

RhoGTPase activity is required to assemble and maintain mature adherens junctions 

(Menke and Giehl, 2012). These findings suggest that RhoGTPases, a protein family that 

is best known for their role in regulating cytoskeletal dynamics in actively migrating 
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cells, also functionally interacts with proteins responsible for neural crest cell-cell 

adhesion.  

1.4.9 The consequence of EMT 

 As a consequence of EMT, the cellular characteristics of epithelial premigratory 

neural crest cells are remodeled and neural crest cells transition into motile mesenchymal 

cells that are capable of migration. Although EMT involves independent changes in cell 

adhesion, invasiveness, and motility, these cellular events occur simultaneously and are 

inter-connected rather than linear. Recent studies using live cell imaging in chick neural 

tube slice cultures stress this point and show that at times cells exit the neural tube 

without completing all the steps of EMT. For example, some cells acquired enough 

mechanical force to exit the neural tube without completely dissociating their cell 

adhesions (Ahlstrom and Erickson, 2009). Further investigation into the dynamic 

regulation of key EMT modulators will help us answer remaining questions about how 

neural crest cell-cell adhesions are regulated and how the independent steps of EMT are 

coordinated. New studies involving live cell imaging in addition to identifying new EMT 

regulators will be crucial to increasing our understanding of how neural crest cells 

become migratory.  

1.5 Insight into the differences between cranial and trunk neural crest cells 

Neural crest cells arise from nearly the entire neural tube, however there are 

distinct differences between neural crest cells in different regions (Kuo and Erickson, 

2010). For example, neural crest potential is not equivalent along the anterior-posterior 

axis. Although neural crest cells from all regions of the neural tube can produce neural, 

glial and melanocyte derivatives, the ability of neural crest cells to contribute to bone and 
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cartilage is restricted to cranial and rostral trunk neural crest cells anterior to the fifth 

somite (Le Lievre and Le Douarin, 1975; Nakamura and Ayer-le Lievre, 1982). 

Moreover, the dorsal neural tube anterior to the mid-diencephalon does not produce 

migratory neural crest cells (Creuzet et al., 2005). This suggests that there are innate 

differences in neural crest cells in different regions of the embryo (Kuo and Erickson, 

2010).  

Perhaps the most striking difference between cranial and trunk neural crest cells is 

their modes of migration away from the neural tube. Cranial neural crest delamination 

occurs quickly, with large numbers of cells leaving the neural tube en masse, while trunk 

neural crest cells leave the neural tube one at a time, over a period of 2-3 days (Duband, 

2006; Kalcheim and Burstyn-Cohen, 2005; Kuo and Erickson, 2010; Tosney, 1978; 

Tosney, 1982). Furthermore, once cranial neural crest cells leave the neural tube they 

migrate collectively in broad streams, with contacts between them essential for directing 

their migration (Carmona-Fontaine et al., 2008; McCusker et al., 2009). In contrast, trunk 

neural crest cells migrate individually, although similar transient contacts form between 

individual migratory trunk neural crest cells (Kasemeier-Kulesa et al., 2005; Kulesa and 

Fraser, 2000). The unique environment to which cranial and trunk neural crest cells are 

exposed may play a crucial role in mediating their modes of migration, but the 

mechanism dictating this striking difference is currently unknown. 

Recent studies in chick embryos have identified a few molecular differences 

between cranial and trunk neural crest cells. As previously mentioned, there are a number 

of key differences in cadherin expression and individual cadherin function in different 

regions of the neural tube (see section 1.4.2). This emphasizes that EMT regulators, such 
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as cell adhesion molecules, are likely to play a prominent role in mediating the migratory 

dissimilarities between cranial and trunk neural crest cells. Further investigation into 

neural crest cadherin regulation will help define some of the regional differences in EMT 

and help to determine whether different EMT mechanisms are central to the cranial 

versus trunk mode of migration. Additionally, the transcription factor Ets-1 is involved in 

regulating cranial-specific migratory characteristics. Cranial neural crest cells alone 

express Ets-1, and its misexpression in the trunk induces basement membrane breakdown 

and the “all at once” mode of migration typically restricted to the head (Theveneau et al., 

2007). Unfortunately, since the targets of Ets-1 are unknown, we do not how Ets-1 

impacts the cellular events that promote the cranial mode of migration. Together these 

findings emphasize that the mechanisms controlling the migration of cranial and trunk 

neural crest cells are clearly distinct, and we cannot study one population and assume the 

outcome applies for all neural crest cells.  

1.6 Thesis goals 

1.6.1 Identifying new regulators of neural crest EMT 

Despite the importance of understanding neural crest EMT, identifying novel 

EMT regulators has proven difficult. One reason for this is the fact that neural crest 

precursors are present within a mixed population of dorsal neural tube cells and some of 

these cells will never migrate. Thus, distinguishing the cells that will migrate is virtually 

impossible, given that the expression of neural crest specifiers does not guarantee 

migration. Nonetheless, a recent screen has provided a much-needed profile of genes that 

are expressed as a consequence of neural crest induction (Adams et al., 2008; Gammill 

and Bronner-Fraser, 2002). One of the genes resulting from this screen was 
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Tetraspanin18 (Tspan18). Tspan18 encodes a small, transmembrane protein that was first 

cloned from developing chick spinal cord (Perron and Bixby, 1999), whose function 

remained unknown. Interestingly, the role of tetraspanins during neural crest 

development has never been investigated, making the finding that Tspan18 is upregulated 

upon neural crest induction an important one for further investigation.  

1.6.2 The tetraspanin family 

Tspan18 is a member of the tetraspanin family, a large and diverse group of 

integral membrane proteins consisting of at least 32 mammalian homologues, one of 

which has been discovered in every cell type examined (Hemler, 2003). In addition to the 

four characteristic transmembrane domains that give tetraspanins their name, they share a 

number of other essential features (Fig. 1-5; (Levy and Shoham, 2005)). These include 

two stereotypical extracellular domains, the small extracellular loop (SEL, ECL1) and 

long extracellular loop (LEL, ECL2), as well as multiple intracellular, juxtamembrane 

cysteines that are commonly modified by the reversible addition of the fatty acid 

palmitate via palmitoylation. The unique features of tetraspanins allow them to interact 

with their binding partners, which include cadherins, integrins, receptors, and other 

tetraspanins, to form complex membrane microdomains called tetraspanin webs. 

Tetraspanins have no known enzymatic activity, and as a result were historically thought 

to play mainly a structural role. However, recent evidence supports the idea that 

tetraspanins are capable of actively regulating the stability, localization and processing of 

associated proteins within the tetraspanin web (Hemler, 2005; Tsai and Weissman, 2011; 

Wakabayashi et al., 2009). As a result, tetraspanins impact many diverse cellular  
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Fig. 1-5. Tetraspanin structure 

Tetraspanins (blue) are small transmembrane proteins that span the membrane four times. 

They contain a number of defining structural features; including two extraceullular loops 

the SEL and LEL and juxtamembrane cysteines that are commonly modified by the 

addition of the fatty acid palmitate (*). These structural features facilitate interactions 

with nearby membrane proteins including cell adhesion molecules like integrins (orange) 

and cadherins as well as other tetraspanins and some receptors. With their binding 

partners they form unique membrane microdomains called tetraspanin webs and regulate 

diverse cellular processes including migration. Image modeled after (Levy and Shoham, 

2005).  
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processes, including cell adhesion, migration, invasion and fusion (Hemler, 2003; 

Hemler, 2005). Because the tetraspanin family is large and diverse, their actions are also 

diverse and the activity of an individual tetraspanin is commonly distinct in different 

cellular contexts (Hemler, 2005).  

1.6.3 Tetraspanins are excellent candidate regulators of neural crest EMT 

Tetraspanins have been known to both suppress and promote cancer metastasis 

(Zoller, 2009). For example, the tetraspanin CD82, a well-known metastasis suppressor, 

regulates cadherin-dependent cell adhesion and the localized activity of extracellular 

proteases (Tsai and Weissman, 2011), two events that similarly occur during neural crest 

EMT. Specifically, in non-small cell lung carcinoma, CD82 strengthens the interaction of 

E-cad with β-catenin, in turn promoting cell-cell adhesion to maintain an epithelial 

barrier that prevents cancer cell dissemination from the primary tumor (Abe et al., 2008). 

Meanwhile, expression of CD82 in a mammary epithelial cancer cell line significantly 

reduces the activation of urokinase plasminogen activator surface receptor (uPAR; (Bass 

et al., 2005)), a molecule that directly regulates the invasiveness of many metastatic 

cancer cells by activating localized proteolysis of ECM components. Although these 

mechanisms for CD82 are functionally distinct, they both reflect an overall role in 

suppressing metastasis. In contrast, another tetraspanin CD151 actually promotes 

metastasis by activating MMPs or modulating integrin function (Winterwood et al., 2006; 

Zoller, 2009). Given the similarities between cancer metastasis and neural crest EMT 

(Nieto, 2011; Powell et al., 2013; Thiery et al., 2009), tetraspanins are intriguing 

candidate regulators of neural crest EMT. In fact, tetraspanins have already been 

implicated in modulating known neural crest EMT regulators. For example, Tspan12 
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promotes the maturation of ADAM10, a protease that has been implicated in neural crest 

EMT (see section 1.4.4), in multiple cancer cell lines and subsequently regulates the 

cleavage of amyloid precursor protein (Xu et al., 2009). Thus, investigating the role of 

tetraspanins during neural crest EMT may help clarify how the molecular players of EMT 

are regulated.  

1.6.4 Overview of thesis chapters 

The goal of this thesis was to gain a better understanding of how the molecular 

players involved in neural crest EMT, such as cadherins, are regulated. Because it’s 

expression was a consequence of neural crest induction in vitro (Adams et al., 2008; 

Gammill and Bronner-Fraser, 2002), I more specifically aimed to evaluate the role of 

Tspan18 during neural crest EMT. Given that other tetraspanins have been widely 

implicated in regulating cell-cell adhesion in cancer metastasis, I hypothesized that 

Tspan18 regulates cell-cell adhesions during cranial neural crest EMT by modulating the 

activity of the neural crest cadherin, Cad6B.   

In Chapter 2, I summarize the findings of multiple Tspan18 gain- and loss-of-

function experiments that reveal Tspan18’s involvement in neural crest cell adhesion and 

provide a clearer picture of the regulation of cranial neural crest EMT. Specifically, I 

show that Tspan18 maintains Cad6B post-translationally, and conclude that alleviating 

this Tspan18-mediated stabilization is required, in parallel to transcriptional repression by 

Snail2, for migration. I find that this parallel pathway includes the neural crest specifier 

FoxD3, and report that Tspan18 lies downstream of FoxD3. This is the first study 

showing that Cad6B is post-translationally regulated, and importantly provides new 

insight into the requirement for simultaneous transcriptional and post-translational 
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regulation of cadherins during EMT. I also add to previous findings emphasizing that 

neural crest EMT is a complex process that involves many independent events, increase 

our understanding for how neural crest specifiers modulate EMT, and provide new 

insight into some of the regional differences exhibited by neural crest cells as they 

migrate.  

Chapter 3 is a follow-up of the experiments performed in Chapter 2, and provides 

a more in depth analysis behind the transcriptional regulation of Tspan18 by FoxD3. 

FoxD3 loss-of-function experiments in this chapter show that FoxD3 is required for 

Tspan18 downregulation, but suggest it does not work alone in regulating Tspan18 

mRNA expression. Furthermore I report that FoxD3 is required for cranial neural crest 

specification and migration. Importantly, the FoxD3 loss-of-function migration defect, 

but not specification defect, is partially rescued by Tspan18 knock down. This finding 

suggests that FoxD3 plays an independent role in regulating cranial neural crest 

migration, and this role is achieved by promoting Tspan18 downregulation. This study 

provides crucial new insight into how the neural crest specifiers impact cellular behaviors 

during EMT, identifies one of the few downstream targets of a neural crest specifier, and 

highlights for the first time an independent role of FoxD3 in chick cranial neural crest 

specification and migration.   

Following my summary of the main conclusions of this thesis and proposed future 

directions in Chapter 4, I have outlined preliminary data I have obtained in an attempt to 

understand the mechanism behind Tspan18’s maintenance of Cad6B protein levels in 

Appendix I. In this section, I propose that Tspan18 might support Cad6B protein levels 

by modulating ADAM-dependent Cad6B processing. Although these data do not provide 
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conclusive evidence for this mechanism, they do support continuing investigation into 

Tspan18’s potential role in regulating ADAM maturity, trafficking, or activity and how 

this might mediate Cad6B function. Altogether the work described in this thesis has 

provided new insight into our understanding of how neural crest cells become migratory, 

and has interesting implications for cancer cell metastasis.  
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Chapter 2 

Tetraspanin18 is a FoxD3-responsive antagonist of cranial neural crest epithelial-to-

mesenchymal transition that maintains cadherin-6B protein 

 

[Reprinted from: Farichild, C. L. and Gammill, L. S. (2013). Tetraspanin18 is a FoxD3-
responsive antagonist of cranial neural crest epithelial-to-mesenchymal transition that 

maintains cadherin-6B protein. J Cell Sci 126, 1464-76.] 
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2.1 Summary:  

During epithelial to mesenchymal transition (EMT), tightly associated, polarized 

epithelial cells become individual mesenchymal cells capable of migrating. Here, we 

investigate the role of the transmembrane protein tetraspanin18 (Tspan18) in cranial 

neural crest EMT. Tspan18 mRNA is expressed in premigratory cranial neural crest cells, 

but is absent from actively migrating neural crest cells. Tspan18 knock down leads to a 

concomitant loss of Cadherin6B (Cad6B) protein, while Cad6B protein persists when 

Tspan18 expression is extended. As the temporal profile of Cad6B mRNA 

downregulation is unaffected in these embryos, this indicates that Tspan18 maintains 

Cad6B protein levels and reveals that Cad6B is regulated by post-translational 

mechanisms. Although downregulation of Tspan18 is necessary, it is not sufficient for 

neural crest migration: the timing of neural crest emigration, basal lamina break down 

and Cad7 upregulation proceed normally in Tspan18-deficient cells. This emphasizes the 

need for coordinated transcriptional and post-translational regulation of Cad6B during 

EMT and illustrates that Tspan18-antagonized remodeling of cell-cell adhesions is only 

one step in preparing for cranial neural crest migration. Unlike Cad6B, which is 

transcriptionally repressed by Snail2, Tspan18 expression is downstream of the winged-

helix transcription factor FoxD3, providing a new transcriptional input into cranial neural 

crest EMT. Altogether our data reveal post-translational regulation of Cad6B protein 

levels by Tspan18 that must be relieved by a FoxD3-dependent mechanism in order for 

cranial neural crest cells to migrate. These results offer novel insight into the molecular 

mechanisms of cranial neural crest EMT and expand our understanding of tetraspanin 

function relevant to metastasis.  
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2.2 Introduction: 

Epithelial-to-mesenchymal transition (EMT) is a complex, multiple step process 

during which tightly joined epithelial cells undergo dramatic changes in cell polarity, 

cell-cell adhesion, and cytoskeletal arrangement to become motile, invasive 

mesenchymal cells (Hay, 2005; Thiery and Sleeman, 2006). Many of the events that 

create the intricate adult body plan during embryogenesis require EMT, including the 

formation of migratory neural crest cells (Nieto, 2011; Polyak and Weinberg, 2009; 

Thiery et al., 2009). Neural crest cells are a unique developmental cell population that 

arises in the developing CNS but disperses throughout the embryo to form diverse cell 

types that are crucial for vertebrate organisms (LeDouarin and Kalcheim, 1999). Despite 

the importance of migration for neural crest development, our understanding of neural 

crest EMT is incomplete. In fact, a recent study using time lapse imaging to track neural 

crest cells as they emigrate has revealed that our current model of neural crest EMT is 

oversimplified and emphasizes the need for closer examination (Ahlstrom and Erickson, 

2009).  

During EMT, cell-cell adhesion is disrupted by the altered expression of 

cadherins, Ca2+ dependent adhesion molecules that are the main structural component of 

epithelial cell membrane structures called adherens junctions (AJs; (Meng and Takeichi, 

2009; Oda and Takeichi, 2011). In the chick embryo, cadherins relevant to neural crest 

EMT vary along the rostrocaudal axis. Cranial neural folds express Cadherin6B (Cad6B) 

and E-cadherin (E-cad), but not N-cadherin (N-cad). At cranial levels, Cad6B 

downregulation is necessary for neural crest EMT, while E-cad expression persists in 

migratory cells (Coles et al., 2007; Dady et al., 2012; Nakagawa and Takeichi, 1995; 
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Nakagawa and Takeichi, 1998). On the other hand, trunk neural crest cells express 

Cad6B and N-cad but not E-cad, and N-cad is lost during EMT but Cad6B persists during 

migration (Dady et al., 2012; Nakagawa and Takeichi, 1995; Park and Gumbiner, 2010; 

Shoval et al., 2007). Subsequently, the less adhesive, type II Cadherin-7 (Cad7) is 

upregulated in migratory neural crest cells all along the axis (Chu et al., 2006; Nakagawa 

and Takeichi, 1995; Nakagawa and Takeichi, 1998). As a result of this AJ remodeling, 

neural crest cells transition from tightly adherent epithelial cells to mesenchymal cells 

capable of distinct adhesive interactions including chain formations and collective cell 

migration (Alfandari et al., 2003; Carmona-Fontaine et al., 2011; Friedl and Wolf, 2003; 

Kulesa and Fraser, 2000; Nishimura and Takeichi, 2009; Theveneau and Mayor, 2012).  

While AJ remodeling is the first step in EMT (Thiery et al., 2009), the 

mechanisms that regulate cadherin levels in neural crest cells during this transition 

remain incomplete. Transcriptional downregulation of cadherin expression is crucial to 

EMT (Nieto, 2011), and in the cranial neural crest, the well-documented EMT 

transcription factor Snail2 directly binds and represses the Cad6B promoter (Taneyhill et 

al., 2007). Meanwhile, in the trunk neural tube, ectopic expression of the neural crest 

transcription factor FoxD3 leads to N-cad downregulation and elicits features of EMT 

(Cheung et al., 2005; Dottori et al., 2001; Kos et al., 2001). However, FoxD3 is not a 

classical EMT transcription factor (Yang and Weinberg, 2008) and a role for FoxD3 in 

cranial neural crest EMT has not been evaluated. Moreover, cadherins typically undergo 

post-translational regulation through processing, trafficking, or stabilization (Nishimura 

and Takeichi, 2009; Thiery et al., 2009). For example, N-cad levels in chick trunk neural 

crest cells are regulated by processing prior to EMT (Shoval et al., 2007), and cadherin-
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11 cleavage is required for Xenopus cranial neural crest migration (McCusker et al., 

2009). However, post-translational regulation of cadherins during cranial neural crest 

EMT has not been determined. 

Tetraspanins are transmembrane scaffolding proteins that have been implicated in 

the control of cell-cell adhesion and motility (Hemler, 2005). Tetraspanins organize 

membrane microdomains through intracellular interactions with other membrane 

proteins, including cadherins, integrins, membrane-bound proteases, and cell surface 

receptors (Levy and Shoham, 2005). By clustering proteins and facilitating their 

interactions, tetraspanins affect protein function (Yanez-Mo et al., 2009). Despite 

evidence that tetraspanins promote cadherin-dependent cell-cell adhesion and act as 

metastasis suppressors (Abe et al., 2008; Chattopadhyay et al., 2003; Greco et al., 2010; 

Johnson et al., 2009; Tsai and Weissman, 2011; Zoller, 2009), the role of tetraspanins in 

preventing EMT, and in regulating cadherins during neural crest development, has not 

been investigated.  

We identified Tetraspanin18 (Tspan18) in a screen for genes upregulated as a 

consequence of neural crest induction (Adams et al., 2008; Gammill and Bronner-Fraser, 

2002). Tspan18 was originally cloned from chick spinal cord, however, its function was 

unknown (Perron and Bixby, 1999). Here we report that Tspan18 is expressed in chick 

cranial premigratory neural crest cells in a pattern similar to that of Cad6B. Our analysis 

of Tspan18 knock down and overexpression reveals a novel role for Tspan18 in 

stabilizing Cad6B protein levels to antagonize EMT and subsequent neural crest 

migration. Strikingly, Tspan18 must be downregulated for cranial neural crest cells to 

migrate, but FoxD3, rather than Snail2, is required for this repression. Collectively, our 
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data reveal post-translational regulation of Cad6B protein levels by Tspan18, and identify 

FoxD3 as a novel transcriptional regulator of cranial neural crest EMT, providing new 

insight into the complex regulation of neural crest EMT. 
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2.3 Results: 

Tspan18, like Cad6B, is expressed by premigratory neural crest cells, but is down 

regulated prior to migration.   

To determine whether Tspan18 is expressed at the correct time and place to 

regulate neural crest cadherins, we visualized Tspan18 mRNA localization in chick 

embryos by whole mount in situ hybridization. Between 5 and 8 somites (s), Tspan18 

transcripts were apparent in the neural tube, head mesenchyme, epithelial somites, and 

developing vasculature (Fig. 2-1A-D). Transverse sections revealed that Tspan18 was 

abundantly expressed in cranial premigratory neural crest cells in the neural folds at 3s 

(Fig. 2-S1B) and the dorsal neural tube at 5, 6 and 7s (Fig. 2-1A’-C’, arrowheads). 

However Tspan18 was absent in the dorsal neural tube at 8s (Fig. 2-1D’, arrow), after 

cranial neural crest cells have emigrated. This expression pattern resembled that of the 

epithelial cell adhesion molecule Cad6B that must be downregulated in order for cranial 

neural crest cells to migrate (Fig. 2-1E-H’; (Coles et al., 2007; Taneyhill et al., 2007). 

Interestingly, both Tspan18 and Cad6B persisted in the forebrain, which does not produce 

neural crest cells (Fig. 2-1D,H). Tspan18 expression was never apparent in neural crest 

cells migrating away from the neural tube, and was absent from HNK-1-positive neural 

crest cells in the head mesenchyme (Fig. 2-S1D,E) and branchial arches, a cranial target 

(Fig. 2-S1G,H). Tspan18 transcripts were not detectable by in situ hybridization in 

premigratory trunk neural crest cells at any stage examined (Fig. 2-S1F and C.L. 

Fairchild, unpublished). Tspan18 mRNA expression persisted in the head mesenchyme, 

epithelial somites, and developing vasculature at both 10 and 16s (Fig. 2-S1). However, 

Tspan18 was downregulated in rostral somites that had dissociated into sclerotome and  
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Fig. 2-1. Tspan18 and Cad6B expression in cranial premigratory neural crest cells is 

downregulated prior to migration.   

(A-H) Whole mount in situ hybridization for Tspan18 (A-D) or Cad6B (E-H) in 5 somite 

(s; A,E), 6s (B,F), 7s (C,G) and 8s (D,H) embryos (dorsal view, anterior embryo half). 

Tspan18 and Cad6B expression in the cranial dorsal neural tube (A-C,E,F; arrowheads) is 

downregulated (D,G,H; arrows) prior to neural crest migration. Tspan18 and Cad6B 

expression in the forebrain (fb; brackets in D,H) persists during midbrain neural crest 

migration. Tspan18 and Cad6B are also expressed in the developing vasculature 

(asterisks in B,F), and Tspan18 is expressed in the head mesenchyme (m) and epithelial 

somites (som). (A’-H’) Transverse sections at the levels indicated in A-H reveal Tspan18 

(A’-D’) and Cad6B (E’-H’) expression in premigratory neural crest cells in the dorsal 

neural tube (nt; arrowheads in A’-C’ and E’,F’) that is downregulated upon neural crest 

migration (D’,G’,H’; arrows). Tspan18 expression in the cranial mesenchyme (m) is also 

apparent.  
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dermomyotome (Fig. 2-S1D,G). Thus, Tspan18 is expressed by premigratory cranial 

neural crest cells and generally correlates with epithelial and not mesenchymal cell types.  

 

Tspan18 knock down leads to premature loss of Cad6B protein.  

 Given that Tspan18 and Cad6B were similarly expressed (Fig. 2-1), and that 

tetraspanins are known to influence cadherin localization and function (Abe et al., 2008; 

Greco et al., 2010; Hemler, 2005), we postulated that Tspan18 would affect Cad6B. To 

investigate this possibility, we designed a FITC-tagged, antisense morpholino 

oligonucleotide (MO) to block Tspan18 translation (TS18MO). FITC-tagged standard 

control MO (ContMO) or TS18MO were electroporated into presumptive neural crest 

cells and Cad6B protein was visualized by immunofluorescence at 5-7s in whole mount 

and cryosections. Electroporation of ContMO had no effect on Cad6B protein levels (Fig. 

2-2A-C; equivalent average fluorescence intensity on targeted and untargeted sides, O). 

However, when Tspan18 was knocked down, Cad6B protein was diminished in the 

forebrain (Fig. 2-2D; 81.3% of embryos; p=2.2x10-4, n=16), a region that continuously 

expressed Tspan18 and Cad6B (Fig. 2-1) and does not produce neural crest cells. 

Meanwhile, following TS18MO electroporation into the premigratory neural crest-

containing midbrain, Cad6B protein was largely depleted (Fig. 2-2E; 68.7% of embryos; 

p=6.5x10-4, n=16) and the average intensity of Cad6B immunofluorescence on the 

targeted side was significantly reduced (Fig. 2-2O; n=5; p=8.0x10-3). Whole mount 

images of TS18MO-electroporated embryos further confirmed the reduction of Cad6B 

protein levels throughout the cranial premigratory neural crest (Fig. 2-2F). Embryos 

electroporated with a TS18MO containing a 5 base pair mismatch (mmTS18MO) did not  



48 

 

 



49 

 

Fig. 2-2. Tspan18 knock down leads to a reduction in Cad6B protein levels with 

variable effects on Cad6B mRNA expression.   

(A-F) Transverse sections (A,B,D,E) and whole mount images (C,F; midbrain dorsal 

view) reveal that Cad6B immunofluorescence (A-F, red; A’-F’) is reduced on the 

targeted side of the neural tube (green) in the forebrain (arrowhead in D’) and midbrain 

(arrowheads in E’,F’) of 6-7s embryos unilaterally electroporated with TS18MO (D-F) 

but not with ContMO (A-C). (G-M) Whole mount in situ hybridization (G,J; dorsal view, 

anterior embryo half) and transverse sections (H,I,K,L,M) reveal that Cad6B mRNA 

expression (purple) is reduced on the targeted side (green) compared to the untargeted 

side in the forebrain (arrowhead in K) but is unaffected in the midbrain of the majority of 

TS18MO-electroporated embryos (L). In 27.8% of embryos, Cad6B mRNA was reduced 

in neural folds electroporated with TS18MO (arrowhead in M). (N) Bar graph 

representing the frequency of electroporated embryos exhibiting affected versus 

unaffected Cad6B protein levels or mRNA expression. (O) Quantification of Cad6B 

immunofluorescence intensity comparing the MO-targeted (targ) and untargeted (untarg) 

sides of the midbrain neural tube in individual sections (n=5). nt, neural tube; mb, 

midbrain; ns, not significant. Scale bars in A,C,D,F= 50 µm. Dotted lines in (C’,F’) 

indicate embryo midline. 
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exhibit this severe phenotype (7/9 unaffected; 2/9 mildly affected; C.L. Fairchild, 

unpublished), indicating the TS18MO concentration was in the effective and specific 

dose range (Moulton and Yan, 2008). Furthermore, these effects were specific to Cad6B 

as electroporation of TS18MO did not affect the level or localization of N-cad (Fig. 2-S2; 

n=4) or E-cad (Fig. 2-S3; n=16). These results indicate that Tspan18 is required to 

maintain premigratory Cad6B protein levels.  

 To verify that the loss of Cad6B protein in TS18MO-electroporated embryos was 

efficient and not due to off-target effects of TS18MO, we assessed efficacy and 

specificity of the knock down phenotype, and also visualized cell proliferation and 

survival. Because commercially available human Tspan18 antibodies do not cross-react 

with chick Tspan18 and the chick Tspan18 antibody we raised was ineffective, we were 

unable to visualize endogenous Tspan18 knock down. However, as TS18MO anneals to 

nucleotides +1 to +25 of the Tspan18 open reading frame, we could assess knock down 

of C-terminal myc-tagged Tspan18 expressed from a DNA construct (pCIG-

Tspan18MT). Co-electroporation of 1 µg/µl pCIG-Tspan18MT with TS18MO 

dramatically reduced translation of the tagged protein (Fig. 2-S4). To assess the 

specificity of TS18MO, we co-electroporated 1 µg/µl untagged pCIG-Tspan18 with 

TS18MO, and evaluated Cad6B protein levels. Driving additional Tspan18 expression in 

TS18MO electroporated cells rescued Cad6B protein levels on the targeted side of the 

neural tube (Fig. 2-S5; Cad6B protein levels reduced in 13.6% of TS18MO + Tspan18 

coelectroporated embryos and 88.9% of TS18MO electroporated embryos; p=4.9x10-4, 

n=22). Moreover, embryos electroporated with either ContMO or TS18MO exhibited no 

statistically significant difference in the number of phospho-histone H3 (pH3) positive 
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proliferating cells between the targeted and untargeted sides of the neural tube (Fig. 2-

S6A-C; p= 0.27; n=3). Likewise, no change in cell death, visualized by TUNEL staining, 

was apparent between the targeted and untargeted sides of the neural tube (Fig. 2-S6D-F; 

p=0.42; n=4). These data indicate that Tspan18 knock down is efficient, and TS18MO 

phenotypes are not due to off-target effects or changes in cell number through 

proliferation or death.  

 

Tspan18 knock down has variable effects on Cad6B mRNA expression that may be a 

consequence of increased nuclear β-catenin.   

Tetraspanins can modulate membrane proteins that elicit intracellular signaling 

cascades and lead to indirect transcriptional changes in the nucleus (Berditchevski, 2001; 

Chairoungdua et al., 2010; Hemler, 2005; Huang et al., 2004). To determine whether loss 

of Cad6B protein following Tspan18 knock down (Fig. 2-2E,F) was due to reduced 

Cad6B mRNA expression, we electroporated embryos with either ContMO or TS18MO 

and assessed Cad6B mRNA levels by whole mount in situ hybridization. Although 

Cad6B expression was unaffected in ContMO-electroporated embryos at 5s (Fig. 2-2G-I), 

Cad6B mRNA levels were reduced on the targeted side of the neural tube in the forebrain 

of TS18MO-electroporated embryos (Fig. 2-2N; p=3.4x10-4, n=16). Interestingly, 

midbrain Cad6B mRNA expression was unaffected in the majority of TS18MO-

electroporated embryos, and the infrequent inhibition was not statistically significant 

(Fig. 2-2J-N; p=0.14, n=18). Thus, although Tspan18 knock down can impact Cad6B 

gene expression, it does not account for the significant decrease in midbrain Cad6B 

protein levels in the majority of embryos (Fig. 2-2E’,F’,N). Furthermore, the differential 
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effect in the forebrain and midbrain suggest that Cad6B mRNA expression is 

differentially regulated along the rostrocaudal axis.  

To understand how a membrane protein like Tspan18 with no known signaling 

domains might affect Cad6B transcription in the nucleus (Fig. 2-2), we investigated two 

potential scenarios. We first assessed whether Tspan18 knock down increased levels of 

the Cad6B transcriptional repressor Snail2 (Taneyhill et al., 2007). On the contrary, 

Snail2 protein levels were reduced in TS18MO-electroporated cells (Fig. 2-S7A-E), 

inconsistent with a reduction in Cad6B mRNA. Next we determined whether Tspan18 

knock down indirectly increased nuclear β-catenin levels. β-catenin interacts with 

cadherins in AJs (Meng and Takeichi, 2009) and additionally regulates gene expression, 

including repression of cadherin transcription (Huber et al., 1996; Jamora et al., 2003), as 

a downstream effector of the Wnt signaling pathway (Heuberger and Birchmeier, 2010). 

Because AJ disassembly can indirectly affect nuclear β-catenin levels (Heuberger and 

Birchmeier, 2010; Kam and Quaranta, 2009; Kuphal and Behrens, 2006; Onder et al., 

2008; Orsulic et al., 1999; Shtutman et al., 2006), we reasoned that loss of Cad6B protein 

could lead to increased nuclear β-catenin. Interestingly, line scans revealed increased 

nuclear-localized β-catenin in TS18MO-targeted compared to untargeted neural fold cells 

(Fig. 2-S7F-H), providing a possible mechanism by which Tspan18 knock down 

sometimes leads to reduced Cad6B transcription.  

 

Tspan18 knock down does not trigger neural crest migration.   

A previous report showed that Cad6B knock down enhances neural crest 

migration (Coles et al., 2007). In turn, we reasoned that Tspan18 knock down, which 
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leads to premature loss of Cad6B protein (Fig. 2-2), would also promote neural crest 

migration. Specifically, we postulated that Tspan18-deficient embryos would exhibit 

precocious cranial neural crest migration. To investigate this possibility, neural crest cells 

electroporated with either ContMO or TS18MO were visualized by Sox10 in situ 

hybridization at 8-10s. Neural crest migration was unaffected in ContMO-electroporated 

embryos (Fig. 2-3A,B; n=22). In 28.1% of TS18MO-electroporated embryos, Sox10-

positive neural crest cells migrated noticeably farther on the targeted side compared to 

the untargeted side of the neural tube (Fig. 2-3D,F; n=32). Unexpectedly, neural crest 

migration distance in the remaining 71.9% of TS18MO-electroporated embryos was 

similar to controls (Fig. 2-3C,E,G) and the enhanced migration phenotype we 

occasionally observed was not statistically significant (p=0.11). Therefore, while 

Tspan18 knock down leads to premature loss of Cad6B protein, in most embryos this is 

insufficient to stimulate cranial neural crest migration.  

 

Loss of Tspan18 does not interfere with the timing of subsequent steps in EMT. 

Although downregulation of Cad6B is required for cranial neural crest migration 

(Coles et al., 2007), AJ remodeling is not the only step in EMT; cells must also break 

down their restrictive basal lamina and express genes that establish their motility and 

mesenchymal characteristics (Hay, 2005). Thus, we reasoned that most Tspan18-deficient 

embryos did not migrate precociously because other steps in EMT were unaffected. 

Normally, cranial premigratory neural crest cells were enclosed within a basal lamina 

extending from the basal surface of the neural tube to the non-neural ectoderm (Fig. 2-

S8A); at 8-10s, this basal lamina broke down, leaving a laminin-deficient void where  
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Fig. 2-3. Tspan18 knock down inconsistently enhances neural crest migration.  

(A-F) Embryos unilaterally electroporated with ContMO (A,B) or TS18MO (C-F) were 

processed by whole mount in situ hybridization for Sox10 at 8 or 9s (A,C,D, dorsal view, 

anterior embryo half; A’,C’,D’, construct targeting; B,E,F, midbrain transverse sections 

at the level indicated). Neural crest migration is unaffected by ContMO (A,B, arrows). 

TS18MO-electroporated neural crest cells migrated normally in most embryos (C, E, 

arrows), but was enhanced in 28.1% of embryos (D, F, arrowheads). (G) Bar graph 

representing the frequency of embryos with enhanced or normal migration. 
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HNK-1-positive migratory neural crest cells escaped the neural tube (Fig. 2-S8B,C; 

(Tosney, 1982)). The same spatiotemporal pattern of laminin immunostaining was 

observed in embryos electroporated with either ContMO (Fig. 2-4A,B; n=13) or 

TS18MO (Fig. 2-4C,D; n=12). This indicates Tspan18 knock down does not alter basal 

lamina integrity during cranial neural crest delamination.   

Once neural crest cells downregulate Cad6B, they activate expression of the 

mesenchymal cell adhesion molecule, Cad7 (Nakagawa and Takeichi, 1998). Although 

Cad7 protein was undetectable in early migrating cranial neural crest cells at 8s (Fig. 2-

S8D), Cad7 protein was apparent in HNK-1-positive migratory neural crest cells by 10s 

(Fig. 2-S8E; staining was variable at 9s). This was consistent with the pattern of Cad7 

expression in trunk migratory neural crest cells, although levels are higher in the trunk 

(Fig 2-S8F; (Nakagawa and Takeichi, 1998)). The timing of Cad7 protein accumulation 

was unaffected by Tspan18 knock down: Cad7 was undetectable at 8s in migratory 

cranial neural crest cells electroporated with ContMO (Fig. 2-4E; n=9) or TS18MO (Fig. 

2-4H; n=9), but present at 10s in cranial neural crest cells electroporated with either 

ContMO (Fig. 2-4F,G; n=4) or TS18MO (Fig. 2-4I,J; n=4). Altogether, these results 

suggest that Tspan18 regulates Cad6B protein levels specifically, and is not required for 

other steps in EMT like delamination and acquisition of mesenchymal fate. 

 

Sustained expression of Tspan18 prevents neural crest migration. 

Tspan18 mRNA was absent in migratory neural crest cells (Fig. 2-1, 2-S1). To 

determine whether downregulation of Tspan18 was a prerequisite for cranial neural crest 

migration, we forced Tspan18 expression in neural crest cells past the stage it is normally  



57 

 

 

 



58 

 

 

Fig. 2-4. Loss of Tspan18 does not alter basal lamina break down or the acquisition 

of mesenchymal character.  

Transverse midbrain sections of ContMO (A,B,E-G) or TS18MO (C,D,H-J) 

electroporated embryos immunostained for Laminin (A-D, red; A’-D’) or Cad7 (E-J, red; 

E’-J’). (A-D) In all conditions, the intact basal lamina connecting the basal surface of the 

neural tube with the non-neural ectoderm at 7s (arrowheads in A’,C’) becomes 

discontinuous at 8s (arrows in B’,D’, insets in B’ and D’) in the region that cranial neural 

crest cells will exit the neural tube. (E-J) Cad7 protein is undetectable in early migrating 

neural crest cells at 8s (arrows in E’ and H’) but accumulates by 10s in both ContMO and 

TS18MO targeted and untargeted migratory cranial neural crest cells (arrowheads in 

F’,G’,I’,J’). G and J are the unelectroporated halves of embryos shown in F and G. nt, 

neural tube. Scale bars= 50 µm. 
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lost. Electroporation of the chick expression construct pCIG (Megason and McMahon, 

2002) at low (3 µg/µl) or high (5 µg/µl) concentrations did not affect migration of Sox10- 

or HNK-1-positive neural crest cells (Fig. 2-5A,B,E,G,K). In contrast, neural crest 

migration was inhibited on the targeted side of the neural tube in over 90% of embryos 

electroporated with pCIG-TS18 at either concentration (Fig. 2-5C,D,F,H,K, arrowheads; 

p=5.3x10-6 (low); p=1.9x10-6 (high)). When analyzed by HNK-1 immunofluorescence, it 

was apparent that sometimes all neural crest migration was blocked (Fig. 2-5F, 

arrowhead) compared to the unelectroporated side (arrow). Meanwhile in other embryos, 

GFP-positive Tspan18-expressing cells were stopped near the dorsal neural tube (Fig. 2-

5H, arrowhead), while GFP-negative neural crest cells migrated normally (Fig. 2-5H, 

arrow). This suggests that scoring migration without distinguishing between 

electroporated and unelectroporated cells (as in Fig. 2-5C,D,K) under-represents the 

severity of the phenotype. These effects were not due to changes in cell proliferation or 

death, as no differences were observed between targeted and untargeted sides of the 

neural tube in pCIG or pCIG-TS18 electroporated embryos (Fig. 2-S9). Together, these 

data indicate that Tspan18 expression is incompatible with migration.  

While sustained Tspan18 expression dorsally in the neural folds prevented neural 

crest migration, ectopic expression of Tspan18 in the ventral neural tube altered neural 

tube morphogenesis. In about 55% of 3 µg/µl pCIG-TS18-electroporated embryos 

(p=5.9x10-7, n=37) and 95% of, 5 µg/µl pCIG-TS18-electroporated embryos (p=2.2x10-

16, n=29), the neuroepithelium on the targeted side remained flat and exhibited a severe 

neural tube defect (Fig. 2-5D”,J; asterisks). This phenotype was never observed in control 

embryos (Fig. 2-5B”,I,L). Even when a neural tube formed, more subtle effects on neural  
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Fig. 2-5. Tspan18 prevents neural crest migration.   

(A-D) Whole mount in situ hybridization for Sox10 in 8-9s embryos unilaterally 

electroporated with low (A,C; 3µg/µl) or high (B,D; 5 µg/µl) concentrations of empty 

pCIG (A,B) or pCIG-TS18 (C,D; dorsal view, anterior embryo half; A’-D’, construct 

targeting). pCIG-TS18 impedes neural crest migration (arrowheads in C,D). Bright field 

images (B”,D”) reveal an additional neural tube defect (D”, asterisk) in embryos 

electroporated with pCIG-TS18. (E-J) Transverse sections of 9-10s embryos 

electroporated with 3µg/µl pCIG (E,G,I) or pCIG-TS18 (F,H,J). pCIG-TS18-

electroporated cells (F,H; green, arrowhead) clump near the neural fold, while pCIG-

electroporated (E,G, green, arrow) and unelectroporated (F,H, arrows) HNK-1 positive 

(red) neural crest cells migrate normally. In contrast to pCIG-electroporated embryos (I), 

pCIG-TS18-electroporated embryos sometimes exhibit flat, open neural tubes (J, 

asterisk). (K) Bar graph representing the frequency of neural crest migration defects. (L) 

Bar graph representing the frequency of neural tube defects. nt, neural tube. Scale bars= 

50 µm. 
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fold shape were sometimes apparent (see for example Fig. 2-5F,H). However, 

morphogenetic abnormalities did not account for neural crest migration defects since 

pCIG-TS18-electroporated neural folds produced migratory neural crest cells (Fig. 2-

5F,H, arrow).  

 

Cad6B protein persists following Tspan18 overexpression, while Cad6B mRNA is 

downregulated on time.  

 Tspan18 knock down reduced Cad6B protein levels (Fig. 2-2) while Tspan18 

overexpression impeded neural crest migration (Fig. 2-5). Because Cad6B 

overexpression inhibits neural crest migration (Coles et al., 2007), we postulated that 

sustained Tspan18 expression prevented neural crest migration through effects on Cad6B. 

Cad6B protein was absent in the midbrain neural folds of 7s embryos electroporated with 

3 µg/µl pCIG (Fig. 2-6A,D; n=10). However, we detected Cad6B protein in 92.5% of 7-

10s embryos electroporated with 3 µg/µl pCIG-TS18 (Fig. 2-6B-D; p=4.4x10-5, n=14 

embryos). Importantly, Cad6B protein was still restricted to the dorsal neural tube in 

pCIG-TS18 electroporated embryos, suggesting that Tspan18 overexpression maintains 

existing protein and does not induce de novo Cad6B translation in the neurectoderm (Fig. 

2-6C).  

To determine whether maintenance of Cad6B protein in the neural folds reflected 

persistent Cad6B transcription, we visualized Cad6B mRNA by in situ hybridization after 

electroporation with either pCIG or pCIG-TS18. In unmanipulated embryos (Fig. 2-1E-

G) or embryos electroporated with 3 µg/µl pCIG (Fig. 2-6E,G; n=16), Cad6B mRNA was 

expressed at 5s, but downregulated by 7s. Likewise, Cad6B expression was present,  
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Fig. 2-6. Tspan18 overexpression maintains Cad6B protein, while Cad6B mRNA 

downregulates on schedule.   

Embryos unilaterally electroporated with empty pCIG (A,E,G) or pCIG-TS18 (B,C,F,H) 

were immunostained for Cad6B protein at 7s (A-B; wholemount midbrain dorsal view, 

C; transverse midbrain section) or processed by whole mount in situ hybridization for 

Cad6B mRNA (E-H, dorsal view, anterior embryo half; green in A-C,E’-H’, construct 

targeting). (A-C) Cad6B protein (A-C, red; A’-C’) is downregulated normally in pCIG 

electroporated embryos (A’) but maintained in the midbrain dorsal neural tube of pCIG-

TS18 electroporated embryos (white arrowheads in B’,C’). Ectopic Cad6B protein was 

not observed in the ventral neural tube or unelectroporated side of the embryo (white 

arrows in C’). (D) Bar graph representing the number of 7-10s embryos exhibiting 

normal downregulation versus maintenance of Cad6B protein. (E-H) Although 5s pCIG-

TS18-electroporated embryos exhibit Cad6B mRNA expression in the neural folds that is 

dispersed (F) and sometimes ectopic (arrowhead in F”) compared to pCIG electroporated 

embryos (E), Cad6B mRNA is downregulated at 7s with the same temporal profile in 

pCIG (G) and TS18MO-electroporated embryos (H). (I) Bar graph representing the 

number of embryos exhibiting ectopic Cad6B mRNA expression. Scale bar in A,C= 50 

µm. Dotted lines in (A’,B’) indicate embryo midline. 
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albeit dispersed, on the targeted side of the neural tube in 5s embryos electroporated with 

pCIG-TS18 (Fig. 2-6F; n=22). In turn, Cad6B mRNA expression in the midbrain was 

downregulated on time at 7s on both the pCIG-TS18 targeted and untargeted sides of the 

neural tube (Fig. 2-6H; n=11). Because Cad6B mRNA downregulated normally 

following Tspan18 overexpression (Fig. 2-6H), but Cad6B protein persisted (Fig. 2-6B-

D), these results indicate that Tspan18 maintains Cad6B protein levels directly, without 

indirectly modulating Cad6B mRNA expression. Moreover, expression of neural crest 

markers Cad6B (Fig. 2-6B-D, F, H), Sox10 (Fig. 2-5C, D, F), and HNK1 (Fig. 2-5F, H) 

indicate that neural crest cells form following Tspan18 overexpression, but simply fail to 

migrate.  

Interestingly, 31.6% of pCIG-TS18 targeted embryos exhibited ectopic Cad6B 

mRNA expression in the adjacent non-neural ectoderm (arrowhead in Fig. 2-6F”,I; 

p=4.3x10-2, n=19). Since pCIG-TS18 embryos are electroporated at HH4+, it is possible 

that the ectopic Cad6B expressing cells reflect incomplete morphogenetic movements 

and displacement of neural crest precursors that are specified during gastrulation (Basch 

et al., 2006). Alternatively, if Cad6B mRNA expression is induced, only the non-neural 

ectoderm is competent to respond, as ectopic Cad6B mRNA was never observed in the 

neural tube. In either case, we cannot detect ectopic Cad6B protein, indicating it is below 

the limits of detection, some factor is missing, and/or Cad6B translation is repressed 

outside the neural folds.  
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FoxD3 negatively regulates Tspan18 expression. 

Downregulation of Tspan18 was required for neural crest cells to migrate (Fig. 2-

5). Thus, characterizing the transcriptional regulation of Tspan18 is essential to 

understanding how neural crest cells prepare for migration. During cranial neural crest 

EMT, Snail2 represses transcription of Cad6B (Taneyhill et al., 2007). Given the role of 

Tspan18 in stabilizing Cad6B protein (Fig. 2-6), we investigated whether Tspan18 

expression, like Cad6B, was repressed by Snail2. However, real time qRT-PCR analysis 

of Tspan18 mRNA expression after knock down of Snail2 suggests that Tspan18 is not a 

Snail2 target (L.A. Taneyhill, personal communication), leading us to investigate other 

possible regulators of Tspan18 expression.   

Previous studies have shown that ectopic expression of the winged helix 

transcription factor FoxD3 in trunk neural tube leads to changes in cell-cell adhesion and 

promotes neural crest delamination (Cheung et al., 2005; Dottori et al., 2001; Kos et al., 

2001); thus FoxD3 was also a candidate to regulate Tspan18. To investigate this 

possibility, we examined the effect of FoxD3 overexpression on Tspan18 mRNA 

expression at 5-8s. As expected, Tspan18 mRNA levels were unaffected by 

electroporation with 5 µg/µL of the chick expression construct pMES ((Swartz et al., 

2001); Fig. 2-7A; n=16). However, Tspan18 mRNA expression was dramatically reduced 

on the targeted side of the dorsal neural tube in 76.5% of embryos electroporated with 5 

µg/µL pMES-FoxD3 (Fig. 2-7C; p=5.1x10-6, n=17). Transverse sections of the midbrain 

confirmed this observation (compare arrowhead in Fig. 2-7D to arrow in Fig. 2-7B) and 

furthermore revealed a neural tube defect similar to that of pCIG-TS18 electroporated 

embryos (Fig. 2-5D”,J). These results suggest that Tspan18 lies downstream of FoxD3. 
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Fig. 2-7. FoxD3 negatively regulates Tspan18. 

Embryos unilaterally electroporated with 5µg/µL of empty pMES (A,B) or pMES-FoxD3 

(C,D), or with ContMO (F,G) or FoxD3MO (H,I) were processed by whole mount in situ 

hybridization for Tspan18 at 7s (A-D) or 9s (F-I). A,C,F,H dorsal view, anterior embryo 

half; A’,C’,F’,H’, construct targeting; B,D,G,I, midbrain transverse sections. (A-D) 

Tspan18 expression in the neural folds (A,B, arrow) is drastically reduced on the targeted 

side of the neural tube in pMES-FoxD3 electroporated embryos (C,D, arrowheads). (F-I) 

Tspan18 expression is normally downregulated at 9s (F,G, arrow), but is maintained on 

the targeted side of FoxD3MO-electroporated embryos (H,I, arrowheads). Neural crest 

migration was inhibited in FoxD3MO-electroporated embryos (I’; arrowhead). (E) Bar 

graph representing the frequency of pMES-FoxD3-electroporated embryos exhibiting 

reduced Tspan18 mRNA expression. (J) Bar graph representing the frequency of 

FoxD3MO-electroporated embryos with persistent Tspan18 expression. 
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To confirm that FoxD3 negatively impacts Tspan18 expression, we also determined 

whether FoxD3 was necessary for Tspan18 mRNA downregulation. To this end, we 

electroporated neural crest precursors with the previously characterized FoxD3 MO (Kos 

et al., 2001) and analyzed expression of Tspan18 mRNA at 9-10s. While Tspan18 mRNA 

was absent from the midbrain of ContMO electroporated embryos (Fig. 2-7F,G), Tspan18 

transcripts persisted following FoxD3 knock down (Fig. 2-7H,I; p=9.8x10-4, n=14). 

Moreover, these FoxD3-deficient, Tspan18-expressing cells failed to migrate (Fig. 2-7I’; 

(Kos et al., 2001). This indicates that FoxD3 is required for Tspan18 transcriptional 

downregulation, and moreover, suggests that persistent endogenous Tspan18 expression, 

like Tspan18 overexpression (Fig. 2-5), prevents neural crest migration.
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2.4 Discussion: 

 Although neural crest cells must undergo EMT to become motile and AJ 

remodeling is a crucial step in this process, a complete understanding of cadherin 

regulation in neural crest cells is lacking. In this study, we have revealed Tspan18 as a 

novel post-translational regulator of Cad6B in cranial neural crest cells. We show that 

Tspan18 is abundantly expressed in premigratory but not in migratory cranial neural crest 

cells, and that Tspan18 downregulation is required for cranial neural crest cells to 

migrate. Because Tspan18 overexpression maintains, and Tspan18 knock down leads to 

premature loss of Cad6B protein without affecting Cad6B mRNA expression, we 

conclude that Tspan18 post-translationally regulates Cad6B-dependent cell adhesion to 

antagonize cranial neural crest EMT. Snail2 does not regulate Tspan18, as it does Cad6B; 

rather Tspan18 is downstream of FoxD3. Taken together, our data suggest that Tspan18 

post-translationally regulates Cad6B protein levels and must be downregulated by FoxD3 

during neural crest EMT in a pathway parallel to Snail2-dependent Cad6B transcriptional 

regulation. 

 

Tspan18 prevents neural crest migration. 

 Tspan18 overexpression blocks neural crest migration (Fig. 2-5C,D,F,H) and 

affects neural tube morphogenesis (Fig. 2-5D”,J), however, these effects are unlikely to 

be interdependent. First of all, migration defects are more common than neural tube 

defects and there is not a one-to-one correlation between these phenotypes (Fig. 2-5K,L). 

Second, abnormal neural folds produce migratory neural crest cells (Fig. 2-5H, arrow); it 

is the expression of Tspan18 that prevents migration (Fig. 2-5H, arrowhead). Third, 
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generally speaking, neural crest migration does not require neural tube closure either 

developmentally (e.g., mouse cranial neural tube) or experimentally (C.L. Fairchild and 

L.S. Gammill, unpublished observations). Thus, persistent Tspan18 expression prevents 

neural crest migration. Since Tspan18 is not normally expressed in the ventral neural tube 

or neural folds past 7 somites (Fig. 2-1), Tspan18 does not normally regulate neural tube 

closure; however, when misexpressed, Tspan18 must affect proteins involved in 

neurepithelial morphogenesis. These likely include cadherins, as N-cadherin gain- or 

loss-of-function causes similar defects (Detrick et al., 1990; Fujimori et al., 1990; 

Nandadasa et al., 2009) and the dynamic regulation of AJ positioning is required for 

epithelial folding during Drosophila gastrulation (Wang et al., 2012).  

 Tspan18 and Cad6B expression persist in the forebrain even after they are 

downregulated in the midbrain (Fig. 2-1D,H). As the rostral-most neural tube does not 

produce neural crest cells (Creuzet et al., 2005), it is possible that the expression of these 

epithelial markers is one factor that prevents neural crest migration from this region. 

Interestingly, Tspan18 knock down led to a statistically significant reduction of Cad6B 

mRNA expression in forebrain neural folds, despite Cad6B mRNA being unaffected in 

the midbrain of the majority of embryos (Fig. 2-2N). Meanwhile, Cad6B protein is more 

effectively diminished by Tspan18 knock down in the midbrain (Fig. 2-2E) than the 

forebrain (Fig. 2-2D’). This suggests regional complexity in Cad6B transcriptional and 

post-translational regulation, and the regulatory relationship between Tspan18 and 

Cad6B.  
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Tspan18 post-translationally maintains Cad6B protein.  

 Tspan18 loss-of-function impacts both Cad6B mRNA and protein levels, however 

our results suggest these effects are separable. First, Tspan18 knock down has a 

significant effect on Cad6B protein and minimal effects on Cad6B mRNA levels in the 

midbrain (Fig. 2-2). Second, Cad6B protein persists when Tspan18 is overexpressed 

despite temporally normal downregulation of Cad6B mRNA (Fig. 2-6H). Third, when 

Tspan18 is overexpressed, Cad6B protein persists only in the dorsal neural tube where it 

is normally expressed (Fig. 2-6C) indicating Tspan18 affects existing Cad6B protein 

rather than eliciting de novo expression. Altogether, these results suggest that Tspan18 

maintains Cad6B protein levels post-translationally. Transcriptionally, we propose that 

Tspan18 knock down leads to Cad6B mRNA downregulation as a secondary 

consequence of AJ remodeling that results in increased nuclear β-catenin (Fig. 2-S7F-H).  

The ability of Tspan18 to affect Cad6B post-translationally is consistent with 

existing knowledge of tetraspanins and cadherins. For example, in human cancer cells, 

the tetraspanin CD82 promotes E-cad-dependent cell-cell adhesion by stabilizing E-cad 

protein-protein interactions without markedly altering E-cad protein levels (Abe et al., 

2008). However, in this study, CD82 was concluded to promote epithelial barrier 

formation to contain metastatic cells, rather than to antagonize EMT (Abe et al., 2008). 

Nevertheless, post-translational regulation of cadherins during EMT is not 

unprecedented. N-cad protein is cleared by processing during trunk neural crest EMT 

(Shoval et al., 2007). Moreover, during mouse gastrulation, p38 destabilizes and 

EPB41L5 alters the localization of E-cad, acting in conjunction with E-cad transcriptional 

repression to enable EMT (Hirano et al., 2008; Zohn et al., 2006). Thus, coupled 
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transcriptional and post-translational regulation of cadherin levels appears to be a 

common mechanism to tightly regulate AJ remodeling and cell adhesion during dynamic, 

rapid events like neural crest migration and gastrulation (Thiery et al., 2009).  

The means by which Tspan18 maintains Cad6B protein levels is unclear. One 

possibility is that Cad6B is processed, and Tpsan18 protects Cad6B from processing 

enzymes to stabilize it at the membrane. Tetraspanins can associate with membrane 

proteases such as ADAM metalloproteases (Yanez-Mo et al., 2011), and Tspan18 could 

alter ADAM-dependent Cad6B processing. N-cad is processed in trunk neural crest cells 

by ADAM10 (Shoval et al., 2007), and cadherin-11 cleavage regulates Xenopus cranial 

neural crest migration (McCusker et al., 2009). However, Cad6B processing has not been 

defined, precluding evaluation of this scenario. Another possibility is that Tspan18 

protects Cad6B from degradation. In either case, Tspan18 could interact with Cad6B 

directly, or it could promote the formation of a complex that stabilizes Cad6B. Evaluating 

these mechanisms are important future experiments. 

 

Tspan18 knock down does not ensure premature neural crest migration. 

 Loss of Tspan18 does not promote early neural crest migration (Fig. 2-3) despite a 

consistent reduction in Cad6B protein levels (Fig. 2-2), an event that was previously 

shown to augment neural crest migration (Coles et al., 2007). There are several likely 

explanations for this. First and foremost, Tspan18 knock down may deplete Cad6B 

protein, but in a majority of embryos, Cad6B mRNA persists in the midbrain (Fig. 2-2N). 

Thus, in contrast to Cad6B knock down (Coles et al., 2007), new Cad6B protein will 

continue to be translated, barely detectable by immunofluorescence (see Fig. 2-2O) but 
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presumably sufficient to maintain adhesion. Only in the minority of cases where Cad6B 

mRNA is also lost in the midbrain would an effect on migration be anticipated. 

Incidentally, the frequency of embryos in which Cad6B mRNA is downregulated in the 

midbrain (Fig. 2-2N) is roughly equivalent to the frequency of embryos with precocious 

migration (Fig. 2-3G). Unfortunately we cannot visualize Cad6B mRNA levels in 

premigratory neural crest cells and subsequently assay those same cells for precocious 

migration in order to test this correlation directly. 

It is unclear why only some Tspan18 morphant embryos show the more dramatic 

phenotype. One possibility is that severely affected embryos are those with neural folds 

uniformly targeted with high levels of MO. Tspan18 knock down is efficient (Fig. 2-S4), 

however, MO electroporation is by nature mosaic. Given that cadherins interact 

homophilically, when MO targeting is variable in the neural fold, cells containing low 

levels of TS18MO and residual Cad6B could stabilize AJs in adjacent, well-targeted 

cells, prevent β-catenin nuclear translocation (Fig. 2-S7F-H), and thus reduce the 

penetrance of the enhanced migration phenotype.  

Another reason Tspan18 knock down may not reliably elicit precocious migration 

is that loss of an epithelial cadherin is not the sole feature of EMT; to emigrate from the 

neural tube, the basal lamina must also break down, and neural crest cells must remodel 

their AJs to include cadherins that allow mesenchymal cell-cell adhesion during 

collective cell migration (Friedl and Wolf, 2003; Park and Gumbiner, 2010; Theveneau 

and Mayor, 2012). Although Cad6B protein is lost prematurely following Tspan18 knock 

down, basal lamina break down and upregulation of the mesenchymal cadherin Cad7 still 

occur on the proper developmental timeline (Fig. 2-4). As neural crest cells will not 
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invade an intact basal lamina (Erickson, 1987), this likely prevents precocious neural 

crest migration. In this respect, Tspan18 and Cad6B knock down are similar: although 

Cad6B knock down leads to increased numbers of migratory neural crest cells, it has 

minimal effects on the extent of migration away from the neural tube (Coles et al., 2007), 

supporting this interpretation. The diversity and non-linearity of cellular behaviors during 

trunk neural crest emigration also suggest that it is not possible to change the time course 

of EMT by disrupting any one individual feature (Ahlstrom and Erickson, 2009). 

Finally, it is also possible that Tspan18 knock down does not elicit premature 

cranial neural crest migration because of genetic redundancy. The tetraspanin family is 

large, including 33 members with broad, overlapping expression domains, and mutants 

often exhibit only minor defects (Rubinstein, 2011). In the chick embryo, Tspan18 is 

coexpressed with Tspan4 and CD9/Tspan29 during later development of the spinal cord, 

thus it is possible other tetraspanins compensate for Tspan18 loss of function during 

cranial neural crest development (Perron and Bixby, 1999). However, this would not 

explain why neural crest cells occasionally do migrate prematurely (Fig. 2-3), thus, it 

would seem that other mechanistic explanations are more likely. 

 

Tspan18 is downstream of FoxD3: a novel transcriptional input into cranial neural 

crest EMT. 

 While they have similar temporal expression patterns (Fig. 2-1), and although 

Tspan18 maintains Cad6B protein levels (Fig. 2-6), transcriptional regulation of Tspan18 

and Cad6B is distinct: Cad6B is directly repressed by Snail2 in cranial neural crest cells 

(Taneyhill et al., 2007), and Tspan18 is downstream of FoxD3 (Fig. 2-7). Although its 
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role in regulating neural crest multipotency and cell fate is well known (Kos et al., 2001; 

Lister et al., 2006; Mundell and Labosky, 2011; Sasai et al., 2001), a role for FoxD3 in 

EMT is not unexpected. When overexpressed in trunk neural tube cells, FoxD3 promotes 

cell adhesive changes associated with EMT, leading to loss of N-cad expression and 

upregulation of Cad7 and β1-integrin in a Snail2-independent fashion (Cheung et al., 

2005; Dottori et al., 2001). As downregulation of Tspan18 is necessary for cranial neural 

crest cells to migrate (Fig. 2-5 and 2-7), our results show that FoxD3 is an indirect 

transcriptional regulator of cranial crest EMT that negatively affects Tspan18 expression. 

Thus the action of Snail2 and FoxD3 converge to impact Cad6B transcriptionally and 

post-translationally (through downregulation of Tspan18), resulting in AJ remodeling 

during cranial neural crest migration. As only cranial neural crest cells express detectable 

Tspan18 (Fig. 2-1), and as Snail2 transcriptionally downregulates Cad6B prior to cranial 

but not trunk neural crest migration (Park and Gumbiner, 2010; Taneyhill et al., 2007), it 

appears that this coordinated transcriptional and postranslational regulation of Cad6B is a 

cranial-specific mechanism. Additional experiments are currently underway to further 

characterize the transcriptional regulation of Tspan18 by FoxD3.  

 

A new model for cranial neural crest EMT. 

 Our study of Tspan18 provides new insight into the unique molecular 

mechanisms of cranial neural crest EMT (Fig. 2-8). Premigratory cranial neural crest 

cells express Tspan18 and Cad6B, two markers that distinguish their epithelial character. 

Our data indicate that, in premigratory cranial neural crest cells, Tspan18 maintains 

Cad6B-dependent AJs to antagonize EMT. During EMT, Snail2 downregulates Cad6B  
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Fig. 2-8. The role of Tspan18 in cranial neural crest EMT.   

(A) Epithelial, premigratory cranial neural crest cells are tightly joined by Tspan18-

stabilized, Cad6B-containing adherens junctions (AJs). During EMT, neural crest cells 

transcriptionally downregulate Cad6B via Snail2 and post-translationally destabilize 

Cad6B by FoxD3-dependent downregulation of Tspan18 to remodel their AJs in 

preparation for migration. (B) Evidence for the role of Tspan18. Sustained expression of 

Tspan18 maintains Cad6B protein and promotes Cad6B-dependent AJs, inhibiting neural 

crest migration. (C) In contrast, loss of Tspan18 results in premature downregulation of 

Cad6B protein but normal cranial neural crest migration, presumably reflecting a need for 

coordinated transcriptional and post-translational regulation of Cad6B and temporally 

normal delamination and expression of mesenchymal markers. Thus, loss of Tspan18 is 

necessary, but not sufficient for cranial neural crest migration. 
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transcription (Taneyhill et al., 2007). In parallel, we demonstrate that FoxD3 

downregulates Tspan18 expression, alleviating Tspan18-dependent Cad6B stabilization. 

Together, Cad6B transcriptional repression and post-translational destabilization result in 

AJ remodeling that changes cell adhesion and allows for mesenchymal transition and 

subsequent neural crest migration (Fig. 2-8A). Tspan18 downregulation is necessary for 

EMT, as prolonging endogenous Tspan18 expression (Fig. 2-7) or driving exogenous 

Tspan18 expression in the neural folds (Fig. 2-5) maintains Cad6B protein levels and/or 

prevents migration (Fig. 2-8B). However, Tspan18 downregulation is not sufficient for 

migration: loss of Tspan18 (and destabilization of Cad6B protein) does not alter Cad6B 

transcription and fails to trigger neural crest migration in the majority of cases (Fig. 2-

8C). This underscores the importance of coordinated transcriptional and post-translational 

regulation of cadherin expression during EMT, and emphasizes that while cadherin 

switching and AJ remodeling is a critical step in EMT, it is not the only step in the 

process of producing migratory neural crest cells (Ahlstrom and Erickson, 2009; Lim and 

Thiery, 2012). In summary, post-translational stabilization of Cad6B by Tspan18 that 

must be downregulated for cells to undergo EMT is a novel mechanism that provides new 

insight into the developmental function of tetraspanins and has important implications for 

cancer metastasis.
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2.5 Supplemental Figures: 
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Fig. 2-S1. Tspan18 is expressed during early chick development, but is absent from 

cranial migratory neural crest cells.   

Whole mount in situ hybridization for Tspan18 in 3 somite (s; A-C), 10s (D-F) and 16s 

(G,H) chick embryos (dorsal view with corresponding transverse sections at the levels 

indicated in A,D,G). In 3s embryos Tspan18 is expressed in the dorsal neural plate (np; 

arrow in B), in the presomitic mesoderm (psm), and the newly formed, epithelial somites 

(som). At 10s, Tspan18 is expressed in the developing vasculature (asterisk in D), the 

head mesenchyme (m) and epithelial somites (F). However, Tspan18 is absent in 

migrating neural crest cells that express HNK-1 (arrowheads in E,E’) and rostral, 

dissociated somites. At 16s, Tspan18 mRNA persists in the vasculature (asterisk in G) 

and epithelial somites, but remains absent from HNK-1-positive migratory neural crest 

cells in the branchial arch (ba; arrowheads in H,H’). nt, neural tube; fg, foregut.  
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Fig. 2-S2. Tspan18 knock down does not affect N-cadherin protein levels.  

Embryos were unilaterally electroporated at HH4+ with ContMO (A, green) or TS18MO 

(B, green) and subsequently sectioned and immunostained for N-cad (A, B, red; A’, B’). 

N-cad expression in the cranial neural tube at 7s, including its absence from cranial 

neural folds (Dady et al., 2012), is unaffected by ContMO (arrowhead in A’) or TS18MO 

electroporation (arrowhead in B’). nt, neural tube; Scale bar in A= 50 µm. 
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Fig. 2-S3. Tspan18 knock down does not affect E-cadherin protein levels.  

Embryos were unilaterally electroporated at HH4+ with ContMO (A, B, green) or 

TS18MO (D, E, green) and subsequently sectioned and immunostained for E-Cad (A-F, 

red; A’-F’). E-cad expression is unaffected by ContMO (arrowheads in A’-C’) or 

TS18MO (arrowheads in D’-F’) electroporation both in the cranial neural tube at 7s (A, 

D) and in migrating neural crest cells at 10s (B,C,E,F; Dady et.al., 2012). C and F are the 

unelectroporated halves of the embryos shown in B and E. nt, neural tube; Scale bars in 

A,B= 50µm. 
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Fig. 2-S4. TS18MO efficiently prevents Tspan18 protein synthesis. 

Embryos were bilaterally co-electroporated with 1 µg/µl pCIG-TS18MT (to express 

Tspan18 with a C-terminal 6x myc tag fusion) and either ContMO or TS18MO. Embryos 

were incubated to 7-10s and embryo heads with bright, equivalently targeted GFP 

fluorescence (indicating expression of the bicistronic message) were dissected. Embryo 

heads from 12 embryos were pooled, lysed, and analyzed by western blot with antibodies 

against myc tag (to detect TS18MT; 9E10; Developmental Studies Hybridoma Bank) or 

GAPDH (6C5; Life Technologies) as a loading control. Abundant TS18MT was detected 

following co-electroporation with ContMO. However, TS18MO drastically reduced the 

amount of TS18MT expressed from the pCIG-TS18MT plasmid, although some residual 

TS18MT was translated. 
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Fig. 2-S5. Co-electroporation of TS18MO with pCIG-TS18 rescues Cad6B protein 

levels.  

Embryos were unilaterally electroporated with TS18MO alone (A, green) or TS18MO 

mixed with 1µg/µl of pCIG-TS18 (B,C, green) or empty pCIG (D, green) and 

immunostained for Cad6B protein (A-D, red; A’-D’). As previously observed, Cad6B 

protein was largely absent in midbrain cells targeted with TS18MO (arrowhead in A’). 

Following co-electroporation of TS18MO and pCIG-TS18, Cad6B protein levels were 

normal or increased in 68% of embryos (arrow in B’), while Cad6B protein staining was 

speckled and partially rescued in another 23% (arrowhead in C’; p=1.7x10-4, n=22). Co-

electroporation of TS18MO with empty pCIG did not rescue Cad6B protein (arrowhead 

in D’; p=0.35, n=15). (E) A bar graph of the number of electroporated embryos showing 

a reduction, rescue, or increase in Cad6B protein levels. mb, midbrain. Scale bar in A= 50 

µm. Dotted lines in A’-D’ indicate embryo midline.  
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Fig. 2-S6. Tspan18 knockdown does not affect cell proliferation or death.   

Embryos unilaterally electroporated with ContMO (A,D) or TS18MO (B,E) were 

sectioned and immunostained for phosphohistone H3 (pH3; A,B, red; A’, B’) or labeled 

by TUNEL staining (D,E, red; D’,E’; Roche Applied Science; Indianapolis, IN). There 

was no apparent difference in the number of pH3-positive cells on the targeted side of the 

neural tube, as compared to the untargeted side, in ContMO (A’) or TS18MO (B’) 

electroporated embryos. (C) Effects on proliferation were quantitated by counting the 

number of pH3-positive cells divided by the total number of cells in the dorsal quarter of 

the neural tube on the targeted and untargeted sides in 5 sections of 3 or 4 electroporated 

embryos (p=0.270). Likewise, there was no apparent difference in the relative number of 

TUNEL-positive cells on the targeted side of the neural tube in ContMO (D’) or 

TS18MO (E’) electroporated embryos. (F) Effects on cell death were quantitated by 

counting the number of TUNEL-positive cells divided by the total number of cells in the 

dorsal quarter of the neural tube on the targeted and untargeted sides in 5 sections of 4 

electroporated embryos (p=0.415). Statistics were performed using the paired Student’s t 

test in Excel (Microscoft). Error bars indicate +/- the standard error of the mean. nt, 

neural tube. Scale bar in A= 100 µm. 
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Fig. 2-S7.  Downregulation of Cad6B mRNA following Tspan18 knock down does 

not correlate with Snail2 but may be the consequence of increased nuclear β-

catenin.   

Embryos unilaterally electroporated with ContMO (A,F) or TS18MO (B,C,G) were 

immunostained for Snail2 (A-C) or β-catenin (F, G). (A-C) Transverse midbrain sections 

of 6s embryos. Snail2 protein levels (red; A’-C’) are unaffected by ContMO 

electroporation (A, green) but reduced on the targeted side in embryos electroporated 

with TS18MO (B’,C’, green; arrowheads). (D) A representative line scan used to 

measure the average immunofluorescence intensity in a nucleus (yellow arrow; same 

procedure used for Snail2 and β-catenin). (E) Nuclear Snail2 immunofluorescence was 

quantified by line scan, comparing cells of the targeted (targ) and untargeted (untarg) 

sides of the neural tube within individual sections (horizontal lines above the graphs) to 

control for experimental variations in staining between sections and embryos. These 

measurements verified that ContMO had no effect, while TS18MO electroporation led to 

reduced Snail2 levels (n=4; p=0.001). (F-G) Transverse midbrain sections of 6-7s 

embryos reveal abundant membrane-localized β-catenin in embryos electroporated with 

both ContMO (F’) and TS18MO (G’). However, higher magnification images (box in 

F’,G’) suggest increased nuclear-localized β-catenin on the targeted (green) side of the 

neural tube in TS18MO-electroporated embryos (arrowheads in G”) compared to 

ContMO-electroporated embryos (arrow in F”). (H) Nuclear β-catenin was quantified by 

line scan, comparing cells of the targeted (targ) and untargeted (untarg) sides of the 

neural tube within individual sections (horizontal lines above the graphs) to control for 

experimental variations in staining between sections and embryos. These measurements 
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documented a significant increase in nuclear-localized β-catenin on the targeted side of 

the neural tube in TS18MO-electroporated embryos (n=3; p=0.018). To quantify Snail2 

and β-catenin, 10 nuclei were chosen from 3 sections per embryo (Snail2 n=4 embryos; 

β-catenin n=3 embryos). Nuclei were selected based on the following criteria: 1) in the 

dorsal-most quarter of the neural tube, 2) non-overlapping with other nuclei, 3) from cells 

containing detectable levels of MO. The RGB profiler plug-in in ImageJ was used to 

perform line scans (with 5 pixel lines) to measure the average intensity of the red channel 

within each DAPI-positive nucleus. Statistical evaluation of intensity measurements was 

performed using SPSS 16.0 for Windows (Chicago, IL) using paired comparisons in a 

MANOVA. A p value < 0.05 was considered statistically significant. Error bars indicate 

+/- the standard error of the mean. Scale bars in A, F= 50 µm; scale bar in F”=10 µm. 
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Fig. 2-S8. Normal expression patterns of Laminin and Cad7 during EMT.  

Transverse midbrain sections of unelectroporated embryos immunostained for Laminin 

(A-C, red; A’-C’) or Cad7 (D-F, red; D’-F’). (A-C) The intact basal lamina connecting 

the basal surface of the neural tube with the non-neural ectoderm at 7s (arrowhead in A’) 

becomes discontinuous at 8s (arrow in B’) in the region that HNK-1-positive cranial 

neural crest cells (green in C) exit the neural tube at 10s (arrow in C’). (D-F) Cad7 

protein is undetectable in early migrating neural crest cells at 8s (arrow in D’) but 

accumulates by 10s in HNK-1-positive migratory cranial neural crest cells (arrowhead in 

E’), similar to the pattern in 23s trunk migratory neural crest cells (arrowhead in F’; 

(Nakagawa and Takeichi, 1998)). nt, neural tube. Scale bars= 50 µm. 
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Fig. 2-S9. Tspan18 overexpression does not affect cell proliferation or death.   

Embryos unilaterally electroporated with empty pCIG (A,D) or pCIG-TS18 (B,E) were 

sectioned and immunostained for phosphohistone H3 (pH3; A,B) or labeled by TUNEL 

staining (D,E). (C) There was no noticeable difference in the number of pH3-positive 

cells on the targeted side of the dorsal neural tube, as compared to the untargeted side, in 

pCIG (A’) or pCIG-TS18 (B’) electroporated embryos. Effects on proliferation were 

quantitated by counting the number of pH3-positive cells divided by the total number of 

cells in the dorsal quarter of the neural tube on the targeted and untargeted sides in 5 

sections of 4 electroporated embryos (p=0.285). (F) Likewise, there was no noticeable 

difference in the number of TUNEL-positive cells on the targeted side of the neural tube 

in embryos electroporated with either empty pCIG (D’) or pCIG-TS18 (E’). Effects on 

cell death were quantitated by counting the number of TUNEL-positive cells divided by 

the total number of cells in the dorsal quarter of the neural tube on the targeted and 

untargeted sides in 5 sections of 4 electroporated embryos (p=0.398). Statistics were 

performed using the paired Student’s t test in Excel (Microscoft). Error bars indicate +/- 

the standard error of the mean. nt; neural tube. Scale bar in A= 100 µm. 	  
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2.6 Materials and Methods: 

Embryos 

Fertile chicken embryos were incubated in a humidified incubator (G. Q. F. 

Manufacturing; Savannah, GA) at 37-38°C. Embryos were staged according to 

Hamburger and Hamilton, 1951 or by counting somite pairs.   

 

Morpholino design, DNA constructs, and electroporation 

FITC-tagged, antisense morpholinos (MO) synthesized by GeneTools, LLC (Philomath, 

OR) included a Tspan18 translation blocking MO (TS18MO: 5’-

TGCAGCTCAGACAGTCTCCCTCCAT-3’), a 5 base pair mismatch TS18MO 

(mmTS18MO: 5’-TGgAcCTCAcACAcTCTgCCTCCAT-3’), a FoxD3 translation 

blocking MO (FoxD3 MO: 5’-CGCTGCCGCCGCCCGATAGAGTCAT-3’; (Kos et al., 

2001)) and a standard control MO (ContMO: 5’-

CCTCTTACCTCAGTTACAATTTATA-3’). To produce pCIG-TS18 and pCIG-

TS18MT, full length Tspan18 without or with 6x myc tags was cloned by PCR into the 

GFP bicistronic expression plasmid pCIG (Megason and McMahon, 2002) using 5-10s 

chick cDNA (RNA prepared by TRIZOL extraction, cDNA synthesized with Superscript 

III; Life Technologies, Carlsbad, CA) as a template. To produce pMES-FoxD3, full 

length FoxD3 (Kos et al., 2001) was cloned into the EcoRI site of the GFP bicistronic 

expression plasmid pMES (Swartz et al., 2001). FITC-tagged morpholinos at 750 µM 

(with 0.2 µg/µL pCS2+MycTag DNA as carrier) or DNA at the indicated concentrations 

were unilaterally electroporated into the presumptive neural crest at Hamburger and 

Hamilton (HH) stage 4+ as previously described (Gammill and Krull, 2011). After 
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electroporation, embryos were incubated until the desired stages and fixed in 4% 

paraformaldehyde at room temperature for 15 min (Snail2 experiments) or 1 hour (all 

other experiments) before washing with PBS + 0.1% Tween. FITC or GFP targeting was 

verified by fluorescent microscopy before embryos were either immediately used for 

whole mount immunofluorescence, dehydrated into methanol and stored at -20°C for in 

situ hybridization, or embedded and prepared for sectioning.   

 

In situ hybridization 

Whole-mount in situ hybridization was performed as previously described (Wilkinson, 

1992). Digoxigenin-labeled RNA probes were transcribed from the following templates: 

cTspan18 (Adams et al., 2008), cCad6B (Gammill and Bronner-Fraser, 2002), and 

cSox10 (Cheng et al., 2000). After processing, embryos were imaged in whole mount 

using a Zeiss Discovery V8 stereoscope, then embedded in gelatin, sectioned using a 

Leica CM1900 cryostat at 12-18 µm, and imaged on a Zeiss AxioImager A1 with a Zeiss 

AxioCam MRc5 digital camera and Axiovision software.   

 

Immunohistochemistry 

Immunofluorescence was performed as previously described (Roffers-Agarwal et al., 

2012) with the following antibodies: anti-HNK-1 (ATTC, Manassas, VA; 1:25), anti-

Cad6B (DSHB, Iowa City, IA; clone CCD6B-1; 1:100 (Nakagawa and Takeichi, 1998)), 

anti-Laminin (DSHB clone 31 or 31-2; 1:50), anti-Cad7 (DSHB clone CCD7-1; 1:50 

(Nakagawa and Takeichi, 1998)), anti-N-cad (DSHB clone 6B3; 1:100), anti-E-cad (BD 

Transduction Laboratories; 1:250 (Dady et al., 2012)), anti-Snail2 (DSHB clone 62.1E6; 
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1:100), anti-β-catenin (Ctnnb1, BD Transduction Laboratories; 1:200 (Matson et al., 

2011)) and anti-phosphohistone H3 (pH3; Millipore; Billerica, MA; 1:250). Primary 

antibody was detected using donkey anti-mouse or donkey anti-rat secondary antibodies 

at 1:250 (Jackson Labs; West Grove, PA). Slides were mounted in PermaFluor (Thermo 

Fisher Scientific; Waltham, MA) containing 1 µg/mL DAPI and imaged on a Zeiss LSM 

710 laser scanning confocal microscope. Images were processed in Photoshop (Adobe).   

 

Analysis 

The statistical significance of the observed phenotypes was calculated by Fisher’s exact 

test in R (R Development Core Team, 2012). For all expression analyses, staining on the 

targeted and untargeted sides of the neural tube were compared in individual images to 

rule out any difference in exposure time or staining efficiency between images/sections. 

To quantify Cad6B fluorescence intensity, the mean gray value was calculated in ImageJ 

for the Cad6B expression domain of 3 sections per embryo (n=5 embryos). Statistical 

evaluation of intensity measurements was performed using SPSS 16.0 for Windows 

(Chicago, IL) using paired comparisons in a MANOVA. A p value < 0.05 was considered 

statistically significant. Error bars indicate +/- the standard error of the mean.  
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3.1 Summary: 

The scaffolding protein tetraspanin18 (Tspan18) maintains epithelial cadherin-6B 

(Cad6B) to antagonize chick cranial neural crest epithelial-to-mesenchymal transition 

(EMT). For migration to take place, Tspan18 must be downregulated. Here, we 

characterize the role of the winged-helix transcription factor FoxD3 in the control of 

Tspan18 expression. Tspan18 mRNA persists several hours past the stage it would 

normally be downregulated in FoxD3-deficient neural folds, though Tspan18 expression 

eventually declines. This indicates that FoxD3 is required for initial downregulation of 

Tspan18, although other factors subsequently impact Tspan18 expression. Remarkably, 

the classical EMT transcription factor Snail2 is not one of these factors. As in other 

vertebrates, FoxD3 is required for chick cranial neural crest specification, survival and 

migration. Strikingly, Tspan18 knockdown rescues FoxD3-depdendent neural crest 

migration defects, although neural crest formation is still deficient. This indicates that 

FoxD3 regulates cranial neural crest migration by promoting Tspan18 downregulation to 

allow EMT, independent of its activity during neural crest specification and survival.  

 

Key words: neural crest, FoxD3, tetraspanin, epithelial-to-mesenchymal transition 

(EMT) 
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3.2 Introduction: 

The neural crest is a transient population of multipotent cells that arises from the 

dorsal neural tube of vertebrate embryos, migrates, and eventually contributes to a wide 

range of adult structures, including the peripheral nervous system and craniofacial 

skeleton (LeDouarin and Kalcheim, 1999). Neural crest development begins during 

gastrulation, when secreted factors induce the expression of a cohort of transcription 

factors, known generally as neural crest specifiers (Betancur et al., 2010), in the neural 

folds (Stuhlmiller and Garcia-Castro, 2012a). Neural crest specifiers converge to regulate 

the activity of neural crest effector genes that control cell adhesion, motility, and fate 

(Betancur et al., 2010). By doing so, neural crest specifiers are crucial for neural crest 

cells to progress through epithelial-to-mesenchymal transition (EMT), migration, and 

differentiation into diverse adult neural crest derivatives. Unfortunately, since few targets 

of neural crest specifiers have been identified, we know little about the exact mechanism 

behind their cellular impacts.   

 The winged-helix transcription factor FoxD3 is a key neural crest specifier that 

has been implicated in multiple steps of neural crest development. FoxD3 is initially 

required for neural crest formation during early stages of neural crest development, 

including specification, multipotency, cell fate and survival (Hochgreb-Hagele and 

Bronner, 2013; Kos et al., 2001; Lister et al., 2006; Montero-Balaguer et al., 2006; 

Mundell and Labosky, 2011; Nitzan et al., 2013; Sasai et al., 2001; Stewart et al., 2006; 

Thomas and Erickson, 2009). Subsequently, neural crest cells fail to migrate in FoxD3 

mutant zebrafish (Stewart et al., 2006). Furthermore, FoxD3 overexpression in the chick 

trunk neural tube alters cell-cell adhesion (Cheung et al, 2005) and increases the number 
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of emigrating neural crest cells (Dottori et al., 2001; Kos et al., 2001). While these results 

suggest that FoxD3 also regulates neural crest migration, it is not possible to distinguish 

whether FoxD3 is required for neural crest migration independent of its functions during 

neural crest formation, or whether migration is blocked as a secondary consequence of 

these earlier roles. Moreover, FoxD3 represses neural crest and cancer cell migration in 

other circumstances, leaving the role of FoxD3 in migration unclear (Drerup et al., 2009; 

Katiyar and Aplin, 2011). Altogether, these results emphasize the need for further 

investigation to reconcile conflicting observations and define FoxD3 function during 

migration.  

At the start of neural crest EMT, altered expression of Ca2+-dependent cell 

adhesion molecules called cadherins disrupts cell-cell adhesions (Meng and Takeichi, 

2009; Nieto, 2011; Oda and Takeichi, 2011). In cranial neural crest cells, cadherin-6B 

(Cad6B) is directly repressed by the neural crest specifier and well-established EMT 

transcription factor, Snail2 (Coles et al., 2007; Taneyhill et al., 2007). However, Cad6B 

protein levels in cranial neural crest cells are not only subject to transcriptional control. In 

addition, the transmembrane scaffolding protein Tetraspanin18 (Tspan18) post-

translationally maintains Cad6B protein levels and must be downregulated in order for 

cranial neural crest cells to migrate (Fairchild and Gammill, 2013). Intriguingly, 

premigratory cranial neural crest cells lacking FoxD3 retain Tspan18 mRNA expression 

(Fairchild and Gammill, 2013). This finding, along with the observation that ectopic 

FoxD3 in chick trunk alters cell adhesion molecule expression (Cheung et al., 2005), 

suggests that FoxD3 may modulate cadherin levels during cranial neural crest EMT 

through its effects on Tspan18.  
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Although our previous study showed that FoxD3 knockdown sustained Tspan18 

expression (Fairchild and Gammill, 2013), it did not address whether this was an indirect 

consequence of altered neural crest specification, or whether Tspan18 was downstream of 

FoxD3 during EMT. Thus, the aim of this study was to distinguish between these two 

scenarios. We report that FoxD3 is required for initial downregulation of Tspan18, as 

well as for chick cranial neural crest specification and migration. Importantly, we show 

that the FoxD3-dependent migration defect can be rescued by Tspan18 knockdown, 

indicating that FoxD3 promotes cranial neural crest migration at least in part through 

downregulation of Tspan18. Interestingly, although Tpsan18 knockdown rescued the 

distance FoxD3-deficient neural crest cells migrated away from the neural tube, the 

population of migratory neural crest cells was still reduced. Together, these results 

suggest that FoxD3 is required for chick cranial neural crest EMT, and that FoxD3 

function during migration is independent of its role in other aspects of neural crest 

development.  
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3.3 Results: 

FoxD3 and Tspan18 expression overlap in premigratory cranial neural crest cells 

The general expression pattern of FoxD3 during chick cranial neural crest 

development has previously been described (Khudyakov and Bronner-Fraser, 2009; Kos 

et al., 2001; Simoes-Costa et al., 2012); however, for FoxD3 to regulate Tspan18, their 

expression domains must overlap in neural crest cells as they are undergoing EMT, 

specifically between 6 and 9 somites when Tspan18 downregulation occurs (Fairchild 

and Gammill, 2013). To assess this, we visualized and compared FoxD3 and Tspan18 

mRNA levels by in situ hybridization in whole mount and transverse sections. At 6 and 7 

somites, FoxD3 transcripts were detected exclusively in the cranial neural tube 

(arrowheads in Fig. 3-1A,B). Transverse sections confirmed that FoxD3 was abundantly 

expressed in the dorsal neural tube at these stages (Fig. 3-1A’,B’). At 8s, emigrating 

cranial neural crest cells expressed FoxD3 mRNA, which persisted in the dorsal cranial 

neural tube (arrowhead in Fig. 3-1C), and additionally extended into the trunk (arrow in 

Fig. 3-1C). At 9s, FoxD3 expression was still apparent in the cranial neural tube 

(arrowhead in Fig. 3-1D’) and in the trunk (arrow in Fig. 3-1D), however, its expression 

was reduced in actively migrating neural crest cells (Fig. 3-1D,D’; asterisks). Like 

FoxD3, Tspan18 mRNA expression in the cranial, dorsal neural tube was apparent at 6 

and 7 somites (arrowheads in Fig. 3-1E, F); however, Tspan18 expression was 

downregulated in the dorsal neural tube by 8s (asterisk in Fig. 3-1G), when neural crest 

cells emigrate (Fairchild and Gammill, 2013). Thus, FoxD3 is expressed at the right time 

and in the correct location to regulate Tspan18 expression.  
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Fig. 3-1. FoxD3 and Tspan18 expression domains overlap in premigratory cranial 

neural crest cells.  

Whole mount and transverse sections of chick embryos processed by in situ hybridization 

for FoxD3 (A-D) and Tspan18 (E-G) at 6 somites (s; A,A’,E), 7s (B,B’,F), 8s (C,C’,G) 

and 9s (D,D’). (A,B) FoxD3 was expressed in premigratory cranial neural crest cells at 6 

and 7s (arrowheads, transverse sections in A’,B’). (C) At 8s, FoxD3 expression persisted 

in early emigrating neural crest cells (arrowhead, transverse section in C’) and extended 

into the trunk (arrow). (D) At 9s, FoxD3 expression was reduced in migrating cranial 

neural crest cells (asterisks in D,D’), but retained in the dorsal neural tube (arrowhead in 

D’) and in the trunk (arrow). (E-F) Tspan18 was expressed in premigratory cranial neural 

crest cells at 6 and 7s (arrowheads). (G) Tspan18 was downregulated at 8s (asterisk), 

when neural crest cells begin migrating. nt, neural tube. 
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In the absence of FoxD3, Tspan18 mRNA downregulation is delayed 

 We previously reported that Tspan18 mRNA fails to downregulate when FoxD3 

is knocked down (Fairchild and Gammill, 2013). To determine the persistence and 

dynamics of this effect, we evaluated Tspan18 expression over time in embryos 

electroporated with a FITC-tagged FoxD3 translation-blocking antisense morpholino 

oligonucleotide (FoxD3MO; (Kos et al., 2001)). FITC-tagged standard control MO 

(ContMO) or FoxD3MO was electroporated unilaterally into presumptive chick neural 

crest cells at stage HH4+, and resulting embryos at 8-9 or 10+ somites were processed by 

in situ hybridization to visualize Tspan18 mRNA expression in whole mount or 

transverse sections. Tspan18 mRNA was absent in the dorsal neural tube of embryos with 

8 or more somites that had been electroporated with ContMO (Fig. 3-2A,A”,B,B”; 

arrows), as expected (Fig. 3-1; (Fairchild and Gammill, 2013)). In contrast, at 8-9 

somites, Tspan18 mRNA persisted on the targeted side of the dorsal neural tube in 

embryos electroporated with FoxD3MO (Fig. 3-2C,C”,E; arrowheads). However, by 10 

somites, Tspan18 transcripts were no longer visible in the dorsal neural tube of 

FoxD3MO-electroporated embryos (Fig. 3-2D,D”). These results suggest that FoxD3 is 

required for prompt, initial downregulation of Tspan18 mRNA, but it is not the only 

factor regulating Tspan18 mRNA expression.  

 One obvious candidate to contribute to Tspan18 downregulation is the neural 

crest transcription factor, Snail2. Tspan18 antagonizes EMT by maintaining Cad6B 

protein (Fairchild and Gammill, 2013), and Cad6B is directly repressed by Snail2 

(Taneyhill et al., 2007). Thus, we reasoned that Tspan18 may also be regulated by Snail2. 

To determine if Snail2 directly regulates Tspan18 in cranial neural crest cells, we  
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Fig. 3-2. Tspan18 downregulation is delayed in the absence of FoxD3. 

Whole mount images (A-D, A’-D’) and transverse sections (A”-D”) of embryos 

unilaterally electroporated with ContMO (A,B) or FoxD3MO (C,D) after processing by 

in situ hybridization for Tspan18. At 9 somites (s; A) and 10s (B), Tpsan18 mRNA is 

absent (arrows) on the targeted (asterisks; green in A’,B’) and untargeted sides of the 

dorsal neural tube in representative ContMO-electroporated embryos (A,B) and 

transverse sections (A”,B”). At 9s, Tspan18 expression is retained (arrowhead) on the 

FoxD3MO-targeted side of the neural tube (asterisk; C’, green) in embryos (C) and 

transverse sections (C”). At 10s, Tspan18 mRNA expression is downregulated (arrow), 

even on the FoxD3MO-targeted side (asterisk; F’, green) of the neural tube in embryos 

(D) and transverse sections (D”). (E) Bar graph representing the frequency of 8-9s 

embryos exhibiting sustained Tspan18 expression. (F) Quantification of Tspan18 mRNA 

levels following MO-mediated depletion of Snail2. Cad6B levels were analyzed as a 

positive control (Taneyhill et al., 2007). Results are reported as fold difference relative to 

that obtained with ContMO normalized to 1.  Means and standard errors of fold 

differences were generated from 3 independent experimental cDNA replicates. Asterisks 

(*) located above values denote a significant difference in the fold change between 

Snail2MO and ContMO levels (p< 0.05). Black bars, Snail2 MO; white bars, ContMO. 
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electroporated 5 to 6 somite embryos with either ContMO or Snail2MO, excised MO-

targeted neural folds after 30 min, and quantified Cad6B (as a positive control) and 

Tspan18 mRNA levels by QPCR. As expected, Cad6B mRNA levels were significantly 

increased in Snail2MO-electroporated embryos as compared to ContMO-electroporated 

embryos (Fig. 3-2F; approximately 2.5-fold increase, p<0.05, as previously described; 

(Taneyhill et al., 2007)), suggesting that Snail2MO was effective and efficiently reduced 

Snail2 protein levels. In contrast, Tspan18 mRNA levels were similar in both Snail2MO- 

and ContMO-electroporated embryos (Fig. 3-2F). Thus, Snail2 is not one of the 

additional transcription factors that regulates Tspan18 expression. The identity of these 

additional factors awaits further analysis.  

 

FoxD3 promotes cranial neural crest survival 

 Because FoxD3 is required for neural crest cell survival (Stewart et al., 2006; 

Wang et al., 2011), we next determined whether FoxD3 knockdown altered cell death in 

chick cranial neural crest cells. To visualize dying cells, we immunostained FoxD3MO-

electroporated embryos for the activated, cleaved form of the apoptotic enzyme caspase-3 

(casp3) and counted the number of casp3-positive cells in the dorsal neural tube. While 

we electroporated FoxD3 MO at 1.0 mM previously (Fairchild and Gammill, 2013), cells 

electroporated with FoxD3MO at 1.0 mM were strongly and non-specifically apoptotic 

(C. Fairchild, unpublished). Electroporation of 0.5 mM FoxD3MO greatly mitigated this 

response. In 0.5 mM FoxD3MO-electroporated embryos, there were significantly more 

casp3 positive neural crest cells on the targeted side compared to the untargeted side of 

the dorsal neural tube (Fig. 3-3B,B’,C; p=0.003). However, the incidence of casp3- 
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Fig. 3-3. Cell survival, but not cell proliferation, is affected by FoxD3 knockdown.  

Quantification of cell death (A-C) and proliferation (D-F) in embryos unilaterally 

electroporated with ContMO (A,D) or FoxD3MO (B,E). (A,B) Immunostaining for 

cleaved caspase-3 (casp3) reveals that there are more dying cells (arrows) on the targeted 

side of the neural tube (green) in FoxD3MO-electroporated embryos (B) as compared to 

the targeted side of control embryos (A). Casp3-positive cells were present in the lumen 

of the neural tube (arrowheads) under both conditions and were thus not counted during 

quantification. (C) Bar graphs representing the total number and the fold change of dying 

cells in electroporated embryos. (D,E) Immunostaining for phospho-histone H3 (pH3) 

reveals that there is an equal frequency of proliferating cells (arrows) on the targeted 

(green) and untargeted sides of the neural tube in embryos electroporated with either 

ContMO (D) or FoxD3MO (E). (F) Bar graphs representing the total number and the fold 

change of proliferating cells in electroporated embryos. 



117 

positive cells on the targeted side of ContMO- and FoxD3MO-electroporated embryos 

was similar (Fig. 3-3C), the actual number of dying cells was small (Fig. 3-3B’), and the 

fold change of the targeted compared to untargeted side of the neural tube was not 

significantly different between ContMO and FoxD3MO electroporated embryos (Fig. 3-

3C), suggesting reduced cell survival is not a major contributor to the FoxD3 knock down 

phenotype. To ensure there was no reciprocal effect on proliferation, we immunostained 

for phospho-histone H3 and found that loss of FoxD3 did not alter the number of 

proliferating cells (Fig. 3-3D-F). Therefore, while FoxD3 knock down does lead to a low 

level of cell death, consistent with results in zebrafish (Stewart et al., 2006; Wang et al., 

2011), the resulting decrease in neural crest cell number as well as the small number of 

cells affected cannot explain the maintenance of Tspan18 mRNA expression throughout 

the neural fold (Fig. 3-2). This leads us to conclude that FoxD3’s role in cell survival is 

independent of its role in regulating Tspan18 mRNA expression.   

 

FoxD3 is required for premigratory Sox10 expression and neural crest migration 

 FoxD3 knockdown leads to transiently sustained Tspan18 mRNA expression (Fig. 

2). Our previous report concluded that downregulation of Tspan18 is a requirement for 

neural crest cells to migrate (Fairchild and Gammill, 2013). Thus, FoxD3MO 

electroporated cells would not be expected to migrate. To interpret the effects of FoxD3 

knockdown in the context of early neural crest development, we electroporated stage 

HH4+ embryos with ContMO or FoxD3MO and visualized neural crest specification and 

migration by in situ hybridization for the key neural crest transcription factor and FoxD3-

responsive gene Sox10 (Prasad et al., 2012). Sox10 mRNA expression levels were 
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unaffected at 6-7 somites in ContMO electroporated embryos (Fig. 3-4A,A”; arrow). 

However, Sox10 mRNA expression was severely reduced on the targeted side of the 

neural tube in embryos electroporated with FoxD3MO (Fig. 3-4C,C”,E; arrowhead), 

suggesting that FoxD3 knockdown prevents cranial neural crest specification in chick 

embryos. This is consistent with analyses of mutant mouse and zebrafish embryos, which 

show that FoxD3 is required for early neural crest specification and precursor 

maintenance (Hochgreb-Hagele and Bronner, 2013; Montero-Balaguer et al., 2006; 

Stewart et al., 2006; Teng et al., 2008; Wang et al., 2011). Furthermore, the FoxD3-

deficient Sox10-positive neural crest cells that did form failed to migrate. While 

ContMO-targeted and untargeted Sox10-positive neural crest cells migrated an equivalent 

distance away from the neural tube at 9-10 somites (Fig. 3-4B,B”; arrows), FoxD3MO-

electroporated neural crest cell migration distance was severely reduced relative to the 

untargeted side in the majority of embryos (Fig. 3-4D,D”,F; arrowhead). These results 

indicate that FoxD3 is required for chick cranial neural crest formation (specification and 

survival) and subsequent migration.  

 

FoxD3 regulates cranial neural crest migration through its effects on Tspan18 

 Given that expression of Tspan18 is incompatible with migration (Fairchild and 

Gammill, 2013), it is possible that cranial neural crest cells fail to migrate in FoxD3 

knockdown embryos (Fig. 3-4) because they retain Tspan18 expression (Fig. 3-2; 

(Fairchild and Gammill, 2013)). If this were true, we reasoned that knockdown of 

Tspan18 should rescue the FoxD3 loss-of-function migration phenotype. To investigate 

this possibility, we co-electroporated embryos with FoxD3MO and either ContMO or  
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Fig. 3-4. Chick FoxD3 is required for premigratory Sox10 expression and neural 

crest migration.  

Whole mount images (A-D, A’-D’) and transverse sections (A”-D”) of embryos 

unilaterally electroporated with ContMO (A,B) or FoxD3MO (C,D) and processed by in 

situ hybridization for Sox10. In ContMO-electroporated embryos, Sox10 expression 

(A,A”) and the distance that Sox10-positive neural crest cells migrated (B,B”) was even 

on targeted (asterisks; A’,B’, green) and untargeted sides of the neural tube. In contrast, 

Sox10 expression was impaired (C,C”) and migration distance was reduced (D,D”) on the 

targeted side (asterisks; C’,D’, green) compared to the untargeted side of the neural tube 

of FoxD3MO-electroporated embryos. (E,F) Bar graphs representing the frequency of 

electroporated embryos exhibiting reduced premigratory Sox10 expression (E) or reduced 

migration distance (F).  
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TS18MO, processed the resulting embryos by in situ hybridization for Sox10 and 

measured the distance Sox10-positive neural crest cells had migrated away from the 

neural tube. Similar to embryos electroporated with FoxD3MO alone (Fig. 3-4D), in 

embryos co-electroporated with FoxD3MO and ContMO, neural crest migration distance 

was severely reduced on the targeted side of the neural tube in 7/9 (Fig. 3-5A,F) and 

moderately reduced in 2/9 (Fig.3-5D,F). Strikingly, in embryos co-electroporated with 

FoxD3MO and TS18MO, only 2/10 exhibited severe migration defects (Fig.3-5B,F), 4/10 

were moderately reduced (Fig. 3-5C,F), and neural crest migration in 4/10 embryos was 

only mildly affected (Fig. 3-5E,F). Thus, knockdown of Tspan18 partially rescues the 

FoxD3 loss-of-function migration phenotype. Importantly, although co-electroporation of 

FoxD3MO and TS18MO largely rescued the failure to migrate, there were fewer Sox10-

positive neural crest cells migrating away from the neural tube (see, for example Fig. 3-

5E”; arrow). Therefore, Tspan18 knockdown does not rescue FoxD3-dependent features 

of neural crest formation (specification/cell survival). In sum, these results reveal that 

FoxD3 regulates cranial neural crest migration through its effects on Tspan18 expression. 

Given that Tspan18 antagonizes EMT by maintaining Cad6B protein (Fairchild and 

Gammill, 2013), this suggests that FoxD3 is required to elicit Tspan18 downregulation 

and promote EMT for cranial neural crest migration. That Tspan18 knock down fails to 

rescue FoxD3-dependent cranial neural crest formation indicates that FoxD3 impacts 

target gene expression in addition to Tspan18, and that FoxD3 independently regulates 

cranial neural crest formation and migration.  
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Fig. 5. Co-electroporation with TS18MO partially rescues the FoxD3 loss-of-

function migration defect.  

Whole mount images and transverse sections of embryos unilaterally co-electroporated 

with FoxD3MO and either ContMO (A,D) or TS18MO (B,C,E) after processing by in 

situ hybridization for Sox10. (A-E) Following co-electroporation with FoxD3MO and 

ContMO, the distance of Sox10-positive cells migrated on the targeted side of the neural 

tube (asterisks; green in A’-E’) is severely inhibited (A) in nearly all embryos with only a 

few moderately affected (D). Following co-electroporation with FoxD3 and TS18MO, 

the incidence of severely affected (B) embryos is greatly reduced and most embryos are 

moderately (C) or only mildly affected (E). (E”) A transverse section of the mildly 

affected embryo in (E) reveals that while co-electroporation with FoxD3MO and 

TS18MO partially rescued migration distance, the size of the Sox10-positive migratory 

neural crest population is reduced (arrow) on the targeted side of the embryo, as 

compared to the untargeted side of the embryo (arrowhead). (F) Bar graph representing 

the frequency of electroporated embryos that exhibit a severe, moderate, or mild 

reduction in migration distance. 
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3.4 Discussion: 

 In this study, we have investigated the regulatory relationship between FoxD3 and 

Tspan18 and, in so doing, gained insight into the poorly understood role of FoxD3 in 

neural crest migration. From our FoxD3 knockdown experiments, we conclude that 

FoxD3 supports chick cranial neural crest specification, survival and migration, and 

specifically report that FoxD3 is required for initial downregulation of Tspan18 mRNA 

expression. Strikingly, we reveal that the FoxD3 loss-of-function migration defects can 

be rescued by simultaneous knockdown of Tspan18, although neural crest formation is 

still defective. Together these data reveal separable requirements for FoxD3 during 

cranial neural crest formation and migration, and show that FoxD3 promotes EMT and 

migration through negative regulation of Tspan18 expression.   

 

FoxD3 is required for initial Tspan18 downregulation, though other factors 

contribute at later stages 

 Tspan18 is incompatible with migration (Fairchild and Gammill, 2013), and as 

such, Tspan18 mRNA is absent later than 7 somites (Fig. 3-1). However, in embryos 

electroporated with FoxD3MO, Tspan18 transcripts are still visible at 9 somites (Fig. 3-

2C), indicating that FoxD3 is required for the initial downregulation of Tspan18. We 

have, to date, been unable to determine whether this is the consequence of FoxD3 directly 

binding to and repressing transcription from the Tspan18 promoter. Experiments to 

address this crucial question will be the subject of future investigation.  

Our results highlight the complexity of Tspan18 transcriptional regulation. 

Notably, even in embryos that have been electroporated with FoxD3MO, Tspan18 
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mRNA is eventually downregulated (Fig. 3-2D). This finding suggests that FoxD3 is not 

the only factor that negatively regulates Tspan18 mRNA expression. The identity of these 

additional factors is unclear, though Snail2 does not appear to contribute (Fig. 3-2F). 

Regulatory complexity is further suggested by continuous co-expression of FoxD3 and 

Tspan18 in premigratory neural crest cells (Fig. 3-1). This delayed action of a neural crest 

transcription factor is not unprecedented: Snail2, which represses Cad6B transcription to 

promote EMT, is co-expressed with Cad6B throughout premigratory neural crest 

development and modulated through altered rates of degradation (Taneyhill et al., 2007; 

Vernon and LaBonne, 2006). FoxD3 activity could also be post-translationally regulated, 

as is Sox10 (Taylor and Labonne, 2005). Alternatively, FoxD3 could require and/or 

affect the activity of a co-factor, for which there is also precedent. In the trunk neural 

crest, FoxD3 regulates the expression of the melanocyte marker MITF, but not through 

direct binding to the MITF promoter; instead FoxD3 binds to the transcriptional activator 

Pax3 and prevents Pax3 from binding to the MITF promoter (Thomas and Erickson, 

2009). Identifying FoxD3-interactors would provide a better understanding of its 

regulation of Tspan18 mRNA expression.  

 

FoxD3 promotes Tspan18 downregulation to drive cranial neural crest EMT 

independent of its role in specification and survival 

The ability of Tspan18 to rescue FoxD3-dependent migration (Fig. 3-5) allowed 

us to separate the requirement for FoxD3 during formation and migration. Consistent 

with previous studies in Xenopus, zebrafish and mouse embryos (Hochgreb-Hagele and 

Bronner, 2013; Lister et al., 2006; Montero-Balaguer et al., 2006; Mundell and Labosky, 
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2011; Sasai et al., 2001; Stewart et al., 2006), FoxD3 knockdown in chick embryos 

inhibited neural crest specification (Fig. 3-4C) and survival (Fig. 3-3A-C). As a result, it 

was unclear whether FoxD3 knockdown affected migration (Fig. 3-4D) directly, or as a 

secondary consequence of these defects. This is a caveat of any sustained loss-of-function 

experiment: the inability to determine the dependence of late defects on early phenotypes. 

Although electroporation of older chick embryos in which neural crest specification has 

already occurred can circumvent this issue, late electroporation of a MO does not always 

elicit knockdown, because stable proteins do not turnover rapidly enough to allow the 

effects of inhibited translation to be revealed. Instead, we note that co-electroporation of 

TS18MO with FoxD3MO rescues migration distance despite the fact that the migratory 

population is reduced (see for example Fig. 3-5E”). This suggests that although fewer 

neural crest cells are specified and survive as a result of FoxD3 knockdown (in other 

words, specification/survival is not rescued), those that form are able to migrate as long 

as Tspan18 is absent. This indicates that FoxD3 regulates neural crest EMT/migration 

through downregulation of Tspan18 and, because neural crest formation is still defective, 

provides the first evidence that FoxD3 plays independent roles in neural crest 

specification and migration.  

 As FoxD3 has been reported to both positively and negatively regulate neural 

crest migration, we propose that FoxD3 promotes EMT but is incompatible with motility. 

Our results in chick (Fig. 3-4) along with those in zebrafish (Stewart et al., 2006) indicate 

that FoxD3 is required for neural crest migration. However, expanded FoxD3 expression 

in zebrafish cranial neural crest cells prevents migration (Drerup et al., 2009), and FoxD3 

negatively regulates Rho-GTPase-induced cell motility in human metastatic melanoma 
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cells (Katiyar and Aplin, 2011). These contrary observations likely reflect temporal 

differences. FoxD3 knockdown sustains Tspan18 expression (Fig. 3-2), which in turn 

maintains Cad6B protein levels that inhibit neural crest EMT (Coles et al., 2007; 

Fairchild and Gammill, 2013). Thus, at the start of neural crest migration, FoxD3 elicits 

Tspan18 downregulation, which destabilizes Cad6B-dependent cell adhesions and 

promotes neural crest EMT. Later, in actively migrating neural crest cells, FoxD3 may 

disrupt Rho-based motility, as has been reported for melanoma cells (Katiyar and Aplin, 

2011). This could explain why FoxD3 expression declines after neural crest cells leave 

the neural tube (Fig. 3-1; (Khudyakov and Bronner-Fraser, 2009)).  

While FoxD3 regulates cranial neural crest EMT through Tspan18, it must act 

through a different pathway in the trunk. Although Tspan18 is not detectable by in situ 

hybridization in trunk neural tube (Fairchild and Gammill, 2013), FoxD3 overexpression 

leads to altered expression of cell adhesion molecules (Cheung et al., 2005). Thus, FoxD3 

must regulate the expression of other gene(s) that impact EMT. To understand the role of 

FoxD3 in neural crest migration, and specifically in EMT, it will be crucial to identify 

FoxD3 targets in the neural crest.  

In conclusion, this report shows that FoxD3 is required for chick cranial neural 

crest migration because it promotes the downregulation of Tspan18 and thus EMT. 

Moreover, this function of FoxD3 is independent of the requirement for FoxD3 during 

cranial neural crest specification and survival. Overall this study provides new insight 

into the dual role of FoxD3 for neural crest formation and migration, and also gives us a 

better understanding for how neural crest transcription factors impact the cellular 

behaviors that occur as neural crest cells undergo EMT and migrate. 
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3.5 Materials and Methods: 

Embryos 

Fertile chicken embryos were incubated in a humidified incubator (G. Q. F. 

Manufacturing: Savannah, GA) at 37-38°C. Embryos were staged according to 

Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1951) or by counting somite 

pairs.  

 

In situ hybridization 

Whole mount in situ hybridization was performed as previously described (Wilkinson, 

1992). Digoxigenin-labeled RNA probes were transcribed from the following templates: 

FoxD3 (Kos et al., 2001), Tspan18 (Gammill and Bronner-Fraser, 2002), and Sox10 

(Cheng et al., 2000). After processing, embryos were first imaged in whole mount using a 

Zeiss Discovery V8 stereoscope then infiltrated with 5% and 15% sucrose, embedded in 

gelatin, sectioned using a Leica CM1900 cryostat at 12-18 µm and imaged again using a 

Zeiss AxioImager A1. Images of whole mount embryos and transverse sections were 

taken with an AxioCam MRc5 digital camera and Axiovision software and assembled in 

Photoshop (Adobe).  

 

Morpholino design and electroporation  

The following FITC-tagged, antisense morpholinos (MO) were designed and synthesized 

by GeneTools, LLC (Philomath, OR): FoxD3 translation blocking MO (FoxD3MO: 5’-

CGCTGCCGCCGCCCGATAGAGTCAT-3’; (Kos et al., 2001)), Tspan18 translation 

blocking MO (TS18MO: 5’-TGCAGCTCAGACAGTCTCCCTCCAT-3’; (Fairchild and 
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Gammill, 2013)), and standard FITC control MO (ContMO: 5’-

CCTCTTACCTCAGTTACAATTTATA-3’). For early embryo electroporations, 

morpholinos were unilaterally electroporated into the presumptive neural crest at HH 

stage 4+, as previously described (Gammill and Krull, 2011), at 500 µM (FoxD3 and 

ContMO) and 390 µM (TS18MO) with carrier DNA (0.2 µg/µL pCS2+MycTag DNA). 

After electroporation, embryos were re-incubated until the desired stages and fixed in 4% 

paraformaldehyde at room temperature for 1 hour then washed with PBS + 0.1% Tween. 

Targeting was verified by fluorescent microscopy for FITC before embryos were either 

immediately embedded and sectioned for immunofluorescence or dehydrated into 

methanol and stored at -20° for in situ hybridization.  

 

Quantitative polymerase chain reaction (QPCR) 

MO-mediated Snail2 depletion followed by QPCR was carried out as described 

(Taneyhill et al., 2007). Briefly, 6 somite embryos were electroporated in ovo with 

Snail2MO or ContMO and midbrain neural folds were excised after 30 minutes. Neural 

folds from six electroporated embryos were pooled and total RNA was isolated using the 

RNAqueous Total RNA Isolation Kit (Ambion-Life Technologies, Carlsbad, CA). cDNA 

was synthesized using random hexamers and the Superscript II RT-PCR system (Life 

technologies) according to the manufacturer’s instructions. QPCR was performed using 

the ABI 7000 in a TaqMan or SYBR Green (Life Technologies) assay as described 

(Taneyhill and Bronner-Fraser, 2005). Briefly, 25 µl Tspan18 QPCR reactions included 

2X SYBR Green master mix, cDNA and 75 nM of each primer (Sense: 5´-

GCTTGTTGCCAGCGAAAGCTCC-3´; Antisense: 5´-
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TAGCAGCCCTGCCGGTTCTGA-3´). 18S QPCR reactions included 2x SYBR Green 

mastermix, cDNA and 150 nM each primer as previously described (Taneyhill and 

Bronner-Fraser, 2005). Cad6B QPCR reactions included TaqMan mastermix, cDNA, 150 

nM of each primer, and 150 nM each Cad6B TaqMan probe, as described (Taneyhill et 

al., 2007). After normalization to a standard (chick 18S rRNA), fold upregulation or 

downregulation for each of three replicates was determined by dividing the relative 

expression value for the gene of interest in the presence of the Snail2MO by that obtained 

for the gene of interest in the presence of ContMO. 

 

Immunofluorescence and cell counting 

Immunofluorescence was performed using either anti-cleaved caspase3 (casp3, Cell 

Signaling; Danvers, MD: 1:200) or anti-phosho-histone H3 (pH3, Millipore; Billerica, 

MA: 1:250) primary antibody diluted into PBS + 0.1% Triton-X100 supplemented with 

5% normal donkey serum followed by incubation with a donkey anti-rabbit secondary 

antibody at 1:250 (RRX conjugated; Jackson Labs, West Grove, PA). Slides were 

mounted in PermaFluor (Thermo Fisher Scientific; Waltham, MA) containing 1 µg/mL 

DAPI and imaged on a Zeiss LSM 710 laser scanning confocal microscope. Images were 

assembled in Photoshop (Adobe). Cell death and proliferation were quantitated by 

counting the number of casp3- or pH3-positive cells and dividing by the total number of 

cells in the dorsal quarter of the neural tube on the targeted and untargeted sides in at 

least 5 sections per embryo (n=3 embryos). Statistics were performed using the paired 

Student’s t test in Excel (Microsoft).  
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Assaying neural crest migration 

To consistently assay neural crest cell migration (Fig. 3-4), and thus clearly determine 

rescue (Fig. 3-5), we measured the distance neural crest cells migrated away from the 

untargeted side of the neural tube and compared that to the same measurement for the 

targeted side of the neural tube. We used this comparison to categorize phenotype 

severity. In severely affected embryos, neural crest cells on the targeted side had 

migrated 0-50 percent the distance of those on the untargeted side. In moderately affected 

embryos, neural crest cells on the targeted side had migrated 51-75 percent of the 

distance of those on the untargeted side. In mildly affected embryos, neural crest cells on 

the targeted side had migrated 76-95 percent of the distance of those on the untargeted 

side. Unaffected embryos displayed neural crest migration distances within 5 percent of 

each other on the targeted and untargeted sides of the neural tube.  
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Chapter 4 

Conclusions, Future Directions and Significance 
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4.1 Summary: 

 Epithelial-to-mesenchymal transition (EMT) is the complex process during which 

adherent epithelial cells undergo drastic changes in cell polarity, cell-cell adhesion, and 

cytoskeletal arrangement to produce individual, invasive mesenchymal cells (Hay, 2005). 

EMT is involved in many of the intricate morphological events that occur during 

embryogenesis, including the formation of migratory neural crest cells (Thiery et al., 

2009). Many of the cellular events that occur during neural crest EMT have been highly 

characterized and are generally conserved (Micalizzi et al., 2010; Nieto, 2011; Powell et 

al., 2013; Thiery et al., 2009). However some questions about how these cellular events 

are controlled remained unanswered. For example, neural crest cells remodel their cell 

adhesions by undergoing a cadherin switch, resulting in the disruption of epithelial cell 

adhesions in favor of more transient, mesenchymal cell adhesions (McKeown et al., 

2013; Powell et al., 2013). But, how are neural crest cadherins transcriptionally and post-

translationally regulated? Furthermore, the transcriptional outputs of neural crest gene 

regulatory network (GRN) transcription factors, and thus their impact on EMT, are not 

fully defined. Although we know that GRN transcription factors are required for the 

initial specification of neural crest cell fate (Betancur et al., 2010), are they independently 

required later, when neural crest cells be come migratory? What impact do they have on 

cellular behaviors like adhesion? This thesis has provided additional insight into some of 

these intriguing questions, and the main conclusions are outlined below. 
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 4.2 Main conclusions and future directions: 

Tspan18 post-translationally regulates cad6B protein and inhibits neural crest 

migration.  

In Chapter 2 I report that the transmembrane scaffolding protein Tetraspanin18 

(Tspan18) post-translationally maintains the neural crest cell adhesion molecule 

cadherin-6B (Cad6B) and in turn prevents migration (Fairchild and Gammill, 2013). 

These results demonstrate that cranial neural crest migration requires the relief of 

Tspan18-dependent maintenance of Cad6B protein levels, in addition to the previously 

characterized transcriptional repression of Cad6B (Coles et al., 2007; Taneyhill et al., 

2007). This is the first evidence for Cad6B post-translational regulation. The mechanism 

behind Tspan18’s post-translational control of Cad6B protein levels is currently 

unknown. Identifying Tspan18 binding partners would greatly increase our understanding 

of this mechanism and would furthermore provide a new collection of genes to 

investigate for a more complete understanding of neural crest EMT. Such Tspan18 

interaction studies are crucial future experiments and are currently underway.  

Given that Tspan18 mRNA expression in the neural crest is restricted to the 

cranial region (Fairchild and Gammill, 2013), the results of Chapter 2 have also provided 

additional insight into our knowledge of the distinct differences in cranial and trunk 

EMT. Morphologically speaking, the exit of cranial and trunk neural crest cells is very 

different (Theveneau and Mayor, 2012). Moreover, variations in cadherin expression and 

function in cranial versus trunk neural crest cells are striking molecular differences when 

comparing these two regions (McKeown et al., 2013). For example, Cad6B protein is 

present in migrating trunk neural crest cells and activates an intracellular signaling 
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cascade that actually promotes de-epithelialization (Park and Gumbiner, 2010; Park and 

Gumbiner, 2012). Meanwhile, Cad6B downregulation is required for cranial neural crest 

migration, and Cad6B protein is not detected in migrating cranial neural crest cells (Coles 

et al., 2007; Fairchild and Gammill, 2013). Proteolytic processing of neural crest 

cadherins by ADAM proteases affects intercellular signaling (Cavallaro and Dejana, 

2011; McCusker et al., 2009; Shoval et al., 2007), and differences in ADAM-dependent 

processing of Cad6B may explain the specific function of Cad6B in cranial and trunk 

neural crest cells. Thus, it is intriguing to speculate whether Tspan18 may play an 

essential role in mediating cranial-specific Cad6B regulation, perhaps by modulating 

ADAM activity (see Appendix I), and subsequently cranial modes of migration. 

Continued investigation into this mechanism is essential.  

In addition to regional variations in Cad6B, E-cad expression is also strikingly 

different in cranial and trunk regions (Dady et al., 2012). E-cad expression in the trunk is 

downregulated long before trunk neural crest migration commences (Dady et al., 2012). 

This is consistent with the extensive findings of many cancer EMT studies that suggest E-

cad downregulation is crucial to promote cancer metastasis (Gheldof and Berx, 2013; 

Micalizzi et al., 2010). Interestingly, however, E-cad protein is clearly visible in 

premigratory cranial neural crest cells and persists after neural crest cells begin their 

migration (Dady et al., 2012). In Chapter 2 we suggest that Tspan18 specifically regulates 

Cad6B and found that E-cad protein levels were not affected by Tspan18 knockdown 

(Fairchild and Gammill, 2013). However, it is intriguing to ponder the presence of other 

tetraspanins that might similarly regulate E-cad. Identifying other tetraspanins present in 

cranial neural crest cells will help us understand if tetraspanin-mediated cadherin 



137 

regulation is a recurring theme of EMT, and may help elucidate the role of sustained E-

cad protein in cranial neural crest cells.  

Tspan18 is downstream of the neural crest GRN transcription factor FoxD3.  

In Chapter 3, I report that downregulation of Tspan18, which is a prerequisite for 

migration (Fairchild and Gammill, 2013), requires the neural crest GRN transcription 

factor FoxD3. We show that FoxD3 knockdown sustains Tspan18 mRNA expression and 

inhibits migration. FoxD3 chromatin immunoprecipitation (ChIP) experiments are crucial 

and currently underway, but we have not yet verified whether this regulatory relationship 

is direct. Moreover, our findings from Chapter 3 suggest that transcriptional 

downregulation of Tspan18 requires more than FoxD3, since Tspan18 expression is 

eventually downregulated, even when FoxD3 is absent. In depth promoter analysis 

studies of Tspan18 would provide a more comprehensive understanding of Tspan18 

transcriptional regulation.  

In addition to trasncriptional regulation, tetraspanin function is commonly 

regulated by post-translational mechanisms. For example, many tetraspanins are modified 

by the addition of the fatty acid palmitate via a process called palmitoylation 

(Baekkeskov and Kanaani, 2009; Fukata and Fukata, 2010; Levy and Shoham, 2005). 

Palmitoylation of tetraspanins, and their binding partners, impacts cellular localization 

and facilitates protein-protein interactions (Levy and Shoham, 2005). Thus it is important 

to evaluate whether Tspan18 is palmitoylated, and if it is, to determine whether such 

post-translational modification is essential for it’s function in cranial neural crest cells. 

These experiments would provide a more comprehensive understanding of how Tspan18 

itself is regulated during neural crest EMT. 
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Although neural crest GRN transcription factors have been implicated in both 

neural crest specification and migration (Betancur et al., 2010; Prasad et al., 2012), 

distinguishing a separable role for GRN members at these distinct developmental time 

points has proven difficult. Our findings in Chapter 3 provide evidence that FoxD3 

independently regulates neural crest formation and migration. I report that Tspan18 

knockdown rescues the FoxD3 loss-of-function migration defect, but does not rescue the 

FoxD3-dependent decrease in neural crest cell number. This indicates that FoxD3 

regulates migration through its effects on Tspan18, independent of its role in neural crest 

specification and survival. In the trunk, FoxD3 overexpression causes changes in cell 

adhesion (Cheung et al., 2005), but the significance of this effect had not been 

investigated. Our results show that, in cranial neural crest cells, FoxD3 regulates 

Tspan18, which affects cell adhesion and in turn regulates EMT and cell migration. Thus, 

Chapter 3 provides new evidence for how neural crest GRN transcription factors impact 

the cellular events leading up to migration. FoxD3 ChIP-seq experiments would allow us 

to define a complete array of FoxD3 targets and would also allow us to test, in an un-

biased manner, whether Tspan18 is a direct target of FoxD3.  
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4.3 Significance: 

 The results I have presented in this thesis give us a better understanding of how 

cell-cell adhesions are dynamically regulated during EMT. Identifying Tspan18 binding 

partners will likely provide novel membrane-associated factors for investigating neural 

crest cell motility, polarity or invasiveness, and will thus help define the complex cellular 

events that occur during EMT. Additionally, characterizing the molecular players 

involved in this process in neural crest cells will help us understand cancer progression, 

since many of the cellular events that occur during neural crest EMT are similar to 

cellular changes characteristic of metastasis. More generally, this study provides new 

insight into how tetraspanins impact cell adhesions and EMT. An extensive number of 

recent studies are beginning to emphasize the vital role tetraspanins play in both 

suppressing and promoting cancer metastasis. Thus, understanding the mechanisms 

behind their action may help to identify novel targets for developing new cancer 

therapies.  
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Appendix I 

Preliminary data investigating the mechanism behind Tspan18-dependent Cad6B 

maintenance: Does Tspan18 effect Cad6B processing by ADAMs?  

 

[The data in this Appendix were collected in collaboration with Drs. D. Alfandari and 

L.A. Taneyhill.]  
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Introduction: 

  Epithelial-to-mesenchymal transition (EMT) is a complex, multiple step process 

during which tightly adherent epithelial cells undergo dynamic rearrangements in cell 

polarity and cell-cell adhesion and become individual, invasive mesenchymal cells (Hay, 

2005). EMT is essential to produce the intricate adult body plan that forms during 

embryogenesis, including during the formation of the migratory neural crest (Nieto, 

2011; Thiery et al., 2009). Neural crest cells originate from the dorsal portion of the 

developing vertebrate neural tube, but unlike their epithelial neighbors, they leave the 

neural tube and disperse throughout the embryo to eventually form the peripheral nervous 

system, craniofacial skeleton, and melanocytes (LeDouarin and Kalcheim, 1999). 

Although their migration is crucial to the formation of essential vertebrate structures, the 

regulation of neural crest EMT is not fully understood.  

 One aspect of EMT involves “cadherin switching”, or altering the cell surface 

expression of Ca2++-dependent adhesion molecules of the cadherin family (Wheelock et 

al., 2008). The production of migratory neural crest cells in the chick embryo includes a 

number of cadherin switches. For example, premigratory cranial neural crest cells 

downregulate N-cadherin (N-cad) early during their development and begin to express 

cadherin-6B (Cad6B) while they remain within the dorsal neural tube (Dady et al., 2012; 

Duband et al., 1988; Hatta and Takeichi, 1986; Nakagawa and Takeichi, 1995). Later, as 

cranial neural crest cells exit the neural tube they downregulate Cad6B and subsequently 

induce the expression of cadherin-7 during active migration (Fairchild and Gammill, 

2013; Nakagawa and Takeichi, 1995). Preventing cadherin switching inhibits neural crest 

migration (Coles et al., 2007; Nakagawa and Takeichi, 1998; Shoval et al., 2007), 
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emphasizing the importance of regulated changes in cell adhesion for EMT. Thus, it is 

crucial to understand how the expression of cadherins relevant to neural crest EMT is 

regulated. 

 During EMT, cadherin levels are controlled by a number of diverse transcriptional 

and post-translational mechanisms (Gheldof and Berx, 2013; Kerosuo and Bronner-

Fraser, 2012; McKeown et al., 2013). The transcriptional control of cad6B in cranial 

neural crest cells has been well established. In the cranial neural crest, cad6B is directly 

repressed by the EMT transcription factor Snail2 (Taneyhill et al., 2007). In addition, 

Cad6B protein levels are post-translationally maintained by a scaffolding protein of the 

tetraspanin transmembrane protein family, Tetraspanin18 (Tspan18)(Fairchild and 

Gammill, 2013). In fact, downregulation of Cad6B mRNA expression without the 

concomitant loss of Tspan18 is incompatible with migration (Fairchild and Gammill, 

2013). Thus, coordinated transcriptional and post-translational mechanisms control 

Cad6B levels during neural crest EMT. Determining the mechanism by which Tspan18 

maintains Cad6B protein levels will allow us to understand how cell adhesion is 

regulated as cranial neural crest cells become migratory.  

 Membrane-bound and secreted matrix metalloproteases, including those of the 

ADAM (a disintegrin and metalloproteinase) family, cleave a variety of transmembrane 

proteins including cell adhesion molecules like cadherins (Edwards et al., 2008; 

Tousseyn et al., 2006; VanSaun and Matrisian, 2006). This process, typically called 

ectodomain shedding, dynamically alters the function of cell adhesion molecules and can 

affect cell signaling during various developmental processes (Weber and Saftig, 2012). 

Chick neural crest cells, as well as surrounding tissues, express a handful of ADAMs, 
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including ADAM10, 12, 13 and 33 (Hall and Erickson, 2003; Lin et al., 2010; Lin et al., 

2007; McLennan et al., 2012). In the trunk, ADAM10 cleaves N-cad and promotes trunk 

neural crest cell migration by both relieving N-cad dependent cell adhesions and affecting 

intracellular signaling, as the N-cad C-terminal fragment regulates the transcription of 

downstream targets of the Wnt signaling pathway (Shoval et al., 2007). Although 

ADAM13 has been implicated in cadherin-11 cleavage during cranial neural crest 

migration in Xenopus embryos (Alfandari et al., 2001; McCusker et al., 2009), the role of 

ADAMs in cad6B regulation has yet to be determined.  

 Recent studies have shown that tetraspanins can directly regulate ADAM activity 

by altering ADAM maturation and localization (Gutierrez-Lopez et al., 2011; Haining et 

al., 2012; Prox et al., 2012; Xu et al., 2009). These observations led me to hypothesize 

that Tspan18 modulates the activity of ADAMs that process Cad6B in premigratory 

cranial neural crest cells. In this chapter, I have outlined preliminary experiments I 

performed, in collaboration with the Alfandari and Taneyhill laboratories, to gain insight 

into the mechanism behind the ability of Tspan18 to maintain Cad6B protein levels 

(Fairchild and Gammill, 2013). Our preliminary data suggest that Tspan18 may regulate 

ADAM maturation, at least in Xenopus embryos, and furthermore emphasize the 

importance of future studies investigating whether Tspan18 regulates ADAM-dependent 

Cad6B processing.  
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Results and Discussion: 

Tspan18 does not interact with Cad6B in chick fibroblasts 

Forced expression of Tspan18 maintains Cad6B protein levels, without affecting 

Cad6B mRNA expression, and inhibits migration (Fairchild and Gammill, 2013), 

suggesting that Tspan18 stabilizes Cad6B protein levels post-translationally. In order to 

determine the mechanism behind this post-translational control, we first aimed to verify 

whether Tspan18 and Cad6B interact biochemically. To this end, we co-transfected chick 

embryonic fibroblast (DF1) cells with pCS2-TS18+MycTag (TS18MT) and pCS2-

Cad6B+FlagTag (Cad6BFT) to evaluate an interaction by co-immunoprecipitation. At 32 

hours post-transfection, TS18MT and cad6BFT were clearly detectable in whole cell 

lysates by western blotting with anti-Flag and anti-MycTag antibodies (Fig. 1A), 

suggesting that both constructs were efficiently expressed in DF1 cells. After 

immunoprecipitation using anti-Flag magnetic beads, Cad6BFT was clearly detectable by 

western blotting with anti-Flag (Fig. 1B), suggesting that the flag magnetic beads 

efficiently pull down flag-tagged cad6B. However, we could not detect TS18MT by 

western blotting with the anti-MycTag antibody (Fig. 1B). Together these data suggest 

that Tspan18 and Cad6B do not interact in DF1 cells. However, it is important to note 

that these experiments were performed outside of the context of the embryo. It is possible 

that Tspan18 and Cad6B interact indirectly, perhaps via associated cofactors that are 

present in the embryo and not in DF1 cells. Repeating these biochemical experiments 

after co-electroporation of similar tagged constructs into the embryo are important future 

experiments.  
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Fig. 1. Tspan18 and Cad6B do not interact in DF1 cells.   

(A) Total cell lysate from DF1 cells co-transfected with TS18MT and Cad6BFT. 

GAPDH (36 kDa), TS18MT (39 kDa), and Cad6BFT (99 kDa) are all detectable by 

western blot with the appropriate primary antibodies. (B) Anti-flag immunoprecipitation 

using total cell lysate from DF1 cells co-transfected with TS18MT and Cad6BFT. 

Cad6BFT was detected in the immunoprecipitate following western blot with an anti-

Flag tag primary antibody (note presence of 99 kDa band). However TS18MT was not 

detected following western blot using an anti-Myc Tag antibody.  
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Although Tspan18 interacts with xADAM13 and xADAM19, it does not interact 

with cADAM19 in DF1 cells 

 One possible reason Tspan18 did not interact with Cad6B in DF1 cells (Fig. 1) is 

that Tspan18 may affect Cad6B protein levels by indirectly interacting with, and/or 

controlling the activity of, other membrane proteins that are responsible for cad6B post-

translational regulation. ADAMs regulate cadherin processing during neural crest 

development in the trunk (Shoval et al., 2007) and in Xenopus embryos (McCusker et al., 

2009). Moreover, a handful of tetraspanins have been shown to regulate ADAM activity 

(Gutierrez-Lopez et al., 2011; Haining et al., 2012; Prox et al., 2012; Xu et al., 2009). 

Although ADAM processing of Cad6B has not been demonstrated, we reasoned that 

Cad6B may also be regulated by ADAMs, and furthermore reasoned that Tspan18 may 

modulate this regulation. In order to investigate this possibility we first wanted to 

determine whether Tspan18 interacts biochemically with two ADAMs that are potentially 

relevant to chick cranial neural crest development: cADAM10 and cADAM19 (A. 

Schiffmacher, unpublished data). DF1 cells were transfected with either pCIG-

ADAM10+HATag (cA10HA) or pCIG-ADAM19+HATag (cA19HA) with or without 

pCS2-Tspan18 (TS18FT). 32 hours after transfection, we assayed the expression of 

cA10HA, cA19HA and TS18FT in DF1 cells by western blot. We found that TS18FT 

was abundantly expressed in both conditions (Fig 2A). Furthermore, we detected 

cA19HA in DF1 cells that were transfected with cA19HA alone and in cells co-

transfected with TS18FT, although the amount of cA19HA was notably lower when co-

transfected with TS18FT (Fig. 2B). Unfortunately we did not detect cA10HA in DF1 
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cells under any condition examined (Fig. 2B), suggesting that in these experiments, 

cA10HA is not being efficiently expressed.  

Given that we could detect cA19HA, we next performed a co-

immunoprecipitation experiment to determine whether cA19HA interacted with TS18FT. 

Following immunoprecipitation with anti-flag magnetic beads, we could clearly detect 

TS18FT by western blot using an anti-flag antibody (Fig. 2C), suggesting that TS18FT 

was being efficiently immunoprecipitated by the anti-flag magnetic beads. However, 

cA19HA was not apparent by western blot using an anti-HA antibody (Fig. 2C). This was 

unexpected, considering that Tspan18 does interact with both Xenopus ADAM19 

(xADAM19) and Xenopus ADAM13 (xADAM13) in 293T cells (D. Alfandari, personal 

communication). However, it is possible that Tspan18 only interacts with cADAM19 

under certain conditions, and that these conditions were not met in our culture system. 

Thus, it is essential to repeat these experiments in other culture conditions, or perhaps 

more appropriately, within the context of the chick embryo. Different ADAMs could be 

relevant to neural crest development in the chick embryo, and the function of an 

individual ADAM ortholog may not necessarily be the same when comparing chick and 

Xenopus embryos. Exploring the interaction between Tspan18 and other ADAMs, 

including those that have yet to be characterized in the neural crest, are intriguing future 

experiments.  
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Fig. 2. Tspan18 does not interact with chick ADAM19 in DF1 cells. 

(A) Total cell lysate from DF1 cells transfected with TS18FT and either cA10HA or 

cA19HA. TS18FT (39 kDa) is detectable by western blot using anti-Flag tag antibody. 

(B) Total cell lysate from DF1 cells transfected with cA10HA alone or with TS18FT and 

cA19HA alone or with TS18FT. cA10HA is not detectable in either condition, but 

cA19HA is detectable by western blot using an anti-HA tag primary antibody. (C) Anti-

Flag immunoprecipitation using cell lysate from DF1 cells co-transfected with cA19HA 

and TS18FT. TS18FT was detected in the immunoprecipitate by western blot using an 

anti-Flag tag antibody (note the presence of the 39 kDa band). However, cA19HA was 

not present in the immunoprecipitate following western blot using an anti-HA tag 

antibody.  
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Tspan18 does not alter the ability of xADAM13 to cleave PAPC in vitro, but may 

affect ADAM maturation 

 Tetraspanins have previously been shown to directly regulate ADAM activity in 

various cell types (Gutierrez-Lopez et al., 2011; Haining et al., 2012; Prox et al., 2012; 

Xu et al., 2009). Although Tspan18 did not interact with cADAM19 in DF1 cells (Fig. 2), 

it did interact with xADAM13 and xADAM19 in 293T cells (D. Alfandari, personal 

communication). We therefore wanted to determine whether Tspan18 alters the ability of 

xADAM13 to cleave Xenopus paraxial protocadherin (PAPC) in vitro. The results of 

these experiments, as performed by the Alfandari lab in collaboration with me, are shown 

in Fig. 3. In culture supernatants from cells transfected with wild-type xA13 (lane 1), a 

distinct band corresponding to the “shedded” version of PAPC (shedd PAPC) was clearly 

visible by western blot (Fig. 3A, arrowhead). In contrast, the band corresponding to 

shedd PAPC was absent in supernatants from cells transfected with a mutant, kinase-dead 

form of xA13 (E/A13; lane 3), suggesting that PAPC is not cleaved in the presence of 

E/A13 and, importantly, xA13 activity can be assed by the presence of this band. 

Interestingly, when wild-type xA13 was co-transfected with full-length Tspan18, shedd 

PAPC was present (Fig. 3A; lane2), suggesting that Tspan18 does not interfere with the 

ability of xA13 to cleave PAPC. Similar studies investigating the affect Tspan18 had on 

xADAM19-dependent cleavage of the ampheregulin receptor showed similar results (D. 

Alfandari, personal communication). Together these experiments suggest that Tspan18 

does not directly regulate xADAM13 or xADAM19 activity.  

 One interesting observation, however, was that expression of Tspan18 did appear 

to decrease the amount of xADAM13 (Fig. 3C; lane 2) present in these cells. This is 
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consistent with our earlier finding, which suggested that expression of Tspan18 decreased 

the amount of cADAM19 expressed in DF1 cells (Fig. 2B). Furthermore, expression of 

Tspan18 altered the ratio of the mature form of xADAM13 produced (bottom arrow in 

Fig. 3C) compared to the immature form (top arrow in Fig. 3C). Specifically, in cells 

expressing only wild-type xA13, the amount of mature and immature isoforms of xA13 

was approximately equal (Fig. 3C, lane 1), however, in cells co-transfected with Tspan18 

there was much less of the mature form present, as compared to the immature form (Fig. 

3C, lane 2). This could indicate that Tspan18 affects ADAM maturation, however 

additional control experiments are required to determine if this is a specific consequence 

of Tspan18 expression as compared to a general effect on translation. Furthermore, to 

assess whether Tspan18 regulates Cad6B processing, these experiments will need to be 

repeated in vivo using chick embryos. Unfortunately, no information regarding Cad6B 

processing is currently available, making these proposed experiments difficult. However, 

ADAM function is also regulated by intercellular trafficking (Edwards et al., 2008), thus 

an intriguing first step would be to determine whether Tspan18 knock down alters the 

localization of ADAMs expressed in chick cranial neural crest cells.  
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Fig. 3. Tspan18 does not interfere with PAPC ectodomain shedding by xADAM13, 

but may affect xADAM13 maturation.  

PAPC ectodoamin shedding in cells transfected with xA13, alone (lane 1) or with 

cTS18MT (lane 2), and E/xA13 (lane 3), a catalytically inactive version of xA13. (A) 

The ectodomain of PAPC (shedd PAPC; arrowhead) is present in the cell culture 

supernatant from cells transfected with xA13, both with and without cTS18MT (note the 

presence of shedd PAPC in both of these conditions). In contrast, shedd PAPC is not 

detectable in cell supernatants from cells transfected with E/xA13. (B) The presence of 

PAPC in total cell lysate from transfected cells. (C) The presence of xA13 isoforms 

within total cell lysate from transfected cells. When xA13 is co-transfected with 

cTS18MT (lane 2), there is proportionally more of the immature form of xA13 (top 

arrow; pro-xA13) than there is the mature form of xA13 (bottom arrow; mat-xA13) as 

compared to cells transfected with xA13 alone (lane 1). (D) The presence of Tspan18 in 

total cell lysate from transfected cells. (E) The presence of GAPDH in total cell lysate 

from transfected cells.  
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Evaluating the ability of in vivo ADAM inhibition to rescue Cad6B protein levels 

when Tspan18 is knocked down 

 Knockdown of Tspan18 leads to a premature loss of Cad6B protein levels in the 

dorsal neural tube of developing chick embryos (Fairchild and Gammill, 2013). While the 

aforementioned experiments assayed the interplay of Tspan18 and ADAMs in vitro, they 

did not necessarily reflect in vivo conditions. Thus, our next aim was to determine 

whether Tspan18 maintains Cad6B protein levels via an ADAM-dependent mechanism in 

chick embryos. We hypothesized that Tspan18 might protect Cad6B from processing by 

ADAMs in cranial neural crest cells, and reasoned that if this were true, inhibiting 

ADAM activity using the general ADAM inhibitor marimastat should rescue the 

premature loss of Cad6B protein levels observed after Tspan18 knockdown (Fairchild 

and Gammill, 2013). To investigate this, we electroporated HH stage 4+ embryos with 

either a control (ContMO) or a Tspan18 translation-blocking morpholino (TS18MO) and 

later bathed the cranial neural folds of electroporated embryos with 1 mM marimastat (in 

10% DMSO) at 2-3 somites. At 5-7 somites, embryos were processed by whole mount 

immunofluorescence to visualize Cad6B protein levels. As expected, Cad6B protein 

levels were unaffected in embryos electroporated with ContMO and treated with either 

DMSO or marimastat (Fig. 4A,B). In contrast, embryos injected with TS18MO and 

treated with DMSO exhibited a premature loss of Cad6B protein, as previously described 

(Fig. 4C; (Fairchild and Gammill, 2013). Likewise, in embryos electroporated with 

TS18MO and treated with marimastat, Cad6B protein levels were reduced on the targeted 

side of the embryo (Fig. 4D). Thus, under these conditions, marimastat treatment does  
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Fig. 4. Treatment with marimastat does not rescue the premature loss of Cad6B 

protein levels following Tspan18 knockdown.  

(A-D) Whole mount images of embryos electroporated with either ContMO (A,B) or 

TS18MO (C,D), treated with DMSO (A,C) or the general ADAM inhibitor marimastat 

(B,D) and immunostained for Cad6B protein. Embryos electroporated with ContMO 

(green in A,B) exhibit normal Cad6B protein levels (A’B’; and red in A,B) regardless of 

treatment with DMSO or marimastat. In contrast, electroporation with TS18MO (green in 

C,D) reduced Cad6B protein levels (C’,D’; and red in C,D) regardless of treatment with 

DMSO or marimastat. (E) Bar graph representing the frequency of electroporated 

embryos exhibiting reduced v.s. normal Cad6B protein levels.  
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not rescue the premature loss of Cad6B protein levels that occurs following Tspan18 

knockdown.  

 One possible explanation for why marimastat fails to rescue the Tspan18 loss-of-

function Cad6B phenotype is that marimastat may not be efficiently delivered into the 

neural folds. In our experiments, electroporated stage 4+ embryos must be cultured 

ventral side up on agar-albumin (Chapman et al., 2001). This introduces two limitations. 

First, marimastat must be injected through ventral tissue to reach the dorsal neural tube, 

which easily damages the embryos. Second, even upon viable delivery of marimastat into 

the neural tube, the drug quickly dissipates into the agar-albumin culture substrate, 

drawing the marimastat away from the neural folds and preventing sustained incubation. 

Unfortunately, repositioning embryos dorsal side up after their initial incubation tears the 

delicate embryonic tissue of early embryos and is therefore not feasible (data not shown). 

Trying alternate culture systems, for example by incubating electroporated embryos in 

liquid culture containing marimastat, or using pluronic gel to more effectively localize 

and retain marimastat to the developing neural tube, may help correct these technical 

issues.  

It is also possible that our results reflect a valid mechanistic finding. The absence 

of rescue in these experiments could indicate that we were incorrect in our hypothesis 

that Tspan18 regulates Cad6B through an ADAM-dependent post-translational 

mechanism; however, we currently lack a positive control for ADAM activity in the 

chick cranial neural folds to make this conclusion. Moreover, a recent study supports the 

idea that ADAM regulation by tetraspanins may be more complex than we have presently 

considered in this preliminary study. In particular, tetraspanin15 regulates ADAM10 
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activity at multiple levels, including initial maturation, trafficking to the cell surface, 

maintenance at the plasma membrane, and sheddase activity (Prox et al., 2012). Thus, it 

is possible that Tspan18 regulates ADAM maturation and/or localization in neural crest 

cells at a step in the process not addressed by these experiments. Identifying Tspan18 

binding partners may identify proteins responsible for ADAM trafficking and/or 

maturation, and could potentially fill some of these gaps in our knowledge. Moreover, 

investigating Tspan18 binding partners would also allow us to indentify other potential 

mechanisms causing Tspan18-dependent maintenance of Cad6B. Such experiments are 

crucial and currently underway.  

In conclusion, our preliminary data provides additional insight into the 

mechanism by which Tspan18 maintains cad6B protein. Our results suggest that Tspan18 

indirectly regulates Cad6B levels, potentially by affecting ADAM metalloproteases. Our 

preliminary in vitro data with Xenopus ADAMs suggests that Tspan18 may be capable of 

altering ADAM maturation. However, because little is known about ADAM involvement 

during chick cranial neural crest migration, our chick experiments have been technically 

difficult and require further investigation. Identifying Tspan18 binding partners is an 

important next step in understanding the mechanism of how Tspan18 controls Cad6B, 

and more generally cell adhesion, during cranial neural crest EMT.   
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Materials and Methods: 

Cell culture, vectors, and transfection 

Chick embryonic fibroblasts (DF1; ATCC, Manassas, VA) were cultured in DMEM 

(high glucose; Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine 

serum (Life Technologies, Carlsbad, CA), 2.5 µg/µL plasmocin (InvivoGen, San Diego, 

CA), and penicillin/streptomycin at 37°C with 5% atmospheric CO2. Chick Tspan18 and 

Cad6B were cloned into pCS2+ (Turner and Weintraub, 1994) containing either a C-

terminal Myc Tag or Flag Tag as previously described (Fairchild and Gammill, 2013). 

pCIG-ADAM10 and pCIG-ADAM19 plasmids were provided by L.A. Taneyhill. 12 µg 

of each vector was transfected into DF1 cells using Lipofectamine 2000 (Life 

Technologies, Carlsbad, CA) according to manufacturer’s protocol. 32 hours after 

transfection, cells were removed from the culture dish by scraping, and washed twice in 

sterile PBS, and either immediately frozen or lysed for immunoblotting or 

immunoprecipitation.  

  

Western Blotting and Immunoprecipitation 

Transfected cells were lysed in ice-cold TBS containing 1% Brij-99 (Sigma Aldrich, St. 

Louis, MO) and Complete protease inhibitors (Roche, Indianapolis, IN). Following lysis 

insoluble proteins were removed by centrifugation at 15,000 rpm for 10 min at 4°C. For 

western blotting, cell lysates were run on hand poured 10% SDS-PAGE gels, transferred 

to nitrocellulose (Bio-Rad, Hercules, CA), and incubated overnight at 4°C with the 

appropriate primary antibodies: anti-Myc Tag (DSHB, Iowa City, IA) at 1:100, anti-Flag 

M2 (Sigma) at one 1:500, or anti-HA tag (clone 12CA5; Roche) at 1:100 followed by an 
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HRP-conjugated goat anti-mouse secondary antibody (Jackson Labs, West Grove, PA). 

Western blots were developed using the SuperSignal West Pico Chemiluminescent 

Substrate kit (Thermo Scientific, Rockford, IL) according to manufacturer’s instruction. 

For immunoprecipitation, cell lysates were diluted in 1% Brij-99 lysis buffer, incubated 

with anti-Flag M2 magnetic beads (Sigma) overnight at 4°C, washed 3 times in PBS and 

eluted by boiling in 4X SDS-PAGE loading buffer with BME according to the Sigma 

protocol. To detect protein-protein interactions, immunoprecipitated proteins were then 

run on SDS-PAGE gels and visualized by western blot as described above.  

 

Embryos 

Fertile chicken embryos were incubated in a humidified incubator (G. Q. F. 

Manufacturing; Savannah, GA) at 37-38°C. Embryos were staged according to 

Hamburger and Hamilton, 1951 or by counting somite pairs. 

 

Embryo electroporation and marimastat treatment 

Stage 4+ embryos were electroporated with FITC-tagged standard control or Tspan18 

translation-blocking morpholino oligonucleotides (MOs) according to (Gammill and 

Krull, 2011) as previously described (Fairchild and Gammill, 2013). After 

electroporation, embryos were incubated on agar albumin plates until 2-3 somites, and 1 

mM marimastat in 10% DMSO (or 10% DMSO alone) was injected into the developing 

neural tube. Following reincubation to 5-6 somites, embryos were fixed in 4% 

paraformaldehyde and immediately processed for whole mount immunofluorescence.  
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Whole mount immunofluorescence 

To detect Cad6B protein in electroporated embryos, whole embryos were incubated with 

anti-Cad6B primary antibody (DSHB) and appropriate RRX-conjugated secondary 

antibody as previously described (Fairchild and Gammill, 2013). Whole mount 

immunostained embryos were then imaged on a Zeiss 710 confocal microscope using 

LSM software. Images were adjusted in Photoshop (Adobe).  
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