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ABSTRACT 

     Neural crest cells (NCCs) are a subset of multipotent, migratory stem cells that 

populate a large number of tissues during development and are important for craniofacial 

and cardiac morphogenesis. Although microRNAs (miRNAs) have emerged as important 

regulators of development and disease, little is known about their role in NCC 

development.  

     Here I show that a single miRNA, miR-145, when introduced in to multipotent, 

progenitor NCCs in vitro, induces the differentiation of these NCCs in to vascular smooth 

muscle cells (VSMCs).  The fact that a single miRNA is capable of directing NCC fate 

down a specific differentiation path indicates a likely important role for miRNAs in 

directing the development of the neural crest.  To expand on this idea, I go on to show 

that loss of miRNA biogenesis by NCC-specific disruption of Dicer results in embryos 

lacking craniofacial cartilaginous structures, cardiac outflow tract septation, and thymic 

and dorsal root ganglia development. Dicer mutant embryos had reduced expression of 

Dlx2, a transcriptional regulator of pharyngeal arch development, in the first pharyngeal 

arch (PA1). miR-452 was enriched in NCCs, was sufficient to rescue Dlx2 expression in 

Dicer mutant pharyngeal arches, and regulated non-cell-autonomous signaling involving 

Wnt5a, Shh, and Fgf8 that converged on Dlx2 regulation in PA1. Correspondingly, 

knockdown of miR-452 in vivo decreased Dlx2 expression in the mandibular component 

of PA1, leading to minor craniofacial defects. These results suggest that post-

transcriptional regulation by miRNAs is required for differentiation of NCC-derived 

tissues and that miR-452 is involved in epithelial-mesenchymal signaling in the 

pharyngeal arch. 
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     To further understand the mechanism by which Wnt5a inhibits Shh signaling, I 

present evidence that the inhibitory signal requires the activity of G-proteins.  

Downstream of G-protein activity, there is a Wnt5a-dependent increase in cyclic-AMP 

levels that induces an increase in PKA activity.  Inhibiting PKA activity, even in the 

presence of Wnt5a, abolishes the downregulation of Shh-responsive genes suggesting 

that PKA activity is required for Wnt5a-mediated inhibition of Shh signaling.  This work 

establishes a novel pathway connecting these two developmentally important signaling 

pathways and lays the groundwork for future studies that may shed light on the 

importance of this signaling interaction. 
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INTRODUCTION 

 

Description of the Neural Crest    

      Neural crest cells (NCCs) are a population of migratory, multipotent progenitor cells 

that are induced at the interface of the neural plate and the non-neural ectoderm of 

vertebrate embryos.   As the neural plate closes, to form the primitive neural tube, the 

NCCs delaminate from the dorsal most portion of the neural tube and undergo an 

epithelial-to-mesechymal transition  (Sauka-Spengler and Bronner-Fraser, 2008).  The 

mesenchymal NCCs then migrate ventrolaterally into the body along very stereotypical 

paths and contribute to the development of a number of tissues; including craniofacial, 

cardiac outflow tract, peripheral and enteric nervous system, melanocytes, and thymic 

tissues (Helms and Schneider, 2003, Jiang et al., 2000, Le Douarin et al., 2004 and Lee et 

al., 2004).   

 

     Much of our fundamental understanding of the neural crest came from significant 

contribution from Le Douarin in the 1970s.  She utilized the fact that cells from chicken 

embryos could be morphologically distinguished from quail embryonic cells due to high 

amounts of heterochromatin in the quail cells (Le Douarin, 1974).  Utilizing this 

difference in embryonic cells allowed for trans-species transplantation studies where 

portions of the embryonic chick neural tube prior to NCC delamination were replaced by 

segments of a developmentally matched quail neural tube.  The transplanted quail cells 

would grow and thrive in the chick embryo and could be easily distinguished from the 

native cells of the chick.    The beauty of this system was that by systematically replacing 
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sections of the neural tube along the anterioposterior axis, Le Douarin and colleagues 

were able to faithfully map the migratory patterns and developmental derivatives of the 

NCCs (Le Douarin and Jotereau, 1975, Le Lievre and Le Douarin, 1975 and Fontaine et 

al., 1977).  These seminal experiments showed that the NCCs, in general, maintained 

their identity specified in the donor embryo despite being transplanted in to non-similar 

developmental environments.  Meaning, the migratory route and developmental fate of 

the NCCs was determined by the anterioposterior position along the neural tube from the 

donor embryo, and not necessarily the local environment they were transplanted within 

(Le Lievre et al., 1980, Le Douarin, 1980 and Teillet et al., 1999).  These experiments 

also identified that distinct populations of NCCs could be identified via their axial 

position, and thus be separated into three segments:  the cranial, cardiac, and trunk NCCs.  

The NCCs within these different segments give rise to very specific cell types and 

contribute to the development of specific tissues and structures of the developing embryo 

(Le Douarin, 1980 and Teillet et al., 1999).  As more advanced genetic and transgenic 

analyses have been developed, many groups have gone on to refine the characteristics of 

the various segments and have identified the genes contributing to the patterning, 

migration, and directed differentiation of the NCCs (Bronner-Fraser, 1995 and Gross and 

Hanken, 2008).   

 

The Cranial, Cardiac, and Trunk Neural Crest and their Derivatives 

     The cranial and cardiac neural crest populations (together they are referred to as the 

cephalic neural crest) arise from the forebrain, midbrain, and hindbrain regions of the 

neural tube.  These NCCs will migrate away from the neural tube and populate transient 
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outgrowths of the embryonic head-and-neck region known as the pharyngeal arches 

(PAs).  The cranial NCCs populate the frontonasal process (FNP), PA1, and PA2; 

whereas, the cardiac NCCs populate PA3, PA4, and PA6 (Dupin et al., 2010) (Figure 1).  

Based on their distinct local environments along the neural tube axis and the variety of 

distinct instructive signals from the pharyngeal epithelia (i.e., endoderm and ectoderm), 

the populations of NCCs within the various PAs will differentiate in to distinct cellular 

lineages (Betancur et al., 2010).   The cranial NCCs differentiate into the cartilage, 

membraneous bone, soft tissue, and proximal ganglia of the craniofacial region.  The 

specific structures, especially the bone and cartilage structures, are determined by where 

in the PA regions that they reside.   For example, the NCCs that migrate into PA1 will 

form the bones and cartilages of the jaw.  PA1 is also segmented into a maxillary 

component (mxPA1), which is located just posterior to the optic vesicle region, and the 

mandibular component (mdPA1) comprising what is morphologically identified as the 

first pouch (Minoux and Rijli, 2010).  As their names suggest, the NCCs in mxPA1 will 

form the bones and cartilages of the upper jaw and palate region, while the NCCs in 

mdPA1 will form the bones and cartilages of the lower jaw.  Additionally, the NCCs 

within PA2 have some skeletal contributions, namely the hyoid bone of the neck and the 

stapes bone within the middle ear.  This indicates strong environmental cues within both 

the local neural tube region where these cells originated and within the PAs themselves 

which instruct each population of cells to form specific structures (Minoux and Rijli, 

2010).    
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     Directly posterior to PA1 and 2, the cardiac NCCs respond to a different set of signals 

and cues.  This population of NCCs is responsible for the smooth muscle cells lining the 

cardiac outflow tract, connective tissue of the developing thymus, thyroid, and 

parathyroid glands, and parasympathetic innervations of the heart.  In addition, cardiac 

NCCs are required to establish the aorticopulmonary septum that separates the aortic and 

pulmonary arteries (Kirby and Waldo, 1995).  The cardiac NCCs that migrate into PA 3-6 

will ultimately migrate down into the outflow tract cushions of the heart.  Ablation of 

these cells results in defective patterning of the outflow tract, most commonly associated 

with persistant truncus arteriosus and overriding aorta (Kirby, 1990).  It is interesting that 

the cardiac NCCs are not required to establish the initial endothelial tubes of the outflow 

tract forming a rudimentary vessel network.  However, if the cardiac NCCs fail to 

develop properly, these endothelial-only vessels will regress and retract unpredictably 

suggesting that the NCCs are required to instruct the proper patterning of the outflow 

tract (de la Pompa and Epstein, 2012).  

 

     While the cranial and cardiac NCCs have very specific migrational paths and form 

very specific structures, the trunk NCCs tend to be slightly more plastic and will 

differentiate into various cell types based on the distance which they migrated from the 

neural tube.  The trunk NCC segment begins just posterior to the hindbrain (below 

rhombomere 8) and continue the length of the embryo (Bronner-Fraser, 1994).  The trunk 

NCCs will migrate between the somites of the developing embryo, specifically avoiding 

the posterior side of the somite.  Some of these trunk NCCs will remain close to the 

dorsal neural tube and will develop into the dorsal root ganglia containing the sensory 
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neurons.  Other NCCs will migrate more ventrally from the neural tube and will 

eventually form the sympathetic ganglia.  Additionally, another subset of trunk NCCs 

will migrate dorsolaterally into the ectodermal tissue and will form the pigmented 

melanoctyes found in the skin (Gammill and Roffers-Agarwal, 2010 and Dupin et al., 

2006).   

 

Instructive Signals of the Neural Crest 

     The neural crest is an amazing collection of cells due to the vast array of different cell 

types that they are capable of forming and the distinct segmentation of different NCC-

subtypes that arise based on their axial positioning.  Over the last few decades, it has been 

appreciated that NCCs from any region of the neural tube are fairly capable of forming 

any of the known NCC-derivatives in vitro.  However, this is not completely true in vivo 

where environmental cues restrict certain NCC-derivatives while pushing the cells down 

specific differentiation paths (Sandell and Trainor, 2006 and Le Douarin et al., 2004).  As 

mentioned, these cues come not only from their environment within the neural tube but 

also the local environment within the different PAs and regions of the trunk.  For the 

remainder of this section I will focus on the main instructive signals found that effect the 

cranial and cardiac NCCs, however for more detailed review of the literature on trunk 

NCC signaling pathways see the following reviews (Adams and Bronner-Fraser, 2009, 

Gammill and Roffers-Agarwal, 2010, Kalcheim, 2011 and Kuo and Erickson, 2011). 

 

     At the level of the neural tube, the NCCs begin being patterned prior to their 

delamination and migration.  One of the major instructive signals that initially pattern the 
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NCCs is from a specific family of homeodomain-containing genes known as the Hox 

genes (Duboule and Dolle, 1989, Kessel and Gruss, 1991 and McGinnis and Krumlauf, 

1992).  The Hox family of genes are a highly diverse and highly conserved family of 

transcription factors that were initially discovered in Drosophila, called the HOM-C 

family, and their role in anterioposterior patterning has been intensively studied (Fjose et 

al., 1985, Graham et al., 1989, Scott and O'Farrell, 1986 and Mallo et al., 2010).  In mice, 

the Hox family members are clustered in to four distinct genomic clusters (HoxA, B, C, 

D).  These clusters are further organized in to 13 paralogue (or homology) groups 

(Krumlauf et al., 1993).  The genomic clustering of the different family members is 

considered to contribute to their distinct spatial expression patterns (McGinnis and 

Krumlauf, 1992).  This non-homogeneous expression pattern along the anterioposterior 

axis of the developing embryo sets up a kind of “code” such that different populations of 

NCCs express/interact with very specific Hox genes.  The heterogeneous Hox expression 

along the anterioposterior axis of the embryo sets up the initial patterning of the NCCs.   

 

     The ordered and partially overlapping expression of the various Hox gene members 

gives rise to the well-defined segmentations of the hindbrain known as the rhombomeres 

(r).  For example, the NCCs that ultimately will populate PA1 are mainly derived from 

the Hox-negative r1 and r2.     Whereas, the NCCs that populate PA2 have high 

expression of Hoxa2 and Hoxb2 and are derived from r4.  Moving more posterior, r6 and 

r7 derived NCCs upregulate Hoxa3, Hoxb3, Hoxd3, and Hoxd4 and will populate PA3-6 

(Figure 2).  What becomes  interesting is that the NCCs responsible for the entire 

craniofacial skeleton originate solely from the Hox-negative region (Hunt et al., 1991 and 
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Trainor, 2005).  Experimentally, if Hox-positive regions of the neural tube are 

transplanted to replace the Hox-negative region, the facial skeleton will fail to form 

properly (Couly et al., 1998).  Additionally, if Hox genes are experimentally forced to be 

expressed in the Hox-negative region, the facial skeleton also fails to from (Creuzet et al., 

2002).  This indicates that, the absence of Hox gene expression in the anterior 

rhombomeres is required for proper craniofacial skeleton development.  Building upon 

this, if Hoxa2 expression is experimentally knocked out in mice, structures normally 

derived from PA2 will be lost and replaced by structures that are normally formed by 

PA1 ectopically.  The PA2 NCCs, which lack Hox expression in these mutant mice, will 

now change identity and take on a more Hox-negative/PA1 identity (Gendron-Maguire et 

al., 1993).  Therefore, not only is the absence of Hox genes necessary for the craniofacial 

skeleton, but it is critical that Hox gene expression begins precisely at r3 in order for PA2 

structures to form.   

 

     Initially, if the converse of the transplantion experiment is performed where Hox-

negative NCCs are transplanted to replace the Hox-positive region between r4-r6, Noden 

and colleagues noticed the generation of a second jaw forming, suggesting that the NCCs 

were “hardwired” to maintain PA1 identity (Noden, 1983).  However, what Noden and 

colleagues did not appreciate at the time was their experimental setup included 

transplanting both NCCs and surrounding non-NCC neural tube tissue.  This experiment 

was repeated by Couly and colleagues over a decade later, where they were very 

meticulous in only transplanting the NCCs from the dorsal-most neural tube.  With this 

more specific NCC transplantation methodology, the previously Hox-negative NCCs 
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upregulated Hox gene expression and developed normally as if they were always r4-r6 

NCCs (Couly et al., 1993).  What Couly and colleagues were able to show was that 

although some aspects of NCC gene expression programs are intrinsic, there are certain 

gene expression programs that are established via environmental cues.   

 

     These paradoxical results can be partially explained by the presence of FGF8 in the 

anterior endoderm near the Hox-negative NCCs.  Fgf8 expression enforces specific gene 

programs to keep the Hox genes silenced in r1 and r2 and can rescue the craniofacial 

defects seen in Hox-positive transplanted PA1 NCCs (Creuzet et al., 2004).  However, it 

is insufficient in shutting down Hox gene expression in NCCs whose Hox gene 

expression program has already been activated (Trainor et al., 2002).  Taken another step 

further, a bead soaked in Fgf8 protein placed near Hox-negative NCCs which have been 

transplanted into the r4-r6 region, the NCCs will remain Hox-negative and fail to form 

normal PA2 structures. However, there is no affect on the Hox-positive regions near the 

Fgf8-soaked bead in embryos that have not undergone the transplantation (Couly et al., 

1998).  The experiments enforce the idea that the NCCs have a certain level of pre-

patterning at the level of the neural tube and rhombomeres, but require specific signals 

which arise from non-NCC-derived tissue. 

 

NCC Patterning and Tissue-Tissue Interactions in PAs 

     The pharyngeal arch is an embryonic structure where specific interaction between 

various tissues is critical for proper development (Wood et al., 1991, Marshall et al., 

1996, Clouthier et al., 1998 and Vitelli et al., 2006).  The pharyngeal arch is made up of 
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four different tissues.  It consists of a core of mesoderm surrounded by the neural crest-

derived mesenchyme.  This mass of cells (mesoderm and NCCs) is then covered by the 

pharyngeal epithelium, namely the ectodermal and endodermal tissue (Graham, 2001).  

Each of these tissues relies on specific patterns of gene expression for proper 

development.  For example, there are a number of transcription factor families that play 

an important role in patterning and development of the NCCs, such as Dlx, Msx, Otx, 

Hox, Fox, and Tbx, among others (Qiu et al., 1995, Foerst-Potts and Sadler, 1997, Wurst 

and Bally-Cuif, 2001, Couly et al., 1993, Jeong et al., 2004, Vitelli et al., 2002, Clouthier 

et al., 1998 and Francis-West et al., 2003).  It is crucial that the precise patterns and levels 

of these transcription factors are regulated correctly in order to properly develop.  As 

mentioned, one of the major patterning gene expression programs that instruct pharyngeal 

development is the Dlx family of genes.  This family of genes is mainly responsible for 

properly patterning the NCCs within the PAs.  In mice, the Dlx family is comprised of 6 

family members: Dlx 1-6.  Much like the Hox gene clusters, the Dlx genes are expressed 

in distinct and overlapping expression domains.   In PAs 1 and 2, Dlx1/2 are expressed 

throughout the NCC-derived mesenchyme of the arches.  Dlx5/6 are expressed more 

distal within the arches and are notably absent from mxPA1.  Finally, Dlx3/4 are 

expressed at the most distal tips of PA1 and 2 (Kraus and Lufkin, 2006) (Figure 3).  This 

nested expression pattern is established based on the fact that these genes are genetically 

arranged as tightly-linked bigene pairs.  Consequently, Dlx1/2 are linked and share 

similar regulatory regions (McGuinness et al., 1996).  This holds true for the two other 

bigene clusters of Dlx5/6 and Dlx3/4 (Ruest et al., 2003).  This nested expression of the 
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different Dlx genes is paramount for the proper development of the NCCs, especially of 

the craniofacial skeleton.   

 

     Depew and colleagues have elegantly described the patterning programs established 

by the Dlx genes.  By knocking out the different Dlx family members individually and in 

combination, they have uncovered the different craniofacial skeletal elements that require 

the different Dlx genes for proper development and have artfully named this the “Dlx 

code” (Depew et al., 2005).   Loss of both Dlx1/2 leads to dramatic loss of most mxPA1 

derived upper jaw structures.  One might suspect this to occur based on the nested 

expression pattern of the Dlx genes where only Dlx1/2 are present in mxPA1.  However, 

there was very little change in the lower jaw structures and development of these 

structures was relatively normal (Qiu et al., 1997). This points to either overlapping 

functions of Dlx5/6 in mdPA1 and their capability in compensating for the loss of 

Dlx1/2, or Dlx1/2 are not involved in development of mdPA1 and are dispensable.   To 

elucidate the true role of the nested expression of Dlx5/6, another double mutant mouse 

model was developed where Dlx5/6 are lost.  In the Dlx5/6 double mutant, the upper jaw 

develops as expected, considering there is no Dlx5/6 expression present in mxPA1.  

However, now the lower jaw no longer develops normal (Robledo et al., 2002).  This 

result indicates that Dlx5/6 are responsible for patterning mdPA1 and Dlx1/2 are not 

directing development of the lower jaw.  Interestingly, in the Dlx5/6 double mutants the 

lower jaw region show signs of developing upper jaw-like bones.  This transformation of 

mdPA1 derived structures in to mxPA1-like structures indicates that the Dlx genes nested 

expression pattern is required to establish the proper genetic programs that instruct the 
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NCCs to form the proper structures.  Disruption of this “Dlx code” leads to disruption 

and transformation of the craniofacial skelton (Depew et al., 2005).  These results point 

to an important role of the nested expression pattern of the Dlx genes; not only is this 

expression pattern necessary to establish different instructive regions controlling 

craniofacial development, but there is a combination of both instructive and repressive 

programs established in order to create the proper craniofacial structures.     

 

     It is well established that the nested expression patterns of the different Dlx family 

members arise in response to signals originating from the non-NCC-derived epithelia of 

the PAs.  These non-NCC tissue layers are critical for properly patterning the NCC-

derived mesenchyme and instructing proper differentiation of the NCCs.  These signaling 

factors include members of the Bmp, Wnt, Fgf, Endothelin, and Shh families of signaling 

molecules (Graham et al., 1994, Ikeya et al., 1997, Tucker et al., 1999, Clouthier et al., 

1998 and Helms et al., 1997).  The following section will detail the roles that these 

factors play in setting up the Dlx expression patterns.  Although proper Dlx expression is 

crucial for normal development of NCC-derived tissues, there are many other players that 

play equally as crucial roles, please refer to (Creuzet et al., 2005, Ramos and Robert, 

2005, Walker and Trainor, 2006, Scholl and Kirby, 2009 and Clouthier et al., 2010) for 

more in depth reviews. 

 

      One of the strongest pieces of evidence showing the role that tissue-tissue interaction 

plays in establishing Dlx patterning gene expression comes from PA cultures where the 

mdPA1region of mouse embryos were cultured ex vivo and stained for Dlx expression.  
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If the explanted mdPAs are cultured normally, they retain their normal nested expression 

pattern of the Dlx genes.  However, if the ectodermal layer is cut away from the 

underlying NCC mesenchyme, the Dlx genes are no longer expressed, suggesting that 

some factor(s) expressed specifically in the pharyngeal ectoderm is required for proper 

Dlx gene expression (Thomas et al., 1997).  Subsequently, it has been shown that in the 

explants cultures with the epithelium removed, implantation of a bead soaked in Fgf8 

protein can restore Dlx gene expression to the mdPA explants.  Conversely, in intact 

mdPA explants, beads soaked in Bmp4 protein can antagonize Dlx gene expression to 

some extent (Thomas et al., 2000).  Based on the expression patterns of Fgf8 (more 

proximal) and Bmp4 (more distal), it has been theorized that Fgf8 and Bmp4 are key 

regulators in establishing the proximal-to-distal expression patterns of Dlx 1/2 and 5/6 

(Thomas et al., 2000).  Bmp4 and Fgf8 are both expressed within the anterior pharyngeal 

epithelium of mdPA1, however their expression domains do not overlap, but rather form 

a very distinct boundary.  Fgf8 is restricted to the proximal to medial region of mdPA1 

and abuts to Bmp4 expression which is restricted to the distal aspects of the pharyngeal 

epithelium.  Directly opposing interactions between Fgf8 and Bmp4 initially establish 

their expression boundaries, while the distinct genetic programs induced by the 

underlying mesenchyme help reinforce the pattern (Haworth et al., 2004).  The fact that 

these genes are not only restricted to the anterior side of mdPA1 but also are restricted 

along the proximodistal axis as well, allows for the establishment of strong spatial 

polarity in both anterioposterior and proximodistal axes.  These data, along with data 

showing that Fgf8 expression from the endoderm is present prior to establishment of the 

PAs, suggest that the boundary between Fgf8 and Bmp4 within the epithelia directly 
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regulates the establishment of the proximodistal nested expression of Dlx1/2 and Dlx5/6 

(Thomas et al., 2000, Shigetani et al., 2000 and Hilliard et al., 2005).    

 

      In addition to the signaling molecules directly regulating and patterning the NCC-

derived mesechyme of the PAs, cross-tissue signaling is also required to establish 

expression patterns of the pharyngeal epithelial layers.  Shh is strongly expressed in the 

developing pharyngeal endoderm and the Shh receptor, Ptch, is present in both the 

pharyngeal ectoderm as well as NCC-derived mesenchyme, highlighting the importance 

of this signaling molecule in both tissues (Yamagishi et al., 2006).  By blocking Shh 

signaling specifically in NCCs, there is massive apoptosis of the NCC-derived 

mesenchyme of the arches (Ahlgren and Bronner-Fraser, 1999).  This alone shows the 

importance of Shh signaling in maintenance of the NCC population.  However, Shh is 

also involved in regulating pharyngeal ectoderm expression of other important signaling 

molecules.  Shh expression from the pharyngeal endoderm has been shown to be a major 

factor in inducing the expression of both Fgf8 and Bmp4 where localized overexpression 

of Shh within mdPA1 can induce ectopic expression of both factors (Brito et al., 2006 

and Haworth et al., 2007).  In mutant mice lacking Shh, there is a consequent loss of Fgf8 

in the pharyngeal ectoderm of PA1(Moore-Scott and Manley, 2005).  This suggests that 

Shh itself may not be a direct patterning factor of the NCCs per se, but rather establishes 

the expression of signaling factors that will ultimately establish the proper pattern and 

thus is a necessary initiating factor of patterning.   
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     When the NCC fails to be properly patterned or to otherwise develop improperly there 

can be major morphological defects.  In humans, a number of congenital anomalies are 

associated with improper NCC development.  These anamomlies of the NCC are 

collectively known as neurocristopathies (Jones, 1990).  Craniofacial defects are some of 

the more common neurocristopathies and can present as isolated defects in lip or palate 

development, or more complex anomalies with malformations in multiple NCC 

derivatives as seen in patients with DiGeorge Syndrome and Treacher Collins Syndrome 

(Walker and Trainor, 2006).  Additionally, neurocristopathies can manifest in cardiac 

defects (persistant truncus arteriosus and overriding aorta), innervation defects 

(Hirschsprung Disease), and certain cancers (neuroblastoma, medullary thyroid cancer, 

and several other neoplasms) (Trainor, 2005 and Farlie et al., 2004).  The nature and 

cause of many of these neurocristopathies is not well understood and it is necessary to 

continue to elucidate the complex patterning and development of the NCCs in hopes of 

more completely understanding these diseases. 

 

      A number of genes and proteins necessary for NCC development have been 

intensively studied, yet there are many other factors yet to be fully characterized.  For 

example, there are layers of regulation beyond just establishing gene expression patterns.  

Major regulatory networks are established  both post-transciptionally and post-

translationally to modulate the expression levels and activity of proteins(DeBenedittis 

and Jiao, 2011 and Shilo and Schejter, 2011).  These levels of regulation are not 

necessarily detectable at the level of gene expression, but  rather at the level of protein 

expression and protein function/activity.  Post-translational regulation can include 

14



ubiquitination/degradation, both activating and inhibitory phosphorylation, modification 

of proteins with a variety of moieties, and activating and inhibitory protein cleavage 

(Goldberg, 2003, Kuriyan and Eisenberg, 2007 and Casado-Vela et al., 2011).  For 

example, the Shh signaling pathway requires certain cleavages of the Gli proteins for 

proper functioning of the pathway.  This phenomenon will be looked at more in depth 

later in this work.  As for post-transcriptional regulation, many mRNAs are subject to 

degradation, althernate splicing, and down-regulation of translation due to microRNA 

(miRNA) binding.  The following section will explore the roles that miRNAs play in 

regulating and tuning protein expression post-transcriptionally. 

 

miRNA Biogenesis and Function 

     miRNAs belong to a class of small (19-21 nucleotides), non-encoding RNAs.  

miRNAs play crucial roles in a number of different tissue types, ranging from 

maintenance of stem cell pluripotency to regulation of heart development.  As miRNA 

research has boomed in the past decade, the role that these small RNAs play has been 

appreciated in nearly every cell and tissue type that they have been studied (Cai et al., 

2004, Kanellopoulou et al., 2005 and van Rooij and Olson, 2007).  Their main regulatory 

role comes from binding to complimentary sequences within mRNAs leading to 

degradation or translational inhibition of the target transcript. 

 

     The first miRNA, named lin-4, was discovered in 1993 in a study exploring the roles 

of non-encoding RNAs in C. elegans (Lee et al., 1993).  The authors found that the 

expression of a very short RNA transcript (lin-4) correlated with down regulation of a 
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protein known as Lin-14.  They discovered that the mRNA transcript encoding Lin-14 

had several sequences complimentary to lin-4 and this correlation suggested that Lin-14 

protein expression may indeed be mediated through RNA-RNA interaction of the lin-4 

miRNA and the Lin-14 mRNA (Lee et al., 1993).  This study prompted the study of non-

encoding RNAs by a number of groups that went on to identify the pathways responsible 

for miRNA biogenesis and the machinery that carries out the mRNA targeting.  It would 

be another 10 years until the first mammalian miRNA’s function was described (Lim et 

al., 2003).  As of the writing of this dissertation, there are now over 300 conserved 

miRNAs, with an additional ~1000 small RNAs structurally resembling miRNAs, 

identified in mice and humans and bioinformatics have estimated that nearly 1/3 of 

mammalian mRNAs are subject to miRNA regulation (Mendell and Olson, 2012). 

      miRNA biogenesis occurs in a step-wise fashion, starting in the nucleus and 

culminating in the cytoplasm.  The first step occurs in the nucleus where RNA 

Polymerase II transcribes the larger primary miRNA transcripts, known as pri-miRNAs 

(Cullen, 2004).  The pri-miRNAs are then recognized by the RNase III-like enzyme, 

Drosha.  Drosha, along with its binding partner Dgcr8, will cleave the pri-miRNA into a 

60-80 basepair precursor (pre-miRNA).  The pre-miRNA transcripts have a characteristic 

hairpin, comprised of a double-stranded stem region and a single-stranded loop region.  

The pre-miRNAs also have a characteristic two nucleotide single-stranded overhang on 

the 3’ end of the transcript (Lee et al., 2003).  The 3’ overhang is recognized by the 

nuclear export protein called Exportin5 (Exp5).  Exp5 translocates the pre-miRNA out of 

the nucleus into the cytoplasm where it is recognized by another RNase III-like enzyme 

called Dicer.  Dicer will cleave the pre-miRNA into a 19-21 basepair double stranded 
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miRNA duplex, which is deemed as the mature miRNA (Hutvagner et al., 2001).  Dicer 

forms a complex with a member of the Argonaute family (Ago2) where the miRNA 

duplex is separated into the sense and anti-sense strands.  Typically, the anti-sense strand 

is degraded, leaving a complex of Ago2 with the single-stranded miRNA.  The complex, 

known as the RNA Induced Silencing Complex (RISC), is then guided to specific mRNA 

targets and functions to modulate protein expression (Liu et al., 2004). 

 

     The Ago2-miRNA RISC functions via partially homologous binding of the miRNA 

sequence with complimentary sequences in the mRNA targets.  Although more research 

is beginning to indicate that important complimentary sequences exists throughout the 

sequence of the miRNA (Didiano and Hobert, 2006, Grimson et al., 2007, Chi et al., 2009 

and Chi et al., 2012), the current dogma suggests that the region known as the seed 

sequences, from base 2-8 in the miRNA 5’ region, must bind perfectly with the 

complimentary sequence in the mRNA target (Thomson et al., 2011).  Additional 

complementation along the length of the miRNA is required for tight binding and proper 

regulation, such that the context of the target site within the mRNA 3’ UTR and the 

extent of complimentarity along the length of the miRNA helps to determine the 

downstream effect on protein expression (Zhao et al., 2005).  Despite these advances in 

understanding miRNA-mRNA interactions, the seed sequence still appears to be the 

major driver of mRNA targeting and is the basis for most of the target prediction 

algorithms that have been established for the in silico prediction of the miRNA-mRNA 

targets (Pasquinelli, 2012). 
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     There are four established modes of miRNA function on protein expression, which are 

all distinct but have the shared effect on downregulating the expression level of the target 

protein.  These modes are mRNA degradation, co-translational repression, repression of 

translation initiation, and sequestration of the target mRNA to processing-bodies (P-

bodies).  In mRNA degradation, suggested to be one of the major modes of action, after 

RISC is loaded on to the mRNA target, the mRNA is cleaved at the site of the miRNA-

mRNA complex.  Once cleaved, the mRNA is then subjected to degradation due to the 

loss of the poly-A tail (Yekta et al., 2004).  For co-translational repression, evidence 

suggests that the translation machinery will begin to translate the protein but fail to finish, 

presumably due to the presence of RISC binding to the target, leading to a truncated form 

of the protein and subsequent degradation.  Studies have shown that upon loading of 

RISC on to the target mRNA, the translational machinery is present and begins to move 

along the transcript but no protein product is detected , suggesting that translational 

initiation occurred but elongation failed (Eulalio et al., 2008).  Conversely, the repression 

of translation initiation involves repressing the translation of the final protein product, 

however no translational machinery is detected on the mRNA in the presence of miRNA 

and thus the suggestion is that the translational machinery failed to initiate the translation 

process (Pillai et al., 2005).  Finally, sequestration of mRNA to P-bodies is still 

somewhat controversial in whether the mRNA is degraded in the P-bodies, which are 

known to be sites of mRNA degradation, or if the mRNA can simply be preserved in the 

P-bodies and be available for translation based on certain stimuli (Liu et al., 2005).  It is 

worth noting, that under certain conditions and cellular contexts, that are not completely 

understood, upon miRNA targeting there is a detectable increase in the resulting protein 
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product (Vasudevan et al., 2007).  Regardless of mode of function, the majority of 

miRNAs lead to changes, usually inhibitory, in the expression of the protein from the 

target mRNA.  The changes in these protein levels is not nearly dramatic as what is 

commonly seen when studying transcriptional regulators, and thus the main role of 

miRNAs in the cell is to fine-tune the level of target proteins. 

    

 

 

Role of miRNAs in Development 

     Since their discovery over a decade ago, the study of the role and function of miRNAs 

has rapidly increased and our knowledge of these protein regulators has grown 

exponentially.  The initial discovery of miRNAs in C. elegans was done in a screen to 

identify developmental regulators, so it was very exciting early on to hypothesize that 

miRNAs may contribute significantly to the developmental plan of an organism (Lee et 

al., 1993).  This has lead to a number of knockout models of single miRNAs and studies 

where miRNA biogenesis was inhibited in specific cell or tissue types.  The animal 

models where miRNA biogenesis is blocked, essentially knocking down all miRNA 

function, have lead to severe developmental defects (Giraldez et al., 2005, Harfe et al., 

2005, Harris et al., 2006 and Zhang et al., 2011).  These works have shown that miRNAs 

as a class of regulators are essential to the development of organisms.   However, when 

one looks at the contribution of individual miRNAs through knockout or knockdown 

animal models, there are few highly penetrant, developmentally defective phenotypes 

(Mendell and Olson, 2012).  One of the first knockout models in mouse was a knockout 
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of one of two copies of miR-1, a highly-enriched, muscle-specific miRNA.  These mice 

displayed ventricular septal defects, cardiac electrophysiologic defects, and thickening of 

the ventricular walls suggesting at least some developmental role for miR-1 (Zhao et al., 

2007).  This is not the case with many of the other mouse miRNA knockouts that show 

relatively little developmental phenotype (Park et al., 2010).  However, much is yet to be 

determined about the role of miRNAs in different tissues during development.    

 

     Prior to the work being presented here, there was very little known about the role of 

miRNAs in instructing NCC development.  The first indication that miRNAs were 

involved in NCC development came from Eberhart et al, who utilized a zebrafish model 

to show that miR-140 negatively regulated PDGF signaling during palatogenesis.  Both 

overexpression of miR-140 and knockdown of PDGFRα lead to similar defects in 

palatogenesis.  They went on to show that miR-140 directly targeted PDGFRα leading to 

decreased expression of the receptor in vivo (Eberhart et al., 2008).  Following this 

report, Gessert et al used a Xenopus model to show that loss of miR-96, miR-196, and 

miR-200b resulted in defects in the development of NCC-derived facial cartilages 

(Gessert et al., 2010).  Finally, while our work (presented in Chapter 2) was under 

editorial review, a report from Zehir et al was the first report in mammals at the role of 

miRNAs in NCC development.  Their group utilized the same Dicerfl/fl, Wnt1-Cre 

mouse model that our group used to show that loss of miRNA function specifically in the 

NCCs leads to defects in the development of NCC-derived tissues (Zehir et al., 2010).  

Our report went on to expand upon their work in showing that a miRNA specifically 

enriched in NCCs, miR-452, plays an important role in regulating Dlx2 expression, and 
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loss of miR-452 lead to specific defects in the development of certain craniofacial 

structures.  The culminations of these works have lead to a number of new studies 

expanding on the role of miRNAs in NCCs.  Studies have gone on to show more in depth 

looks at the role of NCCs in cardiac outflow tract remodeling, NCC-derived neuronal 

differentiation, the potential role of yet to be described miRNAs in Chromosome 4q 

deletion syndrome, and the importance of miRNAs in the evolution of avian craniofacial 

variation (Huang et al., 2010, Huang et al., 2010, Nie et al., 2011, Chapnik et al., 2012, 

Xu et al., 2012 and Powder et al., 2012).  Together, these works have only begun to 

scratch the surface of the critical role that miRNA-mediated regulation of protein 

expression has on the proper development of NCC-derived structures.  Herein we will 

begin by reviewing our data first showing that addition of a single miRNA was sufficient 

to direct the differentiation of multipotent neural crest stem cells in to vascular smooth 

muscle cells.  Then, we will further elucidate the full role that miRNAs play in NCC 

development and help elucidate some novel tissue-tissue interactions involving miR-452, 

Wnt5a, and Shh. 

 

     In Chapter 1, we sought to understand the role of miR-143 and miR-145 in cardiac 

development.  Through these studies we discovered the miR-145 was a potent regulator 

of vascular smooth muscle cell (VSMC) differentiation.  Interestingly, miR-145 was also 

capable of efficiently directing the differentiation of multipotent NCSCs in to VSMCs, 

being the first indications that miRNAs could play an important role in directing NCC 

cell fate. 
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     In Chapter 2, we pushed forward with our understanding of miRNA roles in the neural 

crest by knocking out Dicer within the NCCs and thus inhibiting nearly all miRNA 

functions.  These mutant mice lacked most NCC-derived tissue and massive apoptosis 

was observed in the PAs prior to NCC differentiation.  In addition to phenotypic analysis, 

we also determined that Dlx2 and Fgf8 expression patterns were disrupted in the mutant 

mice, with much reduced expression in PA1.  We also sought to determine which 

miRNAs were highly enriched in the NCC population as compared to non-NCC 

populations.  Our study identified 9 miRNAs that were highly enriched and assumed to 

play some important role in NCC development.  One of these miRNAs in particular, 

miR-452, was required for proper expression of the NCC patterning gene Dlx2.  Loss of 

miR-452 in vivo led to decreased expression of Dlx2 in mdPA, resulting in specific 

defects during craniofacial development.  Furthermore, we found that miR-452 directly 

targeted Wnt5a mRNA.  Finally, we went on to show a novel interaction between Wnt5a 

and Shh signaling in PA1. 

 

     In Chapter 3, we sought to better understand the mechanism by which Wnt5a 

signaling inhibits Shh signaling seen in Chapter 2.  We found that in multiple cell types, 

overexpression of Wnt5a could lead to the inhibition of Shh signaling, suggesting a 

conserved role for this interaction.  We determined that Wnt5a was acting through G-

protein signaling that culminated in the upregulation of cyclic AMP (cAMP).  

Furthermore, the influx of cAMP by Wnt5a caused a concordant increase in PKA 

activity.  Inhibition of PKA activity in the presence of Wnt5a, could nullify the inhibitory 
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action of Wnt5a on Shh signaling, suggesting that overexpression of Wnt5a leads to 

activation of PKA and subsequent inhibition of Shh signaling. 

 

     Overall, the research findings described in this thesis make an invaluable contribution 

to our understanding of the cellular and molecular interactions governing the 

development of the neural crest – encompassing both miRNA mediated regulation of 

neural crest patterning and the exploration of an interaction between two important 

developmental signaling pathways, namely Wnt5a and Shh.  Additionally, identification 

of miR-452 as a regulator of Dlx2 expression lends significant insight in to the general 

regulatory network governing the proper expression of this important neural crest 

transcription factor during craniofacial development.   

 

FIGURE LEGENDS 

Figure 1:  Migration patterns of the neural crest 

The NCCs migrate down stereotypical routes as they populate specific embryonic 

structures.  The anterioposterior positioning of the NCCs as they arise from the neural 

tube determine the migratory pathways that they will follow.  The colors denote the NCC 

populations as they arise from the neural tube and their final migratory destinations.  The 

pharyngeal arches are denoted by roman numerals.  The neural crest cells arising from r3 

and r5 (yellow, asterisk) provide minimal contributions to the pharyngeal arches due to 

apoptosis of the NCCs arising from those regions.  Mdb, midbrain; ov, otic vesical; r, 

rhombomere.   (Chapman, 2011)   
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Figure 2:  Hox gene expression pattern establishes neural crest identity 

The Hox genes are expressed in and overlapping pattern along the anterioposterior axis of 

the developing embryo.  The color coded bars represent the expression patterns of the 

different Hox genes in the various NCC populations as the migrate in to the pharyngeal 

arches.  Each pharyngeal arch is color coded to represent the combinations of Hox genes 

that each express, except for PA1 (yellow) because it is Hox-negative.  PA, pharyngeal 

arch; r, rhombomere.  Adapted from  (Minoux et al., 2009). 

 

Figure 3:  The nested expression pattern of the Dlx genes pattern the pharyngeal 

arches 

The Dlx genes are expressed in a nested pattern within PA1 and PA2 of the developing 

embryo, shown both in schematic form and with in-situ hybridization data at E10.5 of 

mouse embryos.  The nested expression patterns of the six Dlx genes are color coded to 

show their representative expression throughout the PAs, with Dlx1/2 being expressed 

throughout and Dlx3/4 being restricted to the most distal tips of the PAs.  mxBA1, 

maxillary component of branchial arch 1; mdBA2, mandibular component of branchial 

arch 2; BA2, branchial arch 2; FNP, frontonasal process.  Adapted from (Depew et al., 

2005). 
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Figure 1: Migration patterns of the neural crest

(Chapman, 2011)
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Figure 2: Hox gene expression pattern establishes neural crest identity

(Minoux et al, 2009)
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Figure 3:  The nested expression pattern of the Dlx genes pattern the 

pharyngeal arches

(Depew et al, 2005)
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CHAPTER 1 

 

miR145 directs neural crest stem cell differentiation into smooth muscle 

 

BACKGROUND 

     Proper specification of the cardiac NCC is critical for the development of the heart.  

The heart is derived from essentially three populations of progenitor cells.  Two of these 

populations, the first and second heart fields, will give rise to the working myocardium of 

the heart and provide the structural background for the organ.  However, it is the cardiac 

NCCs which are responsible for the patterning and positioning of the outflow tract 

(Cordes and Srivastava, 2009).  The cardiac NCC progenitors will migrate into the 

outflow tract and undergo a differentiation into vascular smooth muscle cells (VSMCs). 

The VSMCs make up the interior lining of the blood vessels and are a critical barrier 

between the vascular system and the rest of the body (Vincent and Buckingham, 2010).  

The NCC-derived VSMCs provide important signals not only instructing the proper 

organization of the outflow tract, but also to the underlying myocardium, where ablation 

of the cardiac NCC  leads to mispatterned outflow tract and a loss of myocardium 

suggesting critical interactions between these cellular populations (Kirby et al., 1985 and 

Porras and Brown, 2008).  Thus, the regulation of these cardiac NCCs must be precisely 

maintained.  Disruptions in these cell types are known to cause human diseases, 

manifested in persistent truncus arteriosus and aortic arch malformations. 

      The role of miRNAs in regulating the development of the heart has been extensively 

studied, but still remains insufficient.  Importantly, the contribution of miRNAs in the 
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development of the first and second heart fields have been studied using multiple models 

(Cordes and Srivastava, 2009).  However, very little is known about how miRNAs can 

instruct cardiac NCC development.  At the time that we performed the experiments 

reported in this chapter, there were no descriptions of miRNAs regulating any portion of 

the cardiac NCC.  Subsequently, our group and others have described mandatory roles of 

miRNAs in the proper development of the cardiac NCCs (Sheehy et al., 2010, Huang et 

al., 2010 and Nie et al., 2011).  To that end, complete loss of miRNA biogenesis in NCCs 

leads to defective organization of the outflow tract (Chapnik et al., 2012).  However, the 

work described in this chapter will focus exclusively on a pair of bicistronic miRNAs, 

miR-143 and -145, and how miR-145 plays an important role in instructing the 

differentiation of progenitor NCCs into VSMCs.       

 

     The initial studies regarding miR-143 and miR-145 were mainly focused on their 

regulation and tumor suppressor roles in a number of different cancers (Wang and Lee, 

2009).  Our group initially reported that miR-143 is the most enriched miRNA during 

differentiation of mouse embryonic stem (mES) cells into multipotent cardiac progenitors 

(Ivey et al., 2008).  This prompted our group to focus our efforts in understanding the 

role that miR-143 and miR-145 play during cardiac development.   

 

     Both miR-143 and miR-145 are highly conserved miRNAs and lie within 1.7 kb of 

one another.  This bicistronic miRNA pair is expressed as early as E7.5 in the cardiac 

progenitor cells of the cardiac crescent region of the developing mouse (Figure 4A).  As 

the heart continues to develop through E8.5 and E9.5, miR-143/145 is widely expressed 
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throughout the heart and cardiac outflow tract region of the embryo (Figure 4B-D).  

Furthermore, after the outflow tract region has undergone proper patterning and 

remodeling by E15.5, expression of miR-143/145 is lost in the outflow tract region and is 

mainly restricted to the ventricles and atria of the heart (Figure 4E).  Interestingly, in the 

post-natal heart, there is a dramatic switch in miR-143/145 expression where the 

miRNAs become once again upregulated in the outflow tract and ventricular expression 

is lost (Figure 4F).  Looking more closely at the expression of miR-143/145 in the post-

natal heart, it was found that these miRNAs are highly expressed in the VSMCs of the 

aorta and coronary vessels, with miR-145 expression being greater than 50-fold higher in 

the aorta than that of the myocardium (Figure 5A-E).   

 

     During VSMC induction, the cells mature from an actively proliferating, 

undifferentiated progenitor in to a quiescent, fully-differentiated cell type.  Interestingly, 

under cardiac stress conditions the VSMCs can revert back to their proliferative state and 

is known to contribute to a number of human vascular diseases (Ross, 1993).  This 

proliferative state is similar to the progenitor cell types seen in the developing embryo.  

This switching of VSMC fate requires the coordinated expression of a number of pro-

proliferative factors, such as Elk-1, and the inhibition of pro-differentiation genes, such 

as smooth muscle actin (Sm-actin) and calponin (Owens et al., 2004 and Yoshida and 

Owens, 2005).  Our group found that miR-145 could play a role in this process by 

reinforcing the pro-differentiation genetic program.  In in vitro studies, it is possible to 

force the differentiation of 10T1/2 fibroblast cells in to VSMCs through the addition of 

high levels of recombinant Myocd protein (Hirschi et al., 1998 and Wang et al., 2003).  
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This leads to differentiation of the fibroblasts, as evidenced by an increase of smooth 

muscle cell markers (Figure 6A-C).  If one uses an antagomir directed towards miR-145, 

in order to block miR-145 activity, the cells can no longer efficiently differentiate in to 

VSMCs (Figure 6A-C).  This suggests that there is a requirement of miR-145 for aiding 

in this process. Importantly, low levels of Myocd will not efficiently lead to the 

differentiation of these fibroblasts in to VSMCs (Figure 6D).  Interestingly, if miR-145 is 

added to the cells along with the low levels of Myocd the cells will once again undergo 

the differentiation process (Figure 6D).   

 

     Combining the data showing miR-145 expression in the NCC-derived VSMCs of the 

aorta and the ability of miR-145 to aid in the differentiation of VSMCs, we sought to 

determine whether or not miR-145 could direct the differentiation of undifferentiated 

NCSCs in to a VSMC cellular fate. 

 

RESULTS 

     During mammalian development, the cardiac NCCs will populate the pharyngeal 

arteries and differentiate in to the VSMCs that line the interior of the vessels (Bergwerff 

et al., 1998).  The lack of a reliable genetic marker of these cardiac NCCs and the 

proclivity of primary progenitor NCCs isolated from the neural tube to sporadically 

differentiate in vitro has made studying the factors that direct cardiac NCC cell fate 

challenging.  Recently, a cell line has been established where undifferentiated neural crest 

stem cells (NCSCs) can be maintained indefinitely in culture.  This cell line, called 

Joma1.3, was derived from a transgenic mouse expressing a tamoxifen-inducible c-Myc 
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gene that, when activated, will force the cells to maintain a highly proliferating, 

undifferentiated fate (Maurer et al., 2007).  By supplementing the Joma1.3 cell media 

with 4-hydroxytamoxifen (4OHT), the cells will maintain their pluripotency.  Upon 

removal of 4OHT, the cells will undergo random differentiation in to the various NCC-

derived cell types, such as smooth muscle, neuronal, cartilage, and melanocyte.  

Importantly, in the absence of 4OHT, addition of specific factors allows for the directed 

differentiation of the NCSCs in to specific cell types.  For example, addition of VEGFβ 

to Joma1.3 cells for 6-days leads to nearly 90% of the cells to upregulate the VSMC 

marker Sm-actin (Maurer et al., 2007).  

 

     We utilized the Joma1.3 cells to test the ability of miR-145 to direct the differentiation 

of NCSCs in to VSMCs.  As mentioned, if the cells are maintained under culture 

conditions containing 4OHT they will remain in a proliferative, undifferentiated state.  If 

4OHT is removed, the cells will undergo random differentiation and we could only detect 

a small upregulation of VSMC-markers by qPCR (Figure 7A), suggesting a low-level of 

differentiation down a VSMC fate.  However, when miR-145 is added to the cells in the 

absence of 4OHT (-4OHT), we detected a dramatic increase in the expression level of a 

number of VSMC-markers (Figure 7A).  We also looked at the upregulation of Sm-actin 

and calponin protein levels via Western Blot upon addition of either miR-143 or miR-145 

and found that only miR-145 could generate a robust increase in either protein, with Sm-

actin being induced nearly 60-fold over cells where miR-145 was not added (Figure 7B).  

Interestingly, these data were generated after only 24 hours of miR-145 exposure, which 

is nearly 5 days less than what is needed to see efficient VSMC differentiation using the 
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conventional TGFβ method.  This suggests that miR-145 is both an efficient and rapid 

inducer of VSMC differentiation in Joma1.3 cells. 

 

     We next sought to determine if the robust increase of VSMC-marker expression upon 

miR-145 addition corresponded to a large percentage of the cells undergoing 

differentiation down a VSMC fate.  To do this, we stained cells by immunocytochemistry 

for the VSMC-markers Sm-actin, calponin, and caldesmon upon addition of miR-145.  

We found that the nearly 75% of the cells treated with miR-145 stained positive for Sm-

actin.  Importantly, the majority of the cells that stained positive for the VSMC-markers 

underwent a morphological change where the cells flattened out and possessed the 

characteristics of a fully-differentiated VSMC (Figure 8A,B).    

 

DISCUSSION 

     At the time the work in this chapter was initially published, the ability of miR-145 to 

efficiently direct VSMC differentiation from multipotent stem cells was the first 

evidence, to our knowledge, of a miRNA capable of directing VSMC fate.  Since that 

time, a number of works have followed and elaborated on the functions of miR-145.  It is 

now appreciated that miR-143 and miR-145 are integral parts of the VSMCs’ ability to 

respond to vascular injury where mice lacking both miR-143 and miR-145 are profoundly 

impeded in the VSMCs’ ability to undergo necessary cytoskeletal rearrangement and 

migration after injury (Xin et al., 2009 and Elia et al., 2009).  In addition to its role in 

VSMC functions, miR-145 has recently been reported to be downregulated in the cardiac 

myocardium after acute myocardial infaction (AMI) in mice and is associated with an 
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increase in Dab2 expression in the infarct border zone.  The resulting increase in Dab2 

results in a deleterious decrease in β-catenin activity, suggesting that in AMI models 

downregulation of miR-145 may be deleterious to the heart post-infarct, further 

supporting the importance of this miRNA in the cardiovascular system (Mayorga and 

Penn, 2012). 

 

     However, the most highly studied role of miR-145 has been in its role as a tumor 

suppressor for a number of different cancers (Wang and Lee, 2009, Tazawa et al., 2011 

and Luo et al., 2011).  Interestingly, miR-145 overexpression has been studied as a 

potential therapy in the treatment of breast cancer (Kim et al., 2011).  These works have 

highlighted the important role that miR-145 plays in maintaining proper cell 

differentiation and proliferation in a variety of cell types. It will be intriguing to continue 

following the literature as further research elucidates new mechanisms, and excitingly, 

possible therapeutic application of this miRNA. 

 

     Despite all the recent advances in miR-145 research, I was particular interested in its 

ability to control the differentiation of NCSCs.  Especially, since it was one of the first 

miRNAs to show a role in directing specific NCC fates.  To follow on this work, we 

further studied the role of other miRNAs that participate in NCC development and sought 

to understand how loss of miRNA function affects the developing neural crest.  These 

topics will be the focus of Chapter 2. 
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FIGURE LEGENDS 

Figure 4: miR-143/145 are cardiac and smooth muscle-specific miRNAs  

(A-C) Whole mount embryos at the indicated time points showing B-gal activity in 

transgenic animals with a miR-143/145 enhancer-lacZ construct showing cardiac and 

pharyngeal mesodermal expression.  (D)  Transverse section of (C).  (E,F)  B-gal 

expression at E15.5 (E) and P21 (F) showing the bimodal switch in miR-143/145 

expression as it goes from strong myocardial expression at E15.5 to strong VSMC 

expression post-natally.  Pcm, precardiac mesoderm; ht, heart; ot, outflow tract; rv, right 

ventricle; lv, left ventricle; pm, pharyngeal mesoderm; cv, cardinal vein; nt, neural tube; 

da, dorsal aorta; pe, pharyngeal endoderm; ec, endocardium; mc, myocardium; ra, right 

atrium; la, left atrium; co, coronary arteries. 

 

Figure 5:  Strong expression of miR-145 in VSMCs 

(A-D) B-gal expression from transgenic miR-143/145 enhancer-LacZ mice and section 

in-situ hybridization of miR-145 in P21 sections of the heart showing specific expression 

within the smooth muscle cells of the aorta and coronary arteries.  (E) qRT-PCR data 

comparing miR-143 and miR-145 expression from tissue taken from the aorta and the 

rest of the heart showing enrichment for both miRNAs in the aorta.  Ao, aorta; ra, right 

atrium; rv, right ventricle; lv, left ventricle; vs, ventricular septum; sm, smooth muscle; 

co, coronary artery. 
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Figure 6:  miR-145 directs VSMC fate in 10T1/2 fibroblasts 

(A,B) Immunocytochemistry of 10T1/2 fibroblasts showing smooth muscle (Sm) –actin 

expression upon addition of high-levels of myocardin (Myocd) protein.  The increase in 

Sm-actin expression can be blocked by addition of anti-miR-145 but not anti-miR-143.  

Also shows that addition of miR-145 can induce VSMC fate in the presence of low-levels 

of Myocd.  Sm-actin-positive cells are quantified in (B).  (C,D) qRT-PCR quantification 

of specific VSMC-markers in conditions similar to (A,B) showing that multiple marker 

genes besides Sm-actin are induced by miR-145. 

 

Figure 7:  miR-145 addition upregulates VSMC-marker genes in neural crest 

progenitor stem cells 

(A) Joma1.3 NCSCs were removed from 4OHT-containing media (-4OHT, blue bars) 

and subsequently treated with miR-145 mimic (+miR-145, red bars) for 24-hours.  

Relative levels of the various VSMC-markers were quantified via qRT-PCR.  (B) 

Western blots for Sm-actin and Calponin protein expression after treatment with either 

miR-145 or miR-143 mimics.  Loading levels were normalized to Gapdh.  Quantification 

of protein levels from western blot analysis using LI-COR software is shown in the graph 

on the right.  After loading normalization, relative protein levels were normalized to 

+4OHT levels.  *P<0.05; error bars represent 95% confidence intervals. 
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Figure 8:  miR-145 alone differentiates NCSCs down a smooth muscle cell fate 

(A) Representative images of immunocytochemistry from Joma1.3 cells for various 

VSMC-markers with or without the addition of miR-145 mimic.  (B) Quantification of 

Sm-actin positive cells represented in (A).  Data normalized to +4OHT cell culture 

condition.  *P<0.05; error bars represent 95% confidence intervals.   
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Figure 4: miR-143/145 are cardiac and smooth muscle-specific miRNAs

(Cordes et al, 2009)
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Figure 5: Strong expression of miR-145 in VSMCs

(Cordes et al, 2009)
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Figure 6: miR-145 directs VSMC fate in 10T1/2 fibroblasts

(Cordes et al, 2009)
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Figure 7:  miR-145 addition upregulates VSMC-marker genes in neural crest 

progenitor stem cells
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Figure 8:  miR-145 alone differentiates NCSCs down a smooth muscle cell fate
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CHAPTER 2 

 

The neural crest-enriched miRNA, miR-452, regulates epithelial-mesenchymal 

signaling in the first pharyngeal arch 

 

BACKGROUND 

     The proper migration and differentiation of neural crest cells (NCCs) is essential for 

craniofacial, cardiac, peripheral and enteric nervous system, melanocyte, and thymic 

development (Jiang et al., 2000, Helms and Schneider, 2003, Le Douarin et al., 2004 and 

Lee et al., 2004).   After delaminating from the dorsal portion of the neural tube, NCCs 

migrate ventrolaterally along stereotypical routes and are induced to differentiate through 

reciprocal signaling with neighboring cells (Sauka-Spengler and Bronner-Fraser, 2008). 

Cranial NCCs populate the pharyngeal arches (PAs), where the neural crest–derived 

mesenchyme encounters a number of instructive signals from the pharyngeal epithelia 

(i.e., endoderm and ectoderm), resulting in differentiation into the proper cell lineages 

(Kameda, 2009 and Le Douarin et al., 2004).  Similarly, NCCs that populate the outflow 

tract of the heart and the developing aortic arch arteries rely on reciprocal signaling with 

neighboring cardiac progenitor cells derived from the second heart field (Waldo et al., 

2005). Disruption of NCC development, cell- or non-cell-autonomously, results in 

numerous forms of human birth defects, including DiGeorge and Treacher-Collins 

syndromes (Epstein and Parmacek, 2005). Although many signaling pathways and 

transcription factors involved in NCC development are known (Meulemans et al., 2004 
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and Trainor et al., 2002), the mechanism by which post-transcriptional regulation affects 

NCC development has not been established.  

 

 MicroRNAs (miRNAs) are an important class of post-transcriptional regulatory 

molecules. They typically bind to sequence-specific binding sites within the 3´-

untranslated region (3´-UTR) of target mRNAs to repress translation, degrade the target 

message, or both (Bartel, 2009). The RNase III enzyme, Dicer, is required for the 

cleavage of precursor-miRNAs into fully functional, mature miRNAs (Lee et al., 2004). 

Studies with specific miRNA and conditional Dicer deletions revealed that miRNAs are 

required for proper development of a number of different tissues, including lungs, cardiac 

muscle, chondrocytes, skin, and limbs (Harfe et al., 2005, Harris et al., 2006, van Rooij et 

al., 2007, Zhao et al., 2007, Kobayashi et al., 2008 and Yi et al., 2009). Deletion of Dicer 

in neural crest cells disrupts proper cranial neural crest cell development (Zehir et al., 

2010); however, the individual miRNAs that contribute to neural crest development and 

the mechanism by which they do so remain unknown.  

 

Here, we show that disruption of miRNA biogenesis in NCCs not only affects cranial 

and cardiac neural crest development, but also specifically affects the expression of Dlx2 

in the mandibular component of the first pharyngeal arch (PA1). We profiled miRNAs 

enriched in NCCs and found that one NCC-enriched miRNA, miR-452, was sufficient to 

rescue proper expression of Dlx2, a known PA patterning gene, in the mandibular-

component of PA1. Additionally, we found that miR-452 regulated reciprocal epithelial-

mesenchymal signaling in PA1, involving Wnt5a, Shh, and Fgf8, converging on Dlx2 
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expression. Thus, our study reveals a novel miRNA-regulated signaling cascade within 

NCCs and the pharyngeal apparatus.  

 

 

RESULTS 

 

Dicerflox/flox Wnt1Cre mutant mouse embryos have defective craniofacial, 

cardiovascular, and thymic development  

     To determine if miRNA biogenesis is required for the proper development of NCCs, 

we disrupted Dicer, a miRNA-processing enzyme, with a Dicer allele in which the exon 

encoding the second RNase III domains was flanked by loxP sites (Harfe et al., 2005).  

We crossed Wnt1Cre transgenic mice, in which Cre recombinase is expressed in pre-

migratory NCC progenitors and progeny at embryonic day 8.5 (E8.5) (Danielian et al., 

1998), with Dicerflox/flox mice. Embryos lacking Dicer in NCCs had severe defects in the 

development of NCC-derived tissues and died soon after E16.5. In mutants, severe 

craniofacial defects were apparent by E14.5 (Figure 9A,B). The NCC-derived maxillary 

and mandibular regions of the face and the frontonasal process lacked cartilaginous tissue 

(Figure 9C,D). However, the presence of mesodermally-derived cartilage near the base of 

the skull and non-NCC-derived tissue in the head (Figure 9D, dashed lines) suggested the 

defects were mainly restricted to NCC-derived cartilages at E14.5. We also observed loss 

of NCC-derived neuronal tissue from the dorsal root ganglia (DRG) and thoracic 

sympathetic ganglia (TSG) in Dicerflox/floxWnt1Cre mutants by staining with H&E or the 

pan-neuronal marker neurofilament-M (Figure 10A,B and 10C,D, respectively).   
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In addition to defective craniofacial and neuronal development, we also observed 

defects in the development of other NCC-derived tissues. In some cases, the outflow tract 

did not fully septate into a pulmonary artery and aorta, resulting in persistence of a 

common outflow vessel (truncus arteriosus) (Figure 11A,D). In humans, persistent 

truncus arteriosus is a consequence of NCC defects and often accompanied by a 

ventricular septal defect and patterning defects of the aortic arch (Srivastava, 2006). 

Dicerflox/floxWnt1Cre mice also had a ventricular septal defect (Figure 11B,E and 11C,F). 

Furthermore, thymus development, also dependent on NCCs, was absent in 

Dicerflox/floxWnt1Cre mutants (Figure 12A,C) and delayed in Dicer heterozygous embryos 

(Dicerflox/+Wnt1Cre) at E14.5 (Figure 12B). The haploinsufficiency of Dicer was transient, 

as the thymus was morphologically indistinguishable in wildtype and heterozygous 

embryos by E16.5. These diverse anomalies suggest that proper miRNA-mediated post-

transcriptional regulation of gene expression is required for development of NCC-derived 

tissues. 

 

The severe defects in Dicer mutants might be caused by failure of NCCs to 

delaminate from the neural tube and/or migrate properly. To address this issue, we 

crossed a Cre-dependent reporter mouse line, R26R-YFP (Soriano, 1999), which marks 

all progeny of Cre-expressing cells with yellow fluorescent protein (YFP), into the 

Dicerflox/floxWnt1Cre background. We first investigated the early migratory behavior of 

NCCs at E8.5 and found no gross defect in the ability of mutant NCCs to delaminate and 

migrate (Figure 13 A,D). Additionally, NCC migration was grossly unaffected both at 
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E9.5 (Figure 13B,E and 13C,F) and at E10.5 ( Figure 13G,I) in mutants, with observable 

streams of YFP+-NCCs migrating towards the PAs (arrowheads) and normal occupancy 

of YFP+-NCCs in the PAs. YFP was expressed in the craniofacial region of E14.5 

mutants, albeit at lower intensity than in wildtype littermates, suggesting that NCC 

progeny condensed in the proper locations (Figure 13H,J).  

 

In addition to relatively normal migratory behavior YFP+-NCCs in the craniofacial 

region, cells also lined the aorta and common carotid arteries of mutants (Figure 14A,C), 

although the transverse aorta was absent, consistent with loss of the left fourth aortic arch 

artery and a discontinuance of the ascending aortic arch with the descending aorta, 

reflecting improper patterning of the aortic arch due to the left fourth aortic arch defect 

(Fig. 14C, asterisk, also observable in Figure 12C, asterisk). Although we detected YFP+ 

cells in the outflow tract, these cells did not differentiate into smooth muscle in the wall 

of the ductus arteriosus (arrows), which provides a necessary vascular connection 

between the aorta and pulmonary artery in the fetus (Figure 14 B,D). These results 

suggest that abnormal NCC patterning, differentiation or maintenance, rather than 

delamination or migration, causes the defects seen in Dicer mutant NCC-derived tissues. 

 

Dlx2 expression is decreased in PA1 of Dicerflox/flox Wnt1Cre mutant mouse embryos 

     Next, we investigated whether patterning or maintenance of the bilaterally symmetric 

PAs was defective in Dicerflox/flox Wnt1Cre mutants. Morphologically, the emergence, size, 

and shape of the PAs, patterned along the anterioposterior axis, were indistinguishable in 

mutant and wildtype embryos at E10.5. However, expression of the distal-less homeobox 
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gene (Dlx2), a regulator of NCC patterning in the first pharyngeal arch (PA1) (Qiu et al., 

1995), was downregulated in the mandibular and, less severely, in the maxillary portions 

of PA1 in mutants (Figure 15A,B). The mandibular component of PA1 (md) contributes 

to the lower jaw, while the maxillary region of PA1 (mx) populates the palatal region and 

other craniofacial bones. Other markers of NCC-derived PA mesenchyme, such as Msx1 

(Satokata and Maas, 1994), were not significantly diminished (Figure 15C,D). In 

contrast, expression of fibroblast growth factor 8 (Fgf8), which is required for survival of 

NCC-derived PA mesenchyme (Trumpp et al., 1999 and Macatee et al., 2003), was also 

greatly down-regulated in the adjacent mandibular ectoderm of PA1 in mutants (Figure 

15E,F). 

 

To determine if loss of Dlx2 and Fgf8 gene expression in PA1 affected NCC cell 

maintenance, we assessed cell proliferation with an anti-phospho-histone H3 antibody 

and apoptosis using TUNEL assay.  At E10.5, no statistically significant difference 

between mutant and wildtype embryos was detected by either assay (Figure 16A,E and 

16B,F; quantified in Figure 16I,J). Concordantly, at E11.5 proliferation remained 

unchanged in wildtype and mutant embryos (Figure 16C,G; quantified in Figure 16K); 

however, apoptosis increased dramatically in the pharyngeal arch region of the mutants 

(Figure 16D,H; quantified in Figure 16L). Thus, loss of Dicer activity in NCCs disrupted 

normal PA1 gene expression and survival of NCC-derived mesenchyme. 
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miR-452 is enriched in neural crest cells and sensitive to Dicer dosage  

     We sought to identify specific miRNAs whose disruption could contribute to the gene 

expression changes in Dicerflox/floxWnt1Cre mutants. We searched for miRNAs enriched in 

normal NCC-derived PA mesenchyme. Cells from the frontonasal process and PAs of 

Wnt1CreR26RYFP embryos were sorted into YFP+ (NCCs) and YFP– (non-NCCs) 

populations at E10.5 and E11.5 and analyzed by miRNA microarrays. The NCC 

population at E10.5 was enriched for a single miRNA, miR-452 and for eight additional 

miRNAs at E11.5 (Figure 17A).  Interestingly, a few miRNAs were downregulated in 

E10.5 NCCs heterozygous for Dicer (Dicerflox/+Wnt1CreR26RYFP) and among those, miR-

452 was the most downregulated of all (Figure 17B). Thus, miR-452 was abundant in the 

NCC population and was most sensitive to the protein dosage of Dicer.  

 

To determine the relative levels of miR-452 within the NCCs, qRT-PCR revealed 

a seven-fold enrichment of miR-452 in E10.5 YFP+ (NCCs) compared to YFP– (non-

NCCs), thus confirming our microarray data (Figure 17C). Next, we sought to determine 

the relative levels of PA1 compared to other regions of the embryo, we harvested E10.5 

wildtype or Dicerflox/floxWnt1Cre mutant embryos and dissected them into PA1, midbrain 

region of the head, heart, limb buds, and tail to measure miR-452 levels via qRT-PCR. 

The qRT-PCR data revealed that miR-452 was most highly expressed in PA1 and the tail, 

with lower levels within head and the limb buds, and was nearly undetectable in the heart 

(Figure 17D).  We observed a 2.5-fold decrease in the levels of miR-452 in PA1 of 

Dicerflox/floxWnt1Cre embryos, but not other regions of the embryo, suggesting significant 

expression within the NCC-derived mesenchyme of PA1 (Figure 18B).  
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miR-452 regulates Dlx2 expression in PA1 

     The downregulation of Dlx2 in PA1 of Dicerflox/floxWnt1Cre mutant embryos provided 

an important assay to determine the contribution of specific miRNAs to Dlx2 expression 

in the PA. We developed a lipofectamine-based transfection approach to efficiently 

introduce individual mature miRNA locked-nucleic-acid (LNA) mimics into cultured 

PAs of E9.5 Dicerflox/floxWnt1Cre mutant embryos to test for rescue of Dlx2 expression 

(Figure 18A-C). In situ hybridization on cultured PA1 from wildtype and 

Dicerflox/floxWnt1Cre mutants revealed that Dicerflox/floxWnt1Cre mutant PA1 had Dlx2 

downregulation in culture similar to that observed in vivo (Figure 19A,D). We introduced 

mimics for five of the nine NCC-enriched miRNAs. Only miR-452 consistently rescued 

Dlx2 expression in Dicerflox/floxWnt1Cre mutant PAs (Figure 19G and data not shown; 

representative PA1s shown in Figure 19A-F). 

 

We used antagomirs (Krutzfeldt et al., 2005) targeted against miR-452 to determine if 

loss of miR-452 activity affects Dlx2 expression in vivo. Antagomirs are cholesterol-

modified, antisense oligonucleotides that bind to and inhibit the function of endogenous 

miRNAs by blocking their incorporation into the RNA-induced silencing complex. 

Because antagomirs do not cross the placental barrier, we injected miR-452 antagomirs 

directly into the embryonic sac of wildtype embryos in utero. To validate this delivery 

method, we injected a fluorophore-modified antagomir into the embryonic sac of E8.5 

embryos and observed near ubiquitous uptake of the antagomir throughout the embryos at 

E10.5 (Figure 20A,B). After confirming the delivery method, we next injected miR-452 

antagomir in utero at E8.5. At E11.5, miR-452 knockdown was variable and bimodal as 
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observed by qRT-PCR (Figure 20C). We found that this method of in vivo miR-452 

knockdown resulted in ~35% of embryos with efficient miR-452 knockdown of >70% 

(n= 9; mean = 86%; median = 94%) and these embryos were used for subsequent 

experiments; the remainder were considered failed knockdowns. In embryos with 

efficient miR-452 knockdown, Dlx2 expression in the distal mandibular portion of PA1 

in E11.5 embryos was significantly reduced, similar to that in Dicerflox/floxWnt1Cre mutants 

(Figure 20D,E). Maxillary expression of Dlx2 was only slightly affected, consistent with 

what was observed in Dicerflox/floxWnt1Cre mutants.  

 

At E16.5, some craniofacial structures of miR-452 antagomir-injected embryos were 

hypoplastic (Figure 21A-D), particularly the ala orbitalis, palatal process of palatine, and 

anterolateral process of ala temporalis (Figure 21B,D). Interestingly, some mesoderm-

derived tissues, such as the parietal bone, were also affected in the antagomir-injected 

embryos. This finding implies that a non-NCC function of miR-452 or a non-cell-

autonomous affect in the NCCs results in disruption of mesodermal bone development. 

Not surprisingly, the defects upon miR-452 knockdown were less severe than upon 

complete loss of miRNA biogenesis, reflecting the function of other miRNAs in 

craniofacial development or the incomplete loss of miR-452. Nevertheless, these results 

indicate that miR-452 is involved in proper Dlx2 gene expression in NCC-derived 

mesenchyme and also for a subset of subsequent craniofacial development. 
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miR-452 directly targets Wnt5a and loss of miR-452 leads to decreases in Shh and 

Fgf8 signaling in the mandibular component of PA1 

     To understand the mechanism by which miR-452 regulated Dlx2 expression, we 

sought to identify the direct target(s) of miR-452 in NCCs and their derivatives. Putative 

targets were identified with an in-house miRNA:mRNA algorithm that considers 

sequence specificity, binding site accessibility, and evolutionary conservation of the 

binding site, and potential sites were then tested experimentally (Cordes et al., 2009). The 

neural crest stem cell (NCSC) line Joma1.3 (Maurer et al., 2007) was transfected with 

miR-452 mimic along with constitutively active luciferase reporter genes containing the  

3´-UTR of putative targets. Repression of luciferase activity was only observed in the 

presence of the Wnt5a 3´-UTR (Figure 22A). Wnt5a, a non-canonical member of the Wnt 

family of signaling molecules, is expressed in NCC-derived mesenchyme of the PAs 

(Gavin et al., 1990), and its  3´-UTR contains a miR-452 binding site (Figure 22B). 

Mutating the seed region of the miR-452 binding site within the Wnt5a 3´-UTR led to 

loss of the miR-452-dependent decrease in luciferase activity, suggesting that the activity 

of the predicted binding site depends on miR-452 binding (Figure 22B). Furthermore, co-

transfection of miR-452 inhibitors into NCSCs containing a luciferase vector with the 

Wnt5a 3´-UTR resulted in a dose-dependent increase in luciferase activity (Figure 22D).  

In addition to changes in luciferase activity, western blot revealed reduced Wnt5a protein 

levels, but not mRNA, in NCSCs transfected with miR-452 mimics (Figure 23, top 

lanes). We also observed a decrease in Wnt5a protein levels in our PA culture system 

upon transfection of miR-452 mimic (Figure 23, bottom lanes and graph).  These results 
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suggest that endogenous Wnt5a protein levels are sensitive to miR-452 overexpression in 

vitro and in vivo. 

 

In various developmental roles, Wnt5a acts as a signaling mediator of epithelial-

mesenchymal interactions. For example, Wnt5a expression in lung epithelium negatively 

regulates Shh responsiveness of the underlying mesenchyme (Li et al., 2005). In PAs, 

Wnt5a is primarily expressed in NCC-derived mesenchyme (Gavin et al., 1990), and 

whole-mount in situ hybridization revealed higher levels in the mandibular component of 

PA1 (data not shown).  In contrast, Shh is produced in the pharyngeal endoderm where it 

diffuses into the NCC-derived mesenchyme and activates downstream signaling cascades 

(Yamaguchi et al., 1999 and Washington Smoak et al., 2005).  Shh is required for proper 

development of PAs and, by positively regulating Fgf8 expression in the pharyngeal 

ectoderm, supports Dlx2 expression in the NCC-derived mesenchyme (Thomas et al., 

1998, Haworth et al., 2007 and Yamagishi et al., 2006).  

 

To determine if Wnt5a inhibits the responsiveness of NCSCs to Shh stimulus, we 

transfected NCSCs with a human Wnt5a expression plasmid, then 24 hours later, treated 

cells with recombinant Shh protein and measured the expression levels of two Shh-

responsive genes, Gli1 and Ptch1. Overexpression of Wnt5a blunted the increase in Gli1 

and Ptch1 mRNA expression in response to Shh treatment (Figure 24A). To test this in 

vivo, we implanted beads soaked in recombinant Wnt5a or bovine serum albumin 

(control) into PA1 of mice harboring a lacZ gene in the Ptch1 locus (Goodrich et al., 

1997) as a reporter of Shh signaling. β-Gal expression was decreased circumferentially 
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around the Wnt5a bead, but not around the control bead placed in the contralateral PA 

(Figure 24B). Next, we asked if increased Wnt5a protein levels was sufficient to result in 

decreased Dlx2 expression, as observed in the Dicer mutants and miR-452 knockdown 

experiments. Again, Wnt5a- and BSA-soaked beads were implanted into the mandibular 

component of cultured PA1 of wildtype E10.5 embryos. In-situ hybridization to assay 

Dlx2 expression revealed a marked decrease in Dlx2 expression specifically surrounding 

the Wnt5a soaked beads, while Dlx2 expression was unaffected surrounding the 

contralateral BSA soaked beads (Figure 24C). Thus, increased Wnt5a protein levels in 

the mandibular component of PA1 led to a decrease in Shh signaling and Dlx2 

expression.  

 

We investigated whether miR-452 promotes Dlx2 expression in part by repressing the 

translation of Wnt5a, allowing efficient Shh signaling to NCCs. Shh positively regulates 

expression of Fgf8 in the pharyngeal ectoderm, and Fgf8 expression is required for Dlx2 

expression in the NCC-derived mesenchyme (Thomas et al., 2000 and Haworth et al., 

2007). Thus, we hypothesized that loss of miR-452 would decrease endogenous Shh 

signaling and Fgf8 expression within the endoderm and ectoderm, respectively, of PA1. 

Indeed, expression of Gli1 was decreased in the mandibular component of PA1 in miR-

452 antagomir-injected embryos at E11.5 and expression of Fgf8 was markedly lower in 

the mandibular ectoderm (Figure 25A-D). The expression of Gli1 and Fgf8 were 

unchanged in the maxillary component of PA1, providing an internal control for 

expression. The mandibular-specific effects of miR-452 knockdown were consistent with 

this miRNA participating in the greater mandibular loss of Fgf8 and Dlx2 expression in 

54



the Dicerflox/floxWnt1Cre mouse and the mandibular enrichment of Wnt5a expression. These 

data suggest that loss of miR-452, resulting in an increase in Wnt5a protein, leads to 

decreases in Shh signaling and Fgf8 expression, which in turn results in the decrease in 

Dlx2 expression seen in both Dicer mutant and miR-452 antagomir-injected embryos. 

 
 

DISCUSSION 

 

     Here we show that miRNA biogenesis is essential for the proper development of 

NCC-derived tissues, including those that contribute to craniofacial, cardiovascular, 

thymic, and nervous system structures. More importantly, we found that miR-452 was the 

most enriched miRNA in early NCCs and regulated epithelial-mesenchymal interactions 

in the mandibular region of PA1 by directly targeting Wnt5a in the NCC-derived 

mesenchyme. Our findings suggest that miR-452 negatively regulates secretion of Wnt5a 

from the NCC-derived mesenchyme of PA1, and that Wnt5a normally negatively 

regulates Shh signaling to the ectoderm (see model, Figure 26). Since Shh produced in 

the endoderm activates ectodermal expression of Fgf8 (Haworth et al., 2007) and secreted 

Fgf8 functions to promote Dlx2 expression in the neighboring NCC-derived mesenchyme 

(Thomas et al., 2000), miR-452 may regulate Dlx2 positively in part through this 

complex epithelial-mesenchymal interaction. Of course, miR-452 and other NCC-

enriched miRNAs likely target other mRNAs in the NCC-derived mesenchyme of PA1 

that further regulate epithelial-mesenchymal interactions required for proper PA 

development.  
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In the present work, we did not address which specific NCC-enriched miRNAs 

function in the other arches that give rise to the thymus (PA3) or the cardiac outflow tract 

and aortic arch arteries (PA3, -4, and -6), all of which were affected in the Dicer mutants. 

One or more of the other eight NCC-enriched miRNAs likely contribute to development 

of these structures in a stage-specific manner. Notably, the thymus and cardiac outflow 

tract also require cross-tissue interactions for their development and maturation (Olson, 

2006 and Gordon et al., 2010). For example, reciprocal signaling between the second 

heart field and cardiac NCCs is required for proper patterning of the aortic arch arteries 

(Waldo et al., 2005). Deletion of Notch signaling specifically in the second heart field 

leads to altered NCC behavior, resulting in a decrease of NCC-derived tissue in the 

outflow tract and improper patterning of the arch arteries (High et al., 2009). Other NCC-

enriched miRNAs probably regulate similar pathways to coordinate the complex tissue-

tissue interactions required to pattern the outflow tract and aortic arch arteries.  

 

Interestingly, the phenotype of the Dicerflox/floxWnt1Cre mutant mice has overlapping 

features with the human disease, DiGeorge syndrome (DGS). DGS patients typically 

present with craniofacial, cardiovascular and thymic anomalies arising from a 3-

megabase deletion of chromosome 22q11 (Lindsay, 2001). In that region, Tbx1 has been 

strongly implicated in the etiology of DGS. However, Tbx1 is not expressed in the NCCs, 

rather, it is expressed in the pharyngeal ectoderm, endoderm and early second heart field 

progenitors (Merscher et al., 2001 and Yamagishi et al., 2003). Tbx1 is downstream of 

Shh in the pharyngeal endoderm and regulates the expression of Fgf8, resulting in a 

secondary effect on the adjacent neural crest-derived mesenchyme that expresses Fgf 
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receptors (Anselmo et al., 1992, Garg et al., 2001, Hu et al., 2004 and Zhang et al., 2005). 

Another intriguing gene in the DGS-deleted region is DGCR8, which is required for 

miRNA biogenesis (Gregory et al., 2004), and thus suggests a possible contribution of 

miRNA dysregulation in DGS. Our finding that Dicerflox/+Wnt1Cre heterozygous embryos 

have hypoplastic thymus primordia indicates that a hemizygous deletion of members of 

the miRNA biogenesis pathway in NCCs may pre-dispose to some DGS-like phenotypes.  

Disruption of cross-tissue signaling cascades has been found in a number of human 

neural crest disorders (Lindsay et al., 2001 and Ornitz and Marie, 2002). The results 

presented here suggest a critical role for miRNAs in titrating such reciprocal signaling 

during NCC development and may have implications for the potential contribution of 

miRNA dysregulation in human neural crest disorders. 

 

Finally, the inhibition of Shh signaling imposed by Wnt5a overexpression represents 

a novel interaction between the two signaling pathways in PA1.  A similar tissue-tissue 

interaction involving Wnt5a and Shh signaling has been observed in the epithelial and 

meschymal tissues of the developing lung (Li et al., 2002 and Li et al., 2005).  This work 

shows that the ability of Wnt5a to inhibit Shh signaling in a paracrine fashion is 

conserved in the PAs.  However, the mechanism by which these two signaling pathways 

interact is still unknown.  In Chapter 3, we will examine the nature of this interaction and 

show that Wnt5a can inhibit Shh signaling mainly through activation of PKA and the 

likely increased processing of the Gli repressor proteins. 
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FIGURE LEGENDS 

Figure 9: miRNAs are required for proper craniofacial development 

(A,B) Lateral view of E14.5 wildtype (A) and Dicerflox/flox Wnt1Cre mutant (B) mouse 

embryos. (C,D) Cartilage staining with Alcian blue shows loss of craniofacial 

cartilaginous tissue (dashed line, arrow) in Dicer mutants (D) but not wildtype embryos 

(C).  SP, styloid process; MC, Meckel’s cartilage; FN, frontonasal cartilage.  Scale bars 

are represented as 2 mm. 

 

Figure 10:  NCC-derived neuronal tissue is lost upon Dicer ablation 

 (A,B) H&E staining of transverse sections from E13.5 wildtype (A) and Dicer mutant 

(B) embryos showing loss of dorsal root ganglia (DRG, arrowheads) and thoracic 

sympathetic ganglia (TSG, arrows).  (C,D) Transverse sections through the neural tube of 

E13.5 wildtype (C) and Dicer mutant (D) embryos focused on the dorsal root ganglia 

(DRG, arrowheads) immunostained for the pan-neuronal marker neurofilament-M (NF-

M).  DRG, dorsal root ganglia; TSG, thoracic sympathetic ganglia; NT, neural tube; NF-

M, neurofilament-M.  Scale bars are represented as 100 µm. 

 

Figure 11: Loss of NCC-miRNAs leads to persistant truncus arteriosus and 

ventricular septal defects 

(A,D) Transverse sections of the outflow tract region at E14.5 showing normal septation 

of the pulmonary artery (PA) and aorta (Ao) in wildtype embryos (A), but 

communication between the two vessels remains, reflecting a truncus arteriosus (TA) in 

Dicer mutants (D). (B,E) Transverse sections of the right and left ventricles of E14.5 
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wildtype (B) and Dicer mutant (E); arrowhead indicates ventricular septal defect. (C,F) 

Latex injections into the left ventricle of E14.5 embryonic hearts show a ventricular 

septal defect (arrowhead) in Dicer mutants (F) with latex flow from the left to right 

ventricle.  Tr, trachea; Ao, aorta; PA, pulmonary artery; LA, left atrium; TA, truncus 

arteriosus; RV, right ventricle; LV, left ventricle.  Scale bars are represented as 100 µm. 

 

Figure 12:  Thymus development is sensitive to Dicer-dosage in NCCs 

(A–C) Brightfield images of thymus (dashed lines; image contrast-enhanced to visualize 

thymus) from E14.5 wildtype (A), Dicerfl/+Wnt1Cre heterozygous (B), and 

Dicerfl/flWnt1Cre mutant (C) embryos; arrow indicates absence of thymus in mutant. 

Asterisk in (C) indicates the interrupted communication between the ascending aorta and 

descending aorta.  Scale bars are represented as 2 mm. 

 

Figure 13:  NCC delamination and migration is unaffected in Dicer-mutant embryos 

(A,D) Transverse sections of E8.5 Dicer+/+Wnt1CreR26R YFP (A) and 

Dicerfl/flWnt1CreR26RYFP (D) embryos through the neural tube stained for YFP (NCCs) 

showing YFP+-NCCs migrating from the neural tube towards the pharyngeal arches 

(arrowheads).   (B,E) Lateral view of E9.5 pharyngeal arch region of 

Dicer+/+Wnt1CreR26R YFP (B) and Dicerfl/flWnt1CreR26RYFP (E) embryos showing lineage 

tracing of NCCs; arrowheads indicate migrating streams of NCCs. (C,F) Transverse 

sections of E9.5 Dicer+/+Wnt1Cre R26RYFP (C) and Dicerfl/fl Wnt1Cre R26RYFP (F) embryos 

showing YFP+-NCCs migrating from the neural tube towards the pharyngeal arches 

(arrowheads). (G,I) Lateral views of E10.5 pharyngeal arch region of Wnt1CreR26R YFP 
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(G) and Dicerfl/flWnt1CreR26RYFP (I) embryos showing lineage tracing of NCCs; 

arrowheads indicate migrating streams of NCCs.  (H,J) Lateral view of the craniofacial 

region of E14.5 Dicer+/+Wnt1CreR26RYFP (H) and Dicerfl/flWnt1CreR26RYFP (J) embryos. 

Scale bars are represented as: 2 mm, whole embryos; 100 µm, sections. 

 

Figure 14:  miRNAs are required for proper differentiation of NCC-derived smooth 

muscle cells of the cardiac outflow tract 

(A,C) Images of the outflow tracts and aortic arch of E14.5 Wnt1CreR26R YFP (A) and 

Dicerfl/flWnt1CreR26RYFP (C) embryos; asterisk denotes the transverse aorta, absent in 

mutant (C), with the vascular connection to the DAo being the ductus arteriosus (arrow). 

(B,D) Immunofluorescence of transverse sections through the aortic arch of (A) and (C) 

stained for YFP (green) and smooth-muscle actin (SMA, red); arrow in (D) indicates the 

absence of NCC-derived smooth muscle cells in the wall of the ductus arteriosus (DA) as 

is present in (C), connecting the Ao and PA.  RCC, right common carotid artery; LCC, 

left common carotid artery; RSCA, right subclavian artery; DA, ductus arteriosus; AAo, 

ascending aorta; DAo, descending aorta; Ao, aorta; PA, pulmonary artery.  Scale bars are 

represented as: 2 mm, whole embryos; 100 µm, sections. 
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Figure 15: Dicerfl/fl Wnt1Cre mutant mouse embryos have decreased Dlx2 and  

Fgf8 expression in the mandibular component of the first pharyngeal arch   

In situ hybridization staining of E10.5 wildtype (A,C,E) and Dicer mutant (B,D,F) 

embryos for expression of Dlx2 (A,B), Msx1 (C,D), and Fgf8 (E,F); arrows indicate the 

mandibular component of PA1 and insets are higher magnification views of this region. 

H, head; mx, maxillary component of PA1; md, mandibular component of PA1; LB, limb 

bud.  Scale bars are represented as 500 µm. 

 

Figure 16:  Dramatic increase in cell death of NCCs in Dicer mutant embryos 

(A,E,I) Phospho-histone H3 (pH3) immunohistochemistry to assay proliferating cells of 

representative frontal sections from E10.5 wildtype (A) and Dicer mutant (E) mouse 

embryos, quantified from multiple sections in (I). (B,F,J) TUNEL assay to quantify 

apoptotic cells of representative frontal sections from E10.5 wildtype (B) and Dicer 

mutant (F) mouse embryos, quantified from multiple sections in (J). (C,G,K) pH3 

immunohistochemistry to assay proliferating cells of representative frontal sections from 

E11.5 wildtype (C) and Dicer mutant (G) mouse embryos, quantified from multiple 

sections in (K). (D,H,L) TUNEL assay in frontal sections of E11.5 wildtype (D) and 

Dicer mutant (H) embryos, quantified from multiple sections in (L); *P<0.05; error bars 

indicate 95% confidence intervals.  mx, maxillary component of PA1; md, mandibular 

component of PA1; LB, PA2, pharyngeal arch 2; FN, frontonasal process; n.s., not 

statistically significant. Scale bars are represented as 200 µm. 
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Figure 17:  miR-452 is highly enriched in NCCs and is sensitive to Dicer dosage 

(A) NCCs (YFP+) and non-NCCs (YFP–) were sorted by FACS from the PA and 

frontonasal process regions of Wnt1CreR26R YFP E10.5 and E11.5 embryos. miRNA levels 

were measured by microarray analysis of YFP+ vs. YFP– cells. (B) NCCs (YFP+) were 

sorted by FACS from wildtype (Wnt1Cre R26R YFP) and Dicer heterozygous 

(Dicerfl/+Wnt1CreR26R YFP) E10.5 embryos.  miRNA levels were measured by microarray 

analysis of heterozygous and wildtype NCCs.  (C) qRT-PCR results measuring relative 

miR-452 expression levels from the E10.5 FACS sorted cells in (A). (D) qRT-PCR 

results measuring relative miR-452 expression levels in the tissues indicated from E10.5 

wildtype (blue bars) or Dicer mutant (red bars) embryos; data normalized to miR-452 

levels in the heart. *P<0.05; error bars indicate 95% confidence intervals. 

 

Figure 18:  Efficient transfection of PA explants with miRNA mimics 

(A) qRT-PCR quantification of miR-452 levels from cultured first pharyngeal arch (PA1) 

explants transfected with increasing concentration of locked-nucleic acid miR-452 mimic 

(red bars) or with control mimic (blue bars). (B,C) Cultured PA1 explants transfected 

with AlexaFluor Block-IT reagent to determine small-oligo transfection efficiency via 

brightfield (B) and fluorescence imaging (C) to show efficiency of transfection by this 

technique.  Data normalized to miR-452 expression levels transfected with control 

mimic.  Error bars indicate 95% confidence intervals.   Md, mandibular component of 

PA1; BF, brightfield; Fluor, fluorescence.  Scale bars are represented as 200 µm. 
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Figure 19:  miR-452 rescues Dlx2 expression in Dicer mutants 

(A-F) Representative images of Dlx2 expression in wildtype or Dicer mutant E9.5 PA1 

cultures with or without transfection of control, miR-452, or miR-513 mimics. (G) The 

PA1 area that stained positive for Dlx2 relative to total area of the PA in Dicer mutants 

and wildtype embryos is quantified (area defined by dashed lines). The PAs were 

transfected with control mimic (n = 17) or with a miR-452 mimic (n = 21) or a miR-513 

mimic (n = 9).  *P<0.05; error bars indicate 95% confidence intervals.  Scale bars are 

represented as 200 µm. 

 

Figure 20:  In utero delivery of anti-miR-452 leads to loss of Dlx2 expression similar 

to Dicer mutants 

 (A,B) E8.5 embryos were transfected in utero with a fluorophore-modified antagomir 

and harvested at E10.5 to determine the extent of antagomir uptake in vivo. (A) 

Brightfield images and (B) fluorescence images of injected embryos and embryonic sac 

showing nearly ubiquitous embryonic uptake of the fluorophore-modified antagomir. (C) 

Box plots representing qRT-PCR quantification of miR-452 levels from the PA region of 

littermate embryos injected in utero with PBS as a control (black box, n=25) or miR-452 

antagomir (blue and red boxes, n = 28); boxes represent interquartile range, thick bar 

represents the median for the sample set, and error bars indicate one standard deviation 

from the median. The miR-452 antagomir injected embryos were separated into two 

cohorts; those with greater than 70% knockdown of miR-452 (red box; n = 9) and those 

with less than 70% knockdown (blue box; n = 19). Only those embryos with greater than 
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70% knockdown were considered for further study. (D,E) Dlx2 in situ hybridization of 

littermate E11.5 embryos injected in utero at E8.5 with PBS (D) or miR-452 antagomir 

(E). Arrowhead indicates the decreased Dlx2 expression specifically in the mandibular 

component of PA1.  Mx, maxillary component of PA1; md, mandibular component of 

PA1; LB, limb bud.  Scale bars are represented as 500 µm 

 

Figure 21:  Loss of miR-452 leads to specific craniofacial skeletal defects 

(A–D) Alcian blue (cartilage) and alizarin red (bone) skeletal staining of littermate E16.5 

embryos injected in utero at E8.5 with PBS (A,C) or miR-452 antagomir (B,D) imaged 

both in oblique lateral (A,B) and ventral (C,D) views; asterisk in (B) marks the missing 

cartilaginous structure, the ala orbitalis (alo). Dashed lines in (B) indicate the absence of 

the parietal bone (pb). Dnt, dentary; alo, ala orbitalis; pb, parietal bone; ppmx, palatal 

process of maxilla; iov, incisura ovale; pppl, palatal process of palatine; alat, anterolateral 

process of ala temporalis.  Scale bars are represented as 1 mm. 

 

Figure 22:  The Wnt5a 3’-UTR is a direct target of miR-452 

 (A) Fold change in luciferase reporter activity relative to luciferase levels in the presence 

of the putative target 3´-UTRs in the sense orientation (S-target) or, as a control, in the 

anti-sense direction (AS-target), in JoMa1.3 NCSCs with or without co-transfection with 

a miR-452 mimic. *P<0.05 vs. S-target. (B) Putative miR-452 binding site in the mouse 

Wnt5a 3´-UTR. Vertical lines indicate sequence matching and residues mutated are 
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underlined.  Relative luciferase activity in the presence of wildtype or mutant miR-452 

binding site with or without miR-452 mimic in Joma1.3 NCSCs. *P<0.05.  (C) 

Quantification of Wnt5a mRNA levels via qRT-PCR from NCSCs transfected with 

control mimic (black bar) or miR-452 mimic (blue bar). (D) Luciferase values from 

NCSCs co-transfected with a luciferase reporter vector containing the Wnt5a 3´-UTR and 

an increasing concentration of a miR-452 inhibitor (colored bars). Values were 

normalized to NCSCs transfected with no inhibitor (black bar); n.s., not statistically 

significant. All experiments were done at least in triplicate. Error bars indicate 95% 

confidence intervals. 

 

Figure 23:  Wnt5a protein levels are diminished upon miR-452 expression 

Wnt5a protein from JoMa1.3 NCSCs (top lanes) or cultured wildtype E10.5 PAs (bottom 

lanes)  transfected with or without miR-452 mimic assessed by western blot. 

Quantification of Wnt5a protein levels from western blot analysis of PAs using LI-COR 

software is shown (n=5).  *P<0.05; error bars indicate 95% confidence intervals. 

 

Figure 24:  Wnt5a inhibits Shh signaling in NCSCs and PA culture 

 (A)  Expression of indicated genes by qRT-PCR in NCSCs transfected with or without 

an expression plasmid harboring human Wnt5a cDNA (+Wnt5a) treated with or without 

0.5 µg of recombinant Shh protein. Graph shows change in gene expression relative to 

control (0 µg Shh); error bars indicate 95% confidence intervals. *P<0.05, **P<0.05 vs. 
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control. (B) Ptch1 expression, as visualized by ß-Gal staining from Ptch1-LacZ E10.5 

mouse embryo PA explants cultured with a bead soaked in bovine serum albumin (BSA) 

or recombinant Wnt5a protein (arrowheads). (C) Dlx2 expression, as visualized by in situ 

hybridization, from wildtype E10.5 mouse embryo PA explants with beads soaked in 

BSA or recombinant Wnt5a protein (arrowheads). Frontal view of pharyngeal arch is 

shown in (B and C).  Scale bars are represented as 100 µm. 

 

Figure 25:  Loss of miR-452 leads to decreased Shh signaling in PA1 

(A-D) Whole-mount in situ hybridization for Gli1 (A,C) and Fgf8 (B,D) in E11.5 

embryos injected at E8.5 in utero with PBS (A,B) or miR-452 antagomir (C,D) reveal 

downregulation of gene expression in the mandibular component of PA1 (arrows). Insets 

represent higher magnification of the mandibular components of PA1 indicated by red 

boxes. md, mandibular component of PA1; mx, maxillary component of PA1.  Scale bars 

are represented as 250 µm. 

 

Figure 26:  Model depicting the mechanism by which miR-452 regulates an 

epithelial-mesenchymal signaling cascade in PA1 converging on Dlx2 expression.  

Our data show that Wnt5a is a direct target of miR-452, leading to decreased levels of the 

Wnt5a protein in NCCs.  Upon loss of miR-452, Wnt5a protein levels increase and lead 

to inhibition of Shh signaling in the PAs, by a mechanism that will be explored in 

Chapter 3.  The inhibition of Shh signaling leads to an expected decrease in Fgf8 
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expression, resulting in disrupted expression of Dlx2.  Our data suggests that miR-452 is 

positively regulates PA expression of Dlx2 through an epithelial-mesenchymal signaling 

cascade controlled by Wnt5a.  Ect, pharyngeal ectoderm; NCC, NCC-derived 

mesenchyme; End, pharyngeal endoderm.  
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Figure 10: NCC-derived neuronal tissue is lost upon Dicer ablation
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Figure 11: Loss of NCC-miRNAs leads to persistant truncus arteriosus and 

ventricular septal defects
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Figure 12: Thymus development is sensitive to Dicer-dosage in NCCs
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Figure 13: NCC delamination and migration is unaffected in Dicer-mutant embryos

D

D
ic

e
rfl

/f
l

W
n

t1
C

re
W

n
t1

C
re

A

E

E9.5

B

E9.5

H

E14.5

J

E14.5

E8.5

E8.5 E9.5

C

E9.5

F

I

E10.5

G

E10.5

D
ic

e
rfl

/f
l

W
n

t1
C

re
W

n
t1

C
re

72



Figure 14: miRNAs are required for proper differentiation of NCC-derived smooth 

muscle cell of the cardiac outflow tract
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Figure 15: Dicerfl/fl Wnt1Cre mutant mouse embryos have decreased Dlx2 and 

Fgf8 expression in the mandibular component of the first pharyngeal arch
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Figure 16: Dramatic increase in cell death of NCCs in Dicer mutant embryos
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Figure 17: miR-452 is highly enriched in NCCs and is sensitive to Dicer dosage
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Figure 18: Efficient transfection of PA explants with miRNA mimics
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Figure 19: miR-452 rescues Dlx2 expression in Dicer mutants
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Figure 20: In utero delivery of anti-miR-452 leads to loss of Dlx2 expression similar 

to Dicer mutants
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Figure 21: Loss of miR-452 leads to specific craniofacial skeletal defects
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Figure 22: The Wnt5a 3’-UTR is a direct target of miR-452

0

0.2

0.4

0.6

0.8

1.0

1.2

R
e

la
ti

ve
 L

u
c

if
e

ra
se

 A
c

ti
vi

ty

*
N

kx
2.2

G
abbR2

Sp3

Trp
S1

M
ib

1

W
nt5

a

AS-target  
+ miR-452

S-target
S-target  
+ miR-452

3’mmu-miR-452

mmu-Wnt5a 5’

cAGAgUCAAaGGagaCGUUUGu

aUCUgAGUUcCCgaaGCAAACc 3’

5’
B

*
Wnt5a 3’-UTRmut

+ miR-452

R
e

la
ti

ve
 L

u
c

if
e

ra
se

 A
c

tv
it

y

Wnt5a 3’-UTR

Wnt5a 3’-UTR
+ miR-452 

0

0.5

1.0

1.5

R
e

la
ti

ve
 m

R
N

A
 E

xp
re

ss
io

n Control

miR-452

C

D

n.s.

0

33 pmol inh

1.00

1.75

2.50

66 pmol inh
132 pmol inh

264 pmol inh

0 pmol inh

Wnt5a UTR + miR-452 inhibitor

0

0.5

1.0

1.5

Wnt5a

*

R
e

la
ti

ve
 L

u
c

if
e

ra
se

 A
c

tv
it

y

A

81



Figure 23: Wnt5a protein levels are diminished upon miR-452 expression
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Figure 24: Wnt5a inhibits Shh signaling in NCSCs and PA culture
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Figure 25: Loss of miR-452 leads to decreased Shh signaling in PA1
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Figure 26: Model depicting the mechanism by which miR-452 regulates an 

epithelial-mesenchymal signaling cascade in PA1 converging on Dlx2 expression
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CHAPTER 3 

 
The cross-tissue interaction between Wnt5a and Shh signaling is a result of 

increased PKA signaling, and likely, disrupted Gli processing 

 

BACKGROUND 

     Wnt-family proteins are secreted signaling molecules that represent a crucial family of 

developmental regulators that influence a number of processes; including differentiation, 

proliferation, apoptosis, cell polarity, and migration (Wodarz and Nusse, 1998).  In 

mouse and human there are 19 highly conserved Wnt ligands that bind to a number of 

different receptors.  The Wnt receptors include 10 different Frizzled members (Fzd), 

Lrp5, Lrp6, Ror2, and Ryk (Li et al., 2008 and Angers and Moon, 2009).  Throughout 

development, the expression of the various Wnt ligands and receptors is temporally and 

spatially regulated, allowing for the regulation of a vast array of developmental 

processes.  The most studied intracellular signaling processes regulated by the Wnt 

ligands is the β-catenin-dependent pathway (known as the “canonical” Wnt pathway) (He 

et al., 2004).  Although the canonical pathway is the best studied Wnt pathway, there are 

a number of Wnts that activate the non-canonical, β-catenin-independent pathway and 

classically act in regulating cell polarity and migration (Veeman et al., 2003).  The non-

canonical Wnt signaling pathway has been shown to activate a variety of different 

pathways.  The various pathways activated by non-canonical Wnt ligands has made 

studies difficult, but a number of these pathways have been identified and characterized, 

such as PKC, NFAT, JNK, and RHOA among others (Katoh and Katoh, 2007).  Wnt5a is 
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one of the main representative ligands for the β-catenin-independent pathways.  Mice 

homozygous for a Wnt5a- null allele are truncated caudally, displaying an inability to 

extend the embryonic anterioposterior axis.  In addition, affected structures, including 

fore- and hindlimbs, snout, mandible, tongue, genital tubercle, and tail are shortened 

along the outgrowing axis. Finally, these Wnt5a-null mice suffer perinatal lethality due to 

asphyxia (Yamaguchi et al. 1999).   

 

     Mutant animals that have a truncated anterioposterior body axis typically have 

mutations in genes involved in planar cell polarity (PCP) of which the non-canonical Wnt 

signaling pathway is an important regulator (Seifert and Mlodzik, 2007).  In addition to 

establishing the anterioposterior axis, the PCP pathway is also responsible for 

establishing proper orientation of the centrosomes and the cilia that eminate from them.  

Importantly, both Wnt5a- and Ror2-null embryos show characteristics of misaligned cilia 

(Li et al., 2002 and Minami et al., 2010).   The cilia are microtubule-based projections 

that stick out into the extra-cellular space from nearly all cells.  In addition to acting as 

cellular projections that participate in mechanoreception, the cilia have more recently 

been shown to be major signaling centers where a number of different signaling pathways 

become concentrated (Lin et al., 2003 and Singla and Reiter, 2006).  One of the best 

studied signaling pathways that require cilia for proper activity is the hedgehog signaling 

pathway.   

 

     Sonic hedgehog (Shh) is the most well studied member of the hedgehog family of 

signaling ligands.  Shh requires two transmembrane proteins to transmit the proper 
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signal: Patched (Ptc) and Smoothened (Smo) (Alcedo et al., 1996).  In the absence of the 

Shh ligand, Ptc binds to Smo and inhibits it from transducing the signal to subsequent 

downstream effectors.  Upon Shh binding to Ptc, the inhibition on Smo is released and 

the protein is able to actively relay the signal (Taipale et al., 2002).  Downstream of Smo, 

the Shh signaling pathway culminates on the regulation of the Gli-family of transcription 

factors which can act as repressors or activators of gene expression dependent on the 

presence or absence of Shh ligand binding, respectively (Huangfu and Anderson, 2006).  

In vertebrates, the Gli-family consists of three members; Gli1, which acts solely as an 

activator of gene expression, and Gli2 and Gli3 which show both inhibitory and 

activating activity on gene expression.  However it should be noted that only a small 

fraction of Gli2 protein is processed in to an inhibitory form and that Gli3 acts as the 

major inhibitory factor in Shh signaling (Pan et al., 2006 and Pan et al., 2009).  These 

different functions of the Gli proteins is dependent on the activity of Smo (Jacob and 

Briscoe, 2003).  Importantly, in the absence of Shh ligand, and thus the inhibition of Smo 

activity, Gli3 is converted into an inhibitory transcription factor (Gli3R) by the 

proteolytic cleavage of the C-terminal protein domain.  After cleavage of this domain, 

Gli3R enters the nucleus and inhibits the expression of Shh-regulated genes (Dai et al., 

1999, Ruiz i Altaba, 1999, Sasaki et al., 1999 and Wang et al., 2000).  Recently, it was 

shown that the cleavage of Gli3 requires a phosphorylation that is mediated by protein 

kinase A (PKA) and that binding of the Shh ligand leads to repression of PKA activity, 

thus inhibiting the formation of Gli3R (Wen et al., 2010). 
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     In the previous chapter we discovered that, in addition to the reported interaction of 

Wnt5a and Shh signaling seen in lung tissues (Li et al., 2002 and Li et al., 2005), Shh 

signaling is diminished upon upregulation of Wnt5a in both NCSCs and ex vivo PA 

explant cultures (Sheehy et al., 2010).  In this chapter we will further investigate the 

mechanism by which Wnt5a signaling leads to the inhibition of the Shh signaling 

pathway.  We found that besides lung and PA tissue, this interaction between Wnt5a and 

Shh signaling persists in a number of cell types.  We also show that despite the intriguing 

link between Wnt5a-dependent PCP signaling and its role in cilia function, it does not 

appear to be the major mechanism by which Wnt5a inhibits Shh signaling.  Rather, the 

overexpression of Wnt5a leads to the activation of PKA, through increased cyclic AMP 

(cAMP) production, and likely leads to increased production of Gli3R. 

 

RESULTS 

 
Wnt5a inhibits Shh responsiveness in multiple cell types. 
 
     Based on the complimentary expression patterns of Wnt5a and Shh throughout 

development, we hypothesized that the Wnt5a-Shh signaling interaction is conserved in 

multiple tissue types.  To test this, we overexpressed Wnt5a in three different cell types; 

multipotent NCSCs (Joma1.3), mouse embryonic fibroblasts (NIH3T3) and human 

embryonic kidney cells (HEK293).  The cells were treated in the presence or absence of 

exogenous Shh recombinant protein to activate the pathway, following either control 

plasmid or an expression plasmid that forced the overexpression of Wnt5a.  We 
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determined Shh signaling activity via two different methods; qRT-PCR for Gli1 

expression, a well established readout for active Shh-mediated signaling, or expression of 

a Gli-responsive luciferase vector, where increases in Shh signaling leads to upregulation 

of luciferase expression.  In all cell lines and both test types, overexpression of Wnt5a 

leads to inhibition of Shh signaling based on Gli expression and activity (Figure 27A,B).  

Interestingly, we found that in HEK293 cells there was a high level of autocrine Shh 

signaling by which addition of exogenous Shh protein did not lead to further increases in 

Gli1 expression.  Despite this high level of autocrine signaling, Wnt5a was still seen to be 

a potent inhibitor of Gli1 expression (Figure 27A).  These results show that Wnt5a can 

inhibit Shh signaling in multiple cell types, suggesting that it may be a conserved 

regulator of Shh signaling pathway during development.   

 

Wnt5a activity does not affect ciliogenesis or overall cilia length 

     It has been recently appreciated that the majority of Shh signaling is coordinated 

through the cilia, with a number of members of the Shh signaling pathway being 

localized on or near the cilia (Corbit et al., 2005, Rohatgi et al., 2007 and Goetz and 

Anderson, 2010).  Additionally, ablation of ciliogenesis has been shown to disrupt Shh 

signaling (Huangfu et al., 2003).   Combining these data with the fact that loss of either 

Wnt5a or Ror2 leads to defects in ciliogenesis and cilia positioning (Li et al., 2002 and 

Minami et al., 2010) lead us to hypothesize that overexpression of Wnt5a in our system 

may be leading defects in ciliogenesis.   
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     To test this hypothesis, we cultured Joma1.3 NCSCs under conditions where Wnt5a 

was being overexpressed.  In both control (wildtype) and Wnt5a overexpressing (Wnt5a 

OE) we stained the cells via immunofluorescence for acetylated-tubulin (AcTub), the 

stabilized form of tubulin that is present in cilia, and Ninein, a marker of the centrosomes.  

Under both conditions, cilia formation appeared to be unaffected and the cilia appeared to 

be localized properly (Figure 28A,B).  We counted nearly 2000 cells from multiple 

experiments for both conditions and found that ~75% of the cells were ciliated properly 

in each condition with no significant difference between the two conditions (Figure 28C).  

We also measured the length of the cilia on those ciliated cells and found no significant 

difference in cilia length under either condition (Figure 28D).  These results suggested 

that the formation of cilia was unaffected by overexpression of Wnt5a.  

 

Wnt5a activity relies on G-protein signaling to inhibit Shh signaling 

     Based on our findings that Wnt5a overexpression did not appear to affect ciliogenesis, 

we next sought to determine the pathway(s) downstream of Wnt5a binding that may be 

activated and lead to the inhibition of Shh signaling.  The β-catenin-independent pathway 

has multiple downstream routes and it would be necessary to determine which pathway is 

responsible for the interaction with Gli activity (Katoh and Katoh, 2007).  In order to 

narrow down the pathways responsible for inhibiting Gli activity, we took a candidate 

screen approach to knockdown pathways which have been shown to be activated upon 

Wnt5a stimulation.  We utilized the following inhibitors to knockdown the activity of 

various pathways:  cyclosporine A (CsA, calcineurin inhibitor), KN93 (CaMKII 

inhibitor), pertussis toxin (PTX, G-protein inhibitor), JNK inhibitor II (JNK), 2’Z,3’E-6-
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bromoindirubin-3’-oxime (BIO, GSK-3β inhibitor), and bisindolylmaleimide I (BIMI, 

PKC inhibitor).  Although we determined that β-catenin activity was unlikely to be 

changed via Wnt5a overexpression based on expression of Axin2 (data not shown), we 

decided to also test the possibility of canonical-Wnt signaling by using the GSK-3β 

inhibitor BIO to artificially activate β-catenin stability and thus activate β-catenin-

dependent signaling.   

 

     These inhibitors were added to either NCSCs or HEK293 cells with or without Wnt5a 

overexpression.  NCSCs do not express the Shh ligand in vitro, so in order to test the 

activity of the Shh signaling pathway exogenous Shh protein was added to the media 

(Figure 29A).  As mentioned, HEK293 cells already have a highly active Shh signaling 

pathway, so exogenous Shh protein addition was unnecessary (Figure 29B).  The 

resulting changes in Gli activity was tested by both qRT-PCR expression levels of Gli1 

and through a Gli-responsive luciferase assay.  In both cell types, the only inhibitor that 

could restore Gli1 expression and Shh activity in the presence of Wnt5a overexpression, 

was the G-protein inhibitor PTX (Figure 29A,B).  It should be noted that both BIO and 

BIMI addition lead to inhibition of Shh signaling even in the absence of Wnt5a, however 

this was mostly due to high levels of cell death in these assays (data not shown).  Even 

after performing dose response curves for BIO and BIMI, getting high enough levels of 

inhibition lead to cell death, suggesting that β-catenin-dependent and PKC signaling are 

required for survival of these cells and overexpression of Wnt5a is unlikely to lead to the 

inhibition of these pathways.  Together this data suggests that Wnt5a signaling is leading 
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to the activation of certain G-proteins that lead to the inhibition of Gli1 expression and 

Shh activity.   

 

PKA is downstream of G-proteins and is activated by Wnt5a overexpression 

     G-proteins compose a large family of effector proteins that catalyze the conversion of 

GTP to GDP, activating a number of different signaling pathways (Neves et al., 2002, 

Goldsmith and Dhanasekaran, 2007 and Teicher and Fricker, 2010).  One of the classical 

downstream mediators of G-protein signaling is production of the secondary messenger 

cyclic AMP (cAMP).  Adenylyl cyclases are activated via G-proteins and catalyze the 

conversion of ATP into cAMP (Beavo and Brunton, 2002 and New and Wong, 2007).   

Although cAMP can lead to a number of different changes in the cell, one of the most 

prominent secondary-signaling functions of cAMP is to activate protein kinase A (PKA).  

PKA is one of the most well studied transducers of the cAMP signal (Taylor et al., 1990).  

PKA resides in the cytoplasm as an inactive tetrameric holoenzyme, however in the 

presence of cAMP, the holoenzyme dissociates into two free regulatory units bound by 

cAMP, and two free and active catalytic units.  The activated catalytic units are then free 

to catalyze the phosphorylation of a large number of possible protein targets (Taylor et 

al., 1990).    

 

     In order to determine whether overexpression of Wnt5a causes an increase in PKA 

activity and a concordant increase in cAMP production, we first utilized a PKA-

responsive luciferase assay.  In this assay, luciferase expression is under the control of a 

CREB-responsive promoter.  CREB binding to the promoter is dependent on 
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phosphorylation by PKA, and thus increased luciferase expression is a reliable indication 

of increased PKA activity.  Indeed upon addition of Wnt5a, PKA activity increased by 

nearly 2-fold.  And as expected, addition of the G-protein inhibitor PTX lead to a 

blockage of the Wnt5a-induced PKA activity (Figure 30A).  We next sought to determine 

whether the increase of PKA activity due to Wnt5a overexpression was caused by an 

increase in cellular cAMP levels.  We found that overexpression of Wnt5a in cells 

expressing a cAMP-reporter construct showed an increase in cAMP levels compared to 

cells with normal levels of Wnt5a expression.  Additionally, this increased cAMP levels 

could be blocked with PTX treatment (Figure 30B).  Together, this suggests that Wnt5a 

signaling in these cells leads to activated G-protein signaling, resulting in increased 

cAMP levels and an increase in PKA activity. 

     Based on these results we further sought to determine whether changes in PKA 

activity had an effect on Shh signaling.  It has been established that in the absence of Shh 

signaling, Gli2 and Gli3 are phosphorylated by PKA, which primes these proteins for 

cleavage of their C-terminal domain via the ubiquitin-proteasome pathway (Pan et al., 

2006 and Tempe et al., 2006).  The remaining N-terminal portion of Gli2 and Gli3 are 

then able to enter the nucleus and act as transcriptional repressors (Gli2R and Gli3R) of 

the Shh signaling pathway (Pan and Wang, 2007).   These findings lead us to hypothesize 

that the increase in Wnt5a-induced PKA activity could be responsible for the Wnt5a-

dependent inhibition of Shh signaling.  To test this hypothesis, we utilized protein kinase 

A inhibitor fragment 14-22 (PKAi), an inhibitor of PKA activity, and Sp-adenosine 3’,5’-

cyclic-AMP (PKAa), a stabalized analogue of cAMP and potent activator of PKA.  We 

then inhibited or activated PKA in the presence or absence of Wnt5a overexpression and 
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measured Shh signaling (Figure 30C).  Our results show that upon addition of PKAi in 

the presence of Wnt5a overexpression, Shh signaling was restored to baseline, suggesting 

that PKA activity is required for Wnt5a-dependent inhibition of Shh signaling.  

Conversely, activation of PKA in the absence of Wnt5a overexpression lead to a dramatic 

decrease in Shh signaling.    

 

     In summary, our data show that Wnt5a is a potent activator of cAMP production and a 

subsequent increase in PKA activity.  The activation of PKA activity is necessary for 

Wnt5a to impose inhibition upon the Shh signaling, since inhibition of PKA activity in 

the presence of Wnt5a overexpression restores normal Shh signaling.  And finally, PKA 

activation alone, in the absence of Wnt5a, is capable of inhibiting Shh signaling to the 

same extent as Wnt5a overexpression, presumably through increased production of the 

repressor forms of Gli2 and Gli3 (see model in Figure 31).  

 

DISCUSSION 

     Our initial findings that the non-canonical Wnt pathway, specifically through the 

ligand Wnt5a, had an inhibitory interaction with the Shh signaling pathway represented 

an understudied and potentially important regulatory interaction during development.  In 

this chapter, we sought to more clearly understand the mechanism by which these two 

pathways interacted.  First, we established that the Wnt5a-Shh signaling interaction could 

be observed in multiple cell types, including NCSCs, NIH3T3, and HEK293.  Indeed, in 

all three cell types we were able to observe decreased Gli1 expression and activity, and 

thus Shh signaling, upon overexpression of Wnt5a.  Interestingly, all three cell types 
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express Wnt5a endogenously, but only HEK293 cells express high enough levels of Shh 

ligand to register significant levels of Gli1 expression and activity in an autocrine 

fashion.  Thus, NCSCs and NIH3T3 cells required exogenous activation of the Shh 

signaling pathway via recombinant Shh or pharmacological agonists.  Importantly, all 

three cell types behaved similarly when challenged with overexpression of Wnt5a.  This 

suggests, that the source of Shh, either autocrine or exogenous, does not change the 

interaction between the two signaling pathways.  This strengthens the hypothesis that the 

interaction between these two pathways may regulate tissue-tissue interaction where 

Wnt5a signaling in one tissue type can blunt Shh signaling, regardless if the Shh signal is 

autocrine or paracrine.  It will be particularly important to further investigate the 

importance of this cross-tissue interaction between these two pathways in vivo.  The 

highly complementary expression profiles of Wnt5a and Shh in developing embryos 

suggests that Wnt5a may be an important negative regulator of Shh signaling in various 

tissues, ranging from the heart, to the lungs, to the gut, to the developing limbs 

(Schleiffarth et al., 2007, Lin et al., 2006, Pepicelli et al., 1998, Cervantes et al., 2009, 

Fukuda and Yasugi, 2002 and Towers et al., 2012).  The importance of this potential 

interaction is currently unknown.  More careful studies may elucidate how these two 

classical signaling pathways interact during development. 

 

     After establishing that Wnt5a could inhibit Shh signaling in multiple cell types, we 

further determined that Wnt5a activity was leading to the activation of G-protein 

signaling.  In the presence of the G-protein signaling inhibitor, PTX, we observed that the 

overexpression of Wnt5a no longer altered Shh signaling.  Importantly, PTX alone did 

96



not significantly alter Shh signaling suggesting that basal G-protein signaling that would 

be inhibited by PTX was not interfering with the activation of the Shh signaling pathway.  

Thus, we concluded that upon activation of the pathway by the Wnt5a ligand, G-proteins 

are activated.  It remains to be determined the nature of this activation.  As previously 

mentioned, Wnt5a typically binds to Frizzled co-receptors to carry out downstream 

signaling.  Interestingly, Frizzled receptors make up a class of 7-transmembrane receptors 

(Pierce et al., 2002).  GPCRs are also 7-transmembrance receptors and a number of 

groups have hypothesized that the Frizzled receptors may interact directly with G-

proteins and may be a legitimate downstream component of the Wnt5a signaling pathway 

(Malbon, 2004 and Wang et al., 2006).  However, there are a number of other groups 

who disagree with this assertions and suggest there is not significant data showing direct 

interaction between the Frizzled intracellular domain and G-proteins (Schulte and Bryja, 

2007 and Koval et al., 2011).  Our work showing that G-proteins are involved with 

perpetuating the Wnt5a signal does not favor one hypothesis over the other.  Therefore, it 

will be necessary to identify the likely Frizzled involved in the assays we performed, 

determine whether that particular Frizzled directly interacts with G-proteins, and if not, 

then identify how these G-proteins are activated.   

 

    

     In further examination of the interaction between Wnt5a and Shh, recent work 

investigating tooth development has shown that increasing Wnt5a protein levels in the 

developing tooth germ leads to interesting changes in the spatial distribution and intensity 

of Shh signaling (Cai et al., 2011).  The authors observed that implantation of a Wnt5a-
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soaked bead in the tooth germ region of developing embryos lead to a dramatic increase 

in Shh mRNA expression intensity.  Interestingly, this increase in Shh expression was 

accompanied by the generation of a Shh-negative region surrounding the bead.  The 

authors did not look at markers of Shh signaling so it is unclear whether Wnt5a is able to 

inhibit the expression of Shh-responsive gene, or if Wnt5a is affecting Shh expression 

through alternative mechanisms.  However, it is clear to us that the interplay between 

these two signaling pathways is playing an important role during mammalian 

development.  It will be exciting to see what further examination of the two pathways in 

other tissues elucidates and to what extent the interplay between Wnt5a and Shh has on 

the development of tissues in which both Wnt5a and Shh play crucial roles. 

 

FIGURE LEGENDS 

Figure 27:  Wnt5a inhibits Shh signaling in multiple cell types 

(A) qRT-PCR quantification of Gli1 expression from Joma1.3, NIH3T3, and HEK293 

cells overexpressing Wnt5a for 24-hours.  The cells were treated with 0.5ug of 

recombinant Shh protein for 8-hours to illicit an increase in Gli1 expression.  Data 

normalized to contol (no addition of Shh or overexpression of Wnt5a, blue bars).  (B) 

Using a construct where luciferase expression is under the control of Gli-responsive 

elements, Shh signaling was assayed in the presence of Wnt5a overexpression in the cell 

types listed.  Data normalized to luciferase levels after 8-hour treatment with Shh protein 

(black bars).  *P<0.05 compared to control; **P<0.05 compared to 0.5ug Shh; error 

bars represent 95% confidence intervals. 

 

98



Figure 28:  Cilia length and number is unaffected by Wnt5a overexpression 

(A,B)  Representative images from immunocytochemistry staining of Joma1.3 cells 

stained for acetylated-tubulin (AcTub), ninein, and dapi for nuclear visualization.  Cells 

were serum starved for 24hrs and then transfected with either a pcDNA (wildtype) or a 

Wnt5a-expressing construct (Wnt5a OE) for 24-hours before visualization.  (C)  Cells 

represented in (A,B) were counted and the percentage of cells containing a cilia were 

calculated; n-values represent the total number of cells counted.  (D)  The cells that 

contained bona fide cilia were imaged and the cilia length was calculated using Volocity 

software.  The data represents mean cilia length normalized to the wildtype mean length 

(blue bars).  Error bars represent 95% confidence intervals.  n.s., not statistically 

significant.  

 

Figure 29:  Inhibition of G-protein signaling restores Shh signaling in the presence 

of Wnt5a overexpression 

(A)  qRT-PCR quantification of Gli1 expression levels in Joma1.3 cells treated with Shh 

protein and under Wnt5a overexpression conditions in the presence of the listed 

inhibitors.  The cells were transfected with or without a Wnt5a-expressing construct for 

24-hours and then treated with Shh protein and the listed inhibitors for 8-hours.  Only 

PTX fully restores Shh signaling in the presence of Wnt5a overexpression.  Data 

normalized to Gli1 levels under control conditions treated with DMSO.  (B)  Relative 

luciferase levels from HEK293 cells transfected with a GLI-responsive luciferase 

construct with or without Wnt5a overexpression and 8-hour treatment of the listed 

inhibitors.  Luciferase levels were normalized to control transfection and treatment with 
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DMSO.  Error bars represent 95% confidence intervals.  DMSO, dimethyl sulfoxide 

(used as inhibitor control); CsA, cyclosporine A (calcineurin inhibitor); KN93, (CaMKII 

inhibitor); PTX, pertussis toxin (G-protein inhibitor), JNK, JNK inhibitor II (JNK 

inhibitor); BIO, 2’Z,3’E-6-bromoindirubin-3’-oxime (GSK-3b inhibitor); BIMI, 

bisindolylmaleimide I (PKC inhibitor). 

 

Figure 30:  Wnt5a requires PKA activity to inhibit Shh signaling 

(A)  Quantification of PKA activity in HEK293 cells harboring a PKA-responsive 

luciferase construct.  HEK293 cells were transfected with a Wnt5a-expressing construct 

for 24-hours and then treated with PTX for 8-hours.  Relative luciferase levels were 

normalized to control cells treated with DMSO.  (B)  Quantification of cAMP levels in 

HEK293 cells containing a cAMP-inhibiting luciferase reporter, where increases in 

cAMP levels are quantified by a loss of luciferase activity.  Cells were treated similarly to 

those in (A).  Data was normalized to luciferase activity in control cells (blue bar).  (C)  

Relative luciferase levels were determined from HEK293 cells containing a Gli-

responsive luciferase construct with or without Wnt5a overexpression and treated with 

PTX, a PKA inhibitor, or a PKA agonist for 8-hours.  Data normalized to control cells 

treated with DMSO.  *P<0.05 compared to control cells treated with DMSO; **P<0.05 

compared to cells overexpressing Wnt5a in the absence of inhibitor; error bars represent 

95% confidence intervals.  DMSO, dimethyl sulfoxide (used as a control); PTX, pertussis 

toxin (G-protein inhibitor); PKAi, protein kinase A inhibitor fragment 14-22 (PKA 

inhibitor); PKAa, Sp-adenosine 3’,5’-cyclic-AMP (PKA agonist). 
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Figure 31:  Model depicting the putative model by which Wnt5a inhibits Shh 

signaling 

Based on the data presented in Chapter 3 we found that upon Wnt5a binding to its yet to 

be determined receptor, leads to the activation of certain G-proteins.  The activated G-

proteins likely induce the activity of andenylyl cyclase leading to the conversion of ATP 

in to cAMP.  The increase in cAMP levels causes the activation of PKA.  Once PKA is 

activated, it is known to phophorylate Gli2 and Gli3 which are then targeted by the 

ubiquitin-proteasome machinery and their C-terminal domains are cleaved leading to the 

repressor forms of each transcription factor (Gli2R and Gli3R).  Gli2R and Gli3R can 

now enter the nucleus and bind to the enhancers of specific Shh-repsonsive genes, 

leading to the inhibition of the expression of those genes.  Fzd, unknown frizzled 

receptor; AC, adenylyl cyclase; PKA, protein kinase A; Gli2R and Gli3R, the cleaved 

repressor forms of Gli2 and Gli3, respectively. 
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Figure 27: Wnt5a inhibits Shh signaling in multiple cell types
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Figure 28:  Cilia length and number is unaffected by Wnt5a overexpression
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Figure 29:  Inhibition of G-protein signaling restores Shh signalingin the presence 

of Wnt5a overexpression
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Figure 30:  Wnt5a requires PKA activity to inhibit Shh signaling
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METHODS 

 

Mating and genotyping mice  

     Dicerflox/flox mice (Harfe et al., 2005) and Wnt1-cre mice (Danielian et al., 1998) were 

intercrossed to generate Dicerflox/floxWnt1-cre mice. Genotyping was performed by PCR 

with these primers: Cre1: 5´AGGTCCGTTCAC-TCATGGA3´, Cre2: 

TCGACCAGTTTAGTTACCC, Dicer-For: 5´ATTGTTACCAGCG-CTTAGAATTCC, 

Dicer-Rev: 5´GTACGTCTACAATTGTCTATG3´. ROSA26 Reporter (R26R)-YFP mice 

(Jackson Laboratory, Bar Harbor, ME) were bred with Dicerflox/flox mice to generate 

DicerfloxP/+R26R-YFP mice. 

 

Histological analysis  

     Skeletons from embryos were stained with Alcian blue as described in (McLeod, 

1980). Yellow latex cast dye (Connecticut Valley Biological Supply) was injected into 

the beating left ventricle of wildtype or mutant hearts with a 30-1/2 gauge needle. The 

hearts were dehydrated and cleared in benzyl benzoate:benzyl alcohol (2:1) to visualize 

the yellow latex in the vasculature. Pregnant mothers were dissected to obtain E13-14.5 

wildtype and mutant embryos, which were fixed in 10% formalin and paraffin embedded. 

Transverse sections through the heart and brain were stained with hematoxylin and eosin 

to analyze morphology, 1:500 rabbit-α-NF-M (Abcam, Cambridge, MA) antibody to 

visualize neuronal tissue, 1:100 rabbit-α-GFP (Sigma-Aldrich, St. Louis, MO) antibody 

to visualize NCC progeny, and 1:500 mouse-α-SMA, Cy3-conjugated (Sigma) to 

visualize smooth muscle cells. Apoptotic assays were performed using the TUNEL assay 
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kit (Roche, Indianapolis, IN).  Proliferation studies were performed using the Phospho-

Histone H3(ser10) Assay (Millipore, Billerica, MA). 

 

In situ hybridization  

     mRNA in situ hybridization of whole-mount embryos was carried out as described 

(Riddle et al., 1993) with digoxigenin-labeled probes, which were synthesized with 

digoxigenin labeling mix (Roche, Indianapolis, IN) and T7 or T3 polymerase (Roche). 

The Msx1, Dlx2, Gli1 and Fgf8 riboprobes have been described (Thomas et al., 1998; 

Lee et al., 1997; Meyers and Martin, 1999). Briefly, embryos were collected at E10.5, 

fixed in 4% paraformaldehyde, and dehydrated in 100% methanol. Before hybridization, 

embryos were rehydrated, treated with 10 µg/ml proteinase K (Sigma-Aldrich) for 15 

min, and placed in prehybridization buffer for 2 hours at 70°C. Probes (0.5 µg/ml) were 

added, and embryos were hybridized overnight at 70°C. After a series of washing steps, 

digoxigenin was detected with an anti-digoxigenin antibody conjugated with alkaline 

phosphatase (Roche). Color development was seen with BM Purple substrate (Roche), 

and images were obtained with a Leica microscope. 

 

Flow sorting and miRNA microarray  

     Embryos from Wnt1Cre or Dicerfl/+Wnt1Cre mice intercrossed with R26R-YFP mice 

were collected at E10.5 and E11.5, dissected, and trypsinized. The cells were spun at 

2000 rpm, and the pellet was resuspended in PBS and filtered through a 40-µm 

membrane (Millipore). Selection by FACS was based on YFP expression. YFP+ (10,000–
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30,000 cells per embryo) and YFP– (between 50,000-100,000 cells per embryo) cells 

were collected, total RNA was isolated (Trizol, Invitrogen, Carlsbad, CA), and 1 µg of 

RNA for each cell population was used for miRNA microarray hybridizations (Exiqon, 

Denmark). Array data were analyzed using R/Bioconductor  Bioinformatic software 

(Gentleman et al., 2004) and the marray package. GenePix flagged spots were removed 

and only unflagged mmu–miR probes were used for normalization and subsequent 

analysis. Cy5/Cy3 signals were calculated for each array and normalized by loess 

normalization (Yang et al., 2002). 

 

Pharyngeal arch culture  

     PAs were cultured according to the modified Sanger method (Trowell, 1954). Briefly, 

PAs from mutant and control embryos were dissected at E9.5 and incubated with 2 U/ml 

dispase to dissociate the epithelial layer from the mesenchymal cells. The epithelial layer 

was further permeabilized with fine tungsten needles, and the PAs were placed on a 

nitrocellulose membrane (Millipore) supported by a wire frame. The apparatus was 

placed in BGJb medium (Gibco, Carlsbad, CA) supplemented with 50 U/ml 

penicillin/streptomycin and kept at 37ºC for 48 hours. 

 

Dlx2 rescue experiments were carried out in cultured PAs co-transfected with 66 

pmol 2'O-methyl oligoribonucleotide mimics (miR-452 or miR-513; Dharmacon, 

LaFayette, CO) and 33 pmol Block-iT AlexaFluor-red fluorescent control oligo 

(Invitrogen) with Lipofectamine 2000 (Invitrogen). After 48 hours, PAs were fixed in 4% 
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paraformaldehyde and dehydrated in 100% methanol for in situ hybridization or in Trizol 

for quantitative RT-PCR. 

 

Affi-Gel beads (Bio-Rad) were incubated in 200 ng/µl recombinant Wnt5a protein 

(R&D Systems, Minneapolis, MN) or bovine serum albumin (Invitrogen) for 2 hours at 

37°C. During incubation, the PA1s from E10.5 Ptch1-LacZ (Jackson Laboratory) mouse 

embryos were dissected and prepped for explant culture as described, excluding the 

dispase treatment. Beads were then transplanted into the mesenchyme with fine tungsten 

needles and cultured for 36 hours. The PAs were then fixed in 4% paraformaldehyde and 

stained for β-galactosidase (β-Gal) activity. Similar experiments were done in wildtype 

embryos assaying Dlx2 mRNA expression in response to Wnt5a-soaked beads. 

 

Quantitative-RT-PCR 

     RNA was prepared from PAs transfected with miR-452 mimic and Block-iT Alexa 

Fluor-red (Invitrogen) or Block-iT alone, using Trizol (Invitrogen). For miRNA qRT-

PCR, cDNA was reverse transcribed from 10 ng of total RNA using the Taqman 

microRNA reverse transcription kit (Applied Biosystems, Foster City, CA). miR-16 and 

RNU6 served as endogenous controls.  For mRNA qRT-PCR, cDNA was reverse 

transcribed from 500 ng of total RNA using the Taqman SuperScript II reverse 

transcription kit (Invitrogen).  Gapdh served as endogenous control.  All mRNA probes 

were purchased from Applied Biosystems. 
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In vivo antagomir injections  

     Wildtype FVB mice (Jackson Laboratory) were mated and plugs were identified; noon 

of the day of plug discovery was considered E0.5. At E8.5, pregnant mothers were 

anesthetized with isofluorane. A small incision was made in the abdomen, and the uterus 

was carefully pulled through the incision to reveal the ovaries. A NanoFil syringe (World 

Precision Instruments) fitted with a 35-gauge beveled needle was filled with PBS 

(control) or 3 µg/ml miR-452 antagomir (Dharmacon) diluted in PBS. Using a 

microsyringe pump (World Precision Instruments), 3 µl was injected into the embryonic 

space through the intact deciduum of each embryo. After all embryos were injected, the 

uterus was carefully placed back into the pregnant mother, and the incision was closed 

with sutures. The embryos were allowed to develop to E11.5 or E16.5 and harvested for 

in situ hybridization, qRT-PCR, or histological analysis. 

 

Cell culture 

     Joma1.3 cells were cultured as described (Maurer et al., 2007). Briefly, cells were 

plated on cell culture dishes coated with 1 mg/ml fibronectin (Roche) in a 1:1 mixture of 

Dulbecco’s modified Eagle’s medium and F12 medium (Gibco) containing 1% N2 

supplement (Invitrogen), 2% B27 supplement (Invitrogen), 10 ng/ml epidermal growth 

factor (Invitrogen), 1 ng/ml fibroblast growth factor (Invitrogen), 100 U/ml penicillin-

streptomycin (Invitrogen), and 10% chick embryo extract (Stemple and Anderson, 1992). 

To maintain cells in an undifferentiated state, 200 nM 4-OHT (Sigma-Aldrich) was added 

fresh to the medium. 
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Luciferase assays to determine putative targets were performed with undifferentiated 

Joma1.3 cells. An ~500-basepair fragment containing the predicted miR-452 binding site 

for each predicted mRNA target was cloned into pMIR-Report luciferase reporter vectors 

(Applied Biosystems). For the luciferase assays for the mutant Wnt5a binding site, oligos 

for 50 bp surrounding the wildtype Wnt5a binding site (mouse chromosome 14: 

29338052-74), or mutant binding site (corresponding to bases 3-6 in the seed of miR-452, 

mutated from CAA to TCG) were annealed together to form concatamers consisting of 

five-consecutive binding sites. These were then cloned into pMIR-Report luciferase 

reporter vectors. All assays were performed in triplicate in 12-well plates with Joma1.3 

cells transfected with Lipofectamine 2000 (Invitrogen). After 24 hours in culture, cells 

were harvested, and luciferase intensity was measured with the Luciferase Dual-Reporter 

assay (Promega) and normalized to Renilla. 

 

For Shh responsiveness assays, hsa-Wnt5a cDNA (Open Biosystems, Hunstville, AL) 

was cloned into pEF6-V5 expression vectors (Invitrogen). Joma1.3, NIH3T3, or HEK298 

cells were transfected with Lipofectamine 2000 and the pEF6-V5-Wnt5a expression 

construct (200ng/mL).  After 24 hours in culture, 0.5 µg/ml recombinant Shh-N protein 

(R&D Systems) was added to the medium, and the cells were cultured for 24 hours. Cells 

were then harvested, RNA was isolated, and qRT-PCR was performed to determine 

relative gene expression levels.  For assays including pharmacological inhibitors and 

agonists, the inhibitors or agonists were added at the same time as the Shh-N protein at 

the following concentrations: DMSO, 30 uM (Sigma); CsA, 1 uM (Sigma); KN93, 5 uM 

(Sigma); PTX, 200 ng/mL (Invitrogen); JNK, 30 uM (EMD Biosciences); BIO, 1 uM 
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(Sigma); BIMI, 10 uM (Sigma).  Cells were then harvested and for expression assay, 

qRT-PCR was performed to determine relative gene expression levels.  For luciferase-

based assays, the following luciferase reporter assay kits were used following the 

manufacturers’ recommendations: for Gli responsive assays, Cignal GLI-Luciferase 

Assay Kit (SABiosciences); for PKA responsive assays, Cignal CRE-Luciferase Assay 

Kit (SABiosciences); for cAMP level quantification, GloSensor cAMP Luciferase Assay 

Kit (Promega). 

 

Western blots were either performed using lysate from Joma1.3 cells or PA explant 

culture with or without transfection of 66 pmol miR-452 mimic and immunoblotted with 

goat anti-Wnt5a antibody (R&D Systems) and quantified using the LI-COR Odyssey 

Imaging System (LI-COR Biosciences, Lincoln, NE). 

 

113



REFERENCES 

 
Adams MS, Bronner-Fraser M. Review: the role of neural crest cells in the endocrine 
system. Endocr Pathol. 2009; 20:92-100. 
 
Ahlgren SC, Bronner-Fraser M. Inhibition of sonic hedgehog signaling in vivo results in 
craniofacial neural crest cell death. Curr Biol. 1999; 9:1304-1314. 
 
Alcedo J, Ayzenzon M, Von Ohlen T, Noll M, Hooper JE. The Drosophila smoothened 
gene encodes a seven-pass membrane protein, a putative  receptor for the hedgehog 
signal. Cell. 1996; 86:221-232. 
 
Angers S, Moon RT. Proximal events in Wnt signal transduction. Nat Rev Mol Cell Biol. 
2009; 10:468-477. 
 
Anselmo AP, Cartoni C, Panzini E, Enrici RM, Biagini C, Mandelli F. Recurrence of 
Hodgkin's disease after 10 years: observation of 5 cases. Acta Haematol. 1992; 87:122-
125. 
 
Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. 2009; 136:215-
233. 
 
Beavo JA, Brunton LL. Cyclic nucleotide research -- still expanding after half a century. 
Nat Rev Mol Cell Biol. 2002; 3:710-718. 
 
Bergwerff M, Verberne ME, DeRuiter MC, Poelmann RE, Gittenberger-de Groot AC. 
Neural crest cell contribution to the developing circulatory system: implications for 
vascular morphology?. Circ Res. 1998; 82:221-231. 
 
Betancur P, Bronner-Fraser M, Sauka-Spengler T. Assembling neural crest regulatory 
circuits into a gene regulatory network. Annu Rev Cell Dev Biol. 2010; 26:581-603. 
 
Brito JM, Teillet M-A, Le Douarin NM. An early role for sonic hedgehog from foregut 
endoderm in jaw development: ensuring neural crest cell survival. Proc Natl Acad Sci U 
S A. 2006; 103:11607-11612. 
 
Bronner-Fraser M. Neural crest cell formation and migration in the developing embryo. 
FASEB J. 1994; 8:699-706. 
 
Bronner-Fraser M. Origin of the avian neural crest. Stem Cells. 1995; 13:640-646. 
 
Cai J, Mutoh N, Shin JO, Tani-Ishii N, Ohshima H, Cho SW, Jung HS. Wnt5a plays a 
crucial role in determining tooth size during murine tooth development. Cell Tissue Res. 
2011; 345:367-377 
 

114



Cai X, Hagedorn CH, Cullen BR. Human microRNAs are processed from capped, 
polyadenylated transcripts that can also function as mRNAs. RNA. 2004; 10:1957-1966. 
 
Casado-Vela J, Cebrian A, Gomez del Pulgar MT, Sanchez-Lopez E, Vilaseca M, 
Menchen L, Diema C, Selles-Marchart S, Martinez-Esteso MJ, Yubero N, Bru-Martinez 
R, Lacal JC. Lights and shadows of proteomic technologies for the study of protein 
species including isoforms, splicing variants and protein post-translational modifications. 
Proteomics. 2011; 11:590-603. 
 
Cervantes S, Yamaguchi TP, Hebrok M. Wnt5a is essential for intestinal elongation in 
mice. Dev Biol. 2009; 326:285-294. 
 
Chapman SC. Can you hear me now? Understanding vertebrate middle ear development. 
Front Biosci. 2011; 16:1675-1692. 
 
Chapnik E, Sasson V, Blelloch R, Hornstein E. Dgcr8 controls neural crest cells survival 
in cardiovascular development. Dev Biol. 2012; 362:50-56. 
 
Chi SW, Zang JB, Mele A, Darnell RB. Argonaute HITS-CLIP decodes microRNA-
mRNA interaction maps. Nature. 2009; 460:479-486. 
 
Chi SW, Hannon GJ, Darnell RB. An alternative mode of microRNA target recognition. 
Nat Struct Mol Biol. 2012; 19:321-327. 
 
Clouthier DE, Hosoda K, Richardson JA, Williams SC, Yanagisawa H, Kuwaki T, 
Kumada M, Hammer RE, Yanagisawa M. Cranial and cardiac neural crest defects in 
endothelin-A receptor-deficient mice. Development. 1998; 125:813-824. 
 
Clouthier DE, Garcia E, Schilling TF. Regulation of facial morphogenesis by endothelin 
signaling: insights from mice and fish. Am J Med Genet A. 2010; 152A:2962-2973. 
 
Corbit KC, Aanstad P, Singla V, Norman AR, Stainier DYR, Reiter JF. Vertebrate 
Smoothened functions at the primary cilium. Nature. 2005; 437:1018-1021. 
 
Cordes KR, Srivastava D. MicroRNA regulation of cardiovascular development. Circ 
Res. 2009; 104:724-732. 
 
Cordes KR, Sheehy NT, White MP, Berry EC, Morton SU, Muth AN, Lee T-H, Miano 
JM, Ivey KN, Srivastava D. miR-145 and miR-143 regulate smooth muscle cell fate and 
plasticity. Nature. 2009; 460:705-710. 
 
Couly GF, Coltey PM, Le Douarin NM. The triple origin of skull in higher vertebrates: a 
study in quail-chick chimeras. Development. 1993; 117:409-429. 
 

115



Couly G, Grapin-Botton A, Coltey P, Ruhin B, Le Douarin NM. Determination of the 
identity of the derivatives of the cephalic neural crest: incompatibility between Hox gene 
expression and lower jaw development. Development. 1998; 125:3445-3459. 
 
Creuzet S, Couly G, Vincent C, Le Douarin NM. Negative effect of Hox gene expression 
on the development of the neural crest-derived facial skeleton. Development. 2002; 
129:4301-4313. 
 
Creuzet S, Schuler B, Couly G, Le Douarin NM. Reciprocal relationships between Fgf8 
and neural crest cells in facial and forebrain development. Proc Natl Acad Sci U S A. 
2004; 101:4843-4847. 
 
Creuzet S, Couly G, Le Douarin NM. Patterning the neural crest derivatives during 
development of the vertebrate head: insights from avian studies. J Anat. 2005; 207:447-
459. 
 
Cullen BR. Transcription and processing of human microRNA precursors. Mol Cell. 
2004; 16:861-865. 
 
Dai P, Akimaru H, Tanaka Y, Maekawa T, Nakafuku M, Ishii S. Sonic Hedgehog-
induced activation of the Gli1 promoter is mediated by GLI3. J Biol Chem. 1999; 
274:8143-8152. 
 
Danielian PS, Muccino D, Rowitch DH, Michael SK, McMahon AP. Modification of 
gene activity in mouse embryos in utero by a tamoxifen-inducible  form of Cre 
recombinase. Curr Biol. 1998; 8:1323-1326. 
 
de la Pompa JL, Epstein JA. Coordinating tissue interactions: Notch signaling in cardiac 
development and disease. Dev Cell. 2012; 22:244-254. 
 
DeBenedittis P, Jiao K. Alternative splicing of T-box transcription factor genes. Biochem 
Biophys Res Commun. 2011; 412:513-517. 
 
Depew MJ, Simpson CA, Morasso M, Rubenstein JLR. Reassessing the Dlx code: the 
genetic regulation of branchial arch skeletal pattern and development. J Anat. 2005; 
207:501-561. 
 
Didiano D, Hobert O. Perfect seed pairing is not a generally reliable predictor for 
miRNA-target interactions. Nat Struct Mol Biol. 2006; 13:849-851. 
 
Duboule D, Dolle P. The structural and functional organization of the murine HOX gene 
family resembles that of Drosophila homeotic genes. EMBO J. 1989; 8:1497-1505. 
 
Dupin E, Creuzet S, Le Douarin NM. The contribution of the neural crest to the 
vertebrate body. Adv Exp Med Biol. 2006; 589:96-119. 
 

116



Dupin E, Calloni GW, Le Douarin NM. The cephalic neural crest of amniote vertebrates 
is composed of a large majority  of precursors endowed with neural, melanocytic, 
chondrogenic and osteogenic potentialities. Cell Cycle. 2010; 9:238-249. 
 
Eberhart JK, He X, Swartz ME, Yan Y-L, Song H, Boling TC, Kunerth AK, Walker MB, 
Kimmel CB, Postlethwait JH. MicroRNA Mirn140 modulates Pdgf signaling during 
palatogenesis. Nat Genet. 2008; 40:290-298. 
 
Elia L, Quintavalle M, Zhang J, Contu R, Cossu L, Latronico MVG, Peterson KL, Indolfi 
C, Catalucci D, Chen J, Courtneidge SA, Condorelli G. The knockout of miR-143 and -
145 alters smooth muscle cell maintenance and vascular homeostasis in mice: correlates 
with human disease. Cell Death Differ. 2009; 16:1590-1598. 
 
Epstein JA, Parmacek MS. Recent advances in cardiac development with therapeutic 
implications for adult cardiovascular disease. Circulation. 2005; 112:592-597. 
 
Eulalio A, Huntzinger E, Izaurralde E. Getting to the root of miRNA-mediated gene 
silencing. Cell. 2008; 132:9-14. 
 
Farlie PG, McKeown SJ, Newgreen DF. The neural crest: basic biology and clinical 
relationships in the craniofacial and enteric nervous systems. Birth Defects Res C Embryo 
Today. 2004; 72:173-189. 
 
Fjose A, McGinnis WJ, Gehring WJ. Isolation of a homoeo box-containing gene from the 
engrailed region of Drosophila and the spatial distribution of its transcripts. Nature. 1985; 
313:284-289. 
 
Foerst-Potts L, Sadler TW. Disruption of Msx-1 and Msx-2 reveals roles for these genes 
in craniofacial, eye, and axial development. Dev Dyn. 1997; 209:70-84. 
 
Fontaine J, Le Lievre C, Le Douarin NM. What is the developmental fate of the neural 
crest cells which migrate into the pancreas in the avian embryo?. Gen Comp Endocrinol. 
1977; 33:394-404. 
 
Francis-West PH, Robson L, Evans DJR. Craniofacial development: the tissue and 
molecular interactions that control development of the head. Adv Anat Embryol Cell Biol. 
2003; 169:III-VI, 1-VI, 1-138. 
 
Fukuda K, Yasugi S. Versatile roles for sonic hedgehog in gut development. J 
Gastroenterol. 2002; 37:239-246. 
 
Gammill LS, Roffers-Agarwal J. Division of labor during trunk neural crest development. 
Dev Biol. 2010; 344:555-565. 
 

117



Garg V, Yamagishi C, Hu T, Kathiriya IS, Yamagishi H, Srivastava D. Tbx1, a DiGeorge 
syndrome candidate gene, is regulated by sonic hedgehog during pharyngeal arch 
development. Dev Biol. 2001; 235:62-73. 
 
Gavin BJ, McMahon JA, McMahon AP. Expression of multiple novel Wnt-1/int-1-
related genes during fetal and adult mouse development. Genes Dev. 1990; 4:2319-2332. 
 
Gendron-Maguire M, Mallo M, Zhang M, Gridley T. Hoxa-2 mutant mice exhibit 
homeotic transformation of skeletal elements derived from cranial neural crest. Cell. 
1993; 75:1317-1331. 
 
Gessert S, Bugner V, Tecza A, Pinker M, Kuhl M. FMR1/FXR1 and the miRNA 
pathway are required for eye and neural crest development. Dev Biol. 2010; 341:222-235. 
 
Giraldez AJ, Cinalli RM, Glasner ME, Enright AJ, Thomson JM, Baskerville S, 
Hammond SM, Bartel DP, Schier AF. MicroRNAs regulate brain morphogenesis in 
zebrafish. Science. 2005; 308:833-838. 
 
Goetz SC, Anderson KV. The primary cilium: a signalling centre during vertebrate 
development. Nat Rev Genet. 2010; 11:331-344. 
 
Goldberg AL. Protein degradation and protection against misfolded or damaged proteins. 
Nature. 2003; 426:895-899. 
 
Goldsmith ZG, Dhanasekaran DN. G protein regulation of MAPK networks. Oncogene. 
2007; 26:3122-3142. 
 
Goodrich LV, Milenkovic L, Higgins KM, Scott MP. Altered neural cell fates and 
medulloblastoma in mouse patched mutants. Science. 1997; 277:1109-1113. 
 
Gordon J, Patel SR, Mishina Y, Manley NR. Evidence for an early role for BMP4 
signaling in thymus and parathyroid morphogenesis. Dev Biol. 2010; 339:141-154. 
 
Graham A, Papalopulu N, Krumlauf R. The murine and Drosophila homeobox gene 
complexes have common features of organization and expression. Cell. 1989; 57:367-
378. 
 
Graham A, Francis-West P, Brickell P, Lumsden A. The signalling molecule BMP4 
mediates apoptosis in the rhombencephalic neural crest. Nature. 1994; 372:684-686. 
 
Graham A. The development and evolution of the pharyngeal arches. J Anat. 2001; 
199:133-141. 
 
Gregory RI, Yan K-P, Amuthan G, Chendrimada T, Doratotaj B, Cooch N, Shiekhattar 
R. The Microprocessor complex mediates the genesis of microRNAs. Nature. 2004; 
432:235-240. 

118



 
Grimson A, Farh KK-H, Johnston WK, Garrett-Engele P, Lim LP, Bartel DP. MicroRNA 
targeting specificity in mammals: determinants beyond seed pairing. Mol Cell. 2007; 
27:91-105. 
 
Gross JB, Hanken J. Review of fate-mapping studies of osteogenic cranial neural crest in 
vertebrates. Dev Biol. 2008; 317:389-400. 
 
Harfe BD, McManus MT, Mansfield JH, Hornstein E, Tabin CJ. The RNaseIII enzyme 
Dicer is required for morphogenesis but not patterning of the vertebrate limb. Proc Natl 
Acad Sci U S A. 2005; 102:10898-10903. 
 
Harris KS, Zhang Z, McManus MT, Harfe BD, Sun X. Dicer function is essential for 
lung epithelium morphogenesis. Proc Natl Acad Sci U S A. 2006; 103:2208-2213. 
 
Haworth KE, Healy C, Morgan P, Sharpe PT. Regionalisation of early head ectoderm is 
regulated by endoderm and prepatterns the orofacial epithelium. Development. 2004; 
131:4797-4806. 
 
Haworth KE, Wilson JM, Grevellec A, Cobourne MT, Healy C, Helms JA, Sharpe PT, 
Tucker AS. Sonic hedgehog in the pharyngeal endoderm controls arch pattern via 
regulation of Fgf8 in head ectoderm. Dev Biol. 2007; 303:244-258. 
 
He X, Semenov M, Tamai K, Zeng X. LDL receptor-related proteins 5 and 6 in 
Wnt/beta-catenin signaling: arrows point the way. Development. 2004; 131:1663-1677. 
 
Helms JA, Schneider RA. Cranial skeletal biology. Nature. 2003; 423:326-331. 
 
Helms JA, Kim CH, Hu D, Minkoff R, Thaller C, Eichele G. Sonic hedgehog participates 
in craniofacial morphogenesis and is down-regulated by teratogenic doses of retinoic 
acid. Dev Biol. 1997; 187:25-35. 
 
High FA, Jain R, Stoller JZ, Antonucci NB, Lu MM, Loomes KM, Kaestner KH, Pear 
WS, Epstein JA. Murine Jagged1/Notch signaling in the second heart field orchestrates 
Fgf8 expression and tissue-tissue interactions during outflow tract development. J Clin 
Invest. 2009; 119:1986-1996. 
 
Hilliard SA, Yu L, Gu S, Zhang Z, Chen YP. Regional regulation of palatal growth and 
patterning along the anterior-posterior axis in mice. J Anat. 2005; 207:655-667. 
 
Hirschi KK, Rohovsky SA, D'Amore PA. PDGF, TGF-beta, and heterotypic cell-cell 
interactions mediate endothelial cell-induced recruitment of 10T1/2 cells and their 
differentiation to a smooth muscle fate. J Cell Biol. 1998; 141:805-814. 
 

119



Hu T, Yamagishi H, Maeda J, McAnally J, Yamagishi C, Srivastava D. Tbx1 regulates 
fibroblast growth factors in the anterior heart field through a reinforcing autoregulatory 
loop involving forkhead transcription factors. Development. 2004; 131:5491-5502. 
 
Huang Z-P, Chen J-F, Regan JN, Maguire CT, Tang R-H, Dong XR, Majesky MW, 
Wang D-Z. Loss of microRNAs in neural crest leads to cardiovascular syndromes 
resembling human congenital heart defects. Arterioscler Thromb Vasc Biol. 2010; 
30:2575-2586. 
 
Huang T, Liu Y, Huang M, Zhao X, Cheng L. Wnt1-cre-mediated conditional loss of 
Dicer results in malformation of the midbrain and cerebellum and failure of neural crest 
and dopaminergic differentiation in mice. J Mol Cell Biol. 2010; 2:152-163. 
 
Huangfu D, Anderson KV. Signaling from Smo to Ci/Gli: conservation and divergence of 
Hedgehog pathways from Drosophila to vertebrates. Development. 2006; 133:3-14. 
 
Huangfu D, Liu A, Rakeman AS, Murcia NS, Niswander L, Anderson KV. Hedgehog 
signalling in the mouse requires intraflagellar transport proteins. Nature. 2003; 426:83-
87. 
 
Hunt P, Gulisano M, Cook M, Sham MH, Faiella A, Wilkinson D, Boncinelli E, 
Krumlauf R. A distinct Hox code for the branchial region of the vertebrate head. Nature. 
1991; 353:861-864. 
 
Hutvagner G, McLachlan J, Pasquinelli AE, Balint E, Tuschl T, Zamore PD. A cellular 
function for the RNA-interference enzyme Dicer in the maturation of the let-7 small 
temporal RNA. Science. 2001; 293:834-838. 
 
Ikeya M, Lee SM, Johnson JE, McMahon AP, Takada S. Wnt signalling required for 
expansion of neural crest and CNS progenitors. Nature. 1997; 389:966-970. 
 
Ivey KN, Muth A, Arnold J, King FW, Yeh R-F, Fish JE, Hsiao EC, Schwartz RJ, 
Conklin BR, Bernstein HS, Srivastava D. MicroRNA regulation of cell lineages in mouse 
and human embryonic stem cells. Cell Stem Cell. 2008; 2:219-229. 
 
Jacob J, Briscoe J. Gli proteins and the control of spinal-cord patterning. EMBO Rep. 
2003; 4:761-765. 
 
Jeong J, Mao J, Tenzen T, Kottmann AH, McMahon AP. Hedgehog signaling in the 
neural crest cells regulates the patterning and growth  of facial primordia. Genes Dev. 
2004; 18:937-951. 
 
Jiang X, Rowitch DH, Soriano P, McMahon AP, Sucov HM. Fate of the mammalian 
cardiac neural crest. Development. 2000; 127:1607-1616. 
 

120



Jones MC. The neurocristopathies: reinterpretation based upon the mechanism of 
abnormal morphogenesis. Cleft Palate J. 1990; 27:136-140. 
 
Kalcheim C. Regulation of trunk myogenesis by the neural crest: a new facet of neural 
crest-somite interactions. Dev Cell. 2011; 21:187-188. 
 
Kameda Y. Hoxa3 and signaling molecules involved in aortic arch patterning and 
remodeling. Cell Tissue Res. 2009; 336:165-178. 
 
Kanellopoulou C, Muljo SA, Kung AL, Ganesan S, Drapkin R, Jenuwein T, Livingston 
DM, Rajewsky K. Dicer-deficient mouse embryonic stem cells are defective in 
differentiation and centromeric silencing. Genes Dev. 2005; 19:489-501. 
 
Katoh M, Katoh M. WNT signaling pathway and stem cell signaling network. Clin 
Cancer Res. 2007; 13:4042-4045. 
 
Kessel M, Gruss P. Homeotic transformations of murine vertebrae and concomitant 
alteration of Hox codes induced by retinoic acid. Cell. 1991; 67:89-104. 
 
Kim S-J, Oh J-S, Shin J-Y, Lee K-D, Sung KW, Nam SJ, Chun K-H. Development of 
microRNA-145 for therapeutic application in breast cancer. J Control Release. 2011; 
155:427-434. 
 
Kirby ML, Waldo KL. Neural crest and cardiovascular patterning. Circ Res. 1995; 
77:211-215. 
 
Kirby ML, Turnage KL3rd, Hays BM. Characterization of conotruncal malformations 
following ablation of "cardiac" neural crest. Anat Rec. 1985; 213:87-93. 
 
Kirby ML. Alteration of cardiogenesis after neural crest ablation. Ann N Y Acad Sci. 
1990; 588:289-295. 
 
Kobayashi T, Lu J, Cobb BS, Rodda SJ, McMahon AP, Schipani E, Merkenschlager M, 
Kronenberg HM. Dicer-dependent pathways regulate chondrocyte proliferation and 
differentiation. Proc Natl Acad Sci U S A. 2008; 105:1949-1954. 
 
Koval A, Purvanov V, Egger-Adam D, Katanaev VL. Yellow submarine of the 
Wnt/Frizzled signaling: submerging from the G protein harbor to the targets. Biochem 
Pharmacol. 2011; 82:1311-1319. 
 
Kraus P, Lufkin T. Dlx homeobox gene control of mammalian limb and craniofacial 
development. Am J Med Genet A. 2006; 140:1366-1374. 
 
Krumlauf R, Marshall H, Studer M, Nonchev S, Sham MH, Lumsden A. Hox homeobox 
genes and regionalisation of the nervous system. J Neurobiol. 1993; 24:1328-1340. 
 

121



Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, Manoharan M, Stoffel M. 
Silencing of microRNAs in vivo with 'antagomirs'. Nature. 2005; 438:685-689. 
 
Kuo BR, Erickson CA. Vagal neural crest cell migratory behavior: a transition between 
the cranial and  trunk crest. Dev Dyn. 2011; 240:2084-2100. 
 
Kuriyan J, Eisenberg D. The origin of protein interactions and allostery in colocalization. 
Nature. 2007; 450:983-990. 
 
Le Douarin NM, Jotereau FV. Tracing of cells of the avian thymus through embryonic 
life in interspecific chimeras. J Exp Med. 1975; 142:17-40. 
 
Le Douarin NM, Creuzet S, Couly G, Dupin E. Neural crest cell plasticity and its limits. 
Development. 2004; 131:4637-4650. 
 
Le Douarin NM. Cell recognition based on natural morphological nuclear markers. Med 
Biol. 1974; 52:281-319. 
 
Le Douarin NM. The ontogeny of the neural crest in avian embryo chimaeras. Nature. 
1980; 286:663-669. 
 
Le Lievre CS, Le Douarin NM. Mesenchymal derivatives of the neural crest: analysis of 
chimaeric quail and chick embryos. J Embryol Exp Morphol. 1975; 34:125-154. 
 
Le Lievre CS, Schweizer GG, Ziller CM, Le Douarin NM. Restrictions of developmental 
capabilities in neural crest cell derivatives as tested by in vivo transplantation 
experiments. Dev Biol. 1980; 77:362-378. 
 
Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes 
small RNAs with antisense complementarity to lin-14. Cell. 1993; 75:843-854. 
 
Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, Lee J, Provost P, Radmark O, Kim S, Kim 
VN. The nuclear RNase III Drosha initiates microRNA processing. Nature. 2003; 
425:415-419. 
 
Lee YS, Nakahara K, Pham JW, Kim K, He Z, Sontheimer EJ, Carthew RW. Distinct 
roles for Drosophila Dicer-1 and Dicer-2 in the siRNA/miRNA silencing pathways. Cell. 
2004; 117:69-81. 
 
Lee H-Y, Kleber M, Hari L, Brault V, Suter U, Taketo MM, Kemler R, Sommer L. 
Instructive role of Wnt/beta-catenin in sensory fate specification in neural crest stem 
cells. Science. 2004; 303:1020-1023. 
 
Li C, Xiao J, Hormi K, Borok Z, Minoo P. Wnt5a participates in distal lung 
morphogenesis. Dev Biol. 2002; 248:68-81. 
 

122



Li C, Hu L, Xiao J, Chen H, Li JT, Bellusci S, Delanghe S, Minoo P. Wnt5a regulates 
Shh and Fgf10 signaling during lung development. Dev Biol. 2005; 287:86-97. 
 
Li C, Chen H, Hu L, Xing Y, Sasaki T, Villosis MF, Li J, Nishita M, Minami Y, Minoo 
P. Ror2 modulates the canonical Wnt signaling in lung epithelial cells through 
cooperation with Fzd2. BMC Mol Biol. 2008; 9:11. 
 
Lim LP, Glasner ME, Yekta S, Burge CB, Bartel DP. Vertebrate microRNA genes. 
Science. 2003; 299:1540. 
 
Lin F, Hiesberger T, Cordes K, Sinclair AM, Goldstein LSB, Somlo S, Igarashi P. 
Kidney-specific inactivation of the KIF3A subunit of kinesin-II inhibits renal ciliogenesis 
and produces polycystic kidney disease. Proc Natl Acad Sci U S A. 2003; 100:5286-5291. 
 
Lin L, Bu L, Cai C-L, Zhang X, Evans S. Isl1 is upstream of sonic hedgehog in a 
pathway required for cardiac morphogenesis. Dev Biol. 2006; 295:756-763. 
 
Lindsay EA, Vitelli F, Su H, Morishima M, Huynh T, Pramparo T, Jurecic V, Ogunrinu 
G, Sutherland HF, Scambler PJ, Bradley A, Baldini A. Tbx1 haploinsufficieny in the 
DiGeorge syndrome region causes aortic arch defects in mice. Nature. 2001; 410:97-101. 
 
Lindsay EA. Chromosomal microdeletions: dissecting del22q11 syndrome. Nat Rev 
Genet. 2001; 2:858-868. 
 
Liu J, Carmell MA, Rivas FV, Marsden CG, Thomson JM, Song J-J, Hammond SM, 
Joshua-Tor L, Hannon GJ. Argonaute2 is the catalytic engine of mammalian RNAi. 
Science. 2004; 305:1437-1441. 
 
Liu J, Valencia-Sanchez MA, Hannon GJ, Parker R. MicroRNA-dependent localization 
of targeted mRNAs to mammalian P-bodies. Nat Cell Biol. 2005; 7:719-723. 
 
Luo X, Burwinkel B, Tao S, Brenner H. MicroRNA signatures: novel biomarker for 
colorectal cancer?. Cancer Epidemiol Biomarkers Prev. 2011; 20:1272-1286. 
 
Macatee TL, Hammond BP, Arenkiel BR, Francis L, Frank DU, Moon AM. Ablation of 
specific expression domains reveals discrete functions of ectoderm- and endoderm-
derived FGF8 during cardiovascular and pharyngeal development. Development. 2003; 
130:6361-6374. 
 
Malbon CC. Frizzleds: new members of the superfamily of G-protein-coupled receptors. 
Front Biosci. 2004; 9:1048-1058. 
 
Mallo M, Wellik DM, Deschamps J. Hox genes and regional patterning of the vertebrate 
body plan. Dev Biol. 2010; 344:7-15. 
 

123



Marshall H, Morrison A, Studer M, Popperl H, Krumlauf R. Retinoids and Hox genes. 
FASEB J. 1996; 10:969-978. 
 
Maurer J, Fuchs S, Jager R, Kurz B, Sommer L, Schorle H. Establishment and controlled 
differentiation of neural crest stem cell lines using conditional transgenesis. 
Differentiation. 2007; 75:580-591. 
 
Mayorga ME, Penn MS. miR-145 is differentially regulated by TGF-beta1 and ischaemia 
and targets Disabled-2 expression and wnt/beta-catenin activity. J Cell Mol Med. 2012; 
16:1106-1113. 
 
McGinnis W, Krumlauf R. Homeobox genes and axial patterning. Cell. 1992; 68:283-
302. 
 
McGuinness T, Porteus MH, Smiga S, Bulfone A, Kingsley C, Qiu M, Liu JK, Long JE, 
Xu D, Rubenstein JL. Sequence, organization, and transcription of the Dlx-1 and Dlx-2 
locus. Genomics. 1996; 35:473-485. 
 
McLeod MJ. Differential staining of cartilage and bone in whole mouse fetuses by alcian 
blue and alizarin red S. Teratology. 1980; 22:299-301. 
 
Mendell JT, Olson EN. MicroRNAs in stress signaling and human disease. Cell. 2012; 
148:1172-1187. 
 
Merscher S, Funke B, Epstein JA, Heyer J, Puech A, Lu MM, Xavier RJ, Demay MB, 
Russell RG, Factor S, Tokooya K, Jore BS, Lopez M, Pandita RK, Lia M, Carrion D, Xu 
H, Schorle H, Kobler JB, Scambler P, Wynshaw-Boris A, Skoultchi AI, Morrow BE, 
Kucherlapati R. TBX1 is responsible for cardiovascular defects in velo-cardio-
facial/DiGeorge syndrome. Cell. 2001; 104:619-629. 
 
Meulemans D, Bronner-Fraser M, Bronner-Fraser M. Gene-regulatory interactions in 
neural crest evolution and development. Dev Cell. 2004; 7:291-299. 
 
Minami Y, Oishi I, Endo M, Nishita M. Ror-family receptor tyrosine kinases in 
noncanonical Wnt signaling: their implications in developmental morphogenesis and 
human diseases. Dev Dyn. 2010; 239:1-15. 
 
Minoux M, Rijli FM. Molecular mechanisms of cranial neural crest cell migration and 
patterning in craniofacial development. Development. 2010; 137:2605-2621. 
 
Minoux M, Antonarakis GS, Kmita M, Duboule D, Rijli FM. Rostral and caudal 
pharyngeal arches share a common neural crest ground pattern. Development. 2009; 
136:637-645. 
 

124



Moore-Scott BA, Manley NR. Differential expression of Sonic hedgehog along the 
anterior-posterior axis regulates patterning of pharyngeal pouch endoderm and 
pharyngeal endoderm-derived organs. Dev Biol. 2005; 278:323-335. 
 
Neves SR, Ram PT, Iyengar R. G protein pathways. Science. 2002; 296:1636-1639. 
New DC, Wong YH. Molecular mechanisms mediating the G protein-coupled receptor 
regulation of cell  cycle progression. J Mol Signal. 2007; 2:2. 
 
Nie X, Wang Q, Jiao K. Dicer activity in neural crest cells is essential for craniofacial 
organogenesis  and pharyngeal arch artery morphogenesis. Mech Dev. 2011; 128:200-
207. 
 
Noden DM. The role of the neural crest in patterning of avian cranial skeletal, 
connective, and muscle tissues. Dev Biol. 1983; 96:144-165. 
 
Olson EN. Gene regulatory networks in the evolution and development of the heart. 
Science. 2006; 313:1922-1927. 
 
Ornitz DM, Marie PJ. FGF signaling pathways in endochondral and intramembranous 
bone development and human genetic disease. Genes Dev. 2002; 16:1446-1465. 
 
Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular smooth muscle 
cell differentiation in development and disease. Physiol Rev. 2004; 84:767-801. 
 
Pan Y, Wang B. A novel protein-processing domain in Gli2 and Gli3 differentially 
blocks complete protein degradation by the proteasome. J Biol Chem. 2007; 282:10846-
10852. 
 
Pan Y, Bai CB, Joyner AL, Wang B. Sonic hedgehog signaling regulates Gli2 
transcriptional activity by suppressing its processing and degradation. Mol Cell Biol. 
2006; 26:3365-3377. 
 
Pan Y, Wang C, Wang B. Phosphorylation of Gli2 by protein kinase A is required for 
Gli2 processing and degradation and the Sonic Hedgehog-regulated mouse development. 
Dev Biol. 2009; 326:177-189. 
 
Park CY, Choi YS, McManus MT. Analysis of microRNA knockouts in mice. Hum Mol 
Genet. 2010; 19:R169-R175. 
 
Pasquinelli AE. MicroRNAs and their targets: recognition, regulation and an emerging 
reciprocal relationship. Nat Rev Genet. 2012; 13:271-282. 
 
Pepicelli CV, Lewis PM, McMahon AP. Sonic hedgehog regulates branching 
morphogenesis in the mammalian lung. Curr Biol. 1998; 8:1083-1086. 
 

125



Pierce KL, Premont RT, Lefkowitz RJ. Seven-transmembrane receptors. Nat Rev Mol 
Cell Biol. 2002; 3:639-650. 
 
Pillai RS, Bhattacharyya SN, Artus CG, Zoller T, Cougot N, Basyuk E, Bertrand E, 
Filipowicz W. Inhibition of translational initiation by Let-7 MicroRNA in human cells. 
Science. 2005; 309:1573-1576. 
 
Porras D, Brown CB. Temporal-spatial ablation of neural crest in the mouse results in 
cardiovascular  defects. Dev Dyn. 2008; 237:153-162. 
 
Powder KE, Ku Y-C, Brugmann SA, Veile RA, Renaud NA, Helms JA, Lovett M. A 
cross-species analysis of microRNAs in the developing avian face. PLoS One. 2012; 
7:e35111. 
 
Qiu M, Bulfone A, Martinez S, Meneses JJ, Shimamura K, Pedersen RA, Rubenstein JL. 
Null mutation of Dlx-2 results in abnormal morphogenesis of proximal first and second 
branchial arch derivatives and abnormal differentiation in the forebrain. Genes Dev. 
1995; 9:2523-2538. 
 
Qiu M, Bulfone A, Ghattas I, Meneses JJ, Christensen L, Sharpe PT, Presley R, Pedersen 
RA, Rubenstein JL. Role of the Dlx homeobox genes in proximodistal patterning of the 
branchial arches: mutations of Dlx-1, Dlx-2, and Dlx-1 and -2 alter morphogenesis of 
proximal skeletal and soft tissue structures derived from the first and second arches. Dev 
Biol. 1997; 185:165-184. 
 
Ramos C, Robert B. msh/Msx gene family in neural development. Trends Genet. 2005; 
21:624-632. 
 
Riddle RD, Johnson RL, Laufer E, Tabin C. Sonic hedgehog mediates the polarizing 
activity of the ZPA. Cell. 1993; 75:1401-1416. 
 
Robledo RF, Rajan L, Li X, Lufkin T. The Dlx5 and Dlx6 homeobox genes are essential 
for craniofacial, axial, and appendicular skeletal development. Genes Dev. 2002; 
16:1089-1101. 
 
Rohatgi R, Milenkovic L, Scott MP. Patched1 regulates hedgehog signaling at the 
primary cilium. Science. 2007; 317:372-376. 
 
Ross R. The pathogenesis of atherosclerosis: a perspective for the 1990s. Nature. 1993; 
362:801-809. 
 
Ruest L-B, Hammer RE, Yanagisawa M, Clouthier DE. Dlx5/6-enhancer directed 
expression of Cre recombinase in the pharyngeal arches and brain. Genesis. 2003; 
37:188-194. 
 

126



Ruiz i Altaba A. Gli proteins encode context-dependent positive and negative functions: 
implications for development and disease. Development. 1999; 126:3205-3216. 
 
Sandell LL, Trainor PA. Neural crest cell plasticity. size matters. Adv Exp Med Biol. 
2006; 589:78-95. 
 
Sasaki H, Nishizaki Y, Hui C, Nakafuku M, Kondoh H. Regulation of Gli2 and Gli3 
activities by an amino-terminal repression domain: implication of Gli2 and Gli3 as 
primary mediators of Shh signaling. Development. 1999; 126:3915-3924. 
 
Satokata I, Maas R. Msx1 deficient mice exhibit cleft palate and abnormalities of 
craniofacial and tooth development. Nat Genet. 1994; 6:348-356. 
 
Sauka-Spengler T, Bronner-Fraser M. A gene regulatory network orchestrates neural 
crest formation. Nat Rev Mol Cell Biol. 2008; 9:557-568. 
 
Schleiffarth JR, Person AD, Martinsen BJ, Sukovich DJ, Neumann A, Baker CVH, Lohr 
JL, Cornfield DN, Ekker SC, Petryk A. Wnt5a is required for cardiac outflow tract 
septation in mice. Pediatr Res. 2007; 61:386-391. 
 
Scholl AM, Kirby ML. Signals controlling neural crest contributions to the heart. Wiley 
Interdiscip Rev Syst Biol Med. 2009; 1:220-227. 
 
Schulte G, Bryja V. The Frizzled family of unconventional G-protein-coupled receptors. 
Trends Pharmacol Sci. 2007; 28:518-525. 
 
Scott MP, O'Farrell PH. Spatial programming of gene expression in early Drosophila 
embryogenesis. Annu Rev Cell Biol. 1986; 2:49-80. 
 
Seifert JRK, Mlodzik M. Frizzled/PCP signalling: a conserved mechanism regulating cell 
polarity and directed motility. Nat Rev Genet. 2007; 8:126-138. 
 
Sheehy NT, Cordes KR, White MP, Ivey KN, Srivastava D. The neural crest-enriched 
microRNA miR-452 regulates epithelial-mesenchymal signaling in the first pharyngeal 
arch. Development. 2010; 137:4307-4316. 
 
Shigetani Y, Nobusada Y, Kuratani S. Ectodermally derived FGF8 defines the 
maxillomandibular region in the early chick embryo: epithelial-mesenchymal interactions 
in the specification of the craniofacial ectomesenchyme. Dev Biol. 2000; 228:73-85. 
 
Shilo B-Z, Schejter ED. Regulation of developmental intercellular signalling by 
intracellular trafficking. EMBO J. 2011; 30:3516-3526. 
 
Singla V, Reiter JF. The primary cilium as the cell's antenna: signaling at a sensory 
organelle. Science. 2006; 313:629-633. 
 

127



Soriano P. Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat Genet. 
1999; 21:70-71. 
 
Srivastava D. Making or breaking the heart: from lineage determination to 
morphogenesis. Cell. 2006; 126:1037-1048. 
 
Taipale J, Cooper MK, Maiti T, Beachy PA. Patched acts catalytically to suppress the 
activity of Smoothened. Nature. 2002; 418:892-897. 
 
Taylor SS, Buechler JA, Yonemoto W. cAMP-dependent protein kinase: framework for a 
diverse family of regulatory enzymes. Annu Rev Biochem. 1990; 59:971-1005. 
 
Tazawa H, Kagawa S, Fujiwara T. MicroRNAs as potential target gene in cancer gene 
therapy of gastrointestinal tumors. Expert Opin Biol Ther. 2011; 11:145-155. 
 
Teicher BA, Fricker SP. CXCL12 (SDF-1)/CXCR4 pathway in cancer. Clin Cancer Res. 
2010; 16:2927-2931. 
 
Teillet MA, Ziller C, Le Douarin NM. Quail-chick chimeras. Methods Mol Biol. 1999; 
97:305-318. 
 
Tempe D, Casas M, Karaz S, Blanchet-Tournier M-F, Concordet J-P. Multisite protein 
kinase A and glycogen synthase kinase 3beta phosphorylation leads to Gli3 
ubiquitination by SCFbetaTrCP. Mol Cell Biol. 2006; 26:4316-4326. 
 
Thomas BL, Tucker AS, Qui M, Ferguson CA, Hardcastle Z, Rubenstein JL, Sharpe PT. 
Role of Dlx-1 and Dlx-2 genes in patterning of the murine dentition. Development. 1997; 
124:4811-4818. 
 
Thomas T, Kurihara H, Yamagishi H, Kurihara Y, Yazaki Y, Olson EN, Srivastava D. A 
signaling cascade involving endothelin-1, dHAND and msx1 regulates development  of 
neural-crest-derived branchial arch mesenchyme. Development. 1998; 125:3005-3014. 
 
Thomas BL, Liu JK, Rubenstein JL, Sharpe PT. Independent regulation of Dlx2 
expression in the epithelium and mesenchyme of the first branchial arch. Development. 
2000; 127:217-224. 
 
Thomson DW, Bracken CP, Goodall GJ. Experimental strategies for microRNA target 
identification. Nucleic Acids Res. 2011; 39:6845-6853. 
 
Towers M, Wolpert L, Tickle C. Gradients of signalling in the developing limb. Curr 
Opin Cell Biol. 2012; 24:181-187. 
 
Trainor PA, Ariza-McNaughton L, Krumlauf R. Role of the isthmus and FGFs in 
resolving the paradox of neural crest plasticity  and prepatterning. Science. 2002; 
295:1288-1291. 

128



 
Trainor PA. Specification of neural crest cell formation and migration in mouse embryos. 
Semin Cell Dev Biol. 2005; 16:683-693. 
 
Trainor PA. Specification and patterning of neural crest cells during craniofacial 
development. Brain Behav Evol. 2005; 66:266-280. 
 
Trumpp A, Depew MJ, Rubenstein JL, Bishop JM, Martin GR. Cre-mediated gene 
inactivation demonstrates that FGF8 is required for cell survival and patterning of the 
first branchial arch. Genes Dev. 1999; 13:3136-3148. 
 
Tucker AS, Yamada G, Grigoriou M, Pachnis V, Sharpe PT. Fgf-8 determines rostral-
caudal polarity in the first branchial arch. Development. 1999; 126:51-61. 
 
van Rooij E, Olson EN. MicroRNAs: powerful new regulators of heart disease and 
provocative therapeutic targets. J Clin Invest. 2007; 117:2369-2376. 
 
van Rooij E, Sutherland LB, Qi X, Richardson JA, Hill J, Olson EN. Control of stress-
dependent cardiac growth and gene expression by a microRNA. Science. 2007; 316:575-
579. 
 
Vasudevan S, Tong Y, Steitz JA. Switching from repression to activation: microRNAs 
can up-regulate translation. Science. 2007; 318:1931-1934. 
 
Veeman MT, Axelrod JD, Moon RT. A second canon. Functions and mechanisms of 
beta-catenin-independent Wnt signaling. Dev Cell. 2003; 5:367-377. 
 
Vincent SD, Buckingham ME. How to make a heart: the origin and regulation of cardiac 
progenitor cells. Curr Top Dev Biol. 2010; 90:1-41. 
 
Vitelli F, Morishima M, Taddei I, Lindsay EA, Baldini A. Tbx1 mutation causes multiple 
cardiovascular defects and disrupts neural crest and cranial nerve migratory pathways. 
Hum Mol Genet. 2002; 11:915-922. 
 
Vitelli F, Zhang Z, Huynh T, Sobotka A, Mupo A, Baldini A. Fgf8 expression in the 
Tbx1 domain causes skeletal abnormalities and modifies the aortic arch but not the 
outflow tract phenotype of Tbx1 mutants. Dev Biol. 2006; 295:559-570. 
 
Waldo KL, Hutson MR, Stadt HA, Zdanowicz M, Zdanowicz J, Kirby ML. Cardiac 
neural crest is necessary for normal addition of the myocardium to the arterial pole from 
the secondary heart field. Dev Biol. 2005; 281:66-77. 
 
Walker MB, Trainor PA. Craniofacial malformations: intrinsic vs extrinsic neural crest 
cell defects in Treacher Collins and 22q11 deletion syndromes. Clin Genet. 2006; 69:471-
479. 
 

129



Wang Y, Lee CGL. MicroRNA and cancer--focus on apoptosis. J Cell Mol Med. 2009; 
13:12-23. 
 
Wang B, Fallon JF, Beachy PA. Hedgehog-regulated processing of Gli3 produces an 
anterior/posterior repressor gradient in the developing vertebrate limb. Cell. 2000; 
100:423-434. 
 
Wang Z, Wang D-Z, Pipes GCT, Olson EN. Myocardin is a master regulator of smooth 
muscle gene expression. Proc Natl Acad Sci U S A. 2003; 100:7129-7134. 
 
Wang H-yu, Liu T, Malbon CC. Structure-function analysis of Frizzleds. Cell Signal. 
2006; 18:934-941. 
 
Washington Smoak I, Byrd NA, Abu-Issa R, Goddeeris MM, Anderson R, Morris J, 
Yamamura K, Klingensmith J, Meyers EN. Sonic hedgehog is required for cardiac 
outflow tract and neural crest cell development. Dev Biol. 2005; 283:357-372. 
 
Wen X, Lai CK, Evangelista M, Hongo J-A, de Sauvage FJ, Scales SJ. Kinetics of 
hedgehog-dependent full-length Gli3 accumulation in primary cilia and subsequent 
degradation. Mol Cell Biol. 2010; 30:1910-1922. 
 
Wodarz A, Nusse R. Mechanisms of Wnt signaling in development. Annu Rev Cell Dev 
Biol. 1998; 14:59-88. 
 
Wood A, Ashhurst DE, Corbett A, Thorogood P. The transient expression of type II 
collagen at tissue interfaces during mammalian craniofacial development. Development. 
1991; 111:955-968. 
 
Wurst W, Bally-Cuif L. Neural plate patterning: upstream and downstream of the isthmic 
organizer. Nat Rev Neurosci. 2001; 2:99-108. 
 
Xin M, Small EM, Sutherland LB, Qi X, McAnally J, Plato CF, Richardson JA, Bassel-
Duby R, Olson EN. MicroRNAs miR-143 and miR-145 modulate cytoskeletal dynamics 
and responsiveness of smooth muscle cells to injury. Genes Dev. 2009; 23:2166-2178. 
 
Xu W, Ahmad A, Dagenais S, Iyer RK, Innis JW. Chromosome 4q deletion syndrome: 
narrowing the cardiovascular critical region to  4q32.2-q34.3. Am J Med Genet A. 2012; 
158A:635-640. 
 
Yamagishi H, Maeda J, Hu T, McAnally J, Conway SJ, Kume T, Meyers EN, Yamagishi 
C, Srivastava D. Tbx1 is regulated by tissue-specific forkhead proteins through a 
common Sonic hedgehog-responsive enhancer. Genes Dev. 2003; 17:269-281. 
 
Yamagishi C, Yamagishi H, Maeda J, Tsuchihashi T, Ivey K, Hu T, Srivastava D. Sonic 
hedgehog is essential for first pharyngeal arch development. Pediatr Res. 2006; 59:349-
354. 

130



 
Yamaguchi TP, Bradley A, McMahon AP, Jones S. A Wnt5a pathway underlies 
outgrowth of multiple structures in the vertebrate embryo. Development. 1999; 126:1211-
1223. 
 
Yekta S, Shih I-H, Bartel DP. MicroRNA-directed cleavage of HOXB8 mRNA. Science. 
2004; 304:594-596. 
 
Yi R, Pasolli HA, Landthaler M, Hafner M, Ojo T, Sheridan R, Sander C, O'Carroll D, 
Stoffel M, Tuschl T, Fuchs E. DGCR8-dependent microRNA biogenesis is essential for 
skin development. Proc Natl Acad Sci U S A. 2009; 106:498-502. 
 
Yoshida T, Owens GK. Molecular determinants of vascular smooth muscle cell diversity. 
Circ Res. 2005; 96:280-291. 
 
Zehir A, Hua LL, Maska EL, Morikawa Y, Cserjesi P. Dicer is required for survival of 
differentiating neural crest cells. Dev Biol. 2010; 340:459-467. 
 
Zhang Z, Cerrato F, Xu H, Vitelli F, Morishima M, Vincentz J, Furuta Y, Ma L, Martin 
JF, Baldini A, Lindsay E. Tbx1 expression in pharyngeal epithelia is necessary for 
pharyngeal arch artery development. Development. 2005; 132:5307-5315. 
 
Zhang Z, O'Rourke JR, McManus MT, Lewandoski M, Harfe BD, Sun X. The 
microRNA-processing enzyme Dicer is dispensable for somite segmentation but essential 
for limb bud positioning. Dev Biol. 2011; 351:254-265. 
 
Zhao Y, Samal E, Srivastava D. Serum response factor regulates a muscle-specific 
microRNA that targets Hand2 during cardiogenesis. Nature. 2005; 436:214-220. 
 
Zhao Y, Ransom JF, Li A, Vedantham V, von Drehle M, Muth AN, Tsuchihashi T, 
McManus MT, Schwartz RJ, Srivastava D. Dysregulation of cardiogenesis, cardiac 
conduction, and cell cycle in mice lacking miRNA-1-2. Cell. 2007; 129:303-317. 

131



132


	INTRODUCTION_Final3
	Fig_1
	Fig_2
	Fig_3
	CHAPTER 1_Final3
	Fig_4
	Fig_5
	Fig_6
	Fig_7
	Fig_8
	CHAPTER 2_Final3
	Fig_9
	Fig_10
	Fig_11
	Fig_12
	Fig_13
	Fig_14
	Fig_15
	Fig_16
	Fig_17
	Fig_18
	Fig_19
	Fig_20
	Fig_21
	Fig_22
	Fig_23
	Fig_24
	Fig_25
	Fig_26
	CHAPTER 3_Final3
	CHAPTER 3
	RESULTS

	Fig_27
	Fig_28
	Fig_29
	Fig_30
	Fig_31
	METHODS_Final3
	REFERENCES_Final3



