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Neural crest migration is a dynamic process that involves the delamination, 

and collective migration of cells through the complex extracellular matrix of 

vertebrate embryos. A number of molecules are known to participate in neural 

crest delamination and migration, however the mechanism by which extracellular 

signals are integrated with cell adhesion and cytoskeletal modification to trigger 

the cell movements required for neural crest cell migration are not well 

understood. My thesis research has specifically addressed the role of 

methylation as a post-translational regulator of neural crest migration. 

Methylation is the addition of a methyl group onto DNA, RNA, proteins, or lipids, 

and is important for the regulation of gene expression, RNA metabolism and 

protein function. Several core enzymes of the methylation cycle are upregulated 

as neural crest cells are preparing to migrate. Therefore, I examined the role of 

these methylation events during migration. First, I show the requirement for the 

methylation cycle enzyme SAHH for the specification and migration of neural 

crest cells. Additionally, I found SAHH to be specifically required to establish and 

maintain cell polarity during neural crest migration. Next, I found SAHH and 

lysine-methylated proteins expressed in the cytoplasm of migratory neural crest 

cells, and performed a proteomic screen that identified 182 putatively methylated 

proteins from the cytoplasm of migratory neural crest cells. Then, I demonstrate 

the requirement of lysine methylation of the actin-binding protein EF1α1 during 

neural crest migration. Additionally, I profiled the expression of three additional 

putatively methylated screen proteins, ADF, TPM-1 and DCX. All three are 

expressed throughout neural crest development, and ADF is required for proper 
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specification and migration of neural crest cells. Together, these results implicate 

methylation as an essential process during neural crest migration and show for 

the first time that methylation events on a cytoplasmic actin-binding protein can 

regulate neural crest migration, directly linking cytoplasmic protein methylation to 

the complex developmental process of neural crest migration. 
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Chapter One: Fine-tuning the complex regulatory 

processes involved in neural crest migration. 
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Neural crest cells (NCCs) are multipotent, migratory cells that arise from 

the dorsal neural tube and migrate extensively throughout the vertebrate embryo 

to form a diverse set of lineages including melanocytes, craniofacial bone and 

most of the peripheral nervous system (LeDouarin and Kalcheim, 1999). Neural 

crest cells have attracted the attention of developmental biologist for over a 

century as a model system to study embryonic induction, specification, tissue 

commitment, cell-fate determination and migratory potential. An established gene 

regulatory network of transcription factors defines pathways that regulate a 

complex series of events from early induction to migration (Sauka-Spengler and 

Bronner-Fraser, 2008). However, the molecular events that take place following 

neural crest induction that trigger neural crest cells, and not other cells of the 

neural tube, to migrate are poorly understood. An induction of actin cytoskeletal 

elements in premigratory neural crest precursors prior to their migration, along 

with the fact that not all cells in the neural folds migrate suggests an additional 

layer of complexity to genetic and epigenetic control (Bronner-Fraser and Fraser, 

1988, Selleck and Bronner-Fraser, 1995). It was postulated by analogy with other 

migratory cell types, that instead of a gene or epigenetic mark specifically 

marking a cell for migration, a signal to migrate mobilizes migratory potential in a 

subset of cells through post-transcriptional or post-translational regulation.  

For my thesis, I have examined a previously unrecognized role for post-

translational non-histone protein methylation in regulating the migration of neural 

crest cells from the neural tube. I have studied the function of the essential 

methylation cycle enzyme SAHH, the methyltransferase Ezh2, as well as several 
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targets of non-histone protein methylation including the actin-binding protein 

EF1α1, addressing their roles in neural crest cell specification and migration.  

But how are neural crest cells first induced? What molecular events lead 

up to their migration? What insights can we gain from these events that lead to 

their eventual migration? How can methylation affect neural crest specification 

and migration? More specifically how can non-histone protein methylation 

regulate the dynamic process of migration? And how can we detect these 

methylation events in neural crest migration? To consider non-histone protein 

methylation as a regulator of neural crest migration we must first look at 

established research that clearly defines the neural crest, the regulation of neural 

crest function, and the role of methylation in regulating protein function.  

 

1.1 The rise and crawl of the neural crest 

Neural crest cells are often referred to as stem-like cells for their ability to 

form diverse lineages, as well as their mode of induction. Beyond these stem-like 

properties these cells undergo complex molecular and morphological events that 

allow them to migrate extensively throughout the vertebrate embryo.  

 

1.1A The fourth germ layer 

 Neural crest cells are a mulitpotent, embryonic cell type unique to 

vertebrates coined “the fourth germ layer” due to their ability to become a wide 

range of derivatives. The primary germ layers, endoderm and ectoderm, are 

present in unfertilized eggs, and inductive signals between these layers give rise 
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to the vertebrate mesoderm. The mesoderm, a secondary germ layer, gives rise 

to connective tissue, gut linings, muscles cells, red blood cells, septa, and parts 

of the gonads. Similarly the neural crest arises early in development and gives 

rise to an even larger number of divergent cell and tissue types, upon inductive 

signals from the surrounding germ layers, by definition classifying this as the 

fourth germ layer (Hall, 2000; Hall, 2008). 

 Neural crest cells give rise to critical components of the craniofacial 

skeleton, such as the jaws and skull, as well as melanocytes, the 

aorticopulmonary septum, and ganglia of the peripheral nervous system. Several 

of these crest-derived structures are present in non-vertebrate chordates, 

however the development of the crest-derived peripheral nervous system, paired 

sense organs and craniofacial skeleton have separated vertebrates from other 

chordates, and allowed for a predatory lifestyle (Gans and Northcutt, 1983). This 

resulted in the increased use of nutrients, increased metabolic output and a more 

advanced sensory output and development of many key vertebrate 

characteristics. The evolutionary introduction of neural crest cells and the 

advanced development of vertebrate features required increased regulatory 

functions and adaptability of the genome, which is likely achieved through post-

transcriptional or post-translational modification to existing genes and proteins.  

 

1.1B Neural crest induction 

Neural crest cells are first induced by a set of signaling events that occur 

at the neural plate border, between the neural plate and the non-neural ectoderm. 
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Induction occurs when a group of cells of the ectoderm receive signals that will 

instruct them to adopt a neural crest precursor fate. As the neural plate folds up 

to form the neural tube, neural crest progenitors come to lie in, and/or 

immediately adjacent to the dorsal neural tube (Basch et al., 2004; Knecht and 

Bronner-Fraser, 2002). However, these inductive signals do not guarantee neural 

crest cell fate, as cells of the dorsal neural tube are a mixed population of neural 

and neural crest cells (Bronner-Fraser and Fraser, 1988; Collazo et al., 1993). 

Further studies also highlighted the different fate potential of cells of the neural 

folds, with some individual cells being restricted to one cell fate, while other cells 

of the neural tube remaining multipotent even after migration has started 

(Chizhikov and Millen, 2004; Fraser and Bronner-Fraser, 1991; Raible and Eisen, 

1994; Serbedzija et al., 1994).  

 

1.1C Neural crest EMT 

Neural crest cells are first morphologically defined and separated from the 

surrounding tissue upon delamination from the neural tube in the complex 

process of epithelial-to-mesenchymal transition, or EMT. Delamination of cranial 

neural crest cells occurs all at once, while trunk neural crest cells delaminate 

progressively, leaving the neuroepithelium one by one (LeDouarin et al., 1999; 

Theveneau and Mayor, 2012b). In the trunk, premigratory neural crest cells 

express BMP4 and the BMP inhibitor Noggin. As somitogenesis proceeds in the 

trunk the developing somite releases a still unidentified factor that progressively 

blocks Noggin expression, which allows for increasing expression of the BMP 
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enhancer Cv2 (Sela-Donenfeld and Kalcheim, 2000). Increased BMP signaling 

triggers the Wnt-1 dependent cascade, which activates the expression of neural 

crest specifiers, including the transcription factors Snail/Slug, FoxD3, Sox9/10, 

and cMyc, whose expression makes possible delamination from the neural tube 

and subsequent migration (Burstyn-Cohen et al., 2004; Cheung and Briscoe, 

2003; Cheung et al., 2005; Sela-Donenfeld and Kalcheim, 2002). In neural crest 

cells these factors activate B1 integrin, modulate RhoB expression, stimulate 

laminin synthesis and basal lamina degradation, regulate the formation and 

maintenance of presumptive neural crest, as well as orchestrating cadherin 

switching from N-cadherin to epithelial cadherin 6B and then to a mesenchymal 

cadherin-7 (Chalpe et al., 2010; Cheung and Briscoe, 2003; Cheung et al., 2005; 

Dottori et al., 2001; Liu and Jessell, 1998; McKeown et al., 2005; Theveneau and 

Mayor, 2012a; Theveneau and Mayor, 2012b). The switch from strong epithelial 

cell adhesion to a weak cell-cell adhesion is necessary to allow neural crest cells 

to delaminate from the neural tube. Cleavage and switching of cadherins drives 

intracellular signaling pathways that direct neural crest cells, and not other 

neuroepithelial cells to become migratory. (Nakagawa and Takeichi, 1995; 

Nakagawa and Takeichi, 1998). Cleavage of N-cadherin by the 

metalloproteinase ADAM10 contributes both to the loss of cell adhesion and 

promotes cell-cycle progression into the G1/S transition which is seen as an 

additional prerequisite for delamination of trunk neural crest cells (Burstyn-Cohen 

and Kalcheim, 2002; Lobjois et al., 2004; Megason and McMahon, 2002; Shoval 

et al., 2007). 
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Comparison between head and trunk neural crest cells highlights several 

differences at the transcriptional level. As much of my thesis work focuses on 

cranial neural crest migration the focus of the remaining introductory material will 

focus on this region. Cranial neural crest cells do not experience the same 

signals received during somite formation in the trunk. For example, cranial neural 

crest cells express several BMP and Wnt inhibitors, making it unlikely that their 

emigration requires BMP signaling (Graham et al., 1994; Tzahor et al., 2003). 

Additionally their emigration is not linked to G1/S transition of the cell cycle 

(Theveneau et al., 2007). Together, these data highlight the fact that the 

upstream regulators of cranial neural crest emigration are different from trunk 

neural crest cell upstream regulators. Several additional factors have been 

identified that may account for the all-at-once emigration of cranial neural crest 

cells, including Ets1, Id2, and LSox5 (Martinsen and Bronner-Fraser, 1998; 

Perez-Alcala et al., 2004; Theveneau et al., 2007). Interestingly, the tumor 

suppressor p53 is expressed in neural folds prior to delamination and its 

disappearance coincides with the onset of neural crest emigration (Green and 

Kroemer, 2009; Kastan, 2007). The reduction of p53 leads to the accumulation of 

Snail2 and Ets1 in the dorsal neural tube, which promotes delamination (Rinon et 

al., 2011). Overexpression of Ets1 in the trunk is sufficient to convert trunk 

delamination into a massive cranial-like delamination (Theveneau et al., 2007). 

These data suggest that Ets1 is a key factor explaining the massive emigration of 

neural crest cells at cranial levels. The downstream targets of the mixture of 

transcription factors responsible for regulating delamination likely vary with axial 
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level. However, the modulation of cadherin activity and expression at the time of 

neural crest emigration is a common thread between neural crest populations, 

and is achieved using a range of strategies including changes in gene expression 

and cadherin switching, and result in different outcomes, but all lead to 

emigration from the neural tube. 

 

1.1D Neural crest migration 

Following emigration from the neural tube cranial neural crest cells 

migrate extensively throughout the embryo guided by external signals present in 

their environment. Early in their migration neural crest cells experience 

permissive signals that sort neural crest cells along migratory routes by the 

expression, or lack of expression of two classes of signaling molecules: the 

ephrins and their ephrin receptors and the semaphorins and their neuropillin 

receptors. These signals are responsible for preventing entry into neural crest 

free regions early in migration by inducing the collapse of cell protrusions 

necessary for migration (Adams et al., 2001; Baker and Antin, 2003; Eickholt et 

al., 1999; Mellott and Burke, 2008; Yu and Moens, 2005). In addition to 

permissive signals several positive regulators, or chemoattractants of cranial 

neural crest migration have also been described including VEGF, PDGF, FGF 

and Sdf1. VEGF and FGF are important for homing neural crest cells to their 

proper locations (McLennan et al., 2010; Trokovic et al., 2005), while PDGF is 

generally required for neural crest cells during development, with impaired PDGF 

signaling leading to a number of craniofacial and cardiac defects (Smith and 
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Tallquist, 2010). Sdf1, or Cxcl12 has been characterized as an attractant for 

various migratory cell populations, and has been shown to be specifically 

required for cranial neural crest migration in zebrafish and Xenopus (Aiuti et al., 

1997; Blaser et al., 2005; Boldajipour et al., 2008; Dewan et al., 2006; Fukui et al., 

2007; Kucia et al., 2004; Olesnicky Killian et al., 2009; Theveneau and Mayor, 

2010). Although these signaling events may be able to direct neural crest 

emigration from the neural tube these signals are not sufficient to promote 

directional cell migration over the long distances neural crest derivatives travel.   

Neural crest directional migration is likely modulated on a local scale 

requiring additional mechanisms that generate and modulate directionality. 

Events leading to directionality in neural crest cells involve cell-cell contacts and 

transient cell collisions. Neural crest cells maintain short and long-range cell-cell 

interactions during migration, which have been shown to improve cranial neural 

crest cell motility (Kulesa and Fraser, 1998; Kulesa and Fraser, 2000; Teddy and 

Kulesa, 2004; Thomas and Yamada, 1992).  As neural crest cells emigrate from 

the neural tube, they extend lamellopodia and fillopodia to contact their neighbors 

and form chain arrangements (Berndt et al., 2008; Kulesa et al., 2000; Kulesa 

and Fraser, 2000; Teddy and Kulesa, 2004). Cranial neural crest cells traveling in 

chains experience contact inhibited locomotion (CIL), which initially causes 

retraction of cellular protrusions and prevents overlapping cells. This also causes 

a repolarization of cells that results in a biased directionality towards the 

chemoattractant Sdf1, leading to collective cell migration (Theveneau et al., 

2010; Theveneau and Mayor, 2010).  In Xenopus CIL is mediated by N-cadherin 
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dependent cell-cell interactions, which triggers the non-canonical Wnt/PCP 

pathway. N-cadherin-Wnt/PCP controls the activity levels of small GTPases 

RhoA and Rac1 at the cell-cell contacts (Carmona-Fontaine et al., 2008a; 

Carmona-Fontaine et al., 2008b; De Calisto et al., 2005; Matthews et al., 2008; 

Theveneau et al., 2010; Theveneau and Mayor, 2010). When two neural crest 

cells collide, RhoA activity increases at the site of contact, while Rac1 decreases. 

Decrease in Rac1 activity results in the collapse of the lamellipodia, and 

formation of a new lamellipodium on the opposite side of the cell. Additionally the 

activation of RhoA at the site of contact prevents the reorganization of the actin 

cytoskeleton parallel to the region of contact and reinforcement of cell-cell 

junctions. Instead, cells contract their cell body to move away from each other in 

a RhoA/Rock-dependent mechanism. Additionally high levels of RhoA activity 

promote actin bundle formation at the basal side of the cells and lead to the 

retraction of the cell rear and junction disassembly. Rho GTPases are also 

responsible for establishing and generating contractile forces in neural crest cells 

and promote directional migration by inhibiting protrusions at trailing edges of 

migrating cells (Clay and Halloran, 2011; De Calisto et al., 2005). 

Several other factors play important roles in establishing polarity and 

collective cell migration in neural crest cells. Besides cadherin-based junctions, 

migratory neural crest cells also establish gap junctions whose presence 

influences cell polarity and survival by allowing them to integrate and respond to 

external signals (Bannerman et al., 2000; Huang et al., 1998; Xu et al., 2006). 

Interestingly Xenopus neural crest cells also exhibit mutual attraction. This co-
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attraction behavior is mediated by the complement factor C3a and its receptor 

C3aR, which are co-expressed in migratory Xenopus cranial neural crest cells. 

Each neural crest cell expresses C3a therefore individual cells that leave the 

group are attracted towards each other. C3a/C3aR signaling also leads to Rac1 

activation, which contributes to cell polarity required for migration (Carmona-

Fontaine et al., 2011). Co-attraction prevents cell dispersion attracting cells 

towards each other, which maintains cell density, and therefore positively 

feedbacks into CIL by promoting cell collisions necessary for establishing and 

maintaining cell polarity. Additionally neural crest streams are surrounded by 

inhibitors, which also helps to maintain cell density and ensures a high rate of 

polarizing cell protrusions. Together all of these pathways converge giving cranial 

neural crest cells the polarity and cues to migrate throughout the vertebrate 

embryo.  

 

1.2 Beyond the gene regulatory network 

Although a gene regulatory network of transcription factors has been 

established that defines pathways that regulate this complex series of events 

from early induction to migration it is well understood that genetic complexity 

goes beyond that of the genome, and the more advanced we become as species 

the more regulatory features have evolved to allow for an increased number of 

functions and increased adaptability (Sauka-Spengler and Bronner-Fraser, 2008). 

There is a growing body of evidence that demonstrates that epigenetic 

mechanisms add to the regulatory control of neural crest development.  
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1.2A Epigenetic regulation through histones 

One of the most extensively studied epigenetic modifications is that found 

on histones. Histones are highly alkaline proteins found in eukaryotic cells that 

package DNA into structural units called nucleosomes. Nucleosomes consist of 

two H2A-H2B dimers and a H3-H4 tetramer that form two symmetrical halves, 

and act as spools around which DNA winds. Each of the histone proteins contain 

a n-terminal tail that serves as the location of post-translational modification 

(Ramakrishnan, 1997). Histone tails are subject to a wide range of post-

translational modifications including acetylation, phosphorylation, methylation 

and ubiquitination. The most extensively studied histone modification is 

methylation. Histone 3 lysine 4 trimethylation (H3K4me3) is generally associated 

with active transcription, whereas H3K27me3 and H3K9me3 are associated with 

repressed chromatin. Other methyl marks have been shown to have more 

diverse cellular functions, such as H3K4me1 is associated with enhancer 

function and H3K4me3 is linked to promoter activity (Greer and Shi, 2012). In 

general methyl marks are thought to be more stable than other PTMs, and were 

thought to be irreversible until the recent discovery of several demethylases 

including LSD1, JMJD2, and JMJD6 (Chang et al., 2007; Shi et al., 2004; 

Whetstine et al., 2006). The diverse array of methylation events that occur on 

histones allows for dynamic regulation of gene expression and cell function.  

 

1.2 B Methyltranferases and methyl mark readers 
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The enzymes that add methyl marks to lysine residues are now called 

lysine methyltransferases or KMTs, and enzymes that remove methyl marks on 

lysines are called lysine demethylases (KDMs) (Allis et al., 2007). KMTs catalyze 

the addition of one, two or three methyl groups from S-adenosyl-L-methionine to 

the amino side chain on lysine residues. These KMTs have been categorized into 

eight families primarily categorized by the histone substrate they methylate, other 

defined protein domains or homologous sequence. All eight families of KMTs 

contain a conserved SET (Su(var)3-9, Enhancer of Zeste, Trithorax) domain 

which contains the enzymatic activity except for the KMT4 family (Qian and Zhou, 

2006). The recent discovery of lysine demethylases, in particular LSD1, which 

contains a Jumonji domain, sparked the identification of a large number of 

protein demethylases that contain the Jumonji domain. Similarily these KDMs are 

classified into seven families based on their substrate specificities and protein 

domain organization (Shi and Whetstine, 2007).  

Of particular interest for the work I will be describing later are the 

methyltransferases NSD3 and Ezh2. NSD3 is a member of the nuclear-set 

domain (NSD) containing gene family, which also includes NSD1 and NSD2. 

NSD family proteins are highly similar proteins that contain a SET domain, 

conferring methyltransferase activity, a PWWP domain, an NSD specific Cys-His 

rich domain (C5HCH) and several PHD fingers. These conserved protein 

domains are involved in development, transcriptional regulation and/or 

organization of chromatin (Angrand et al., 2001). All three NSD proteins have 

been linked to several human diseases, and are also known to act as oncogenes. 
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All three members are highly specific H3K36 mono- and di-methylases, and 

NSD3 is also known to form complexes in vivo that localize to gene bodies of 

actively transcribed genes and may coordinate modifications of H3K4, H3K9, and 

H3K36 during elongation for optimal transcription (Fang et al., 2010; Kuo et al., 

2011; Li et al., 2009).  

Another methyltransferase of particular interest to my thesis work is 

Enhancer of zeste homolog 2, or Ezh2. Ezh2 is part of the polycomb repressive 

complex 2 (PRC2), whose most common biological function is to transcriptionally 

silence differentiation genes through methylation of Histone 3 lysine 27 (H3-K27) 

(Muller et al., 2002; Simon and Lange, 2008). Ezh2 contains the catalytic SET 

domain, which provides the methyltransferase activity, but must be complexed 

with EED and SUZ12 in mammalian cells for robust methyltransferase activity 

(Cao and Zhang, 2004; Ketel et al., 2005; Montgomery et al., 2005; Pasini et al., 

2004; Rea et al., 2000). Ezh2 is abnormally overexpressed in several different 

types of cancer, including breast and prostate cancer, usually correlates with 

increased invasiveness and proliferation, and is used as a prognostic indicator of 

patient outcome (Bachmann et al., 2006; Bracken et al., 2003; Collett et al., 

2006; Varambally et al., 2002). Several studies suggest that Ezh2 pre-marks 

certain genes for later DNA hypermethylation, or deep silencing, during cellular 

transformation.  

Moreover, specific DNA sequences have been identified that are 

responsible for the recruitment of methyltransferases to the histone. The best 

studied are the Trithorax (TrxG) response elements (TREs) and Polycomb group 
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(PcG) response elements (PREs), which direct recruitment of TRX, an H3K4 

methyltransferase, and PcG proteins, part of the PRC2 complex that catalyzes 

H3K27 trimethylation (Chan et al., 1994; Fritsch et al., 1999; Tillib et al., 1999). 

Long non-coding RNAs and small non-coding RNAs have also been shown to 

direct chromatin modification (Koziol and Rinn, 2010; Verdel et al., 2004).  

 

1.2 C Epigenetic regulation of neural crest development 

Histone modifications have a substantial influence on chromatin structure 

and gene function, depending on the type and location of the modification, and 

are known to control of a variety of key events in development, cancer and other 

human diseases (Greer and Shi, 2012). Several different types of epigenetic 

regulation have been identified that are important during neural crest 

development, including methylation and acetylation. The lysine-specific 

methyltransferase NSD3, and its subsequent methyl marks are required for 

expression of Snail2 and Sox10 during neural crest specification and migration, 

and demethylation of H3K9me3, by the demethylase JmjD2A is required for the 

activation of several key neural crest specification genes, including Sox9, Sox10, 

FoxD3, and Snail2 (Jacques-Fricke et al., 2012; Strobl-Mazzulla et al., 2010). 

Additionally the histone deacetylase HDAC8 was found to have a unique role in 

the differentiation of cranial neural crest cells into facial skeleton, as well as the 

chromatin-remodeling factor CHD7 regulating the activity of enhancer elements 

critical for neural crest specification leading to migration. All of this provides 

evidence that epigenetic regulation adds an additional layer of complexity for 
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regulating the developmental program for neural crest cell development (Bajpai 

et al., 2010; Haberland et al., 2009).  

 

1.3 Increased regulatory mechanisms through post-translational 

modifications 

 Combinatorial genetic and epigenetic transcriptional control is one way to 

regulate neural crest development, and additional research is required to further 

our understanding of it’s role in the neural crest. As we begin to explore the 

additional regulation through modifications of histone proteins more examples of 

post-translational regulatory mechanisms are also being identified that may 

additionally contribute to the development of the neural crest. 

 

1.3 A Types of post-translational modifications 

 Post-translational modifications (PTMs) are covalent processing events 

that change properties of a protein by proteolytic cleavage, or by addition of a 

modifying group to one or more amino acids. PTMs can determine the 

localization, activity state, turnover or interactions with other proteins. The most 

common PTMs include phosphorylation, methylation, acetylation, SUMOylation 

and ubiquitination. The most well studied PTM is phosphorylation, or the covalent 

addition of a phosphate group, which renders proteins as active or inactive, and 

is important for triggering signaling cascades to be turned on or off. Another 

common PTM is ubiquitination, or the addition of an ubiquitin group, which 

targets a protein for destruction at defined time points, and allow for tight 
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regulation of protein stability. Other PTMs that are important in regulating protein 

function include glycosylation, sulfation, acylation, hydroxyproline and 

deamidation. Despite the great importance of PTMs for biological function, their 

study on a large scale has been hampered by a lack of suitable methods, and is 

only just beginning to be discovered.  

 

1.3 B Regulation of neural crest through PTMs 

Several examples exist that show that neural crest development is 

regulated by PTMs. One of the best examples of this is the post-translational 

regulation of the Snail family of transcription factors, which are essential in neural 

crest development. Snail1 and Snail2 are the best-studied transcriptional 

regulators involved in neural crest specification and EMT. Snail1 and Snail2 are 

zinc-finger repressors that are essential for the formation and migration of neural 

crest cells by down regulating genes that are involved in cell adhesion and 

junctions (LaBonne and Bronner-Fraser, 2000; Nieto, 2002; Nieto et al., 1994). 

Snail proteins can potently induce EMTs, but their ability to drive this transition is 

context dependent, some cells that express Snail proteins will go onto to migrate 

while others remain in the neural tube (Corbo et al., 1997; Langeland et al., 

1998). This comes from the fact that Snail is a highly unstable protein, whose 

levels are controlled by the ubiquitin-proteosome system, and targeted for 

degradation by the F-box protein Partner of paired (Ppa). Cellular levels of snail 

proteins are thought to be important in determining their functional output during 

neural crest cell development (Vernon and LaBonne, 2006). To allow for tighter 
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regulation of this highly unstable, yet important neural crest specifier it was found 

that Snail is post-translationally modified by phosphorylation at two sites.  

Phosphorylation of the first motif targets regulates its ubiquitination, while the 

other motif controls its subcellular localization (Zhou et al., 2004). This is one of 

the early examples of post-translational modifications that allow for a more tightly 

regulated neural crest developmental program.   

Common targeting mechanisms are used by other neural crest specifiers 

and core EMT regulatory factors. Twist, Snail1, Snail2 and Sip1 are all targeted 

for proteosomal degradation by the same F-box protein Ppa, and interestingly 

Twist-1 is also phosphorylated to regulate its inhibitory interactions with Snail 

proteins (Vichalkovski et al., 2010). SoxE factors can also be regulated by post-

translational phosphorylation and SUMOylation. PKA-mediated phosphorylation 

of Sox9 regulates its transcriptional activity and its nuclear localization and 

contributes to context-dependent control of Sox9 function (Huang et al., 2000). 

Additionally SUMOylation of SoxE transcription factors has been shown to affect 

sub-cellular localization, DNA binding, protein-protein interactions and 

transcriptional activity, and highlights SUMOylation as a versatile post-

translational modification that can contribute to context dependent control of 

reiteratively used regulatory factors (Gill, 2004). All of these examples provide 

insight to the importance of PTMs in regulating neural crest development and 

migration, and given the essential role that methylation plays in regulating 

histones and gene expression it would not be surprising to find that post-

translational methylation is also integrally involved in neural crest development.  
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1.3 C Non-histone protein methylation 

Non-histone protein methylation is emerging as a way to regulate protein-

protein interactions, localization, stability and/or enzymatic activities that are 

involved in diverse cellular processes. The first and most-well studied non-

histone protein found to be lysine methylated is p53. p53 is a transcription factor 

that is mutated in approximately 50% of human cancers, making it the most 

frequently mutated tumor suppressor gene in human cancers (Chen et al., 2010).  

Under unstressed conditions p53 is tightly regulated at low levels by ubiquitin-

mediated degradation, modulated by MDM2 E3 ubiquitin ligase. Upon genotoxic 

stress such as DNA damage, p53 is quickly accumulated and activated by the 

modification by several PTMs. Regulation by these different PTMs makes it 

possible to tightly regulate p53, which is a highly unstable protein (Kruse and Gu, 

2009; Levine, 1997). Interestingly, p53 is expressed in the neural folds of 

premigratory cranial neural crest cells, and it’s disappearance matches the onset 

of emigration of neural crest from the neural tube. The possibility that p53 is 

tightly regulated by PTM in the neural crest has not been investigated, but is of 

particular interest to my work.    

Although p53 is the first methylated non-histone protein to be identified it 

is not only the methylation but also the cross-talk between various PTMs that are 

important for modulating p53 activity (Lee et al., 2010). KMT7 specifically 

methylates p53 at K372. This methylation increases upon DNA damage, 

stabilizing p53, and promoting transcriptional activity on p53 target genes 

(Chuikov et al., 2004). Methylation of K372 also promotes the binding and 
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acetylation of K382, an additional mark for transcriptional activation in times of 

cellular stress. However, this same lysine residue, K382, can also be methylated 

which inhibits acetylation and robustly suppresses p53-mediated transcriptional 

activation (Ivanov et al., 2007). Additionally, methylation of K372 also interplays 

with additional methylations at nearby sites. Methylation of K372 is directly 

inhibitory of methylation of K370, which has two known methylation states. 

K370me1 represses p53 function, while K370me2 promotes p53 activity (Huang 

et al., 2006). This suggests that methylation of K372 acts as an activator of 

transcription while nearby methylation events act as transcriptional repressors. 

On top of all of these PTMs being added to p53 to regulate its function it has also 

been shown that LSD1 binds to and removes a methyl group from K370me2, 

causing p53 transcriptional repression. This suggests that the PTMs act 

independently and in concert to fine-tune the regulation of one of the most 

important proteins in our body.  

In addition to regulating p53 transcriptional activity and stability PTMs also 

effect other p53 protein functions. Chuikov et al found that all methylated p53 

was found in the nucleus, although p53 was found throughout the cell. This 

suggested that methylation of p53, in response to DNA damage, targets p53 to 

the nucleus where it regulates its target genes (Chuikov et al., 2004). p53 is one 

of the first examples showing that the previously unrecognized modification of 

non-histone protein methylation has the ability to affect various protein functions 

including stability, protein-protein interactions and localization.  
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Another transcription factor that is regulated by crosstalk between PTMs is 

the ligand-dependent transcription factor ERα. Binding of estrogen to 

ERα promotes binding to target genes and recruits coactivation complexes with 

acetylase or methyltransferase activity (Subramanian et al., 2008). 

Monomethylation of ERα at K302 causes the receptor to become more stable 

and accumulate in the nucleus, where it can effectively binds to target genes. 

ERα becomes more stable because methylation of K302 blocks ubiquitination on 

the same lysine residue, preventing degradation of ERα (Couture et al., 2006). 

Sites nearby K302 are also known to be phosphorylated, and acetylated, making 

it likely that crosstalk between these PTMs are important for further regulating 

ERα function.  

 

1.3 D Difficulties in deciphering a PTM code 

As more lysine methylated non-histone proteins are identified the 

evidence suggests that many of the lysine methyl marks can serve multiple 

functions make deciphering a PTM code implausible. In addition to serving 

multiple functions we can also think of methyl marks as long-term or short-term 

modifications to protein function, with some methyl marks being more stable 

marks, while others are more labile, adding another level of fine-tuning. The 

receptor interacting protein 140 (RIP140) is a nuclear co-repressor for almost all 

nuclear receptors, many transcription factors, and exerts its effects in hormone 

receptor signaling (Leonardsson et al., 2004). RIP140 undergoes an extensive 

amount of post-translational modification with 12 phosphorylation sites, eight 
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acetylation sites, three arginine methylations and three lysine methylations. In 

mammalian cell culture Huq et al was able to verify the gene co-repressive 

activity of the lysine methylations, which occurs by recruiting HDAC3, while 

arginine methylation confers an increase in transcriptional activity. Interestingly 

the lysine methylation is constitutive or laid down very early, and therefore is 

thought to be required to enhance gene repressive activity in early differentiating 

cultures, meanwhile arginine methylation occurred later, to facilitate the export of 

RIP140 out of the nucleus so it can no longer exert its repressive activity in more 

mature or differentiated cultures (Huq et al., 2009a). They also suggest that 

lysine methylation prevents or inhibits the arginine methylation from occurring 

until differentiation has occurred. This finding was interesting and uncovers a 

potential hierarchy between lysine methylation and arginine methylation which bi-

directionally regulate the functionality of a non-histone protein.  

As we try to begin to decipher the non-histone code it is interesting to see 

the diversity of protein functions that can be regulated by PTMs, and will be 

interesting to determine if specific modifications and states are important for one 

specific function or if cross-talk is always at hand. The previous research on 

RIP140 noted that arginine methylation was required to facilitate the export of 

RIP140 out of the nucleus so that it could no longer function as a nuclear co-

repressor. Another study found that arginine methylation of the SR protein 

SF2/ASF, controls its subcellular localization, with inhibition of methylation 

resulting in cytoplasmic localization. This results in a decrease of nuclear 

SF2/ASF and prevents the modulation of alternative splicing and non-sense 
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mediated mRNA decay (Sinha et al., 2010). Additional examples of arginine 

methylation also support the role for arginine methylation in facilitating movement 

or localization of proteins within the cell. However, examples of lysine 

methylation also exist that regulate the localization of proteins. Heat-shock 

protein, HSP70, was found to be dimethylated on K561. This methylated form of 

HSP70 localizes predominantly to the nucleus, while unmethylated HSP70 

localizes to the cytoplasm. The methylated form of HSP70 is significantly 

upregulated in human cancers and promotes their proliferation. These examples 

provide examples of methylation events that make deciphering a PTM code 

challenging with both arginine and lysine methylation regulating the localization 

of proteins throughout the cell. It will be important in future proteomic research to 

correctly identify and quantify the methylation sites, methylation state, and 

change in relative quantities of these events to define a specific modification with 

a specific function. 

 

1.3 E Increasing evidence of cytoplasmic protein methylation to regulate 

protein function 

While several examples of non-histone lysine methylation exist many of 

the proteins identified and discussed to this point have been nuclear non-histone 

proteins. However, increasing evidence shows that non-histone protein 

methylation is occurring in the cytoplasm as well. One of the best examples of 

this comes from the large number of translation-related proteins that are 

methylated. Various components of the translation machinery are methylated 
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including rRNA, tRNAs, several ribosomal proteins, and translation factors. Most 

of these studies have been done in S. cerevisiae and E. coli but comparative 

studies show methylation of ribosomal proteins occurs in prokaryotes, archaea, 

and eubacteria, with highly similar methylation patterns observed in various 

eubacteria, and partial overlaps with those in archaea and eukaryotes (Amaro 

and Jerez, 1984). Importantly, some of these methylated proteins have been 

shown to be important in translation. Methylation of E.coli L11 plays an important 

role in directing interactions with 23S rRNA, as well as other ribosomal proteins 

and translation factors (Agrawal et al., 2001). As a large number of methylated 

proteins have been identified it is also true that methylation of other ribosomal 

proteins is not essential for their function (Bubunenko et al., 2007). This may be 

due to redundancy of ribosomal proteins, or may be due to ribosomal protein 

methylation being cell-differentiation dependent or developmentally regulated.  

 There are some notable differences in the methylation patterns of 

ribosomal proteins in eukaryotes and prokaryotes. Lysine methylation is common 

for ribosomal proteins in both prokaryotes and eukaryotes, however tri-methyl 

lysine is the predominant lysine modification in eukaryotes, where mono- and di-

methylation are the predominant forms in prokaryotes. Also arginine methylation 

is rather specific to eukaryotes and likely evolved later (Polevoda and Sherman, 

2007). This is interesting because it has been shown that, mammalian cells 

temporally regulate lysine and arginine methylation, where lysine methylation 

comes on early in undifferentiated cells, and arginine methylation comes on later 

after differentiation, and serves the purpose of shuttling proteins to the nucleus 
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where they can no longer exhibit their repressive activities (Huq et al., 2009a). 

This makes it possible that arginine methylation evolved later to offer additional 

regulatory control over proteins in the cell.  

 In addition to the core structural ribosomal proteins, several translation 

factors have also been shown to be methylated including the elongation factor 

EF1α, which corresponds to the bacterial EF-Tu. EF-Tu is methylated in bacteria, 

and EF1α is methylated in the fungus Mucor, in the protist E. gracilis chloroplast, 

in brine shrimp, rabbit and mouse (Ames and Niakido, 1979; Amons et al., 1983; 

Coppard et al., 1983; Hiatt et al., 1982; Toledo and Jerez, 1990). Even though 

EF1α was found to be methylated in all of these organisms the methylation 

pattern is not conserved, with the exception of a dimethyl-lysine at position 316, 

which is conserved in yeast, brine shrimp, and rabbit (Cavallius et al., 1993b). 

This methylation is found in the C-terminal region of EF1α and studies have 

suggested that methylation of lysine 316 is involved in the physical interaction 

with GTP-recycling factors, which results in the stimulation of protein synthesis or 

regulation of GTPase activity (Janssen et al., 1994). Others suggest that 

EF1α methylation may be developmentally regulated (Young and Bernlohr, 1991).  

Even though extensive studies have been done to try to determine the function of 

EF1α methylation, and other translational apparatus, the decisive role for these 

modifications is not yet clear.  

Besides translation related proteins that are methylated a small handful of 

other non-histone cytoplasmic lysine methylated proteins have been identified. 

Some of these include cytochrome c, ATP-synthase, vascular endothelial growth 
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factor receptor 1 (VEGFR1), and Actin-related protein 2/3 complex (Arp2/3) 

(Egorova et al., 2009; Pang et al., 2010). Cytochrome c is trimethylated at K72 

and strengthens the attachment and import into the mitochondria by protecting it 

against proteolytic degradation (Polastro et al., 1978; Pollock et al., 1998). 

VEGFR1 is dimethylated at K831, which results in the elevation of its kinase 

activity in vitro, and stimulates its ability for ligand-dependent 

autophosphorylation in vivo (Kunizaki et al., 2007). The identification of 

cytoplasmic lysine methylated proteins and their function is in its infancy, 

however the proteins that have been identified show the significance of post-

translational cytoplasmic protein methylation. 

 

1.3 F Post-translational lysine methylation regulates migration 

Although the identification of lysine methylated non-histone proteins is in 

its infancy research is beginning to uncover some of the system wide effects due 

to lysine methylation, and have hinted at a specific role in regulating migration of 

various cell types. One example of this comes from the valosin-containing protein 

(VCP), which is an essential and highly conserved ATP-dependent chaperone 

implicated in a wide variety of cellular processes in eukaryotes. Mammalian VCP 

is trimethylated on Lys315 by the newly characterized VCP lysine 

methyltransferase, VCP-KMT. In mutational studies VCP-KMT deficient cells 

displayed reduced growth rates, migration and invasive potential, suggesting that 

methylation of VCP is required for these processes (Kernstock et al., 2012).  
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Additionally, the methyltransferase Ezh2 is active in the cytoplasm of human T-

cells and mouse embryonic fibroblasts, where it is required to regulate actin 

dynamics required for the motility and invasive potential of these cells (Su et al., 

2005). Moreover, the motility of the human parasite Toxoplasma gondii is 

regulated by the lysine methyltransferase Apical complex lysine 

methyltransferase (AKMT). Depletion of AKMT greatly inhibits the activation of 

motility, and compromises the invasion and egress of the parasite. Interestingly, 

AKMT redistributes from apical complex to the parasite body, or cytoplasm, and 

this redistribution is required for parasite motility (Heaslip et al., 2011). Together 

these results suggest that methyltransferases are functioning in the cytoplasm, to 

mediate methylation events that are important in regulating the migratory 

properties of these cell types. Although these examples suggest that methylation 

of cytoplasmic proteins are important for regulating migration the specific proteins 

that are methylated and responsible for regulating actin dynamics have not been 

identified, and is the primary goal of my research. The lack of identified 

methylated proteins may be due to challenges associated with collection and 

identification of methylation sites in an in vivo system. 

 

1.4 Methods for collecting and analyzing lysine methylated proteins 

 Understanding how and to what extent cellular proteins are post-

translationally modified, including which sites on the protein are modified, how 

the modifications affect the stoichiometry of the protein sequence, and the 
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functional consequences of each of the modifications becomes indispensable for 

understanding cellular function and regulation of the protein.   

 

1.4 A Methods used to detect PTMs   

Traditionally protein PTMs were identified using a 2-D gel separation. This 

allows for separation of proteins by charge and molecular weight, and based on 

the intensity of the spot can provide some information on protein quantity (Mann 

and Jensen, 2003). This combined with mass spectrometry (MS) provided the 

first insight into protein PTMs. However more modern analyses have developed 

that allow a more precise quantification and identification of PTMs, but still 

require chromatographic purifications, antibody precipitations or both, coupled to 

tandem MS.  

Affinity purification is still one of the most widely used techniques to 

separate and isolate modified proteins and makes use of specific binding 

interactions between molecules, using a ligand that is chemically immobilized to 

a solid support. My thesis work made use of magnetic beads for affinity 

purification. Magnetic beads allow for improved purification, or 

immunoprecipitation, from small amounts of lysate. Magnetic beads are quite 

different from beaded agarose or other poruos resins that are normally used, and 

instead use much smaller, solid supramagentic iron oxide beads that are 

covalently coated with silane derivatives making the bead inert. Magnetic beads 

have several advantages for methylproteome work including less non-specific 

binding, and they are sufficient to isolate small microgram quantities of proteins 
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by affinity purification (Scientifc Inc., 2013). Affinity purification of methylated 

proteins most frequently uses antigen purification with methyl specific antibodies. 

Purified methyl-specific antibodies can be covalently immobilized to magnetic 

beads and used for immunoprecipitation.  

 

1.4 B Methyl-specific reagents used to identify PTMs 

Several methyl-lysine and methyl-arginine antibodies exist that can be 

used for affinity purification, however their ability to recognize specific 

methylation states has been tested and are not yet state specific. One of the pan-

methyl me1/me2 antibodies detected methylated peptides, but also cross-reacted 

with phosphorylated, acetylated and citrullinated epitopes. Another pan-methyl 

antibody showed methyl specificity, but only to trimethylated peptides, which will 

be useful in studies charactering tri-methylation of non-histones. The last pan-

methyl antibody, and the one used in my thesis work, was specific to mono- and 

di-methylated peptides, and did not crossreact with unmethylated peptides (Levy 

et al., 2011). Furthermore, characterizations performed on many of these 

commercially available methyl specific antibodies are limited to their ability to 

detect a target PTM in a single organism under select assay conditions (Fuchs 

and Strahl, 2011). To this end a key step in generating an accurate picture of 

proteome-wide lysine methylation is in developing state-specific, not sequence 

dependent antibodies that recognize distinct levels of methylation on lysine 

residues.  
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Due to the lack of truly pan-specific methyl antibodies, and the difficulty 

and cost associated with generating modification-specific antibodies Or Gozani’s 

lab has developed a new technology that allows for the global and quantitative 

analysis of methylated lysines. Instead of using antibodies to detect methylated 

lysines they make use of naturally occurring methyl lysine binding domains that 

have a combination of broad sequence specificity and high methyl sensitivity. 

Three malignant brain tumor (MBT) domains from the L3MBTL1 gene bind 

specifically to mono- and di-methylated lysines without requiring surrounding 

sequence homology. They have shown it can be used to detect, enrich, and 

identify lysine-methylated proteins on a proteomic scale. Additionally this tool can 

be used to screen and identify methyltransferase substrates on large-scale 

protein arrays, all of which will improve our understanding of the methylproteome 

in the future (Moore et al., 2013). However, this technology was not yet published 

or available at the time and my screen and therefore was not used during my 

thesis work.  

 

1.4 C Additional challenges associated with methyl PTM identification 

In addition to the development of methyl-specific reagents further 

complications arise from the ability to isolate ample amounts of proteins after 

purification to be identified by mass spectrometry. Direct analysis of PTMs 

requires isolation of the correctly processed protein or proteins in a sufficient 

amount for biochemical study. Because most PTMs are in low abundance in the 

cell some enrichment is usually required, given that a modified protein can be a 
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very small fraction of the total gene product. Because of this fact much of the 

work that has been done to this point has been done on recombinantly 

expressed proteins in vitro. Even though these expression systems are thought 

to produce modification patterns similar to mammalian systems they are often 

significantly different. Use of live tissue samples could provide a more accurate 

picture of methyl regulation combined with improved enrichment strategies.  

Using live tissue samples often results in complex mixtures of proteins. To 

identify PTMs in a complex mixture of proteins several strategies can be applied 

to identify these modifications. First, enriched proteins can be digested by 

sequence specific enzymes, one example is trypsin. This complex mixture of 

proteins can then be separated by reversed-phase chromatography, with 

subsequent fraction collection and analysis by MS. MS measures the mass-to-

charge ratio (m/z), yielding the molecular weight and the fragmentation pattern of 

peptides derived from proteins, and can be coupled with tandem MS (MS/MS) to 

further validate protein identification, as well as identification of PTMs. The initial 

MS measures the intact peptide masses, from which precursor ions are selected 

by their molecular weight. Selected precursor ions are then subjected to the 

second MS, which further fragments peptides into daughter ions, which provides 

sequence related information for peptides, and allows for protein identification, 

structure elucidation and characterization of PTMs. The experimentally 

determined peptide masses and daughter ion mass information is compared to 

theoretical values from sequence databases, and peptide masses are matched 

against expected peptide masses. Nonmatching masses are inspected for mass 
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differences compared with expected peptides, and mass shifts correspond to a 

specific modification, or PTM (Chace and Sparkman, 2008). Thus, ideally the 

peptide sequence, the mass and location of the modification can be determined. 

 Although MS has been demonstrated to be an ideal tool for qualitative 

and quantitative analysis of protein modifications comprehensive identification of 

these modifications using MS continues to be very challenging. Many challenges 

arise because of the diversity of modifications, dynamic complexity, low 

abundance and heterogeneity of PTMs. Additionally, interpretation of tandem MS 

spectra for peptide sequencing is difficult due to poor peptide fragmentation, 

incomplete protein coverage and often includes the appearance of unexpected 

modifications (Mann and Jensen, 2003). Furthermore, most proteins contain 

multiple PTMs or exist in many different forms. It will be important to identify all 

modifications in a particular protein to fully understand how that protein exerts a 

specific biological function or functions. This is challenging because most 

biological samples contain a mix of modified and unmodified proteins, with the 

majority being unmodified. Moreover, complete coverage of a protein is 

necessary to identify all PTMs, which is extremely difficult due to sample 

preparation, protein digest and peptide fragmentation.   

 Nonetheless identification of PTMs will continue to provide insight into the 

complex regulatory mechanisms cells use to direct protein and cellular function. 

Although regulation of histones methyl modification has been extensively studied, 

the role of non-histone protein methylation is in its infancy. Methylation on non-

histone substrates has been implicated in diverse cellular processes including 
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regulating protein stability, localization, protein-protein interactions, and /or 

enzymatic activity. Additionally methylation has been shown to be essential in 

regulating neural crest development, however a specific role for non-histone 

protein methylation in neural crest migration has not been investigated.  

 

1.5 Does cytoplasmic protein methylation regulate protein activity in neural 

crest cells to control migratory properties? 

 Biological complexity cannot simply be defined by the number of genes an 

organism possesses, with the evolution of more advanced species, and 

structures, such as the neural crest, came the evolution of additional regulatory 

features that increase adaptability. Post-translational modifications provide vast 

indexing potential and expanded protein use, with several examples of PTMs 

regulating neural crest already being well-established. Analysis of post-

translational modifications is challenging but their identification provides valuable 

insight into the biological function of a protein. In particular post-translational 

methylation of non-histone proteins has been shown to regulate their stability, 

localization, protein-protein interactions, and/or enzymatic activities. Although 

several examples exist that link methylation to cell migratory processes the role 

of methylation in neural crest migration has not been studied. Does methylation 

regulate the migratory properties of neural crest cells? Are these methylation 

events affecting the actin cytoskeleton to control neural crest migratory 

properties? What proteins are being methylated?  
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 The goals of my thesis are to establish the role of methylation in neural 

crest cell migration. Several core enzymes of the core methylation cycle are 

enriched in neural crest cells as they initiate their migration. The mechanisms 

neural crest cells use to modulate their migration from the neural tube are not 

well understood. The first chapter highlights a significant role for methylation for 

the emigration and polarized migration of neural crest cells from the neural tube. 

This research implicates methylation of a specific cytoplasmic protein in 

regulating the migration of neural crest cells. This is the first report of cytoplasmic 

protein methylation regulating neural crest function. This work also provides a 

substantial list of putatively methylated proteins, which are the focus of my 

second chapter. Several cytoskeletal proteins were identified in a screen for 

lysine-methylated proteins. I show these proteins are expressed in neural crest 

cells during their development and migration. Together, my thesis work shows a 

novel requirement for methylation of proteins in the cytoplasm of neural crest 

cells to regulate their migratory properties.  
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Chapter 2. Cytoplasmic protein methylation 

regulates neural crest migration. 
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As they initiate migration in vertebrate embryos, neural crest cells are 

enriched for methylation cycle enzymes, including S-adenosylhomocysteine 

hydrolase (SAHH), the only known enzyme to hydrolyze the feedback inhibitor of 

trans-methylation reactions. The role of methylation in neural crest migration is 

unknown. Here, we show that SAHH is required for emigration of polarized 

neural crest cells, indicating that methylation regulates neural crest migration. 

Although nuclear histone methylation regulates neural crest gene expression, 

SAHH and lysine-methylated proteins are abundant in the cytoplasm of migratory 

neural crest cells. Proteomic profiling of cytoplasmic, lysine-methylated proteins 

in migratory neural crest identified 182 proteins, several of which are 

cytoskeleton-related. A methylation-resistant form of one of these proteins, the 

actin binding protein elongation factor 1 alpha 1 (EF1α1), blocks neural crest 

migration. Altogether, these data reveal post-translational non-histone protein 

methylation as a novel, essential regulatory mechanism during neural crest 

migration and define a previously unknown function for EF1α1 methylation in 

migration.  

 

2.1 Introduction 

 Neural crest cells migrate throughout vertebrate embryos using 

stereotyped behaviors (Kulesa and Gammill, 2010). After neural crest cells 

undergo an epithelial to mesenchymal transition to emigrate from the neural tube, 

they extend lamellopodia and fillopodia to contact their neighbors and form chain 

arrangements (Berndt et al., 2008; Kulesa and Fraser, 2000; Teddy and Kulesa, 
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2004). Complement component 3a-mediated co-attraction allows these 

formations to move collectively, while environmental cues stabilize N-cadherin 

dependent cell-cell contacts in a polarized manner to promote their directionality 

(Carmona-Fontaine et al., 2011; Theveneau and Mayor, 2010). Inside the cell, 

non-canonical Wnt signaling orients neural crest cell protrusive activity through 

effects on Rho GTPases that coordinate actin cytoskeletal remodeling (Clay and 

Halloran, 2011; De Calisto et al., 2005; Matthews et al., 2008; Theveneau and 

Mayor, 2012b). Nevertheless, based upon analysis of other migratory cell types, 

we still have much to learn about neural crest cell migration. 

Post-translational modifications regulate protein activity and interactions to 

affect actin polymerization and cell adhesion in migrating cells (Boulter et al., 

2012; Schaefer et al., 2012). For example, signaling through Rho GTPases and 

the activity of their targets is regulated post-translationally (Boulter et al., 2012). 

Indeed, the phosphorylation status of a downstream target of Rho GTPases, the 

actin depolymerizing factor cofilin, regulates neural crest cell directional migration 

(Zhang and Niswander, 2012). In spite of this, the post-translational control of 

neural crest migration has been largely ignored.   

 Methylation is a reversible post-translational modification of DNA, RNA, 

and proteins that has epigenetic, transcriptional, post-transcriptional, and post-

translational consequences for cell function (Dricu, 2012 ). Just prior to migration, 

enzymes of the core methylation cycle are enriched in neural crest cells, 

suggesting that methylation regulates early neural crest development (Adams et 

al., 2008; Gammill and Bronner-Fraser, 2002). Indeed, in order for neural crest 
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specification to proceed, the DNA methyltransferase DNMT3A must silence 

expression of Sox2 and Sox3 that drive neural fate (Hu et al., 2012). In addition, 

removal of repressive (Strobl-Mazzulla et al., 2010) and addition of activating 

histone methylation (Jacques-Fricke and Gammill, submitted) are required for 

spatiotemporal regulation of neural crest gene expression that specifies neural 

crest cell identity (Bajpai et al., 2010; Prasad et al., 2012).  While neural crest 

cells with methylation-dependent specification defects also fail to migrate, it has 

been difficult to distinguish a role for methylation during neural crest migration 

from indirect effects of failed specification. Moreover, non-epigenetic roles for 

methylation in the neural crest await discovery.  

Lysine methylation of non-histone proteins modulates their stability (e.g., 

p53 (Chuikov et al., 2004)), localization (e.g., SF2/ASF (Sinha et al., 2010) ; 

HSP70 (Cho et al., 2012)), protein-protein interactions (e.g., BRCA1 (Guendel et 

al., 2010)) and/or enzymatic activities (e.g., RIP140 (Huq et al., 2009b); reviewed 

in (Huang and Berger, 2008; Zhang et al., 2012)). There is also evidence to 

suggest that non-histone protein methylation regulates cell migration. For 

example, S-adenosylhomocysteine hydrolase (SAHH), which breaks down the 

feedback inhibitor of methylation reactions and is essential for further methylation 

reactions to proceed, redistributes to the leading edge of motile, chemotaxing 

Dictyostelium and is necessary to maintain cell polarity that drives chemotaxis 

(Shu et al., 2006). Meanwhile, Slit-Robo GTPase-activating protein 2 (srGAP2), 

which promotes protrusive activity to negatively regulate neuronal cell migration, 

must be arginine methylated for localization into protrusions (Guerrier et al., 
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2009; Guo and Bao, 2010). In addition, the lysine methyltransferase Enhancer of 

zeste homolog 2 (Ezh2) is cytoplasmically required for actin polymerization 

during fibroblast membrane ruffling (Su et al., 2005), and valosin-containing 

protein lysine methyltransferase is required for invasive cell migratory behaviors 

in cultured human cells (Kernstock et al., 2012). Moreover, non-histone protein 

methylation is essential for bacterial chemotaxis and Toxoplasma parasite 

motility (Heaslip et al., 2011; Vladimirov and Sourjik, 2009). Nevertheless, the 

specific non-histone proteins that are methylated in migratory cells, as well as the 

possibility that non-histone protein methylation regulates neural crest migration, 

have not been investigated. 

Here, we examine the role of methylation in neural crest migration. Chick 

neural crest cells express SAHH mRNA and protein, and SAHH is required for 

the emigration of polarized migratory neural crest cells, suggesting methylation is 

required for neural crest migration. In contrast with the established role of nuclear 

histone methylation in neural crest gene expression (Bajpai et al., 2010; 

Jacques-Fricke and Gammill, submitted; Strobl-Mazzulla et al., 2010), SAHH and 

lysine methylated proteins are cytoplasmically localized in migratory neural crest 

cells. This led us to postulate that cytoplasmic protein methylation regulates the 

dynamic process of neural crest migration. We profiled cytoplasmic proteins with 

mono- and dimethylated lysines in migratory neural crest cells, identifying a 

number of cytoskeleton-associated factors. To test the functional relevance of 

this methylation during neural crest migration, we focused on one target in 

particular, eukaryotic elongation factor 1 alpha 1 (EF1α1), that binds actin 
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filaments and actin mRNA to localize actin translation to the leading edge of 

migratory cells (Condeelis and Singer, 2005; Liu et al., 2002). Mutating the 

methylated lysines in EF1α1 inhibits neural crest migration. This is, to our 

knowledge, the first function to be ascribed to EF1α1 methylation, and defines a 

novel role for non-histone protein methylation during neural crest migration.  

 

2.2 Results 

2.2A. Neural crest cells express SAHH 

Gene expression profiling of neural crest cells identified several enzymes that 

regulate methylation reactions, including S-adenosylhomocysteine hydrolase 

(SAHH; (Adams et al., 2008; Gammill and Bronner-Fraser, 2002)). SAHH 

hydrolyzes S-adenosylhomocysteine (SAH), which is a by-product of trans-

methylation reactions and a potent methyltransferase inhibitor (Fig. 2.1) (Chiang 

et al., 1996). SAHH mRNA was broadly expressed in chicken embryos, but was 

particularly abundant in premigratory neural crest precursors in the neural folds 

of cranial, hindbrain, and trunk domains (Fig. 2.1C-E, I, white arrowheads), as 

well as in the non-neural ectoderm (Fig. 2.1C, G). HNK-1-positive (Fig. 2.1G’, 

white arrow) cranial migratory neural crest cells continued to express SAHH (Fig. 

2.1F-H, black arrowheads). The robust expression of SAHH in neural crest cells 

suggests that methylation is important for early stages of neural crest 

development.  
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Figure 2.1 SAHH, an essential enzyme of the methylation cycle, is 

expressed by neural crest cells. (A) The methylation cycle. Methyltransferase-

mediated transfer of a methyl group (CH3) to a substrate (X) produces S-

adenosylhomocysteine (SAH), which inhibits further methylation reactions. S-

adenosylhomocysteine hydrolase (SAHH) hydrolyzes SAH, relieving the 

feedback inhibition. Tubercidin is a pharmocological SAHH inhibitor. (B-I) Neural 

crest cells express SAHH mRNA. 4 somite (s; B-E) and 9s chick embryos (F-I) 

sectioned at forebrain (C, G), hindbrain (D, H), and trunk (E, I) levels. SAHH 

mRNA is widely expressed, but particularly abundant in cranial (C, D) and trunk 

(E, I) premigratory neural crest precursors (white arrowheads). Cranial neural 

crest cells maintain SAHH expression as they initiate migration (H), and migrate 

through the head mesenchyme (G; black arrowheads). SAHH expressing cells 

(G, black arrowhead) are positive by immunofluorescence for the neural crest 

marker HNK-1 (G’, white arrow), confirming their identity as neural crest cells. 

(B,F) dorsal view; (C-E, G-I) transverse section at the level indicated in the 

accompanying whole mount. nt, neural tube, nne, non-neural ectoderm. 
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2.2B. SAHH is required for neural crest migration 

 Because SAHH is essential to clear SAH, the feedback inhibitor of 

methylation reactions, one way to prevent methylation is to block SAHH (Fig. 

2.1A). We first examined the requirement for SAHH during neural crest migration 

in vivo. To knock down SAHH, we designed a translation blocking antisense 

morpholino oligonucleotide (SAHH MO). We unilaterally targeted SAHH MO into 

neural crest precursors by electroporation at late gastrula, at the time of neural 

crest induction (Basch et al., 2006; Gammill and Krull, 2011). This allowed SAHH, 

which is a stable protein (Ueland and Helland, 1983), sufficient time to turn over 

in targeted cells. After incubation for 8 or 14 hours to 4 or 8 somites, SAHH 

immunofluorescence was reduced/absent in cells targeted with the fluorescein-

modified SAHH MO, indicating that the MO effectively knocked down SAHH 

protein (Fig. 2.2A’’,B’’, circles).  

Next, we tested the impact of SAHH knock down on neural crest 

specification and migration. Because DNA methyltransferase 3A (DNMT3A) and 

the lysine methyltransferase NSD3 are required for neural crest specification (Hu 

et al., 2012; Jacques-Fricke and Gammill, submitted), if sufficient time elapsed 

after SAHH knockdown (Fig. 2.2A, B) for SAH to accumulate and inhibit 

DNMT3A and NSD3, neural crest specification would be defective. To assess 

this, we evaluated expression levels of key neural crest transcription factors 

Snail2 and Sox10 in SAHH MO targeted (white arrowhead) compared to 

untargeted (black arrowhead) sides of electroporated embryos with 4-6 somites 
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Figure 2.2 SAHH MO knocks down SAHH protein levels and does not alter 

cell death or proliferation. (A-B) Embryos were unilaterally electroporated at 

late gastrula with SAHH MO (A’, B’, green, circle) and reincubated to 4 somites 

(4s) (A-A’’) or 8s (B-B’’). Cross sections were immunostained with anti-SAHH 

antibody. SAHH immunoreactivity (A, B, red; A’’, B’’) is reduced in cells that have 

been targeted with SAHH MO (A, B, green; A’, B’; cells inside circle) compared to 

cells not targeted with SAHH MO (cells outside circle). Scale bars 100 µm. (C-E) 

Embryos were unilaterally electroporated with SAHH MO (C, green) at late 

gastrula and reincubated to 7 somites (7s). Cross sections were immunostained 

with anti-cleaved caspase 3 antibody (cl. Casp3; C, red; C’) and DAPI (nucleus; 

C, blue). (D) Bar graph depicting the percentage of cl. casp3 positive cells out of 

the total cells counted. SAHH MO does not increase cell death on the targeted 

side of the embryo compared to the untargeted side (p=0.07).  (E) Embryos were 

unilaterally electroporated with SAHH MO (E, green) at late gastrula and 

reincubated to 7 somites (7s). Cross sections were immunostained with anti-

phosphohistone H3 (pH3; E, red; E’) and DAPI (nucleus; E, blue). (F) Bar graph 

depicting the percentage of pH3 positive cells out of the total cells counted, 

showing that SAHH MO does not affect cell proliferation on the targeted side of 

the embryo compared to the untargeted side (p=0.45).  
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(Fig. 2.3A-F). Relative to control MO electroporated embryos (CO MO), Snail2 

was minimally affected in SAHH MO-electroporated embryos (Fig. 2.3B, white 

arrowhead; Fig. 2.3C, p=0.07). In contrast, Sox10 expression was mildly to 

severely reduced in the majority of the SAHH MO-electroporated embryos 

(Fig.2.3E, white arrowhead; Fig. 1F, p=3.44 x 10-3; phenotype examples in Fig. 

S2.4). Thus, SAHH knockdown partially blocked specification. To determine the 

impact of SAHH knockdown on migration of the Sox10 expressing cells that 

formed, the distance migrated by Sox10-positive cells on the SAHH MO-targeted 

side was compared to the untargeted side at 8-10 somites. SAHH MO-targeted 

neural crest cells exhibited mild to severe reductions in neural crest migration 

(Fig. 2.3H, white arrowhead; Fig. 2.3I, p=2.05 x 10-4; phenotype examples in Fig. 

2.4). This reduced migration was not a result of increased cell death or 

decreased proliferation (Fig. 2.2C-F). Moreover, this phenotype could be rescued 

by adding back SAHH (Fig. 2.5). These data support a requirement for 

methylation during neural crest cell specification, and reveal that SAHH, and thus 

methylation, are crucial for neural crest migration. However, these data do not 

define a requirement for SAHH during migration independent of its role during 

specification.  

 To block SAHH activity specifically during neural crest migration, we 

performed an in vitro migration assay with the SAHH inhibitor tubercidin, or 7-

deaza-adenosine. Tubercidin is an efficient inhibitor of SAHH that prevents 

methylation reactions in which S-adenosylmethionine (SAM) is the methyl donor 

(Fabianowska-Majewska et al., 1994) (Fig. 2.1A). After 16-24 hours of culture, 
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Figure 2.3 SAHH is required for neural crest cell specification and 

migration. Embryos were unilaterally electroporated with standard control MO 

(CO MO, A’, D’, G’, green) or SAHH MO (B’, E’, H’, green) at late gastrula, 

reincubated to 4-6 somites (4s-6s; A-F) or 8-10s (G-I), and processed by in situ 

hybridization (purple) to visualize expression of Snail2 (A, B) or Sox10 (D, E, G, 

H). White arrowhead, targeted side of embryo, black arrowhead, untargeted side 

of embryo. (A-F) Neural crest specification requires SAHH. (A, B) Snail2 

expression is mildly affected on the SAHH MO targeted side (representative 

example shown in B; p=0.07). (C) Stacked bar graph depicting the frequency and 

severity of Snail2 expression defects in embryos electroporated with CO MO or 

SAHH MO. (D, E) Sox10 expression is significantly reduced on the SAHH MO 

targeted side (representative example shown in E; p=3.44 x 10-3). (F) Stacked 

bar graph depicting the frequency and severity of Sox10 expression defects in 

embryos electroporated with CO MO or SAHH MO. (G-I) Neural crest migration 

requires SAHH. Neural crest migration distance is severely decreased in neural 

crest cells targeted with SAHH MO (representative example shown in H; p=2.05 

x 10-4). (I) Stacked bar graph depicting the frequency and severity of migration 

defects in embryos electroporated with CO MO or SAHH MO. In (A-B, D-E, G-H), 

dorsal views of in situ hybridization in left panel, fluorescent MO targeting in right 

panel.  
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Figure 2.4 Neural crest specification and migration phenotype evaluation. 

(A-D) Categories of neural crest specification defects. Representative examples 

of embryos showing no change (A), mildly decreased (B), moderately decreased 

(C) or severely decreased Sox10 expression as a reflection of neural crest 

specification. (E-H) Categories of neural crest migration defects. Representative 

examples of embryos showing no change or equal migration (E), mildly 

decreased migration (F), moderately decreased migration (G), and severely 

decreased migration (H), using Sox10 to visualize migratory neural crest cells. 

(A-H) Dorsal view. White arrowhead, targeted side of embryo, black arrowhead, 

untargeted side of embryo. Embryos shown were electroporated with SAHH MO 

at late gastrula, but the same categories apply to EF1α1-6x-methyl mutant-GFP 

electroporated embryos. 
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Figure 2.5 SAHH MO specifically knocks down SAHH protein. Embryos were 

unilaterally electroporated with CO MO (A’, green) or SAHH MO (B’, C’, green) 

mixed with empty pMES-mCherry expression vector (A’’-B’’, red) or pMES-

mCherry driving SAHH (C’’, red) at late gastrula. Embryos were incubated to 8-9 

somites (8s-9s), and neural crest cell migration was visualized by Sox10 in situ 

hybridization (purple). White arrowhead, targeted side of embryo, black 

arrowhead, untargeted side of embryo. (A-C) Representative embryos showing 

SAHH MO rescue. Neural crest migration is mildly disrupted on the targeted side 

when CO MO is unilaterally coelectroporated with empty pMES-mCherry (A), but 

is severely disrupted when SAHH MO is unilaterally coelectroporated with empty 

pMES-mCherry (B). Coelectroporation of SAHH MO along with 5 mg/ml pMES-

SAHH-mCherry rescues SAHH knock down so that neural crest cells migrate 

normally on the targeted side (C). (D) Stacked bar graph depicting the frequency 

and severity of migration defects in embryos coelectroporated with CO MO, 

SAHH MO and pMES-mCherry expression constructs, showing that adding back 

SAHH rescues the migration phenotype compared to SAHH MO alone. (A-C) 

dorsal views of in situ hybridization in left panel, fluorescent MO targeting in 

middle panel, fluorescent expression construct targeting in right panel.  
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carrier-treated neural tube explants showed characteristic migration of HNK-1-

positive neural crest cells around the neural tube (Fig. 2.6A, white arrowheads). 

In contrast, neural tube explants incubated in 1.0 µM tubercidin produced few 

HNK-1-positive migratory neural crest cells (Fig. 2.6B, white arrowhead). 

Interestingly, the morphology of the few tubercidin-treated neural crest cells that 

did migrate was aberrant. Carrier-treated migratory neural crest cells were 

elongate and extended processes in a polarized manner (Fig. 2.6A’). Meanwhile, 

tubercidin-treated neural crest cells extended processes in all directions (Fig. 

2.6B’). This reduction in polarity was quantified by measuring length-width ratios, 

which were significantly reduced and closer to 1 (symmetrical) in tubercidin-

treated cells compared to control-treated cells (Fig. 2.6D). Tubercidin treatment 

did not alter the rate of cell death in the explants (Fig. 2.6C), and tubercidin-

treated cells extended protrusions over the full 16-hour time course of the 

experiment. This suggests that tubercidin treatment did not inhibit the alternate 

tubercidin target, adenosine deaminase, as inhibition of this enzyme is toxic to 

cells (Hershfield and Krodich, 1978; Kozlowska et al., 1999). Altogether, these 

results indicate that SAHH, and thus methylation, are required for both the 

emigration and polarization of migratory neural crest cells. As cell polarization is 

essential for directional cell migration (Rorth, 2011), this suggests that SAHH, 

and therefore methylation, regulate directional neural crest cell migration from the 

neural tube. 
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Figure 2.6 Tubercidin inhibits neural crest migration and decreases neural 

crest cell polarity. (A, B) Trunk neural tubes were cultured on fibronectin-coated 

chamber slides in carrier (A, A’) or 1.0 µM tubercidin (B, B’) for 24 hours. Cells 

were stained with anti-HNK-1 (neural crest, green) and DAPI (nucleus, blue). 

Tubercidin-treatment all but blocks neural crest migration away from the neural 

tube (B) compared to carrier-treatment (A, white arrowheads). (C) Bar graph 

depicting the ratio of TUNEL-positive cells to DAPI positive cells surrounding the 

neural tube, showing that tubercidin does not alter the incidence of dying cells at 

0.1 µM, 0.25 µM, 0.5 µM, 0.75 µM and 1.0 µM compared to carrier treatment. (D) 

Bar graph depicting length/width ratios, or polarity, of carrier- and tubercidin-

treated neural crest cells. Tubercidin-treated neural crest cells were significantly 

less polarized (closer to 1, symmetrical) compared to carrier-treated neural crest 

cells (p=3.3 x 10-4). Scale bar 100µm. 
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2.2C. SAHH localizes to the cytoplasm of migratory neural crest cells 

 In characterizing the expression pattern of SAHH protein, we noted a 

striking subcellular localization of SAHH protein in neural crest cells. In most cells 

of the embryo, SAHH was nuclear (Fig. 2.7A); however, SAHH immunoreactivity 

in HNK-1 positive migratory neural crest cells (Fig. 2.7B’’, outline) was more 

diffuse (Fig. 2.7B’). High magnification views revealed that this was because 

neural crest cells (Fig. 2.7D-D’’, ncc) have low levels of nuclear SAHH but also 

exhibit cytoplasmically localized SAHH protein (Fig. 2.7D’, white arrowheads). In 

contrast, SAHH was primarily nuclear in surrounding cell types such as head 

mesenchyme (Fig. 2.7D, D’, mes, white arrow) and non-neural ectoderm (E, nne, 

white arrow). To further assess this localization, we cultured cranial neural folds 

to obtain individual migratory neural crest cells. SAHH was expressed throughout 

HNK-1 positive neural crest cells (Fig. 2.7F, F’’’), but was most concentrated 

outside the nucleus, particularly in protrusions (Fig 2.7F’’, white arrowheads). 

Notably, SAHH nuclear versus cytoplasmic localization is stage-dependent in 

Xenopus embryos, and there is some evidence that SAHH interacts with 

methyltransferases, potentially to localize SAHH to the site of methylation 

reactions and SAH production (Lee et al., 2012; Radomski et al., 2002; 

Radomski et al., 1999). Thus, the cytoplasmic localization of SAHH led us to 

postulate that SAHH, and methylation, play a role outside of the nucleus in 

migratory neural crest cells.   
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Figure 2.7 SAHH is cytoplasmically localized in migratory neural crest cells. 

10 somite (10s) chick embryo cross sections (A-E) and cultured cranial neural 

crest cells (F) immunostained for SAHH (green, B’, D’, F’’), HNK-1 (neural crest; 

red, B’’, F’’’), and DAPI (nuclei; blue, B, F’). (A) SAHH immunoreactivity is 

widespread and nuclear in a 10 somite chick embryo cross-section. (B) A higher 

magnification view shows that SAHH immunoreactivity (B’) is more diffuse in 

HNK-1-positive migratory neural crest cells (red outline). (C-E) At high 

magnification SAHH immunoreactivity is cytoplasmic (D’, white arrowhead) in 

neural crest cells (ncc), while SAHH is nuclear (D’, E, white arrows) in non-neural 

ectoderm (nne) and head mesenchyme (mes). (F) In cultured cranial migratory 

neural crest cells (HNK-1-positive; F’’’), SAHH (F’’) is abundant in the cytoplasm 

(white arrowheads). (A-E) Transverse sections, dorsal up. Scale bar in (A) is 100 

µm, all other scale bars are 5 µm.  
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2.2D. Migratory neural crest cells contain cytoplasmic methylated proteins 

 If non-nuclear methylation regulates neural crest migration, methylated 

proteins should be present in the cytoplasm of neural crest cells. Because the 

only known neural crest-essential methyltransferase is a lysine dimethylase 

(Jacques-Fricke and Gammill, submitted), we obtained an antibody that 

specifically recognizes mono- or di-methylated lysines (Abcam Ab 23366) (Fuchs 

and Strahl, 2011; Levy et al., 2011). Immunofluorescence revealed that proteins 

with mono- and dimethylated lysines (K-me1/2; Fig. 2.8A’’, white arrowheads) 

were abundant in HNK-1-postitive cranial migratory neural crest cells (Fig. 2.8A’’’, 

black arrowheads) in 9 somite chick embryos. As K-me1/2 immunofluorescence 

appeared to surround DAPI-stained nuclei (Fig. 2.8A), we evaluated individual 

cultured cranial migratory neural crest cells to examine the subcellular 

localization of these methylated proteins (Fig. 2.8B). In addition to bright puncta 

of staining in the nucleus (Fig. 2.8B’’, black arrow), K-me1/2 immunoreactivity 

was pronounced in the cytoplasm of migratory cranial neural crest cells, 

particularly in the periphery and in protrusions (Fig. 2.8B’’, white arrow). While the 

signal in the nucleus was expected given extensive histone methylation, 

abundant cytoplasmic methyl lysine immunoreactivity indicated that cytoplasmic 

proteins are methylated in migratory neural crest cells. 
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Figure 2.8 Migratory neural crest cells have cytoplasmic methylated 

proteins. 9 somite (9s) chick midbrain sections (A) or cranial neural crest cell 

cultures (B) immunostained for mono/di-methylated lysine (K-me1/2; green, A’’, 

B’’), HNK-1 (neural crest; red, A’’’, B’’’) and DAPI (nucleus; blue, A’, B’). (A) 

Lysine methylated proteins (A’’, white arrowheads) are enriched in migratory 

neural crest cells (A’’’, black arrowheads).  (B) Individual cultured migratory 

neural crest cells (B’’’) have lysine-methylated proteins in the nucleus (B’’, puncta, 

black arrow) and peripherally localized in the cytoplasm (B’’, white arrow). (A) 

Transverse sections, dorsal up. Scale bar in (A) is 10 µm, scale bar in (B) is 100 

µm.  
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2.2E. Proteomic analysis of neural crest cytoplasmic methylated proteins 

identified numerous cytoskeletal-associated proteins 

 Motivated by these results, we devised a proteomic screen to identify 

cytoplasmic lysine methylated proteins at two time points during neural crest 

migration (Fig. 2.9A). We tested several strategies to isolate neural crest cells for 

the screen, including expansion of neural crest cells in culture (Etchevers, 2011) 

and antibody-based separation (Lee and Lwigale, 2008); however, in our hands, 

cultured neural crest cells differentiated and immune-selection produced a mixed 

population of cells. Instead, we found that manual dissection of dorsal neural 

folds provided the most controlled harvest of neural crest tissue. Cranial neural 

folds were cultured for 3 hours to obtain premigratory neural crest cells preparing 

to migrate (P). Meanwhile, culturing neural folds for 16-36 hours and discarding 

the remaining neural fold allowed harvest of actively migrating neural crest cells 

(A). Culturing both populations ensured that protein expression differences 

between timepoints were not a result of handling variation. Approximately 400 µg 

of cytoplasmic protein lysate was prepared from each tissue population, and 

proteins with mono- and di-methylated lysines were immunopurified and 

separated by SDS-PAGE. Tryptic peptides were identified by liquid 

chromatography coupled to tandem mass spectrometry with electrospray 

ionization (LC-ESI-MS/MS). Two rounds of this method identified 182 proteins 

with high confidence (Table 2.1). This list included several known lysine 

methylated proteins, such as β-actin, α-tubulin, and 60S ribosomal protein L27 

(Iwabata et al., 2005; Pang et al., 2010; Xiao et al., 2010), validating the outcome 
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Figure 2.9 Proteomic profiling of lysine-methylated proteins identifies 

several cytoskeletal-related proteins. (A) A proteomic screen was performed 

to identify methylated proteins at two different time points during neural crest 

migration. Neural crest cells preparing to migrate (P) were collected from 

premigratory cranial folds after 3 hours in culture; actively migrating neural crest 

cells (A) were collected after 16-36 hours of culture, and removal of the 

remaining neural fold. Neural crest cell lysates were separated into nuclear and 

cytoplasmic fractions and cytoplasmic lysates were immunoprecipitated using the 

antibody against mono- and di-methylated lysines. The eluted proteins were 

separated by SDS-PAGE and silver-stained to detect immunoprecipitated 

proteins. Tryptic peptides were identified by liquid chromatography coupled to 

tandem mass spectrometry with electrospray ionization (LC-ESI-MS/MS). (B) List 

of putatively methylated cytoplasmic proteins identified with high confidence that 

are involved in the cytoskeleton. 
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of the screen. Of these 182 proteins, 19 are known to participate in or regulate 

the cytoskeleton and were of particular interest. This category included several 

proteins that are important for regulating cell migration, such as actin-

depolymerizing factor, myosin 9, Tropomyosin 1-α, and several forms of tubulin 

(Fig 2.9B). 

 

2.2F. Elongation factor 1-alpha 1 (EF1α1): a lysine-methylated protein in 

migratory neural crest cells 

 Due to the limits of embryonic sample collection and the quantity of protein 

necessary for mass spectrometry (MS), our proteomic screening generally did 

not identify methylated peptides; one exception was eukaryotic elongation factor 

1 alpha 1 (EF1α1). Our MS analysis showed that EF1α1 was methylated at five 

lysine residues in chick neural crest cells: Lys 79 and Lys 316 were tri-

methylated, while Lys 55, Lys 165 and Lys 290 were dimethylated. Methylation of 

lysines 55, 165, and 316 was identified with high confidence. Four of these five 

methylated residues (Lysine 55, 79, 165 and 316) have been previously identified 

in rabbit and human cells, while two (Lys 79 and 316) have been identified in 

yeast, supporting their designation as methylated lysines in chick (Bienvenut et 

al., 2010; Cavallius et al., 1993a; Dever et al., 1989). Lys 290 is a novel 

methylated residue, not previously identified as methylated in any organism. As 

EF1α1 methylation is not required for translation (Cavallius et al., 1997; Sherman 

and Sypherd, 1989), the function of EF1α1 methylation is unknown. 
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EF1α1 is primarily known as a component of the translation machinery 

that shuttles tRNA into the ribosomal A position (Slobin, 1980); however, due to 

the molar excess of EF1α1 compared to other translation components in the cell, 

it also serves as an actin binding protein (Collings et al., 1994; Dharmawardhane 

et al., 1991; Edmonds et al., 1995). In particular, EF1α1 binds both actin 

filaments and actin mRNA at the leading edge of polarized migratory cells (Liu et 

al., 2002). β-actin mRNA targeting to the leading edge is required for migratory 

cell polarity and movement (Kislauskis et al., 1994; Kislauskis et al., 1997) and is 

thought to enable localized actin translation and facilitate actin polymerization for 

motility (Condeelis and Singer, 2005). Based on this established role of EF1α1 in 

motility, we examined EF1α1 localization in cultured cranial migratory neural 

crest cells. EF1α1 immunoreactivity is concentrated around the nucleus, but is 

also readily apparent as filamentous staining in the periphery (Fig. 2.10A-A’, 

white arrowhead). Co-staining with phalloidin shows EF1α1 co-localization with 

actin filaments (Fig. 2.10A’’) and at higher magnification shows co-localization 

along the actin filaments in lamella (Fig. 2.10B-B’’, white arrowheads) and 

filipodia (Fig. 2.10C-C’’, white arrowheads). That EF1α1 exhibits strong, 

filamentous, peripheral localization and is methylated on several lysines in neural 

crest cells, along with the established role of EF1α1 in motility, made EF1α1 an 

excellent candidate cytoplasmic protein to be regulated by methylation during 

neural crest migration.  
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Figure 2.10 EF1α1 co-localizes with F-actin in the cytoplasm of migratory 

neural crest cells. Cranial neural crest cultures immunostained for elongation 

factor 1-alpha 1 (EF1α1; green, A’, B’, C’), F-actin (phalloidin; red, A’’, B’’, C’’) 

and DAPI (nucleus; blue). (A) EF1α1 (A’, white arrowhead) is expressed in 

migratory neural crest cells and co-localizes with F-actin filaments (A’’, white 

arrowhead). (B-C) Higher magnification views show co-localization of EF1α1 with 

F-actin in lamella (B’, B’’, white arrowheads) and filipodia (C’, C’’, white 

arrowheads). Scale bars 10 µm. 
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2.2G. EF1α1 methylation is required for neural crest migration 

 To determine whether EF1α1 methylation is functionally relevant for neural 

crest migration, we aimed to disrupt EF1α1 methylation in neural crest cells. To 

this end, we created methylation-resistant EF1α1 by mutating to alanine the six 

lysines that are methylated in chick and/or human (EF1α1-6x-methyl mutant). We 

reasoned that, when overexpressed, EF1α1-6x-methyl mutant would compete 

with endogenous EF1α1 to incorporate into complexes and bind actin. If EF1α1 

methylation is required for an event in neural crest development, the inclusion of 

methylation-resistant EF1α1 should disrupt that event, even in a background of 

wildtype EF1α1. Knocking down and replacing EF1α1 with the 6x-methyl mutant 

was another option, however, we did not pursue this approach because EF1α1 is 

an essential component of the basal translation machinery (Riis et al., 1990). 

Moreover, EF1α1 can either prevent or promote actin polymerization depending 

on its cellular concentration (Murray et al., 1996) and EF1α1 levels are 

developmentally regulated (Gao et al., 1997), thus replacement by 

overexpression would be difficult. 

First, we evaluated whether the EF1α1 constructs we generated were 

correctly localized. When fused to GFP and driven from a chick expression 

construct in cultured neural crest cells, EF1α1-GFP and EF1α1-6x-methyl 

mutant-GFP localization resembled the pattern of endogenous EF1α1 

immunofluorescence (Fig. 2.10): GFP fusion proteins were abundant around the 

nucleus and formed strands within the cell body and in protrusions (Fig. 2.11A-F). 
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Thus, EF1α1-GFP and EF1α1-6x-methyl mutant-GFP were found in the same 

locations as endogenous EF1α1, suggesting GFP fusion and lysine mutations do 

not prevent EF1α1 from incorporating into migration-related structures.  

Next, we overexpressed EF1α1-6x-methyl mutant to disrupt EF1α1 methylation 

in neural crest cells. Vector only, EF1α1-GFP and EF1α1-6x-methyl mutant-GFP 

were unilaterally targeted into chick neural crest precursors at late gastrula. 

Embryos were incubated 8 to 12 hours to 4-6 somites to evaluate specification, 

or 14 to 20 hours to 8-10 somites to assay effects on migration. In either case, 

neural crest cells were visualized by Sox10 in situ hybridization. In contrast to 

vector only electroporation (pMES; Fig. 2.12A, D, E, H), overexpressing wild-type 

EF1α1 had variable effects on neural crest development. In specified neural crest 

cells, Sox10 expression ranged from increased to severely decreased, with the 

majority of embryos showing no phenotype compared to the untargeted side (Fig. 

2.12B, white arrowhead, D, p=0.02). Neural crest migration distance was also 

variable, with the majority of wild-type EF1α1 targeted neural crest cells 

exhibiting mild migration defects when comparing the targeted to untargeted side 

of the embryo (Fig. 2.12F, white arrowheads, H, p=0.09). Thus, cells are sensitive 

to EF1α1 dose, consistent with the observation that EF1α1 can either promote or 

inhibit actin polymerization at different concentrations (Murray et al., 1996). At 4-6 

somites, the EF1α1-6x-methyl mutant elicited a similar range of neural crest 

specification phenotypes as wild-type EF1α1 (Fig. 2.12C, white arrowhead, D, 

p=0.02 compared to pMES, p=0.72 compared to EF1α1). This suggests the K to 

A mutations did not disrupt EF1α1 activity during specification, much as a 
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Figure 2.11 EF1α1-GFP and EF1α1-6xMM-GFP localization resembles 

endogenous EF1α1 and does not affect cell survival. (A-F) Embryos were 

electroporated with EF1α1-GFP (EF1α1; A-C, green; A’-C’) or EF1α1-6x-methyl 

mutant-GFP (EF1α1-6xMM or 6xMM; D-F, green; D’-F’) at late gastrula. Cranial 

neural crest cultures were immunostained for HNK-1 (neural crest; red) and DAPI 

(nucleus; blue). EF1α1-GFP and EF1α1-6xMM-GFP localize in lamella (A’, B’, D’, 

E’, white arrowheads) and filipodia (C’, F’, white arrowheads) like endogenous 

EF1α1 (Fig.6). (G) Cultured cranial neural crest cells that express methylation 

resistant EF1α1 (EF1α1-6xMM) are slighty less polarized than neural crest cells 

electroporated with empty vector (pMES) or wildtype EF1α1, though the effect is 

not statistically significant. 

(H-I) Embryos were unilaterally electroporated at HH stage 4-5 with pMES vector 

DNA (pMES), pMES- EF1α1-GFP fusion (EF1α1) or pMES- EF1α1-6x-methyl 

mutant (EF1α1-6MM, H) and reincubated to 7 somites (7s). Cross-sections were 

immunostained with anti-cleaved caspase 3 Ab (cl. casp3, H’). (I) Bar graph 

depicting the percentage of cl. casp3 positive cells over the total, showing that 

EF1α1-6xMM does not significantly increase cell death on the targeted side of 

the embryo compared to the untargeted side (p=0.19).   
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methylation-resistant EF1α does not affect translation in yeast (Cavallius et al., 

1997). In contrast, at 8-10 somites, electroporation of the EF1α1-6x-methyl 

mutant blocked neural crest migration in most embryos (Fig. 2.12G, white 

arrowhead, K, p=4.66 x 10-7 compared to pMES, p=6.82 x 10-4 compared to 

EF1α1). This migration defect was not due to cell death (Fig. 2.11H-I). Together, 

these data reveal that EF1α1 methylated lysines are essential for neural crest 

migration and demonstrate a novel role for non-histone protein methylation 

during neural crest migration.  

  
 

2.3 Discussion 

 Post-translational regulation of migration has been described in other cell 

types (Boulter et al., 2012; Schaefer et al., 2012) but is poorly understood in the 

neural crest. Moreover, suggestions that non-histone protein methylation 

regulates eukaryotic cell migration are beginning to come to light. This study 

defines the importance of non-histone protein methylation during neural crest 

migration. We show that the methylation cycle enzyme SAHH is required for 

neural crest cells to emigrate and polarize, implicating methylation in directional 

neural crest migration away from the neural tube. Cytoplasmic localization of 

SAHH and lysine methylated proteins in migratory neural crest cells motivated a 

proteomic screen, which identified an extensive list of methylated and putatively 

methylated non-histone proteins. Characterization of one of these proteins, the 

actin-binding protein EF1α1, showed that its methylated lysines are required for  
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Figure 2.12 EF1α1 methylation is required for neural crest migration. 

Embryos were unilaterally electroporated with pMES vector DNA (pMES, A’, E’), 

pMES-EF1α1-GFP fusion (EF1α1, B’, F’) or pMES-EF1α1-6x-methyl mutant 

(EF1α1-6xMM, C’, G’) at late gastrula. At 4-6 somites (4s-6s) (A-C) or 8-10s (E-

G), embryos were collected and in situ hybridization was performed to assess 

expression of Sox10 (purple). White arrowhead, targeted side of embryo, black 

arrowhead, untargeted side of embryo. (A-C) Representative examples of Sox10 

expression during specification. Sox10 expression is unchanged on the targeted 

side by pMES, EF1α1, or EF1α1-6xMM electroporation in the majority of 

embryos. (D) Stacked bar graph depicting the frequency and severity of Sox10 

expression defects in embryos overexpressing pMES, EF1α1, or EF1α1-6xMM. 

(E-G) Representative examples of neural crest migration. pMES electroporation 

does not affect neural crest migration distance on the targeted side (E), while 

EF1α1 electroporation elicits a broad range of phenotypes, with most embryos 

being mildly affected (F). EF1α1-6xMM electroporation severely decreased 

neural crest cell migration distance on the targeted compared to the untargeted 

side of the embryo (G). (H) Stacked bar graph depicting the frequency and 

severity of migration defects in embryos electroporated with pMES, EF1α1, or 

EF1α1-6xMM, showing overexpression of EF1α1-6xMM significantly decreases 

neural crest migration compared to pMES or EF1α1 (p=4.66 x 10-7; p=6.81 x10-4, 

respectively). In (A-C, E-G), dorsal views of in situ hybridization in left panel, 

fluorescent MO targeting in right panel.  
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neural crest migration. Taken together, our data show that non-histone protein 

methylation, in particular methylation of EF1α1, regulates neural crest migration.  

 While the focus of our analysis was migration, our experiments also gave 

insight into neural crest specification. We electroporated SAHH MO at gastrula 

stages because, although in theory specification defects can be bypassed by MO 

electroporation later in development, in our experience knockdown of stable 

proteins like SAHH (Ueland and Helland, 1983) is inefficient past initial neural 

crest induction at stage 4 (Basch et al., 2006) This is likely because protein levels 

accumulate in neural crest precursors as development proceeds, requiring a 

greater lag time for target protein turnover to reveal the knockdown phenotype. 

Thus, for our experiments, we electroporated SAHH MO at late gastrula.  

In SAHH MO-electroporated embryos assayed at 4 somites, we noted a 

striking difference: Snail2 expression was minimally disrupted (Fig. 2.3A-C), 

while Sox10 expression was moderately or severely reduced in half the embryos 

analyzed (Fig. 2.3D-F). First of all, this indicates that methylation became 

inhibited in SAHH MO-electroporated embryos during specification. Neural crest 

specification requires DNA methyltransferase 3A (DNMT3A) to silence Sox2 and 

Sox3, two neural transcription factors that repress Snail2 and Sox10 expression 

equally (Hu et al., 2012). Because Snail2 was expressed (Fig. 2.3B), SAHH 

protein turn over (Fig. 2.2) and the resulting accumulation of SAH must inhibit 

methyltransferases after the critical period for DNMT3A activity. Second, the 

distinct effects of SAHH knockdown on Snail2 and Sox10 expression support the 
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idea that these transcription factors are differentially regulated (Prasad et al., 

2012). Here, the difference is at least in part temporal. The lysine 

methyltransferase NSD3 is required for Snail2 and Sox10 expression (Jacques-

Fricke and Gammill, submitted), and NSD3 dimethylates lysine 36 of histone H3 

on actively transcribed genes (Wagner and Carpenter, 2012). As Snail2 is 

regulated by neural plate border transcription factors, while Sox10 is turned on 

later in response to other neural crest transcription factors (Prasad et al., 2012), 

NSD3 likely epigenetically regulates Snail2 and Sox10 expression at temporally 

distinct times during specification. Thus, Snail2 upregulation may occur prior to 

SAHH knockdown induced inhibition of NSD3, while NSD3 function may be 

inhibited at the time Sox10 is activated. Another possibility is that these genes 

could be regulated by different methyltransferases, or marked with different 

combinations of methyl marks that decay at different rates in a state of 

methyltransferase inhibition (Zee and Garcia, 2012). Further characterization of 

NSD3, identification of other neural crest methyltransferases and analysis of 

methylation is needed to evaluate these possible mechanisms.  

Methylation is recognized as a histone modification that regulates gene 

expression, but there is an increasing evidence to support a functional role for 

non-histone protein methylation as well (Egorova et al., 2010; Lee and Stallcup, 

2009; Zhang et al., 2012). Given the importance of post-translational 

modifications like phosphorylation in migration, (Rottner and Stradal, 2011; 

Zhang and Niswander, 2012), we were intrigued by the abundant accumulation 

of lysine-methylated proteins in the cytoplasm of migratory neural crest cells (Fig. 
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4 B’’, white arrow) and set out to profile these proteins. Although 182 putatively 

methylated proteins were identified, because of the limits of embryonic sample 

we were able to collect, for many proteins only a few peptides were identified, 

and these peptides generally did not contain the methylated residue. Metabolic 

labeling strategies have been devised to increase the ease and confidence in 

identifying methyl modifications on proteins, however, these approaches require 

long term cell culture not accommodated by embryonic neural crest cells (Ong et 

al., 2002). Given our results, it is likely that methylation of non-histone proteins in 

neural crest cells is dynamic, so that only a subset of these proteins are 

methylated at any given time, making methylation of low abundance proteins 

even more difficult to find. However, other proteins may be more uniformly 

methylated. One example of this may be EF1α1, for which we identified 

methylated residues with high confidence at both time points (Fig. 2.9). It is also 

likely we were able to detect EF1α1 because it is methylated at multiple lysines 

and due to the sheer abundance of this protein within cells. Further work is 

necessary to identify methylated lysines in other screen products and to 

determine the function, extent and stability of methyl marks on these non-histone 

proteins. 

Several observations indicate our screen is a resource for putatively lysine 

methylated non-histone neural crest proteins. First, a large number of ribosomal 

proteins were identified (Table 2.1). Ribosomal proteins, including the 60S 

ribosomal protein L27 and the 40S ribosomal protein S13 found in our screen, 

are lysine methylated (Levy et al., 2011; Pang et al., 2010). Second, several 
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other known lysine methylated proteins were identified, including β-actin, α-

tubulin, and EF1α1 (Cavallius et al., 1993a; Iwabata et al., 2005; Xiao et al., 

2010). Third, as separation of cytoplasmic and nuclear fractions is rarely absolute, 

a few contaminating histone proteins were identified including H4 and H3.3, 

which are well characterized for their lysine methylation. Therefore, this list of 

putatively methylated, non-histone proteins is an important resource for future 

studies to elucidate the function of non-histone cytoplasmic protein methylation. 

 As a functional validation of the screen and our hypothesis that non-

histone protein methylation regulates neural crest migration, we showed that 

neural crest cells expressing methylation-resistant EF1α1 fail to migrate (Fig. 

2.12). Although EF1α1 methylation was first detected over three decades ago, 

and EF1α1 specific methyltransferases have been identified in yeast, the function 

of EF1α1 methylation is unclear (Couttas et al., 2012; Lipson et al., 2010; 

Polevoda and Sherman, 2007). All evidence suggests that it is not required for 

translation (Cavallius et al., 1997; Polevoda and Sherman, 2007; Sherman and 

Sypherd, 1989). Given this, and the fact that EF1α1 regulates the actin 

cytoskeleton in migrating cells, it was exciting to identify it as a cytoplasmic 

methylated protein in migratory neural crest cells (Fig. 2.9). Indeed, in 

comparison to EF1α1 overexpression, which consistently elicited a wide range of 

effects on specification and migration, a methylation-resistant form of EF1α1 

specifically blocked neural crest migration (Fig. 2.12). This phenotype is 

particularly striking since methylated and unmethylated EF1α1 are equivalent in 

translation assays (Sherman and Sypherd, 1989), and yeast with methylation-
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resistant EF1α1 are phenotypically normal (Cavallius et al., 1997). This suggests 

that EF1α1 methylation is required for its role in the actin cytoskeleton during 

motility (Condeelis and Singer, 2005). In combination with SAHH MO knockdown 

(Fig. 2.3) and tubercidin experiments (Fig. 2.6), these data also reveal that 

cytoplasmic protein methylation is essential for neural crest migration.  

Interestingly, electroporation of EF1α1 6x-methyl mutant-GFP at stage 

7+/8 (2 to 4 somites) did not inhibit migration (data not shown). This observation 

is curious, as EF1α1 6x-methyl mutant protein should have been expressed in 

these embryos by 5 to 7 somites as neural crest cells were initiating migration 

(Sauka-Spengler and Barembaum, 2008). One possible explanation is that 

methylated EF1α1 participates in a complex, and the 6x-methyl mutant cannot 

accumulate to sufficient levels and/or incorporate adequately into these 

complexes to inhibit methylation-dependent functions in this time frame. While it 

is also possible that EF1α1 methylation is stable and added prior to accumulation 

of inhibiting levels of EF1α1 6x-methyl mutant, this explanation seems unlikely as 

inhibiting methylation by tubercidin treatment also inhibits migration, suggesting 

these marks do turn over. 

What is the function of EF1α1 methylation during migration? EF1α1 6x-

methyl mutant-GFP was still found in strand formations in neural crest cells (Fig. 

2.11), thus EF1α1 is not mislocalized when it is resistant to methylation, and 

EF1α1 methylation is unlikely to affect binding to actin filaments. Alternatively, 

methylation resistant EF1α1 could disrupt EF1α1 protein-protein interactions that 

are required for local actin translation, nucleating actin polymerization, or other 
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actin related functions. Indeed, there is evidence to suggest that EF1α1 

methylation alters its protein-protein interactions (Sherman and Sypherd, 1989). 

EF1α1 methylation could also be required for β-actin mRNA binding and 

targeting (Condeelis and Singer, 2005). In favor of this, β-actin mRNA targeting to 

the leading edge is required for cell polarization and motility (Kislauskis et al., 

1994; Kislauskis et al., 1997), as is methylation (Figs. 2.3, 2.6), although 

preventing EF1α1 methylation does not lead to a statistically significant reduction 

in neural crest cell polarity (Fig. 2.11). Whatever the role of EF1α1 methylation, it 

is a migration-specific function, as neural crest specification was equivalently 

affected by overexpression of wildtype or 6x-methyl mutant EF1α1 (Fig. 2.12), 

consistent with previous reports that EF1α1 methylation is dispensable for 

translation-related activities (Cavallius et al., 1997; Sherman and Sypherd, 1989). 

These findings expand our view to include non-histone methylation as a novel 

layer of post-translational control in the neural crest, and open new avenues of 

research to understand the mechanism by which EF1α1 methylation regulates 

cell migration.  

 

2.4 Materials and Methods 

2.4A Embryos 

Fertilized chicken embryos were obtained from local sources. Eggs were 

incubated at 37°C in a humidified incubator until the desired stage of 

development (Hamburger and Hamilton, 1992a), judged by counting somite pairs.  
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2.4B Morpholinos and DNA constructs 

FITC-tagged morpholinos (MOs) were synthesized by GeneTools, LLC 

(Philmouth, OR) with the following sequences: translation blocking SAHH MO 

CAGCCTGTCCGACATGCTGGAGGCA; and standard control MO 

CCTCTTACCTCAGTTACAATTTATA (CO MO). For SAHH overexpression and 

rescue, full-length SAHH was subcloned into pMES-mCherry (Roffers-Agarwal et 

al., 2012). Full-length chick EF1α1 was PCR amplified to include terminal EcoRI 

and SspI sites. The internal ribosome entry site in pMES (Swartz et al., 2001) 

was excised by EcoRI/MscI digest, and chick EF1α1 was inserted to create an 

in-frame EF1α1-GFP fusion. Methylation site mutations were made using the 

QuikChange Multi Site-Directed Mutagenesis kit (Stratagene; La Jolla, CA).  

 

2.4C Electroporation 

Ex ovo early embryo electroporation was performed on late gastrula stage 

4-5 embryos with MO and/or DNA as previously described (Gammill and Krull, 

2011; Roffers-Agarwal et al., 2012). SAHH MO was electroporated at a 1.0 mM, 

while EF1a1 constructs were electroporated at 3.0 mg/mL.  

 

2.4D Neural Crest Cultures 

Cranial neural folds were dissected from 4-7 somite embryos. Stage 16 

trunk neural tubes were prepared by explanting the region of the last 10 formed 

somite pairs, incubating the tissue in dispase solution (1.2 units/ml; Life 

Technologies; Grand Island, NY) on ice for 15 minutes followed by 10 minutes at 
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37°C, and aspirating through a fire-polished Pasteur pipette to separate the 

neural tube from surrounding tissues. Cranial or trunk explants were then 

cultured for 14-16 hours at 37°C on 10-100 µg/ml fibronectin coated glass in 

neural crest complete media (L15, 1% L-glutamine, 0.1% Pen/Strep (all from Life 

Technologies; Grand Island, NY), 10% FBS (VWR Scientific; Radnor, PA), and 

10% chick embryo extract (Bronner-Fraser and Garcia-Castro, 2008). For 

evaluation, cultures were fixed in 4% paraformaldehyde and permeabilized in 

PBS + 1.0% Triton X-100. 

 

2.4E Tubercidin 

A 150 mM stock of tubercidin (Sigma-Aldrich; St. Louis, MO) was 

prepared in 8.7 M (50%) acetic acid. Trunk neural tubes were incubated in 

chamber slides (Thermo Scientific Nunc; Penfield, NY) with neural crest 

complete media containing 58 µM acetic acid (carrier) or 0.1µM-1.0µM tubercidin 

(58 µM final concentration of acetic acid). Well dividers were removed and slides 

were fixed and immunostained as indicated. 

 

2.4F In situ Hybridization 

SAHH (Adams et al., 2008), Snail2 (Gammill and Bronner-Fraser, 2002) 

and Sox10 (Cheng et al., 2000) digoxigenin-labeled probes were synthesized 

and chick embryos processed by whole mount chick in situ hybridization, as 

previously described (Wilkinson, 1992). Embryos were imaged in whole mount 
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using a Discovery V8 stereoscope and AxioCam MRc5 (both from Zeiss; 

Oberkochen, Germany).  

 

2.4G Histology 

 Embryos were infiltrated with 5% and 15% sucrose, embedded in gelatin 

in 15% sucrose, frozen in liquid nitrogen and sectioned with a CM1900 cryostat 

(Leica; Buffalo Grove, IL) at 10-20 µm. Gelatin was removed from the sections by 

incubating for 30 min in 42˚C PBS. 

 

2.4H Immunostaining 

Sections and cultures were blocked in PBS + 10% Fetal bovine serum + 

0.1% Triton X-100 for 30 minutes at room temperature and stained with anti-

HNK-1 (ATCC; Manassas, VA), anti-SAHH (anti-32-5B6, DSHB; Iowa City, IA), 

anti-K-me1/2 (Ab23366, Abcam; Cambridge, MA), anti-EF1α1 (Abgent; San 

Diego, CA) anti-cleaved caspase3 (rabbit anti-cl.casp3; Cell Signaling; Beverly, 

MA), anti phospho-Histone H3 (rabbit anti-pH3; Millipore; Billerica, MA) followed 

by the appropriate secondary antibody (mouse AF488, rabbit AF568, mouse 

AF568, Life Technologies; Grand Island, NY; or Cy2 anti-mouse/rabbit IgG, Cy5 

anti-mouse/rabbit IgG, RRX anti-mouse IgM, Jackson ImmunoResearch; West 

Grove, PA) as indicated. For some assays the signal was amplified using a 

mouse anti-rabbit IgG (Jackson Labs, Inc; West Grove, PA). Slides and cultures 

were mounted with Permafluor (Thermo Fisher Scientific; Waltham, MA) 
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containing DAPI and viewed on either a Zeiss AxioImager A1 or Zeiss LSM 710 

confocal microscope. Images were assembled in Photoshop (Adobe).  

 

2.4I Phenotype evaluation 

Embryos well-targeted with fluorescent MO or GFP signal in the dorsal 

neural tube were evaluated at the cranial axial level. Effects on premigratory 

gene expression were analyzed in whole mount by judging the relative amount of 

colorimetic in situ hybridization signal on the targeted and untargeted side of the 

embryo (Fig. 2.4A-D). Effects on migration were scored by comparing the 

distance migrated on targeted and untargeted sides (Fig. 2.4E-H). All phenotypes 

were scored blind by three independent judges and statistics were performed 

using two–sided Fisher’s exact test in R (R Development Core Team, 2011).  

 

2.4J Cell Death and Proliferation 

For the tubercidin assay, cultures were fixed in 4% paraformaldehyde for 

15 min and cell death was detected using In-situ Cell Death Detection kit (Roche; 

Basel, Switzerland) according to manufacturer’s instructions. For SAHH MO and 

EF1α1 overexpression assays, embryos were sectioned and immunostained with 

anti-cleaved caspase3 to assay cell death and anti phospho-Histone H3 to assay 

proliferation. Immunoreactive cells were counted in the dorsal half of the cranial 

neural tube on both the targeted and untargeted sides of the embryo for at least 

five sections per embryo (n=5) and significance was evaluated by t-test in Excel 

(Microsoft).  
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2.4K Immunoprecipitation (IP) 

Neural crest cells preparing to migrate (P) were 4-7 somite cranial neural 

folds cultured in neural crest complete media for 3 hours and harvested. Actively 

migrating (A) neural crest cell lysates were prepared by culturing cranial neural 

folds for 16-36 hours, removing the neural fold, and collecting the migratory 

neural crest cells by 3 minute treatment with trypsin-EDTA (Life Technologies; 

Grand Island, NY). Cytoplasmic protein extracts were prepared using the NE-

PER Nuclear and Cytoplasmic Extraction Kit, while protein concentration was 

determined by BCA Assay (both from Pierce; Rockford, IL). Cytoplasmic lysates 

were split equally into four tubes and pre-cleared by incubating with control goat 

IgG antibody (5µg, R&D Systems; Minneapolis, MN) and immunoprecipitated by 

incubating with rabbit polyclonal to mono-and di-methylated lysine (K-me1/2, 5µg, 

Abcam; Cambridge, MA) along with Protein G magnetic beads (Life 

Technologies; Grand Island, NY) for 30 minutes at room temperature with 

rotation. After incubation, beads were washed three times with PBS. Proteins 

were eluted from the beads by boiling in water. Eluates were combined and 

concentrated by speed vacuum. After addition of SDS-PAGE sample buffer 

containing bromphenol blue and 5% beta-mercaptoethanol, protein samples 

were boiled. Immunoprecipitated proteins were resolved using a Mini-PROTEAN 

TGX 4-15% gel (Bio-Rad; Hercules, CA) and then silver stained (SilverQuest, 

Life Technologies, Grand Island, NY) or stained with Imperial Protein Stain 

(Thermo Scientific, Waltham, MA) in accordance with manufacturer’s instructions. 
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Lanes were cut into five sections, and destained according to manufacturer’s 

instructions.  

 

2.4L Mass Spectrometry 

Excised gel pieces were trypsin digested (Shevchenko et al., 1996) using 

an Investigator ProPrep (Genomic Solutions; Huntingdon, Cambridgeshire, UK) 

and lyophilized. For the first screen digested peptide mixtures were desalted 

using C18 columns and mass spectrometry was performed on an LTQ 

(ThermoScientific; Waltham, MA) as described (Beckmann et al., 2013). Sequest 

(Thermo Finnigan) was set up to search the NCBI non-redundant Gallus gallus 

(September 03, 2010 version) database. Search parameters were: cysteine 

iodoacetamide; trypsin; instrument LTQ; variable modifications-oxidized 

methionine. For the second screen, digested peptide mixtures were desalted with 

C18 resin according to the “Stage Tip” procedure (Rappsilber et al., 2003).  

Using a mass spectrometry-based approach (Lin-Moshier et al., 2013), peptides 

were analyzed using a Velos Orbitrap mass spectrometer (Thermo Scientific; 

Waltham, MA). ProteinPilot 4.5 (Ab Sciex, Framingham, MA) searches were 

performed against the NCBI non-redundant Gallus gallus database (September 

03, 2010 version) to which a contaminant database (thegpm.org/crap/index) was 

appended. Search parameters were: cysteine iodoacetamide; trypsin; instrument 

Orbi MS (1-3 ppm) Orbi MS/MS; biological modifications ID focus; special 

modifications-purified histones, thorough search effort; and False Discovery Rate 
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analysis (with reversed database). Proteins included in Table 1 had two or more 

peptides identified with 95% confidence.  
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Functional Category/Protein Name Fraction 
A. Accessory protein-adaptor/scaffold/chaperone 
Protein syndesmos 
Predicted: similar to nucleoplasmin-3 
Predicted: similar to small nuclear ribonucleoprotein Sm-D 
Small nuclear ribonucleoprotein-associated protein B’ 
T-complex protein 1 subunit alpha 
T-complex protein 1 subunit delta 
T-complex protein 1 subunit theta 
T-complex protein 1 subunit epsilon 
T-complex protein 1 subunit zeta 
Predicted: similar to chaperonin-containing TCP-1 complex gamma chain 
T-complex protein 1 subunit eta 
Heat shock cognate protein HSP-90 beta 
peptidylprolyl isomerase A 

 

	  
P, A 
A 
P, A 
P, A 
P, A 
P, A 
A 
A 
A 
A 
A 
P 
P 

	  

B. Actin, cytoskeletal/cell migration 
Actin-depolymerizing factor 
Myosin regulatory light chain 2, isoform L20-B1 
Fibroblast alpha-actinin 
Filamin 
c-beta-3-beta-tubulin 
Tropomyosin alpha 1-chain 
actin, cytoplasmic 2-gamma actin 
Myosin-9 (Myosin heavy chain 9) 
actin, alpha skeletal muscle 
Myosin-10 
Beta-actin 
Spectrin, alpha chain, brain 
Tubulin-beta-7 chain 
Tubulin-alpha-1 chain 
Tubulin beta-2 chain  
Tubulin beta-5-chain 
Myosin light polypeptide 6 
Myosin-11 
Elongation factor 1-alpha 1 

 

	  
A 
A 
A 
A 
A 
A 
P, A 
P, A 
A 
A 
A 
A 
A 
A 
P, A 
A 
P, A 
P 
P, A 

	  

C. ATP/GTP synthesis 
ATP synthase subunit alpha, mitochondrial 
adenine nucleotide translocator 3 
ADP/ATP translocase 1 
ATP-binding cassette sub-family E member 1 
Guanine-nucleotide-binding protein subunit beta-2-like 1 
GTP-binding nuclear protein Ran 

 

	  
A 
P, A 
P, A 
P, A 
P, A 
P 

	  

D. DNA damage 
Stress 70 protein 

	  
P, A 
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Structural maintenance of chromosomes protein 4 
Pre-mRNA processing factor 19 
Predicted: similar to Atp51 protein 
Heat shock protein Hsp70 
Prohibitin 
cell division protein kinase 1 

 

P 
P, A 
A 
P 
A 
P 

	  

E. ECM/intermediate filaments 
Predicted: similar to A type IV collagen 
vimentin 
Lamin-B2 
Collagen alpha 1CB7 

 

	  
P 
A 
P, A 
A 

	  

F. Histone protein 
Histone H1.10 
Histone H4 type VIII 
Histone H2A.Z 
Histone H3.3 
03 H1 protein 
Histone H2.B 

 

	  
P, A 
P, A 
P, A 
A 
A 
P, A 

	  

G. Metabolism 
Predicted: similar to 2,4-dienoyl-CoA reductase 
C-1 tetrahydrofolate synthase, cytoplasmic 

 

	  
P, A 
A 

	  

H. Mitochondrial protein 
Calcium-binding mitochondrial carrier protein Aralar2 
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 9, mitoc. 
Predicted: similar to ATAD3A protein 
Predicted: similar to Dihydrolipoamide S-acetyltransferase 
10 kDa heat shock protein, mitochondrial 
Phosphate carrier protein, mitochondrial 

 

	  
P 
A 
P, A 
A 
P, A 
P, A 

	  

I. mRNA processing 
Nuclease-sensitive element-binding protein 1 
Heterogeneous nuclear ribonucleoprotein H 
Predicted: similar to Heterogeneous nuclear ribonucleoprotein U 
Plasminogen activator inhibitor 1 RNA-binding protein 
heterogeneous nuclear ribonucleoprotein A2/B1 
116 kDa U5 small nuclear ribonucleoprotein component 
Heterogeneous nuclear ribonucleoprotein R 
Predicted: similar to splicing factor Prp8 
116 kDa U5 small nuclear ribonucleoprotein component 
Predicted: similar to PTB-associated splicing factor 
Splicing factor, arginine/serine-rich 6 

 

	  
P, A 
P 
P, A 
P 
P 
A 
P 
P 
P 
P 
P 

	  

J. Ribonucleoprotein complex 
Synaptotagmin binding, cytoplasmic RNA interacting protein 
ELAV-like protein 1 
Predicted: similar to nuclear poly(C)-binding protein, splice variant E, partial 

 

	  
P 
P 
P 

	  

K. Ribosomal protein 
Ribosomal protein S8 
Predicted: similar to ribosomal protein L14 
40S ribosomal protein S3 
60S acidic ribosomal protein P0 

	  
P, A 
A 
P, A 
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Predicted: similar to Rps16 protein 
Ribosomal protein S3A 
60S ribosomal protein L7 
Predicted: similar to ribosomal protein L14 
60S ribosomal protein L4 
60S ribosomal protein L3 
60S ribosomal protein L22 
Predicted: similar to ribosomal protein L18a 
60S ribosomal protein L7a 
40S ribosomal protein S4 
ribosomal protein S8 
ribosomal protein L10A 
40S ribosomal protein S6 
Predicted: similar to 40S ribosomal protein S2 
Predicted: similar to ribosomal protein S25 
60S ribosomal protein L6 
Predicted: similar to ribosomal protein L8 
Predicted: similar to ribosomal protein L18a 
Predicted: similar to Rpl24 protein 
Predicted: similar to ribosomal protein S15 isoform 2 
60S ribosomal protein L27 
ribosomal protein L30 
40S ribosomal protein S13 
40S ribosomal protein S11 
40S ribosomal protein S14 
60S ribosomal protein L36 
Predicted: similar to HL23 ribosomal protein 
Predicted: similar to ribosomal protein S20 
40S ribosomal protein S17 
Predicted: similar to Rpl17 protein 
60S ribosomal protein L37A 
40S ribosomal protein S6 
ribosomal RNA processing protein 1 homolog B 
Predicted: similar to ribosomal protein S15 isoform 2 
Predicted: similar to Rpl24 protein 
Ribosomal L1 domain containing 1 
60S ribosomal protein L6 
60S ribosomal protein L19 
60S ribosomal protein L7-like 1 
Predicted: similar to ribosomal protein L15 
40S ribosomal protein S12 
Predicted: similar to ribosomal protein L38 
Predicted: similar to Rpl123a protein 
60S ribosomal protein L35 

 

P, A 
P, A 
A 
P, A 
P, A 
P, A 
P, A 
P, A 
A 
P, A 
P, A 
A 
P, A 
A 
P, A 
P, A 
A 
P, A 
P, A 
A 
A 
P, A 
P, A 
A 
P, A 
P, A 
P, A 
P, A 
P, A 
A 
A 
A 
P, A 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
A 
A 

	  

L. Ribosome biogenesis 
Nucleolar GTP-binding protein 1 
Nucleolar protein 56 
Predicted:similar to pescadillo 

	  
P 
P 
P 
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Predicted: similar to Chromosome 1 open reading frame 33 
 

P 
	  

M. RNA binding protein, localized translation 
Cold-shock domain containing protein E1 
Fragile X mental retardation syndrome-related protein 1 
Insulin-like growth factor 2 mRNA binding protein-3 
Insulin-like growth factor 2 mRNA-binding protein 1 
Double-stranded RNA-binding protein Staufen homolog 1 

 

	  
P, A 
P 
P 
P, A 
P 

	  

N. RNA helicase 
ATP-dependent RNA helicase DDX1-Dead box protein 1 
ATP-dependent RNA helicase DDX3X 
Probable ATP-dependent RNA helicase DDX5 
ATP-dependent RNA helicase DDX1 
DEAH (Asp-Glu-Ala-His) box polypeptide 15 

 

	  
A 
P, A 
P, A 
P 
P 

	  

O. Transcriptional regulation 
Prohibitin-2 
Heat-shock cognate 71kDa protein 
Activating transcription factor 7-interacting protein 1 

 

	  
A 
P, A 
P 

	  

P. Translational regulation 
Elongation factor 1-beta 
protein lin-28 homolog A 
Bifunctional aminoacyl-tRNA synthetase 
Eukaryotic translation elongation factor 1 
Elongation factor 2 
polyadenylate-binding protein 1 
aspartyl-tRNA synthetase, cytoplasmic 
arginyl-tRNA synthetase, cytoplasmic 
Eukaryotic translation initiation factor 2 subunit 3 
Elongation factor 1-beta 
Eukaryotic translation initiation factor 2 subunit 1 
Cysteinyl-tRNA synthetase, cytoplasmic 
Predicted: similar to eukaryotic translation elongation factor 1 delta 
Lysyl-tRNA synthetase 
Eukaryotic translation initiation factor 6 

 

	  
P 
P 
P, A 
P, A 
P, A 
P, A 
P, A 
P, A 
A 
A 
A 
P 
P 
P 
P 

	  

Q. Transmembrane protein 
Uncharacterized protein KIAA0090 homolog 
Predicted: similar to transmembrane protein 93 isoform 2 

 

	  
A 
P 

	  

R. Vesicular trafficking 
Predicted: similar to isoleucyl-tRNA synthetase 
Predicted: similar to beta prime cop 
Vesicle-associated membrane protein-associated protein A 

 

	  
A 
P, A 
A 

	  

S. Yolk precursors 
Vitellogenin-2 
Vitellogenin-1 

 

	  
P 
P 

	  

T. Miscellaneous 
Antithrombin- 
      blood coagulation 
Cytoplasmic activation proliferation-associated protein 1- 
      cell proliferation 
Nucleophosmin- 

	  
P 
 
P 
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      diverse cellular processes 
Tubulin-tyrosine ligase-like protein 12- 
      ligase activity 
Nucleolin- 
      main nucleolar protein 
Predicted: similar to endothelial-monocyte activating polypeptide 11- 
     proinflammatory cytokine 
Predicted: similar to NOL1 protein- 
      putative RNA methyltransferase 
Peroxiredoxin-1- 
     Redox regulation 

  

P, A 
 
P 
 
P, A 
 
A 
 
P 
 
A 

	  

U. Unknown 
Predicted: similar to DNA segment, Chr 10, Wayne State University 52, expressed 
Predicted: similar to sec61-like protein 
Predicted: similar to WW domain binding protein II 
Predicted: similar to KIAA0432 
Predicted: similar to KIAA1931 protein 
Predicted: similar to Gu protein 
Predicted: similar to LOC495253 

 

	  
A 
A 
P 
P 
P 
P 
P, A 
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Table 2.1 Putatively methylated proteins identified in MS proteomic screen. 

The results of a proteomic screen to identify neural crest cytoplasmic proteins 

containing mono-and di-methylated lysines. Proteins listed were identified by 2 or 

more peptides at 95% confidence. Proteins are classified into functional 

categories and labeled if they were identified from neural crest cells preparing to 

migrate (P) or actively migrating (A).  

 
  



 95	  

 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 3: Expression of actin binding proteins 

and requirement for actin depolymerizing factor in 

chick neural crest cells. 
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Neural crest cells are mulitpotent, migratory cells that migrate extensively 

throughout vertebrate embryos to form diverse lineages. Neural crest migration 

requires polarized, organized actin networks that provide the driving force for cell 

motility. Actin-binding proteins that regulate neural crest cell migration are just 

beginning to be identified. Through proteomic profiling of methylated proteins in 

migratory neural crest cells, we identified a number of actin-associated proteins. 

Here, we report the previously undocumented expression pattern of three of 

these proteins in chick early neural crest development: doublecortin (DCX), 

tropomyosin-1 (TPM-1), and actin depolymerizing factor (ADF). All three genes 

are expressed with varying degrees of specificity and intensity in premigratory 

and migratory neural crest cells, and their resulting proteins exhibit distinct 

subcellular localization in migratory neural crest cells. Morpholino knock down of 

ADF reveals it is required during neural crest specification, but minimally 

important during migration. Neural crest cells express DCX, TPM-1 and ADF. 

ADF is necessary for neural crest gene expression during specification, but 

largely dispensable for migration. 

 

3.1 Introduction 

The neural crest is a mulitpotent, migratory cell type that arises from the 

dorsal neural tube early in vertebrate development. Neural crest cells migrate 

extensively throughout the embryo to form a diverse set of lineages including the 

craniofacial skeleton, peripheral nervous system, melanocytes and 

aorticopulmonary septum of the heart (LeDouarin and Kalcheim, 1999). Progress 
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has been made in deciphering the mechanisms these cells use to migrate away 

from the neural tube (Theveneau and Mayor, 2012b), however much remains to 

be learned about neural crest motility in comparison to other migratory cell types 

(Petrie et al., 2009). 

We recently showed that cytoplasmic non-histone protein methylation 

regulates neural crest migration. Proteomic analysis of proteins with mono- and 

di-methylated lysines immunopurified from cytoplasmic fractions of migratory 

neural crest cells identified several cytoskeleton-associated proteins (Vermillion 

et al., in revision). Of the proteins identified, three affect actin remodeling and 

regulate motility in other migratory cell types, but are poorly characterized in the 

neural crest. These three proteins, doublecortin (DCX), tropomyosin 1 (TPM-1), 

and actin-depolymerizing factor (ADF), were therefore of particular interest to us, 

and warranted further investigation. However, because our mass spectrometry 

analysis failed to identify the methylated lysine in these proteins, we first set out 

to define their expression and role in migratory neural crest cells before pursuing 

the identification of methylated residues.  

DCX is a member of a family of microtubule-associated proteins (MAP), 

and is required for neuronal migration during cortical development (des Portes et 

al., 1998). An X-linked gene, DCX mutations cause lissencephaly (smooth brain) 

in males and double cortex syndrome in females (Gleeson et al., 1998). DCX is 

highly expressed in the developing mouse cortex and in dorsal root ganglia, a 

neural crest derivative (Francis et al., 1999; Gleeson et al., 1999). The ability of 

DCX to bind to microtubules in different subcellular locations is post-
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translationally regulated by phosphorylation events that are essential for DCX 

function during neuronal migration (Gdalyahu et al., 2004; Schaar et al., 2004; 

Tanaka et al., 2004). DCX is also an actin binding protein that links the actin and 

microtubule cytoskeletons (Tsukada et al., 2005). In DCX mutants, F-actin is 

redistributed and actin associated proteins are dysregulated within neurons, 

leading to axon guidance defects (Fu et al., 2013). Despite its expression in a 

neural crest derivative and intriguing neuronal migration-related functions, DCX 

expression in early embryogenesis, and particularly in early neural crest 

development, has not been investigated.  

Tropomyosins are a large family of actin-binding proteins with over 40 

different isoforms (Lees et al., 2011). TPM-1, which we identified, is one of four 

tropomyosin genes and produces five differentially spliced transcripts. 

Tropomyosins form head to tail polymers in the actin filament major groove 

(Smillie, 1979), and generally regulate actin dynamics by stabilizing actin 

filaments, competing for binding with proteins that destabilize actin filaments like 

ADF/cofilin and Arp2/3 (Bernstein and Bamburg, 1982; Blanchoin et al., 2001; 

Bugyi et al., 2010; Gupton et al., 2005; Ono and Ono, 2002). Accordingly, 

tropomyosin regulates actin stress fiber formation, focal adhesion assembly, and 

leading edge lamella stiffness and contractility (Bach et al., 2009; Gupton et al., 

2005; Tojkander et al., 2011). However, the expression of TPM-1 in neural crest 

cells has not been determined.  

Actin binding proteins ADF and its highly related family members cofilin-1 

(non-muscle) and cofilin-2 (muscle) promote actin filament disassembly and are 
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essential for actin driven motility (reviewed by (Bamburg and Wiggan, 2002; 

Moon and Drubin, 1995). All three ADF/cofilin proteins are post-translationally 

regulated by phosphorylation (Abe et al., 1996), consistent with the idea that their 

activity could be regulated by methylation. ADF/cofilin proteins exhibit tissue-

specific expression patterns throughout development, suggesting they serve non-

overlapping roles (Abe et al., 1989; Moriyama et al., 1990; Nishida et al., 1984). 

Accordingly, cofilin activity is required for neural crest directional migration, and 

cofilin-1 mutant mouse embryos exhibit neural crest migration defects despite 3- 

to 4-fold upregulation of ADF in these embryos (Gurniak et al., 2005). However, 

even though ADF cannot compensate for cofilin-1 function during neural crest 

migration, it could have other roles. While ADF mutant mice only have corneal 

defects (Ikeda et al., 2003), early neural crest development is highly regulative 

(Barembaum and Bronner-Fraser, 2005), and the requirement for ADF in specific 

developmental events must be evaluated before a role for ADF in neural crest 

cells is ruled out. Moreover, a careful analysis of ADF expression in the neural 

crest is lacking.  

In this report we determine the expression patterns of DCX, TPM-1, and 

ADF in chick early neural crest development. All three genes are expressed in 

premigratory migratory neural crest cells and exhibit distinct subcellular protein 

localizations: DCX is diffuse within the interior of the cell; TPM-1 is also internal, 

but appears to align with stress fibers; and ADF is nuclear and in a filamentous 

pattern in the cell periphery and at the tips of protrusions. Knock down of ADF 

shows that it has a previously unappreciated role in gene expression during 
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neural crest specification, but is largely dispensable for migration, consistent with 

results in mouse (Gurniak et al., 2005). Together these results place DCX and 

TPM-1 in neural crest cells, suggesting they may regulate actin dynamics during 

neural crest migration as they do in other motile cell types (Bach et al., 2009; 

Bernstein and Bamburg, 1982; Bugyi et al., 2010; Fu et al., 2013; Gleeson et al., 

1999; Ono and Ono, 2002), and show that ADF has a previously unrecognized, 

essential role in neural crest gene expression.  

 

3.2 Results 

 Using mass spectrometry, we analyzed cytoplasmic proteins with mono- 

and di-methylated lysines in migratory neural crest cells and identified 182 

methylated and putatively methylated proteins (Vermillion et al., in revision). Just 

over 10% of these proteins were cytoskeleton-associated proteins. Actin is 

essential for cellular movement, and assembly and disassembly of actin 

filaments is dynamically regulated (Bugyi et al., 2010); however, our 

understanding of neural crest actin cytoskeletal dynamics is still incomplete. Thus, 

we were intrigued by the actin binding proteins we identified. However, because 

we did not identify methylated lysines in any of these proteins, before pursuing 

additional analysis in this regard, we first set out to determine if these factors 

were expressed at the right time and place to be involved in neural crest 

development.  

  



 101	  

3.2A. DCX is expressed early in neural crest development, continuing 

through migration 

 Doublecortin (DCX) is required for cortical neuron migration and axon 

guidance (des Portes et al., 1998; Fu et al., 2013; Hannan et al., 1999); however 

DCX expression in early embryos has not been evaluated. At 5 somites (s) DCX 

mRNA is apparent in chick neural folds (Fig. 3.1A, C, black arrowheads). 

Subsequently, DCX expression was abundant cranially and in rostral trunk, but 

was expressed at lower levels caudally (Fig. 3.1B). In cross section, midbrain 

migratory neural crest cells positive for HNK-1 (Fig. 3.1D’, red, white arrowheads) 

expressed DCX mRNA throughout their migration (Fig. 3.1D, black arrowheads) 

under the non-neural ectoderm, which was also DCX-positive (Fig. 3.1D, black 

arrow). Like its transcript, DCX protein (Fig. 3.1E, green; E’, white arrowhead) 

was abundant in migratory neural crest cells immunostained with HNK-1 (Fig. 

3.1E, red; E’’, white arrowhead) compared to surrounding head mesenchyme 

cells in cross-sections of a 9-somite chick embryo. To evaluate DCX localization 

within migratory neural crest cells, cranial neural crest cells were cultured. DCX 

protein (Fig. 3.1F, green; F’, white arrowhead) was diffusely cytoplasmic and 

surrounding the nucleus in HNK-1 positive (Fig. 3.1F, red; F’’, white arrowhead) 

migratory neural crest cells. This is the first time DCX expression has been 

documented in migratory neural crest cells, although it is consistent with the fact 

that DCX is expressed in mouse dorsal root ganglia, which are a neural crest 

derivative (Boekhoorn et al., 2008; Hannan et al., 1999).  
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Figure 3.1 Doublecortin is expressed throughout neural crest development. 

(A-D) Premigratory and migratory neural crest cells express DCX mRNA. DCX 

expression was visualized in 5 somite (s; A,C) and 10s (B,D) chick embryos by in 

situ hybridization. Sections (C,D) were taken at the level indicated in the whole 

mount view (A,B). At 5s, DCX mRNA is broadly expressed, but particularly 

abundant in neural folds (black arrowheads) in whole mount (A) and cross-

section (C). At 10s in whole mount (B), DCX is highest cranially and in 

developing somites and caudal neural folds. In a midbrain cross-section at 10s 

(D), DCX mRNA is expressed in non-neural ectoderm (arrow), and in HNK-1-

positive (D’, white arrowheads) migratory neural crest cells (black arrowheads). 

A,B, dorsal view. (E-F) DCX protein is expressed in migratory neural crest cells 

by immunofluorescence. In a 9 somite (E-E’’) chick embryo midbrain section, 

DCX protein is abundant in cranial migratory neural crest cells (E, green; E’, 

white arrowhead) positive for HNK-1 (E, red; E’’, white arrowhead), and 

expressed at lower levels in non-neural ectoderm and head mesenchyme. In 

cultured cranial migratory neural crest cells (F), DCX protein (F, green; F’, white 

arrowhead) is cytoplasmic and highest around the nucleus.  
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3.2B TPM-1 protein is expressed in migratory neural crest cells 
 

Our mass spectrometry analysis identified two TPM-1 peptides with high 

confidence (Vermillion et al., in revision). However, both of these peptides 

mapped to TPM-1 domains that are present in all isoforms. Thus, we generated 

an in situ probe over the entire TPM-1 gene and set out to define TPM-1 

expression in neural crest cells. By in situ hybridization, TPM-1 mRNA was 

broadly expressed in whole mount chicken embryos (Fig. 3.2A,B), although it is 

enriched in neural crest precursors in the dorsal neural tube at 5 somites (Fig. 

3.2C, black arrowheads). However, by 8s this expression had declined, and 

TPM-1 mRNA was most abundant in the non-neural ectoderm (Fig. 3.2D, black 

arrowheads), with only low levels of TPM-1 transcripts detectable (Fig. 3.2D, 

black arrowheads) in HNK-1 positive midbrain migratory neural crest cells (Fig. 

3.2D’, white arrowheads). As TPM-1 mRNA expression was not very specific for 

neural crest cells, to determine whether TPM-1 is relevant to neural crest 

development we took advantage of a unique TPM-1 antibody (CG-1) for which 

the epitope in TPM-1 is available in a motility-dependent manner (Hegmann et al., 

1988). Immunofluorescence with this antibody showed strong, specific TPM-1 

immunoreactivity (Fig. 3.2E, green, 2E’, white arrowhead) in leading midbrain 

migratory neural crest cells that are HNK-1 positive (Fig. 3.2E’’, white arrowhead). 

This was further confirmed in individual cultured cranial migratory neural crest 

cells (Fig. 3.2F-G, red, F’’, G’’) in which TPM-1 protein was expressed throughout 

the cell, typically in filamentous patterns that resemble F-actin (Fig. 3.2F-G, 

green, F’, G’). While this expression pattern resembles TPM localization in other  
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Figure 3.2 Tropomyosin 1 expression in the neural crest. (A-D) Neural crest 

cells express low-levels of TPM-1 mRNA. TPM-1 expression was visualized in 5 

somite (s; A,C) and 8s (B,D) chick embryos by in situ hybridization. Sections 

(C,D) were taken at the level indicated in the whole mount view (A,B). In whole 

mount, TPM-1 mRNA is expressed everywhere except the midline and neural 

plate (A,B). In a midbrain sections, non-neural ectoderm and head mesenchyme 

strongly express TPM-1, while the neural tube does not (C,D). TPM-1 expression 

is moderate in neural folds (C, black arrowheads), but declines in HNK-1-positive 

(D’, white arrowhead) migratory neural crest cells moving away from the neural 

tube (D, black arrowheads). A,B, dorsal view. (E-G) TPM-1 protein is active in 

migratory neural crest cells. In a midbrain section of a 9 somite (E-E’’) chick 

embryo, TPM-1 immunofluorescence with the CG-1 antibody (Hegmann et al., 

1988) show motility-dependent TPM-1 immunoreactivity in cranial migratory 

neural crest cells (E, green, E’, white arrowhead) that are positive for HNK-1 (E’’, 

white arrowhead). HNK-1 positive (F,G, red; F’’, G’’) cultured cranial migratory 

neural crest cells exhibit motility-activated TPM-1 immunoreactivity (F,G, green; 

F’, G’) in banding patterns across and throughout the cell body.  
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migratory neural crest cells contain motility-activated TPM-1, suggesting that 

TPM-1 may regulate neural crest cell migration.  

3.2C Neural crest cells express ADF 

 Because TPM-1 competes with ADF to bind actin (Kuhn and Bamburg, 

2008), and ADF was also identified in our screen, we also investigated ADF 

expression in neural crest cells. ADF mRNA was broadly expressed in early 

chick embryos (Fig. 3.3A), and 5 somites was abundant in the dorsal neural folds 

which contain neural crest precursors (Fig. 3.3C, black arrowheads). At 9 

somites, ADF transcripts were particularly abundant in the non-neural ectoderm 

(Fig. 3.3D, black arrow) and in HNK-1 positive (Fig. 3.3D’, red, white arrowheads) 

cranial migratory neural crest cells (Fig. 3.3D, black arrowheads). ADF 

expression was also high along the basal surface of the dorsal neural tube. 

Correspondingly, ADF immunoreactivity (Fig. 3.3E, green; E’) was apparent in 

the non-neural ectoderm as well as in migratory neural crest cells (E’, white 

arrowheads) positive for HNK-1 at 8 somites (Fig. 3.3E red, E’’, white 

arrowheads). To assess the subcellular localization of ADF protein, we cultured 

cranial neural folds to obtain individual migratory neural crest cells. In HNK-1 

positive neural crest cells (Fig. 3.3F, red; F’’), ADF protein was apparent in the 

nucleus (Fig. 3.3F’, white arrow) and along the cell periphery and in the tips of 

protrusions (Fig. 3.3F, green; F’, white arrowheads). ADF protein expression in 

cranial neural folds and cranial migratory neural crest cell lysates was confirmed 

by western blot (data not shown). Therefore, ADF is expressed at the right time 

and place to be involved in chick neural crest cell development.  
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Figure 3.3 Premigratory and migratory neural crest cells express ADF. (A-D) 

Neural crest cells express ADF mRNA. ADF expression was visualized in 5 

somite (s; A,C) and 9s (B,D) chick embryos by in situ hybridization. Sections (C-

D) were taken at the level indicated in the whole mount view (A,B). In whole 

mount, ADF mRNA appears to be widely expressed (A-B). In sections, ADF is 

particularly abundant in premigratory neural crest cells in the neural folds (C, 

black arrowheads) and in migratory neural crest cells (D, black arrowheads) 

which are positive for HNK-1 (D’, white arrowhead). Non-neural ectoderm (C,D, 

arrow) and the basal surface of the neural tube also strongly express ADF. (E-F) 

By immunofluorescence, ADF protein is expressed in migratory neural crest cells. 

In a 8 somite (E-E’’) chick embryo midbrain section, ADF protein is abundant in 

the non-neural ectoderm and in cranial migratory neural crest cells (E, green; E’, 

white arrowheads) that are positive for HNK-1 (E, red; E’’, white arrowhead). In 

cultured cranial neural neural crest cells (F-F’’). ADF protein (F, green; F’, white 

arrowheads) is nuclear (F’, white arrow), along the cell periphery, and at the tips 

of protrusions of HNK-1 positive migratory neural crest cells (F’’).  
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3.2D ADF is required for neural crest specification and migration 

 While previous work in mouse suggested ADF was not involved in neural 

crest cell development (Gurniak et al., 2005; Ikeda et al., 2003), the identification 

of ADF as a putatively methylated protein in chick (Vermillion et al., in revision), 

and its expression in the periphery of cultured migratory neural crest cells (Fig. 

3.3F) indicated it might in fact have an overlooked function. To assess the 

requirement for ADF during chick neural crest specification and migration, we 

designed an antisense morpholino oligonucleotide (MO) to block the proper 

splicing of ADF mRNA (Fig. 3.4A). To assess the efficacy of the MO, we 

unilaterally electroporated ADF MO into neural crest precursors at late gastrula, 

at the time of neural crest induction (Basch et al., 2006; Gammill and Krull, 2011). 

After incubation for 8-14 hours to 4-7 somites, neural folds well-targeted with 

fluorescein-modified ADF MO or control MO (CO MO) were dissected and RT-

PCR was performed to visualize ADF mRNA splice products. Introduction of ADF 

MO caused the expected shorter, mis-spliced product to accumulate (Fig. 3.4B; 

full-length product is still apparent because electroporation is mosaic and not all 

cells in the dissected neural fold are necessarily MO-positive). Meanwhile, 

electroporation of standard control morpholino (CO MO) only produced full-length 

ADF (Fig. 3.4B). To assess subsequent loss of ADF protein, embryos 

electroporated with ADF MO were sectioned and ADF protein levels visualized 

by immunofluorescence. ADF immunostaining was depleted (Fig. 3.4C, red; C’’, 

white arrow) in cells targeted with ADF MO (Fig. 3.4C, green; C’) which can be 

seen most clearly in the non-neural ectoderm, which normally expresses high  
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Figure 3.4 ADF MO causes ADF mRNA mis-splicing and reduces ADF 

protein levels. (A) ADF exon (black rectangles) and intron (lines) organization 

and position of the splice-blocking MO and forward (F) and reverse (R) primers 

used to assay splicing. (B,C) Embryos were unilaterally electroporated with ADF 

MO (B, lane 1; C, green; C’) or standard control MO (CO MO; B, lane 2) at late 

gastrula, reincubated to 7 somites (7s), and processed for RT-PCR (B) or ADF 

immunofluorescence (C). ADF MO causes the production of ADF mis-spliced 

product (B, lane 1; 312 bp (base pairs)). CO MO only results in normally spliced 

ADF (B, lane 2; 620 bp). GAPDH was used as a loading control and shows equal 

loading in both lanes. Meanwhile, immunostaining cross sections of well-targeted 

ADF MO-electroporated embryos with anti-ADF antibody shows that ADF 

immunoreactivity (C, red; C’’) is reduced in cells that have been targeted with 

ADF MO (C, green; C’, white arrow) compared to the untargeted side (C, green; 

C’, black arrow).  
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levels of ADF protein (Fig. 3.4C red, C’’, black arrow). Together these results 

show that ADF MO knocks down ADF protein.  

 Next we used the ADF MO to test the requirement for ADF during neural 

crest specification and migration. Because ADF’s counterpart cofilin shuttles 

actin to the nucleus for efficient transcription (Gieni and Hendzel, 2009; Obrdlik 

and Percipalle, 2011; Visa and Percipalle, 2010), we reasoned that knocking 

down ADF might affect neural crest gene expression. To assess this, we 

unilaterally electroporated ADF MO at late gastrula and cultured embryos to 4-6 

somites, at the onset of neural crest specifier gene expression (Khudyakov and 

Bronner-Fraser, 2009). We then used in situ hybridization to evaluate the 

expression of a key neural crest transcription factor Sox10 in ADF MO-targeted 

(Fig. 3.5, white arrowheads) versus untargeted (Fig 3.5, black arrowheads) sides 

of electroporated embryos. Control (CO) MO electroporation elicits only a slight 

variation in Sox10 expression on the targeted side in a minority of embryos (Fig. 

3.5A,D). In contrast, ADF knockdown had a significant impact on Sox10 

expression, with about half of ADF MO-electroporated embryos showing a 

moderate to severely reduced Sox10 expression domain (Fig. 3.5B,C, white 

arrowhead; Fig. 3.5D, p=0.025). Thus ADF is required for Sox10 gene 

expression during neural crest specification.  

Since ADF also regulates the actin cytoskeleton in migrating cells 

(Sarmiere and Bamburg, 2004), we evaluated the requirement for ADF during 

neural crest migration as well. To this end, we unilaterally electroporated ADF 

MO at late gastrula and cultured embryos to 8 to 10 somites, when we evaluated  
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Figure 3.5 ADF is required for neural crest specification and migration. 

Embryos were unilaterally electroporated with standard control MO (CO MO; A,E, 

green) or ADF MO (B,C,F,G, green) at late gastrula, reincubated to 4-6 somites 

(4s-6s; A-D) or 8-10s (E-H), and processed by in situ hybridization (purple) to 

visualize expression of Sox10 (A-C, E-G). Dorsal view of in situ hybridization in 

left panel, fluorescent MO targeting in right panel. White arrowhead, targeted 

side of embryo; black arrowhead, untargeted side of embryo. (A-C) ADF is 

necessary for Sox10 expression. Representative examples of Sox10 expression 

defects on the ADF MO targeted side (p=0.025). (D) Stacked bar graph depicting 

the frequency and severity of Sox10 expression defects in embryos 

electroporated with CO MO or ADF MO. (E-G) ADF knockdown causes subtle 

defects in neural crest migration distance, with the majority of embryos mildly 

affected (representative example shown in F and G; p=0.01). (H) Stacked bar 

graph depicting the frequency and severity of migration defects in embryos 

electroporated with CO MO or ADF MO.  
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the distance Sox10-positive cells migrated from ADF MO-targeted versus 

untargeted sides of the embryo. Although ADF knock down affected Sox10 

expression in premigratory neural crest cells (Fig. 3.5B-D), by migratory stages, 

expression levels on the targeted side had recovered (see Fig. 3.5F for example). 

Relative to control (CO) MO-electroporated embryos (Fig. 3.5E), ADF MO-

targeted neural crest cell migration distance was reduced, and this reduction was 

significant (Fig. 3.5F,G, white arrowheads; Fig. 3.5H, p=0.01). However, most 

embryos were only mildly affected, suggesting ADF is not a major factor in 

migratory neural crest cells.  

 

Discussion 

Migrating cells use polarized actin networks and actin cytoskeletal 

remodeling to provide the driving force for cell motility (Lauffenburger and 

Horwitz, 1996; Ridley et al., 2003). Actin-binding proteins that regulate directional 

migration of neural crest cells are still poorly defined. Here, we report the 

previously undocumented expression of three actin-binding proteins, DCX, TPM-

1, and ADF in chick early neural crest development. All three proteins exhibit 

distinct subcellular localizations consistent with their known roles in other cell 

types. Moreover, knockdown of ADF led to a significant reduction in the Sox10 

expression domain in premigratory neural crest cells, and subsequently caused 

minor deficiencies in neural crest migration, uncovering a formerly unappreciated 

role for ADF in neural crest development (Fig. 3.5). Altogether our work 

increases our understanding of cytoskeletal proteins that are expressed in neural 
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crest cells, and motivates our efforts to identify methylated residues in these 

proteins in order to define their unique or opposing functions during migration. 

Actin-binding proteins compete for binding along actin filaments, and 

depending on the protein’s affinity for actin and its effect on actin filaments, the 

outcome for actin organization can be very different. ADF and it’s partner cofilin 

alter the helical twist and stability of actin, resulting in increased depolymerization 

at the ends of actin filaments (Bobkov et al., 2006; McGough et al., 1997). TPM, 

on the other hand, competes for the same binding sites along the actin filament, 

and most TPM isoforms prevent bending or breaking and thus stabilize actin 

filaments (Gupton et al., 2005; Kuhn and Bamburg, 2008; Lees et al., 2011; 

McLachlan et al., 1975; Smillie, 1979; Tojkander et al., 2011). Actin 

depolymerization is necessary at the cell periphery to maintain a pool of actin 

monomers that can support actin treadmilling that is the basis for dynamic 

protrusive activity at the leading edge of motile cells (Bugyi et al., 2010; Carlier et 

al., 1997; Condeelis, 1993).  Consequently, ADF is typically found at the leading 

edge, and the localization of ADF protein at the periphery and in protrusions (Fig. 

3.3F’) in migratory neural crest cells is as expected. Meanwhile, most forms of 

TPM localize to the interior of motile cell types, where they regulate the formation 

of focal adhesions that attach the cell to the basement membrane and stabilize 

stress fibers that generate the force required for motility (Bach et al., 2009; 

DesMarais et al., 2002; Ponti et al., 2004; Tojkander et al., 2011). TPM-1 is found 

in a filamentous pattern in migratory neural crest cells (Fig. 3.2F’,G’), consistent 

with such a role in the neural crest as well. Thus, although ADF and TPM-1, are 
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expected to compete for binding to actin, they are differentially localized in neural 

crest cells in such a way that they can both contribute to neural crest migration. 

On the other hand, while best known as a microtubule associated protein, DCX 

has recently been shown to bind actin and affect actin localization in neurons (Fu 

et al., 2013; Tsukada et al., 2005). DCX colocalizes with actin in neurites, and in 

DCX mutant cultured neurons, actin is redistributed and axon guidance is 

defective (Fu et al., 2013); however, many questions still remain about DCX 

function. Our results suggest that DCX is also likely to be involved in neural crest 

migration, although its relationship to the actin cytoskeleton is less obvious from 

its pattern of staining by immunofluorescence (Fig. 3.1). 

ADF also localizes to the nucleus of migratory neural crest cells (Fig. 

3.3F’), which may explain its impact on Sox10 expression. It is well established 

that both initiation and elongation phases of RNA polymerase II-mediated 

transcription require dynamic, higher order actin structures to assemble within 

the nucleus, necessitating a constant supply of G-actin monomers (Hofmann et 

al., 2004; Kukalev et al., 2005). Actin does not have a nuclear localization signal 

(NLS), however, both ADF and cofilin do (Iida et al., 1992). Cofilin is necessary 

for nuclear translocation of actin (Dopie et al., 2012), and in the nucleus, cofilin is 

required for elongation of nascent transcripts by facilitating association of the 

transcriptional machinery with actively transcribed genes (Obrdlik and Percipalle, 

2011). Because ADF is required for Sox10 expression (Fig. 3.5), our results 

suggest that ADF may likewise be involved in actin nuclear transport and 

transcriptional regulation. Nevertheless, the effect of ADF knock down on Sox10 
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expression is transient and not fully penetrant (Fig. 3.5), suggesting other factors 

such as cofilin may functionally compensate for ADF, particularly over time. 

Importantly, the recovery of Sox10 expression in chick ADF-deficient cells 

explains why ADF mutant mice do not exhibit a neural crest phenotype (Ikeda et 

al., 2003). Meanwhile, the mild effects of ADF knock down on neural crest 

migration indicate that ADF does have a minor, cofilin-independent function 

during migration (Fig. 3.5), although apparently ADF-deficient embryos recover 

from this slight defect over time as well. Altogether, these results suggest that 

ADF and cofilin have separable roles during neural crest development, though 

cofilin may be able to compensate for ADF. Characterizing the expression of the 

actin-binding proteins DCX, TPM-1 and ADF in neural crest development is a first 

step toward a more complete understanding of actin cytoskeletal regulation 

during neural crest development.  

 

3.4 Material and Methods 
 

3.4A Embryos 

Fertilized chicken embryos were obtained from local sources. Eggs were 

incubated in a humidified incubator at 37°C until the desired stage of 

development (Hamburger and Hamilton, 1992b). Embryos were judged by 

counting somite pairs.  

 

3.4B In situ Hybridization 
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Primer pairs against the NCBI Reference Sequences for chick ADF 

(NM_205528; F: 5’-CGAGAATTCGCCACCATGGCATCTGG-3’; R: 5’-

GGGCCCAGGCCTCTACACAGGACTT-3’), TPM-1 (NM_205401; F: 5’-

CGAGAATTCGCCACCATGGATGCCAT-3’; R: 5’-

GGGCCCAGGCCTTCACATGTTGTTTA-3’), and DCX (NM_204335; F: 5’-

CGAGAATTCGCCACCATGGAACTTGA-3’; R: 5’-

GGGCCCAGGCCTTTACATGGAATCTC-3’). With these primer pairs, full-length 

coding sequences were PCR amplified from 4-10 somite chick random primed 

cDNA and cloned into CS107 (Baker et al., 1999). Clone identity was verified by 

sequencing. Each plasmid was linearized and used as template for RNA probe 

syntehsis (ADF-EcoRI, T7; TPM-1- EcoRI, T7, DCX-EcoRI, T7; Sox10 (Cheng et 

al., 2000)). Digoxigenin-labeled probes and chick whole mount chick in situ 

hybridization were performed as previously described (Wilkinson, 1992). 

Embryos were imaged in whole mount using a Discovery V8 stereoscope and 

AxioCam MRc5 (both from Zeiss; Oberkochen, Germany).  

 

3.4C Histology 

 Embryos were infiltrated with 5% and 15% sucrose, embedded in gelatin 

in 15% sucrose, frozen in liquid nitrogen and sectioned with a CM1900 cryostat 

(Leica; Buffalo Grove, IL) at 10-20 µm. Gelatin was removed from the sections by 

incubating for 30 minutes in 42˚C PBS. 

 

3.4D Immunostaining 
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Sections and cultures were blocked in PBS + 10% Fetal bovine serum + 

0.1% Triton X-100 for 30 minutes at room temperature and stained with anti-

HNK-1 (ATCC; Manassas, VA), anti-ADF (Bamburg and Bray, 1987), anti-TPM1 

(CG-1) (DHSB, Iowa City, IA), anti-DCX (C-18) (Santa Cruz Biotechnology; 

Dallas, TX) followed by the appropriate secondary antibody (mouse AF488, 

rabbit AF568, mouse AF568, Life Technologies; Grand Island, NY; or Cy2 anti-

mouse/rabbit IgG, Cy5 anti-mouse/rabbit IgG, RRX anti-mouse IgM, Jackson 

ImmunoResearch; West Grove, PA) as indicated. For some assays the signal 

was amplified using a mouse anti-rabbit IgG or mouse anti-goat IgG (Jackson 

Labs, Inc; West Grove, PA). Slides and cultures were mounted with Permafluor 

(Thermo Fisher Scientific; Waltham, MA) containing DAPI and viewed on either a 

Zeiss AxioImager A1 or Zeiss LSM 710 confocal microscope. Images were 

assembled in Photoshop (Adobe).  

 

3.4E Neural Crest Cultures 

Cranial neural folds were dissected from 4-7 somite embryos. Cranial 

explants were then cultured for 14-16 hours at 37˚C on 10-100 µg/ml fibronectin 

coated glass coverslips in neural crest complete media (L15, 1% L-glutamine, 

0.1% Pen/Strep (all from Life Technologies; Grand Island, NY), 10% FBS (VWR 

Scientific; Radnor, PA), and 10% chick embryo extract (Bronner-Fraser and 

Garcia-Castro, 2008). For evaluation, cultures were fixed in 4% 

paraformaldehyde and permeabilized in PBS + 1.0% Triton X-100. 
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3.4F Morpholinos 

FITC-tagged morpholinos (MOs) were synthesized by GeneTools, LLC 

(Philmouth, OR) with the following sequences: splice blocking ADF MO 

AGATGCCTGCAAAGATGAGAACAAA (ADF MO); and standard control MO 

CCTCTTACCTCAGTTACAATTTATA (CO MO).  

 

3.4G Electroporation 

Ex ovo early embryo electroporation was performed on late gastrula stage 

4-5 embryos with ADF or CO MO at 1.0 mM as previously described (Gammill 

and Krull, 2011; Roffers-Agarwal et al., 2012).  

 

3.4H RT-PCR 

 Embryos electroporated at late gastrula were incubated until 3-7 somites, 

and well-targeted head folds were dissected. RNA was isolated with Trizol and 

cDNA was synthesized with SuperScript III (both from Life Technologies). PCR 

was performed with Choice Taq Blue (Denville Scientific) using primers (F-

GTGACGTCGGCaGCGTTT; R-GCCTCCTAGCTTCTCAGCAA) that spanned the 

splice acceptor site of ADF exon 2, which is targeted by the MO (Fig. 3.4A). 

GAPDH was amplified as a control (F-GGACACTTCAAGGGCACTGT; R-

TCTCCATGGTGGTGAAGACA). 
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3.4I Phenotype evaluation 

Embryos well-targeted with fluorescent MO in the dorsal neural tube were 

evaluated at the cranial axial level. Effects on premigratory gene expression were 

analyzed in whole mount by judging the relative amount of colorimetic in situ 

hybridization signal on the targeted and untargeted side of the embryo. Effects 

on migration were scored by comparing the distance migrated on targeted and 

untargeted sides. All phenotypes were scored blind by three independent judges 

and statistics were performed using two–sided Fisher’s exact test in R (R 

Development Core Team, 2011). 
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4.1 Summary 
Neural crest cell migration is a dynamic process that involves the 

delamination, and collective migration of cells through the complex extracellular 

matrix of vertebrate embryos. Neural crest cells maintain cell-cell contacts during 

their migration, which directly influences cell directionality and is essential for 

interpretation of external cues. Interpretation of various micro-environmental 

signals allows neural crest cells to adapt to and move in a particular migratory 

mode (Theveneau and Mayor, 2012b). A number of molecules are known to 

participate in neural crest delamination and migration, however the mechanism 

by which extracellular signals are integrated with cell adhesion and cytoskeletal 

modification to orchestrate the cell movements of the neural crest are still unclear 

(Sauka-Spengler and Bronner-Fraser, 2006). Several concrete examples of post-

transcriptional and post-translational regulation exist that allow for fine-tuning and 

precise temporal regulation of proteins involved in migratory processes. However 

the role of post-translational methylation of cytoskeletal proteins involved in 

migration have not been studied.  

In this thesis I have examined the functional role of cytoplasmic protein 

methylation in neural crest migration, which is a novel research study. The 

results presented here indicate that methylation events occurring in the 

cytoplasm of neural crest cells are important for regulating cytoskeletal 

organization and motility. Specifically, I show the requirement for the methylation 

cycle enzyme SAHH for the specification and migration of cranial neural crest 

cells in vivo, as well as the requirement of SAHH in trunk neural crest migration. 

These experiments highlight a specific role for SAHH in establishing and 

maintaining polarity in migratory neural crest cells, and implicate methylation 

events as an essential process in neural crest development. Interestingly, SAHH 

and lysine-methylated proteins localize to the cytoplasm of migratory neural crest 

cells. A proteomic screen of cytoplasmic lysine-methylated proteins in neural 

crest cells identified 182 putatively methylated neural crest proteins by mass 

spectrometry. Of the proteins identified lysine methylation of the actin-binding 

protein EF1α1 was found to regulate neural crest cell migration. Additionally the 
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expression of additional screen proteins ADF, TPM-1 and DCX was confirmed, 

and await further characterization to determine if their methylation is regulating 

neural crest migration. In an attempt to identify a neural crest specific 

methyltransferase, work on the methyltransferase Ezh2 yielded inconclusive 

results for a role in neural crest migration.  

 
4.2 Questions that remain 
 The findings in this thesis add to the understanding of post-translational 

methylation as an important modification for regulating non-histone protein 

function. More specifically we show for the first time that the methylation events 

on a cytoplasmic actin-binding protein can regulate neural crest migration, 

directly linking lysine methylation to a complex developmental process. However, 

this works also raises several questions that need to be addressed in future 

research. 

 

4.2A How is lysine methylation of EF1α1 regulating its function? 

 This work shows that EF1α1 methylation is regulating neural crest 

migration, but how are the methylation events specifically affecting the function of 

EF1α1? EF1α1 contains two actin-binding domains, and specifically binds F-

actin and β-actin mRNA in protrusions of migratory cell types to localize the 

translation of β-actin (Liu et al., 2002). The targeting of mRNA and protein 

synthesis is important for the generation and maintenance of cell polarity 

required for efficient cell migration. Several groups have looked into the 

functional relevance of the multiple methylation sites on EF1α1, and have found 

methylation to be indispensable for translational effects of EF1α1 (Cavallius et al., 

1997; Sherman and Sypherd, 1989). Given our results showing decreased neural 

crest migration it is likely that EF1α1 methylation is important for regulating actin-

cytoskeletal proteins, therefore affecting migration. Methylation of non-histone 

proteins is known to affect protein-protein interactions, stability, localization 

and/or enzymatic activities of that particular protein. Overexpression of EF1α1 

fused to GFP did not result in the mis-localization of EF1α1 (Fig. 2.11), nor did 
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overexpression of the methyl-resistant form of EF1α1-GFP. This indicated that 

the methylation is likely not required for proper localization within the cell. 

However, due to overexpression, and cells being sensitive to the levels of wild-

type EF1α1 overexpression, further experiments would need to be done to clarify 

if methylation events are required for localization of EF1α1. It is possible that 

methylation of EF1α1 is required for binding to F-actin or β-actin mRNA. To test 

this actin co-sedimentation assays could be performed using the recombinant 

EF1α1-constructs. However this is an in vitro system and may not reflect what is 

going on in the neural crest cell. To determine the functional relevance of EF1α1 

in neural crest cells it would be better to knockdown endogenous EF1α1 and 

then replace it with the methyl-resistant form. This would allow for more accurate 

localization studies, actin cytoskeletal analysis, and actin binding assays. 

Together these experiments will define how lysine methylation of EF1α1 is 

regulating protein function integral to neural crest migration. 

 

4.2B What is the function of each methylated residue in EF1α1? 

 We have shown that mutation of six known methylated lysine residues in 

EF1α1 results in a significant decrease in the distance neural crest cells migrate. 

However this does not give any indication if one or all of these methyl marks are 

important for regulating this migratory process. Based on studies of p53 

methylation different methyl marks confer very different functions on the p53 

protein, as well as crosstalk between methyl marks and other PTMs being 

important for p53 function. To analyze each of the methyl marks different 

constructs containing individual methyl mutations, followed by electroporation 

and overexpression can be used to determine which methyl marks are important 

for regulating neural crest migration. Mutant constructs can be characterized for 

localization, their ability to bind to β-actin and F-actin, and analyzed for migration 

defects. EF1α1 is also phosphorylated at serine 300 and threonine 432 (Eckhardt 

et al., 2007; Lin et al., 2010). Phosphorylation at serine 300 inhibits translation, 

therefore it would be interesting to determine if there is crosstalk between the 
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highly conserved methyl mark at lysine 316, or lysine 290, and the 

phosphorylation at serine 300 that affects translation of β-actin in the protrusions 

of migratory cells. Additionally the different methyl marks that were identified vary 

in their methylation state, with lysines 36, 79 and 316 being tri-methylated and 

lysines 55, 165, and 290 being di-methylated. Studies to determine what 

methyltransferases are adding each methyl mark as well as the demethylases 

responsible for removing methyl marks would be useful in further characterizing 

the significance of the methylation state at each lysine residue. Given EF1α1’s 

multiple and very diverse roles in the cell it is not surprising that it’s protein 

activity is modified by a large number of PTMs. It will be important to determine 

the function of each of EF1α1’s modifications to fully characterize the function of 

this protein in neural crest as well as other cell types.  

 
4.2C How can we identify the methylated residue in neural crest proteins? 

Due to various complications associated with identifying PTMs in an in 

vivo system the screen I performed was only able to identify the methylated 

residue in a small number of the total proteins identified. Because of this we are 

only able to classify these as putatively methylated proteins, due to the possibility 

of non-specific binding to the beads, or proteins being pulled down with a protein 

that is methylated. For example, actin is known to be methylated so it is possible 

that the actin-binding proteins identified in the screen were pulled down with actin, 

and they themselves are not methylated. This may be the case for ADF, and 

after several attempts to get complete coverage of the protein by mass 

spectrometry we were only able to cover 60% of the protein, which did not 

include a methylated lysine residue. Because we wanted to analyze in vivo 

neural crest methylated proteins sample collection was very tedious and 

laborious. However, in our hands, this was the best way to obtain neural crest 

cell proteins. We proposed a new strategy to help validate and identify additional 

methylated lysine residues in proteins identified in the screen. After several 

attempts to culture neural crest cells without success we propose to repeat the 

screen using a melanoma cell line. Melanoma is the result of neoplastic 
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transformation of melanocytes, a neural crest derivative, and it has been shown 

that malignant melanoma exploits portions of the embryonic neural crest program 

to increase plasticity and invasive potential (Bailey et al., 2012). We plan to use 

this melanoma cell line to repeat the screen, which will allow us to collect large 

amounts of lysate for immunoprecipitation. Ideally this will allow for more 

complete coverage of the immunoprecipitated proteins, and comparisons 

between the two screens can positively identify methylated proteins that are 

required for invasiveness and migratory potential in the neural crest. Identification 

of the methylated residue in migration-related proteins will also allow further 

functional analysis of the requirement and function of the methyl mark(s). 

Additionally by comparing the results of the neural crest screen presented in this 

thesis with the results of the melanoma derived screen we will gain insight into 

methylation events that are important for diverse cellular processes involved in 

the complex process of migration. This information may also be applied to other 

neural-crest derived diseases and disorders.    

 

4.2D Does methylation of non-histone proteins mark neural crest cells for 
migration? 
 The original goal of the proteomic screen was to identify changes in 

methylation state associated with the onset of neural crest migration. Due to the 

minimal amount of tissue collected at each time point, culture conditions 

necessary to minimize handling differences, and the lack of methylated residues 

identified we were not able to detect changes in methylation state between 

samples. Changes in methylation state can have very drastic impacts on the 

function of the protein. For example, monomethylation of p53 represses p53 

function, while dimethylation promotes p53 activity (Huang et al., 2006). 

Therefore, it will be important to be able to detect these changes in our in vivo 

model system. This will require the collection of large amounts of lysate from 

premigratory neural folds and migratory neural crest cells, which will continue to 

be challenging and time-consuming. However, this is the best way to detect if 

changes in methylation state are required to mark a neural crest cell for migration 
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in vivo. However, this still does not guarantee that you are catching events that 

are triggering migration, due to the fact that methylation can be a stable or labile 

mark, with evidence showing that lysine methylation is often used a stable mark 

maintaining embryonic cell types in an undifferentiated state (Huq et al., 2009). 

Therefore the lysine methyl marks may be laid down very early in neural crest 

development, leaving the possibility that a methyl mark would be maintained 

throughout specification and migration stages. Although it may not be possible to 

detect all methylation state changes that occur throughout neural crest 

development, the identification one protein or a small subset of proteins that 

change methylation state at the onset of migration, and whose methylation is 

required for neural crest migration would give valuable insight into the 

mechanism by which extracellular signals are integrated with cell adhesion and 

cytoskeletal modification to orchestrate the cell movements of the neural crest. 
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methyltransferase Ezh2 in neural crest cells. 
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A.1 Introduction 

The neural crest is a migratory stem cell population that form in the dorsal 

neural tube and migrate along specific pathways in the developing vertebrate 

embryo to become a diverse set of lineages including the craniofacial skeleton, 

peripheral nervous system, outflow tract of the heart, and the melanocytes of the 

skin (LeDouarin et al., 1999). Aberrant neural crest formation and migration lead 

to birth defects, including cleft/lip palate and conotruncal heart defects, in 1.3% of 

live births (Etchevers et al., 2006). Despite this developmental requirement for 

appropriate neural crest migration, the mechanisms and specific proteins that 

regulate this process remain largely unidentified. 

 Folic acid supplementation reduces the incidence of neural crest derived 

birth defects such as facial clefts and congenital heart defects (Botto et al., 2004), 

which implies that a folate-dependent process is critical for neural crest 

development. One functional role for folates is as a cofactor in the methylation 

cycle, where it is required for the conversion of homocysteine into methionine, 

which is used for the methyl donor. Methylation is essential for normal 

development (Ponger and Li, 2005), but the mechanism of folate 

supplementation and the possible role of methylation in neural crest development 

are not well understood. Along with the beneficial effect of reducing birth defects, 

folate levels have also been directly correlated to increased autism rates and 

decreased effectiveness of anti-cancer drugs (Adams et al., 2007). Therefore it is 

important to determine the role of methylation in neural crest development as 

well as migration.  
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 Several genes capable of regulating methylation were identified in a 

screen for genes expressed as a consequence of neural crest induction (Gammill 

and Bronner-Fraser, 2002). One of these genes, S-adenosylhomocysteine 

hydrolase (SAHH), produces the enzyme that hydrolyzes the feedback inhibitor 

SAH into homocysteine and methionine, allowing further methylation reactions to 

occur. Recent work from our lab found SAHH to be required for normal neural 

crest migration, further implicating methylation reactions in neural crest migration. 

Interestingly, SAHH protein and lysine-methylated proteins localize in the 

cytoplasm of migratory neural crest cells, suggesting cytoplasmic protein 

methylation is regulating neural crest migration (Vermillion et al., in revision). 

If methylation of proteins in the cytoplasm is required to regulate the 

migratory properties of neural crest cells it stands to reason that a 

methyltransferase be present in the cytoplasm to catalyze this reaction. One 

example of this is the histone methyltransferase Enhancer of zeste homolog 2 

(Ezh2), which is required in the cytoplasm of T-cells and fibroblasts for growth 

factor-induced actin polymerization in cell-migration related processes (Su et al., 

2005). Ezh2 is part of the polycomb repressive complex 2 (PRC2), and mediates 

repression of gene activity at the chromatin level in early embryogenesis, likely 

through its methyltransferase activity on H3K27 (Muller et al., 2002; Simon and 

Lange, 2008). For robust Ezh2 methyltransferase activity in mammalian cells 

Ezh2 must be complexed with EED and SUZ12 (Cao and Zhang, 2004; Ketel et 

al., 2005; Montgomery et al., 2005; Pasini et al., 2004; Rea et al., 2000). Ezh2 is 

overexpressed in several different types of cancers, and specifically influences 
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invasiveness and F-actin polymerization in prostate cancer cells, suggesting that 

the overabundance of Ezh2 could specifically affect cytoskeletal-based behaviors 

such as migration. (Bracken et al., 2003; Bryant et al., 2008; Varambally et al., 

2002). Ezh2’s role in cytoplasmic actin dynamics made this an intriguing 

candidate regulator of cytoplasmic non-histone protein activity in the neural crest.  

 In this report we characterize the expression and requirement for Ezh2 in 

the development and migration of the neural crest. We found Ezh2 to be 

expressed in the cytoplasm of migratory neural crest cells, however functional 

knockdown experiments were unable to determine if Ezh2 is required in 

regulating neural crest migration. These results show that Ezh2 is expressed in 

the cytoplasm of migratory neural crest cells, however the knockdown data is 

inconclusive and requires further experiments to determine if Ezh2 is regulating 

actin dynamics required for neural crest migration.   

 

A.2 Results  

 Upregulation of methylation cycle genes at the onset of migration, along 

with implication of folate-dependent neural crest derived diseases and disorders 

spurred the investigation into methylation’s role in neural crest development. 

SAHH, which is required to allow transmethylation to occur, and lysine 

methylated EF1α1 are required in the cytoplasm to regulate neural crest 

migration. Due to these cytoplasmic methylation events we wanted to identify the 

methyltransferase(s) that catalyze the addition of the methyl group on EF1α1, 

and other neural crest proteins. The requirement of Ezh2 in the cytoplasm of T-
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cells and fibroblasts for migration-related processes motivated us to look at Ezh2 

in neural crest cells.  

 

A.2.1 The methyltransferase Ezh2 is expressed in the cytoplasm of neural 

crest cells 

 Ezh2 protein is expressed in the nucleus (Fig. A.1) and in localized 

regions in the cytoplasm (Fig. A.1A, B, green, Fig. A.1A’, B’, white arrowheads) 

of individual cultured migratory neural crest cells that are positive for HNK-1 (Fig. 

A.1A, B, red), confirming their identity as a neural crest cell. A cross-section 

through the forebrain of a 10-somite chick embryo shows that Ezh2 protein is 

expressed at high levels in the nucleus of cells throughout the embryo (Fig. A.2A, 

red). Higher magnification shows Ezh2 expression is upregulated in the 

cytoplasm (Fig. A.2D, white arrowheads) of migratory neural crest cells (Fig. 

A.2D’, HNK-1 positive), while its expression is absent in the cytoplasm of non-

neural crest cells (Fig. A.2E’, F’, HNK-1 negative) including head mesenchyme 

(Fig. A.2E, black arrowheads) and non-neural ectoderm (Fig. A.2F, black 

arrowheads). This cytoplasmic expression of Ezh2 in neural crest cells suggests 

a functional role for Ezh2 in the methylation of proteins in the cytoplasm of 

migratory neural crest cells.  

 

A.2.2 Functional anaylsis of Ezh2’s role in neural crest migration yielded 

inconclusive results 
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Fig. A.1 Ezh2 is expressed in the cytoplasm of migratory neural crest cells. 

Ezh2 protein (A, B, green) is expressed in the nucleus (DAPI, blue) and in 

cytoplasmic concentrations (A’, B’, white arrowheads) in migratory neural crest 

cells positive for HNK-1 (A, B, red), which confirms their identity as a neural crest 

cell.  
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Fig. A.2 Ezh2 is expressed in the cytoplasm of migratory neural crest cells. 

In a section through 10-somite chick midbrain, Ezh2 protein (A, red, B, D, E, F) is 

expressed in the cytoplasm (D, white arrowheads) of migratory neural crest cells 

(HNK-1 positive; A, green; C, D’). Head mesenchyme (E) and epidermis (F), 

which are HNK-1 negative (E’, F’) exhibit nuclear Ezh2, but lack cytoplasmic 

Ezh2 (open arrowheads).  
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Knockdown of Ezh2 in human T-cells and mouse embryonic fibroblasts results in 

decreased actin polymerization and decreased motility and invasiveness (Su et 

al., 2005). To assess the requirement of Ezh2 during chick neural crest cell 

migration we performed Ezh2 knockdown experiments using two different 

antisense oligonucleotide morpholinos (MOs). The first MO was designed to 

block translation of Ezh2 protein, while the second MO was designed to prevent 

the proper splicing of Ezh2 mRNA, resulting in a truncated product, often leading 

to non-sense mediated decay. Ezh2 MOs were unilaterally targeted into neural 

crest precursors by electroporation into late gastrula embryos, at the time of 

neural crest induction (Basch et al., 2006; Gammill and Krull, 2011). Embryos 

electroporated with the Ezh2 translation blocking MO were re-incubated for 12-15 

hours to 8-10 somites, and neural crest migration was evaluated by comparing 

the distance HNK-1 positive neural crest cells migrated from the midline on the 

Ezh2 targeted side of the embryo compared to the untargeted side. Even though 

some embryos exhibited increased migration, while others showed mild 

decreases in migration distance, the majority of Ezh2 MO-targeted neural crest 

cells migrated normally, with no observable difference in distance migrated when 

compared to the untargeted side (Fig. A.3B, C). To test the efficacy of the Ezh2 

MO to block translation of the Ezh2 protein we cultured neural folds well-targeted 

with Ezh2 MO and immunostained using an Ezh2 polyclonal Ab. HNK-1 positive 

(Fig. A.3D, green, D’) migratory neural crest cells well-targeted with Ezh2 MO 

(Fig. A.3D, red, D’’, white arrow) still express high levels of Ezh2 protein (Fig.  
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Fig. A.3 Ezh2 translation blocking MO does not prevent translation of Ezh2 

protein. Embryos were unilaterally electroporated with standard control MO (CO 

MO, A’, red) or Ezh2 translation blocking MO (Ezh2 MO, B’, red) at late gastrula, 

reincubated to 8-10 somites and processed by immunostaining with the migratory 

neural crest marker HNK-1 (A, B, green).  (A-C) Neural crest migration distance 

is equal in neural crest cells targeted with Ezh2 MO compared to untargeted side 

(representative example shown in B). (C) Stacked bar graph depicting the 

frequency and severity of migration defects in embryos electroporated with CO 

MO or Ezh2 MO. (D) Ezh2 MO-electroporated cells still express Ezh2 protein. 

Ezh2 electroporated embryos reincubated to 5-7 somites were manually 

inspected for targeting. Neural folds from well-targeted Ezh2-MO electroporated 

embryos were cultured and immunostained with Ezh2 Ab. Ezh2 protein (D, blue, 

D’’’, white arrow) is still abundantly expressed in the HNK-1 positive (D, green, 

D’) migratory neural crest cells well-targeted with Ezh2 MO (D, red, D’’, white 

arrow). (A, B) dorsal view. 
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A.3D, blue, D’’’, white arrow). This result shows us there is still Ezh2 protein 

present in the cell, therefore the MO is not effectively knocking down the protein,  

making analysis of the effects of Ezh2 MO knockdown on neural crest migration 

unreliable. 

 Due to the inability of the Ezh2 translation blocking MO to knockdown 

Ezh2 protein we tested an additional Ezh2 MO that causes mis-splicing of Ezh2 

mRNA. After electroporation of Ezh2 splice MO into late gastrula embryos and 

reincubation to 8-10 somites neural crest migration was visualized by Snail2 in-

situ hybridization (Fig. A.4A, B, purple). Similar to CO MO electroporated 

embryos Ezh2 MO electroporated embryos showed no migration phenotype in 

the majority of embryos, with neural crest cells migrating equally on the targeted 

and untargeted side of the embryo (Fig. A.4B, C). To determine if Ezh2 MO was 

effectively causing the predicted altered splicing of Ezh2 neural folds were 

dissected from well-targeted Ezh2 MO and CO MO electroporated embryos, at 

which time RT-PCR was performed to look at the mRNA products (Fig. A.4E). 

CO MO electroporated embryos produce normal Ezh2 (Fig. A.4E, CO MO), while 

Ezh2 MO electroporated embryos produce normal Ezh2 and a smaller mis-

spliced product (Fig. A.4E, Ezh2 MO). This indicates that the Ezh2 MO is causing 

the Ezh2 mRNA to be improperly spliced, however there are still high levels of 

Ezh2 normally spliced mRNA present. Because we did not observe a phenotype 

even with the production of a mis-spliced product we wanted to further observe 

the protein levels in cells well-targeted with Ezh2 MO. Neural folds well-targeted 

with Ezh2 MO were cultured and immunostained with anti-Ezh2 Ab. Cells with  
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Fig. A.4 Ezh2 splice blocking MO does not effect neural crest migration. 

Embryos were unilaterally electroporated with standard control MO (CO MO, A’, 

green) or Ezh2 splice blocking MO (Ezh2 MO, B’, green) at late gastrula, 

reincubated to 8-10 somites and processed by in situ hybridization (purple) to 

visualize expression of Snail2 (A, B) (A-C) Neural crest migration distance is 

equal in neural crest cells targeted with Ezh2 MO compared to untargeted side 

(representative example shown in B). (C) Stacked bar graph depicting the 

frequency and severity of migration defects in embryos electroporated with CO 

MO or Ezh2 MO. (D) Ezh2 MO-electroporated cells express Ezh2 protein. Ezh2 

electroporated embryos reincubated to 5-7 somites were manually inspected for 

targeting. Neural folds from well-targeted Ezh2-MO electroporated embryos were 

cultured and immunostained with Ezh2 Ab. Ezh2 protein (D, red, D’’’, white 

arrow) is still abundantly expressed in cells containing Ezh2 MO (D, green, D’’, 

white arrow). (E) Ezh2 MO produces altered splice product. Neural folds from 

embryos well-targeted with Ezh2 MO were dissected and processed for RT-PCR. 

Ezh2 MO causes production of full-length Ezh2 (E, Lanes 1 and 2) and a shorter 

splice-product (E, Lanes 1 and 2). CO MO only produces normally spliced Ezh2 

(E, Lanes 3 and 4). (A,B) dorsal view. 
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high levels of Ezh2 MO (Fig. A.4D, green, D’’, white arrow) still contains high 

levels of Ezh2 protein (Fig. A.4D, red, D’’’, white arrow). Together, these results 

show us that the two Ezh2 MOs tested are not effectively knocking down Ezh2 

protein, and therefore the true evaluation of the loss of Ezh2 protein during 

neural crest migration could not be evaluated. 

 

A.3 Discussion 

 Several pieces of recent research implicate methylation in neural crest 

development and migration. Upregulation of essential methylation cycle enzymes, 

their requirement in proper specification and migration, and importantly their 

localization and function in the cytoplasm of neural crest cells lead to the 

question of what is responsible for adding the methyl group onto cytoplasmic 

substrates in neural crest cells (Gammill and Bronner-Fraser, 2002; Vermillion et 

al., submitted). Due to the previously identified role for Ezh2 in regulating actin 

polymerization and motility in other migratory cell types we explored the 

possibility of Ezh2 being active and required for methylation events in the 

cytoplasm of neural crest cells. Although Ezh2 is expressed in the cytoplasm of 

neural crest cells, in our hands we were unable to determine if Ezh2 is 

functionally required for normal neural crest migration. 

 Ezh2’s expression in localized regions in the periphery of migratory neural 

crest cells suggests it is functioning in the cytoplasm, however the research we 

performed did not assay the enzymatic activity of Ezh2, or the presence of 

Ezh2’s essential binding partners EED and SUZ12. The Ezh2 present in the 
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cytoplasm may not be functionally active. To determine if Ezh2 is catalytically 

active we would have to first identify if Ezh2 is associated with Vav1, or another 

GTP/GDP exchange factor in the cytoplasm, and then perform methyltransferase 

assays to determine if the Ezh2 methyltransferase complex is catalytically active 

in vitro. However this does not guarantee that the complex would act in a similar 

fashion in vivo. To further confirm the presence of a complete Ezh2 complex in 

the cytoplasm of neural crest cells, we would have to first make an Ezh2 

expression construct in which the Ezh2 nuclear localization signal (NLS) has 

been removed before performing immunoprecipitation experiments to determine 

binding to EED and SUZ12. Several attempts to clone Ezh2 were made, however 

sequencing through many clones consistently showed a region in the cDNA that 

is not homologous to Ezh2 sequence in the database. Numerous attempts to 

sub-clone the equivalent portion of a chick Ezh2 EST into the chick expression 

construct containing Ezh2 were made but no clones were obtained. This made 

further deletion constructs an inviable option. This complication along with 

inefficacy of the MOs resulted in no longer pursuing this project in favor of 

identifying other methyltransferases and methyl targets involved in neural crest 

migration. 

 There are several possible reasons why the MOs were not efficient in 

knocking down Ezh2 protein. The first possibility is that Ezh2 is a stable protein 

that is expressed and translated earlier than the time of electroporation. This 

would account for the mildly increased migration phenotype observed with the 

translation blocking MO compared to the splice blocking MO. The translation 
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blocking MO binds to and prevents translation of nascent transcripts which would 

result in a quicker reduction in Ezh2 protein levels, compared to splice blocking 

MO which would require additional time to produce mis-spliced products and 

eventual reduction in full-length Ezh2 protein levels. However, following efficient 

electroporation of both Ezh2 MOs high levels of Ezh2 protein were still detectable 

in neural crest cells. This further supports the assumption that Ezh2 protein is a 

ubiquitously expressed stable protein that is likely to be expressed already at the 

time of electroporation, making knockdown by this method impossible.  

 My alternative approach, to design a dominant negative Ezh2, was also 

unsuccessful due to difficulties in cloning full-length Ezh2 into an expression 

construct. Attempts to sub-clone and then propagate full-length Ezh2 into an 

expression construct in bacterial cells were unsuccessful due to toxicity of the 

methyltransferase to the bacterial cells. However, another member of our 

laboratory has shown that knockdown of a different methyltransferase NSD3 is 

required for neural crest migration, and localizes to the cytoplasm. Due to the 

identification of a neural crest methyltransferase I stopped pursuing Ezh2’s role 

in neural crest migration to focus on identifying the protein targets of methylation, 

and their functional requirement in neural crest migration.        

 

A.4 Materials and Methods 

 

A.4.1 Embryos 
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Fertilized chicken embryos were obtained from local sources. Eggs were 

incubated in a humidified incubator at 37°C until the desired stage of 

development (Hamburger and Hamilton, 1992a; Hamburger and Hamilton, 

1992b). Embryos were judged by counting somite pairs.  

 

A.4.2 Neural Crest Cultures 

Cranial neural folds were dissected from 4-7 somite embryos. Cranial 

explants were then cultured for 14-16 hours at 37°C on 10-100 µg/ml fibronectin 

coated glass in neural crest complete media (L15, 1% L-glutamine, 0.1% 

Pen/Strep (all from Life Technologies; Grand Island, NY), 10% FBS (VWR 

Scientific; Radnor, PA), and 10% chick embryo extract (Bronner-Fraser and 

Garcia-Castro, 2008). For evaluation, cultures were fixed in 4% 

paraformaldehyde and permeabilized in PBS + 1.0% Triton X-100. 

A.4.3 Histology 

 Embryos were infiltrated with 5% and 15% sucrose, embedded in gelatin 

in 15% sucrose, frozen in liquid nitrogen and sectioned with a CM1900 cryostat 

(Leica; Buffalo Grove, IL) at 10-20 µm. Gelatin was removed from the sections by 

incubating for 30 min in 42˚C PBS. 

 

A.4.4 Immunostaining 

Sections and cultures were blocked in PBS + 10% Fetal bovine serum + 

0.1% Triton X-100 for 30 minutes at room temperature and stained with anti-

HNK-1 (ATCC; Manassas, VA), anti-Ezh2 (AC22) (Cell Signaling; Danvers, MA), 
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and anti-Ezh2 (ab3748) (Abcam; Cambridge UK) followed by the appropriate 

secondary antibody (mouse AF488, rabbit AF568, mouse AF568, Life 

Technologies; Grand Island, NY; or Cy2 anti-mouse/rabbit IgG, Cy5 anti-

mouse/rabbit IgG, RRX anti-mouse IgM, Jackson ImmunoResearch; West Grove, 

PA) as indicated. Slides and cultures were mounted with Permafluor (Thermo 

Fisher Scientific; Waltham, MA) containing DAPI and viewed on either a Zeiss 

AxioImager A1 or Zeiss LSM 710 confocal microscope. Images were assembled 

in Photoshop (Adobe).  

 

A.4.5 Morpholinos  

Lissamine and FITC-tagged morpholinos (MOs) were synthesized by 

GeneTools, LLC (Philmouth, OR) with the following sequences: translation 

blocking Ezh2 MO CACAAATAAACATTCCCCGGACTCT; splice blocking Ezh2 

MO ACTAACCTGTAAGAAACAGCATCAT and standard control MO 

CCTCTTACCTCAGTTACAATTTATA (CO MO).  

 

A.4.6 Electroporation 

Ex ovo early embryo electroporation was performed on late gastrula stage 

4-5 embryos with MO as previously described (Gammill and Krull, 2011; Roffers-

Agarwal et al., 2012). Ezh2 MOs were electroporated at a concentration of 

1.0mM. 

 

A.4.7 In situ Hybridization 
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Snail2 (Gammill and Bronner-Fraser, 2002) digoxigenin-labeled probe was 

synthesized and chick embryos processed by whole mount chick in situ 

hybridization, as previously described (Wilkinson, 1992). Embryos were imaged 

in whole mount using a Discovery V8 stereoscope and AxioCam MRc5 (both 

from Zeiss; Oberkochen, Germany).  

 

A.4.8 RT-PCR 

Electroporated embryos were incubated to 6-8 somites. MO targeted 

neural folds were dissected from these embryos and RNA was isolated using 

Trizol (Life Technologies; Grand Island, NY) and reverse transcribed using 

SuperScript III (Life Technologies: Grand Island, NY) according to manufacturer’s 

instructions. cDNA was then used as a template for PCR reactions using Choice 

Taq (Denville Scientific; Metuchen, NJ). No reverse transcriptase samples were 

used as negative controls. Primer sequences were as follows: Ezh2 splice F-

CCGGGGAATGTTATTTGTG; Ezh2 splice R-TTTGTTGAAGGGGTGACCAT; 

GAPDH F-GGACACTTCAAGGGCACTGT; GAPDH R-

TCTCCATGGTGGTGAAGACA. 

 

A.4.9 Phenotype evaluation 

Embryos well-targeted with fluorescent MO in the dorsal neural tube were 

evaluated at the cranial axial level. Effects on migration were scored by 

comparing the distance migrated on targeted and untargeted sides.  
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