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ABSTRACT 

My thesis work concentrated on organogenesis in zebrafish.  Although the most 

proliferative studies focused on apicobasal cell polarity and neurulation, I also researched 

additional topics including pancreas and heart organogenesis.  The majority of this work 

originated from a forward genetic screen using Tg(gutGFP)s854 zebrafish.  This screen 

generated several mutants, three of which I have characterized and identified the 

causative molecular lesion. 

In Chapters 2 and 3, I discuss one mutant, pard6γb.  These mutants affect one 

component of a multi-protein complex regulating apicobasal polarity, the 

Par3/Par6/aPKC complex.  The pard6γb mutant represents the first mutation of this 

protein in a vertebrate system, and has helped reveal the functional diversity of the Par6 

protein family in vertebrates. pard6γb mutants show phenotypes in epithelial tissues as 

well as a novel phenotype in the development of the neurocoel.   

In Appendix 1, I discuss preliminary research on another mutant, prpf18s490, that 

affects a component of the spliceosome.  This mutant provides an in vivo system to study 

splicing in vertebrates.  Appendix 2 outlines research I have performed on an allele of the 

yng/smarca4 mutation, which affects a protein involved in chromatin remodeling.  These 

mutants have ectopic Islet-expressing cells outside of the pancreas region.  To determine 

what causes this phenotype, I investigated a potential interaction between Smarca4, 

NeuroD, and E-cadherin.    

In addition to analyzing the three mutants, I have initiated and collaborated on 

several studies relating to pancreas and heart development.  These studies include 

analyzing the role of Fgf10 in the development of the hepatopancreatic ductal system, the 
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role of Alcam in endodermal and heart development, and testing a model for liver 

outgrowth.     
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CHAPTER 1 

INTRODUCTION 

Development of an organism involves complex events including cell movement, 

changes in gene expression, and cell signaling.  As one studies developmental processes, 

one realizes these events become more intricate as organism complexity increases from 

single-celled organisms, such as yeast, and on to vertebrates, such as zebrafish.  Biology 

is paradoxically complex yet beautiful in its simplicity.  As complexity increases with 

more tissue types, cells, and events such as splicing, layers of unanswered questions are 

being added.   

In this dissertation, I report on analyses of organogenesis in the vertebrate 

organism zebrafish.  My diverse studies included the analyses of processes such as 

neurulation, lateral plate mesoderm development, and pancreas development.  All of this 

stemmed from a large-scale forward genetic screen carried out in the Laboratory of 

Didier Stainier.  Understanding organogenesis in zebrafish will shed light on the 

complexities of vertebrate development and potentially resolve many unanswered 

questions relating to human disease and health. 

 

THE LIVERPLUS SCREEN 

I became part of the Stainier Lab in the midst of a forward genetic screen (Ober et 

al., 2006).  This screen used ENU-induced mutagenesis and was executed using 

Tg(gutGFP)s854 zebrafish, which express GFP in all endodermal organs.  This screen (the 

“LiverPlus Screen”) was designed to identify novel regulators of endodermal organ 
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development.  When I started working on the screen, I assisted with the recovery of 

mutants, most specifically recovery of mutants with phenotypes in the developing 

pancreas.  This work led me to examine developmental processes including neurulation, 

lateral plate mesoderm (LPM) development, and pancreas development.  Here I briefly 

summarize what is known about these developmental events and mechanisms during 

zebrafish organogenesis. 

 

NEURULATION 

Neurulation combines cell movements and differentiation to form the eyes, the brain and 

its ventricles, and the spinal cord.  These structures are present in all vertebrate 

organisms.  Abnormalities in this process lead to neural tube defects such as Spina bifida, 

Anencephaly, or craniorachischisis (Copp et al., 2003), which all have devastating effects 

on nervous system function.  Zebrafish have emerged as a good model for studying 

neurulation because of their transparency, amenability to live imaging, and use in forward 

genetic screens (Lowery and Sive, 2004).   

 Zebrafish neurulation is most similar to primary neurulation in mammals, 

although the tissue morphogenesis also shares characteristics of secondary neurulation 

(Lowery and Sive, 2004) (Figure 1.1).  The initial neuroepithelium or neural plate shows 

a visible epithelial structure, yet it does not polarize any markers of apicobasal polarity 

(Geldmacher-Voss et al., 2003; Lowery and Sive, 2004; Lowery and Sive, 2005).  Cells 

in this structure undergo convergence and extension movements that also include a 

rolling motion of the neural plate (Geldmacher-Voss et al., 2003) to form the neural keel.  

Cells in the neural keel undergo midline crossing cell divisions (Ciruna et al., 2006; Tawk 
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et al., 2007), and these cell divisions mark the position of the future neurocoel (Tawk et 

al., 2007).  The neurocoel, a fluid-filled space continuous with the brain ventricles, opens 

following the formation of an apical membrane at the midline of the neural rod 

(Geldmacher-Voss et al., 2003; Tawk et al., 2007).   

 

LATERAL PLATE MESODERM DEVELOPMENT 

In zebrafish, similar to other vertebrates, the anterior lateral plate mesoderm (LPM) gives 

rise to the heart while the posterior LPM gives rise to fins and the mesenchyme 

surrounding the gut.  Genetic determinants of the L-R axis are also expressed in the LPM.    

 

Left-Right Axis 

The early vertebrate embryo appears symmetric across the left-right (L-R) axis.  Nodal 

flow through the action of cilia causes an initial break and symmetry and leads to the 

expression of genes such as nodal, lefty, and pitx2 in the left LPM (Hamada et al., 2002).  

In zebrafish embryos there are two genes executing the function of mammalian nodal: 

cyclops, and southpaw.  southpaw appears to be the primary determinant of L-R gene 

expression (Long et al., 2003).  Following asymmetric gene expression, tissues such as 

the heart, stomach, liver, and lung undergo asymmetric morphogenesis (Hamada et al., 

2002).  Little is known about how the expression of genes on the left LPM is transferred 

to tissue morphogenesis and ultimately leads to organ chirality.    

 

Cardiac Development 
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The zebrafish heart originates as two bilateral clusters of cells in the anterior LPM 

that express gata4, nkx2.5, cmlc2, and vmhc (Yelon, 2001).  By the 21-somite stage, these 

cells have reached the midline to form the cardiac cone.  Several zebrafish mutants are 

defective in this medial migration such as miles apart (Kupperman et al., 2000), 

casanova (Alexander et al., 1999), and dhand (Yelon et al., 1999).  Analysis of these 

mutants has shown that proper medial migration is dependent on the integrity of the 

endoderm, Sphingosine-1-Phosphate signaling, and differentiation of the LPM.   

The heart cone tilts and elongates to form the linear heart tube by 26hpf (Stainier, 

2001).  heart and soul mutants are defective in heart-cone tilting, which suggests this 

process is dependent on apicobasal polarity (Horne-Badovinac et al., 2001).  Following 

formation of the linear heart tube, the zebrafish heart continues to undergo both 

morphological and differentiation processes.  The linear heart tube differentiates into the 

atrium and ventricle, which are separated by valves.  Complex cellular morphogenesis 

then causes the heart to loop (Auman et al., 2007; Auman and Yelon, 2004; Stainier, 

2001) (Figure 1.2A).  Understanding the early and late events in zebrafish heart 

morphogenesis and differentiation may help prevent developmental heart defects or 

provide tools for treating heart disease in humans (Stainier, 2001).  

 

Asymmetric LPM morphogenesis 

In the endodermal organ-forming region, the LPM forms two bilateral epithelial sheets 

prior to 24hpf (Horne-Badovinac et al., 2003).  These sheets continue to move toward the 

midline and undergo an asymmetric morphogenesis around 30hpf that causes the left 

LPM to move dorsal to the endoderm and the right LPM to move ventral to the endoderm 
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(Figure 1.2B).  This asymmetric movement is dependent on two characteristics of the 

LPM:  L-R gene expression and apicobasal polarity (Horne-Badovinac et al., 2003).  In 

the absence of normal L-R gene expression, such as in ntl mutant embryos (Amack and 

Yost, 2004) or spaw morphant embryos (Long et al., 2003), the asymmetry of the LPM is 

randomized or absent (Horne-Badovinac et al., 2003).  Without apicobasal cell polarity, 

both sides of the LPM often move dorsal to the endoderm (Horne-Badovinac et al., 

2003).  The movement of the LPM drives the leftward-looping of the gut and places the 

liver on the left and pancreas on the right sides of the embryo (Horne-Badovinac et al., 

2003).  The asymmetric morphogenesis of the LPM is of extreme interest because it is 

one of the first transitions from L-R gene expression to the breaking of morphological 

symmetry along the L-R axis.  Working backwards from this developmental phenomenon 

will continue to elucidate mechanisms behind organ chirality. 

 

PANCREAS DEVELOPMENT 

Understanding the development of the pancreas is key for developing therapeutic 

strategies for diseases such as diabetes and pancreatic cancer.  Type 1 Diabetes is marked 

by the destruction of insulin-producing beta cells in the pancreas.  Studies have shown 

that transplant therapies are effective for replacing these cells and helping patients control 

their own blood sugar.  Ultimately, producing beta cells in culture or triggering 

regeneration would provide a renewable resource for treatment (Edlund, 2002; Risbud 

and Bhonde, 2002).  Much is known about transcription factors that are required for beta 

cell differentiation (Jensen, 2004; Sander and German, 1997).  In addition, signaling cues 

from surrounding tissues influence pancreas development (Ahlgren et al., 1997; Dong et 
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al., 2007; Jacquemin et al., 2006; Kumar et al., 2003; Lammert et al., 2001; Spooner et 

al., 1970; Yoshitomi and Zaret, 2004).  By continuing to study pancreas development in 

model organisms, we will be able to elucidate the extrinsic and intrinsic mechanisms of 

pancreatogenesis (Kim et al., 1997; Kim and MacDonald, 2002; Sander and German, 

1997).  

The zebrafish pancreas develops from two groups of cells separated both 

physically and temporally, called the dorsal and ventral buds.  Fate-mapping has 

localized pancreatic progenitors to a population of cells present near the dorsal organizer 

at 6 hpf (Ward et al., 2007).  The dorsal bud is formed by a group of cells that express 

pdx1 and insulin at the 12 somite stage (Argenton et al., 1999; Biemar et al., 2001).  

These cells are initially bilateral and migrate toward the midline to subsequently cluster 

(Argenton et al., 1999; Biemar et al., 2001).  Following expression of these initial genes, 

cells in the dorsal bud also express somatostatin, glucagon, nkx2.2, islet-1, and pax6.2 

(Biemar et al., 2001). 

A few hours after the process of gut-looping has occurred, the ventral pancreatic bud 

begins to develop.  It also shows expression of pdx1 (Field et al., 2003) as well as ptf1a 

(Zecchin et al., 2004).  The ventral bud engulfs the dorsal bud and forms much of the 

hepatopancreatic ductal system and the exocrine pancreas and appears to be the origin of 

additional hormone-producing cells (Dong et al., 2007; Field et al., 2003). 
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FIGURE LEGENDS   

Figure 1.1.  Schematic of zebrafish neurulation.  An initial epithelium forms the neural 

keel followed by the solid neural rod.  The center of the neural rod localizes markers of 

apicobasal polarity (schematized in red).  Subsequently, the neural rod opens and forms 

the fluid-filled neural tube. (All images are depicted in from a transverse view.  Drawings 

are not to scale.) 

 

Figure 1.2.  Schematic of heart and LPM development in zebrafish.  (A) Two 

populations of heart precursor cells in the precardiac mesoderm migrate toward the 

midline (marked by a dotted line) forming a cardiac cone.  This cardiac cone tilts and 

elongates to form the linear heart tube.  Continued morphogenesis and development 

causes the heart to loop and form two distinct chambers. (B) The LPM undergoes 

asymmetric morphogenesis at 30hpf.  The left side moves dorsal to the endoderm while 

the right side moves ventral to the endoderm. (Drawings are not to scale.) 

 

Figure 1.3.  Schematic of pancreas development in zebrafish.  All drawings depict the 

dorsal bud (D) in red, the ventral bud (V) in blue, and the liver (L) and remaining 

endoderm in green.  Two groups of bilateral cells in the early endodermal sheet mark the 

dorsal bud progenitors.  As the embryo develops, the dorsal bud clusters and delaminates 

from the remaining endoderm.  Following gut looping and placement of the dorsal bud on 

the left of the embryo, the ventral bud begins to grow out.  The ventral bud engulfs the 

dorsal bud and grows the pancreatic (P) tail. (Drawings are not to scale.) 

 



Figure 1.1
Schematic of zebrafish neurulation.
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CHAPTER 2 

PARD6γB REGULATES DEVELOPMENT OF 

EPITHELIAL TISSUES 

 

ABSTRACT 

Apicobasal polarity is essential for tissue and organ morphogenesis and differentiation 

during development.  The Par3/Par6/aPKC protein complex plays a key role in the 

establishment and maintenance of apicobasal polarity.  During a forward genetic screen, 

we identified a mutation in the pard6γb gene, representing the first known pard6 

mutation in a vertebrate organism.  pard6γb mutants exhibit defects in epithelial tissue 

development.  The zebrafish genome encodes four Pard6 proteins and we determined that 

all four localize to apical membranes.  Pard6γb can completely rescue the pard6γb 

mutants, and surprisingly, only Pard6α, but neither Pard6β nor Pard6γa, can partially 

rescue the epithelial defects of pard6γb mutants.  These data indicate a previously 

unappreciated functional diversity and complexity within the vertebrate pard6 gene 

family.  Furthermore, we found that the PB1 (aPKC-binding), CRIB (Cdc42-binding), 

and KPLG (Mpp5-binding) domains of Pard6γb are required for function but not 

localization.  In summary, the pard6γb mutants provide an in vivo model that has allowed 

the further study of apicobasal polarity regulation and the functions of the Pard6 protein 

family in a vertebrate embryo. 
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INTRODUCTION 

Apicobasal polarity and Par6 

Cell polarization distributes cellular constituents into discrete domains and leads 

to asymmetric distribution of cellular activity.  Three main protein complexes 

(Par3/Par6/aPKC, Crumbs/Discs lost/Stardust and Lethal giant larvae/Discs 

large/Scribble) regulate apicobasal polarity by localizing or restricting tight junction 

proteins toward the apical end of lateral membranes and by organizing the cytoskeleton 

(Gibson and Perrimon, 2003).   Epithelial cells exhibit apicobasal polarity, which allows 

for establishment of physiological barriers (Rodriguez-Boulan and Nelson, 1989).  

Formation of polarized epithelial sheets is also essential for cellular and tissue 

morphogenesis, movement, and differentiation during metazoan development (Gibson 

and Perrimon, 2003).  

Forward genetic screens in zebrafish (Danio rerio) have identified embryonic 

lethal mutations in several genes that regulate epithelial development including heart and 

soul (has/prkic, previously apkcλ) (Horne-Badovinac et al., 2001; Peterson et al., 2001), 

nagie oko (nok/mpp5) (Tsang et al., 2004), oko meduzy (oko/crb2) (Omori and Malicki, 

2006), and mosaic eyes (moe/epb41l5) (Jensen and Westerfield, 2004).  Each of these 

mutations causes defects in heart tube assembly, retinal pigmented epithelium 

development, inflation of the brain ventricles, and body curvature.  Further analyses have 

revealed distinct roles for each of these genes in different aspects of developing organs 

derived from epithelia (Horne-Badovinac et al., 2003; Kramer-Zucker et al., 2005; Omori 

and Malicki, 2006; Rohr et al., 2006).  For example, zygotic expression of has/prkci and 
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nok/mpp5 appears to regulate distinct aspects of heart development (Rohr et al., 2006) 

and oko/crb2 regulates the elongation of cilia (Omori and Malicki, 2006). 

The has/prkci mutation affects one member of the Par3/Par6/aPKC complex. 

Studies in the C. elegans zygote first identified the components of this complex as 

essential for asymmetric cell division (Etemad-Moghadam et al., 1995; Guo and 

Kemphues, 1995; Watts et al., 1996).  Since then, the influence of this complex on 

polarization and development has expanded to include Drosophila embryos and 

mammalian cells (Suzuki and Ohno, 2006).  In vertebrates, analysis of has/prkci mutants 

and pard3 morphants in zebrafish (Geldmacher-Voss et al., 2003; Tsang et al., 2004) and 

Par3 deficient mice (Hirose et al., 2006)  has increased the understanding of how these 

proteins regulate the complex events of vertebrate organogenesis.  However, the role of 

Par6 during vertebrate development has remained elusive.   

The ability of Par6 to polarize many different types of epithelial cells depends on 

at least four protein-protein interactions mediated through three domains.  Par6 interacts 

with aPKC through its Phox and Bem1p (PB1) domain (Suzuki et al., 2003; Suzuki et al., 

2001), Cdc42 through its partial Cdc42/Rac interactive binding (CRIB) domain (Garrard 

et al., 2003; Hutterer et al., 2004; Joberty et al., 2000; Linask et al., 2005; Naya et al., 

1997), and both PAR-3/Pard3 (Joberty et al., 2000; Linask et al., 2005) and Pals1/Mpp5 

(Bowen et al., 1995; Hurd et al., 2003) through its PDZ (PSD-95/Dlg/ZO-1) domain.  

Only one Par6 protein exists in C. elegans and Drosophila, but a family of three proteins 

is present in mammals:  Pard6A, Pard6B, and Pard6G (Joberty et al., 2000).  Studies in 

MDCK cells have suggested that these different family members show different sub-

cellular localization and have distinct functions (Gao et al., 2004).  However, there has 
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been no in vivo analysis of the different vertebrate Pard6 family members during 

development. 

Here we identify and analyze a mutant caused by a lesion in the zebrafish pard6γb 

gene.  This mutant shows defects in the development of several epithelial tissues similar 

to has/prkci mutants (Horne-Badovinac et al., 2001; Horne-Badovinac et al., 2003).  We 

analyzed the localization of Pard6γb in the neuroepithelium and found that it behaves 

similarly to Pard3 and Prkci (Geldmacher-Voss et al., 2003).  Analysis of maternal 

zygotic embryos and double mutants led us to examine the localization and function of 

the additional Pard6 proteins.  We found that Pard6α, but not Pard6β or Pard6γa, can 

partially rescue the pard6γbs441 mutant phenotype.  Through deletion analysis, we show 

that Pard6γb function is dependent on the PB1 and CRIB domains, while its localization 

is independent of these domains.  By examining pard6γbs441 mutants, we have begun to 

elucidate how Pard6 proteins function in the complex processes of vertebrate 

development. 

 

RESULTS 

Identification and positional cloning of pard6γbs441 

The s441 mutant was identified in a forward genetic screen following ENU-

induced mutagenesis (Stephan et al., 1999).  Compared to wildtype embryos at 36hpf 

(Figure 2.1A), s441 mutants show phenotypes similar to prkci (Horne-Badovinac et al., 

2001; Peterson et al., 2001) and apicobasal polarity mutants including defects in heart 

morphogenesis, failure of the brain ventricles to inflate, and dorsal body curvature 

(Figure 2.1B).  The s441 lesion was initially mapped to Chromosome 19 using bulk 
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segregant analysis (Johnson et al., 1996).  Fine mapping with 720 diploid embryos 

localized the s441 lesion to a region flanked by the simple sequence length 

polymorphisms (SSLP) markers z6079 and z9059.  This region was narrowed using 

newly designed SSLP markers targeting CA-repeats (Figure 2.1C).  Examination of the 

Ensembl region between the two closest markers revealed the existence of three ESTs in 

the critical region, one of which corresponded to pard6γb (Figure 2.1C).  Because pard6 

genes are known to play a role in apico-basal polarity in multiple organisms (Joberty et 

al., 2000; Linask et al., 2005; Petronczki and Knoblich, 2001; Watts et al., 1996), we 

tested pard6γb as a candidate for s441.   

To test whether a mutation in pard6γb caused the s441 phenotype, we first 

analyzed the pard6γb expression pattern.  pard6γb mRNA is maternally deposited 

(Figure 2.1D).  At 10hpf, its expression is ubiquitous and extends along the axial region 

of the embryo (Figure 2.1E).  Later at 18hpf (Figure 2.1F) and 24hpf (Figure 2.1G), 

pard6γb maintains its ubiquitous expression but becomes heightened in regions of the 

embryo that form epithelial structures.  This heightened expression is particularly 

noticeable in regions of the neural tube (Figure 2.1F-G).  This expression pattern is 

consistent with the tissues affected in s441 mutants.  Second, we compared cDNA 

sequences of the wildtype and mutant alleles of pard6γb.  The 1302 base pairs of 

wildtype sequence encode a 434 amino acid protein.  The mutant allele showed a base 

change from T to A at position 192 creating a premature stop codon at amino acid 64 

(Figure 2.1H-J).  This single base change was confirmed by comparing genomic DNA 

sequences of the wildtype and s441 mutant alleles of pard6γb.  To complement the 

information gained through genotyping, we injected morpholino antisense 
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oligonucleotides designed against pard6γb to test whether lack of wildtype Pard6γb was 

responsible for the s441 phenotype.  Injection of 2ng of a morpholino that blocks splicing 

between the first and second exon of the transcript (Figure 2.1C) phenocopied the s441 

mutation in 92% of the embryos injected (n=98/106) (Figure 2.1K).  Morpholino-injected 

embryos showed defects in heart morphogenesis, failure of the brain ventricles to inflate, 

and dorsal body curvature (Figure 2.1K).  To further confirm the lesion, we injected 

200pg of full length, wildtype pard6γb mRNA into embryos from heterozygous 

incrosses.  Injection of this mRNA resulted in 97% (n=114/117) of the offspring 

displaying no phenotype at 30hpf.  In addition, injection of s441 mutant pard6γb mRNA 

into s441 heterozygous incrosses resulted in 23% (n=65/282) of the offspring displaying 

the mutant phenotype, similar to uninjected incrosses.  In similar injection experiments 

where embryos from heterozygous incrosses were injected with wildtype pard6γb mRNA 

and genotyped, 22 of 25 mutants were rescued.  There was no observed phenotype caused 

by overexpression of Pard6γb at the quantities required for rescue.  All together, the 

results from genetic mapping, expression, allele sequence, morpholino, and mRNA 

rescue analyses show that the s441 mutation is caused by a lesion in pard6γb.  Therefore, 

s441 will be referred to as pard6γbs441. 

 

pard6γbs441 mutants show defects in organs derived from epithelial tissues 

 Mutations in the has/prkci (Horne-Badovinac et al., 2001; Stainier et al., 1996), 

nok/mpp5 (Tsang et al., 2004) oko/crb2 (Omori and Malicki, 2006), and moe/epb41l5 

(Jensen and Westerfield, 2004) genes are known to produce phenotypes in tissues derived 

from epithelial structures.  To investigate whether these tissues were also affected in 
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pard6γbs441 mutants, we examined development of the heart, eye, lateral plate mesoderm 

(LPM), digestive tract, and brain ventricles.  The precardiac mesoderm forms bilateral 

epithelial sheets at 18hpf (Trinh and Stainier, 2004). These epithelial sheets converge at 

the midline, tilt and extend to form a linear heart tube by 30hpf (Figure 2.2A).  The hearts 

of pard6γbs441 mutants fail to elongate by 30hpf (Figure 2.2B).  The eyes of pard6γbs441 

mutants show a mild defect in development of the eye and retina (Figure 2.2D).  The 

LPM is a bilateral polarized epithelial structure that undergoes asymmetric 

morphogenesis around 30hpf and drives gut looping (Horne-Badovinac et al., 2003).  In 

wildtype embryos the left LPM moves dorsal to the endoderm while the right LPM 

moves ventral to the endoderm (Figure 2.2E) creating a looped gut and placing the liver 

and pancreas on opposite sides of the midline (Figure 2.2G). The LPM of pard6γbs441 

mutants fails to undergo asymmetric movement at 30hpf (Figure 2.2F).  As a 

consequence of the LPM defect, the guts of pard6γbs441 mutants fail to loop and the 

endodermal organs spread across the midline (Figure 2.2H).  has/prkci  mutants have 

regions of the gut with multiple lumens (Horne-Badovinac et al., 2001).  We also find 

this phenotype in pard6γbs441 mutants (Figure 2.2J).   Epithelial integrity is required for 

brain ventricle formation (Lowery and Sive, 2005).  The extent of brain ventricle 

inflation can be assessed by injecting rhodamine dextran into the hindbrain region and 

observing the distribution of the fluorescent marker.  By 30hpf, the brain ventricles of 

wildtype embryos are a fluid-filled cavity that is morphologically similar to two triangles 

when viewed laterally and a keyhole when viewed dorsally.  The brain ventricles of 

pard6γbs441 mutants do not fully inflate and instead show small regions where injected 

rhodamine dextran can diffuse (Figure 2.2K-N).     
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Localization of Pard6γb protein during neurulation 

To determine the sub-cellular localization of Pard6γb, we constructed an N-terminal 

fusion protein between mCherry or GFP and Pard6γb (Pard6γb-mCh or Pard6γb-GFP).  

Injection of either pard6γb-mch or pard6γb-gfp mRNA rescued the pard6γbs441 

phenotype.  The fusion proteins showed a stage-dependent pattern of localization.  Prior 

to gastrulation, the protein was found around the membrane of cells and also showed 

strong nuclear localization (data in Chapter 3).  From gastrulation stage onward, the 

protein was found primarily in the cytoplasm of cells and some protein also localized to 

the cell membranes.  Similar to Pard3-GFP (Tawk et al., 2007), Pard6γb-GFP was 

concentrated at the cleavage furrow during cell divisions that crossed the midline during 

the neural keel and rod stages (Figure 2.3A-C).  At the neural rod stage, Pard6γb-mCh 

began to localize to the midline (Figure 2.3D-E).  As the apical membranes of the 

neurocoel developed and became continuous, both Pard6γb-mCh and Pard3-GFP became 

primarily localized to this surface (Figure 2.3F-G).   Similar to the localization pattern of 

Pard3-GFP (Geldmacher-Voss et al., 2003), a low amount of Pard6γb-mCh remained in 

the cytoplasm.  We conclude that Pard6γb localizes to the apical membranes around the 

neurocoel and behaves similarly to Pard3-GFP during development. 

 

Analysis of domain functions 

In order to examine specifically how the PB1, CRIB, and Mpp5-interaction 

domains affect function and localization of Pard6γb, we constructed deletion alleles that 

eliminated the PB1 (∆PB1) or CRIB (∆CRIB) domain and altered the Mpp5-interacting 

amino acid sequence KPLG to AAAA (Figure 2.4A).  Injection of pard6γb(∆pb1), 
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pard6γb(∆crib), or pard6γb(kplg) mRNA did not rescue any of the pard6γbs441 

phenotypes (data not shown).  In order to analyze the localization of these proteins, we 

created fusion constructs and co-injected h2-mRFP (a nuclear marker) with either 

pard6γb(∆pb1)-GFP, pard6γb(∆crib)-GFP, or pard6γb(kplg)-gfp mRNA into 

heterozygous pard6γbs441 incrosses and analyzed GFP localization in live embryos at 

24hpf.  In 24hpf wildtype embryos, Pard6γb(∆PB1)-GFP localized primarily to the apical 

membranes around the neurocoel as well as the cytoplasm (Figure 2.4B).  In 24hpf 

pard6γbs441 mutant embryos, Pard6γb(∆PB1)-GFP was localized primarily to the 

discontinuous apical membranes around the neurocoel as well as the cytoplasm (Figure 

2.4C).  In 24hpf wildtype embryos, Pard6γb(∆CRIB)-GFP was localized to the cytoplasm 

of cells and also showed localization to the apical membranes around the neurocoel 

(Figure 2.4D).  In pard6γbs441 mutant embryos, Pard6γb(∆CRIB)-GFP was found in the 

cytoplasm of cells and also showed localization to the discontinuous apical membranes 

around the neurocoel (Figure 2.4E). Pard6γb(∆CRIB)-GFP also exhibited dynamic 

localization patterns prior to 24hpf.  It was occasionally detected at the centrosome or 

mitotic spindle structures (data not shown).  In 24hpf wildtype embryos, 

Pard6γb(KPLG)-GFP was localized to the cytoplasm of cells and also showed 

localization to the apical membranes around the neurocoel (Figure 2.4F).  In pard6γbs441 

mutant embryos, Pard6γb(KPLG)-GFP was found in the cytoplasm of cells and also 

showed localization to the discontinuous apical membranes around the neurocoel (Figure 

2.4G).  Therefore, we can conclude that the localization of Pard6γb to the mature apical 

membranes around the neurocoel is independent of the PB1 or CRIB domains or 

interaction with Mpp5.  These domains, however, are essential for Pard6γb function. 
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The Pard6 Protein Family 

To identify the additional Pard6 protein family members in zebrafish, we examined EST 

databases and genome browsers and found evidence for three additional pard6 genes.  

We amplified full-length cDNA’s for each of the additional pard6 genes.  All four 

zebrafish Pard6 proteins show high similarity to the C. elegans and mouse Pard6 

proteins, especially in the PB1, CRIB, and PDZ domains (Figure 2.5A).  The gene names 

pard6γa (located on Chromosome 16) and pard6γb have already been assigned.  Using 

information from the ClustalW analysis (Figure 2.5B) and synteny considerations the 

genes on chromosomes 18 and 23 were assigned the names pard6α and pard6β, 

respectively.  Although the zebrafish genome sequence has not been completed, our 

analysis suggests that there are four members of the Pard6 family.   

  

Expression of the four pard6 genes 

The four pard6 genes display unique expression patterns (Figure 2.6).  All four genes are 

maternally deposited (Figure 2.6A, E, I, M).  At 10hpf (Figure 2.6B, F, J, N), only 

pard6γb appears to be expressed and its expression is found along the axial region of the 

embryo.  At 19hpf and 24hpf (Figure 2.6C-D,. F-G, K-L, O-P), all four pard6 gene are 

expressed ubiquitously while showing regions of heightened expression in tissues that 

form epithelial structures such as the eyes and neural tube.  At 18 and 24hpf, pard6β is 

also expressed in the otic vesicle (Figure 2.6G-H).  Thus, all four pard6 genes show 

similar, overlapping expression patterns, though several unique temporal and spatial 

characteristics could underlie unique functions within the Pard6 family. 
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Pard6 family localization and function 

To determine whether any of the additional Pard6 family members could compensate for 

Pard6γb function, we constructed fluorescent fusion proteins (Pard6γa-GFP, Pard6β-

mCh, and Pard6α-GFP) using the same method used for generating the functional 

Pard6γb-mCh.  We injected 100-300pg of mRNA encoding these fluorescent fusion 

proteins into heterozygous pard6γbs441 incrosses.  Pard6γa-GFP (Figure 2.7A-D) and 

Pard6β-mCh (Figure 2.7E-H)) localized to the apical membranes around the neurocoel 

but did not rescue the pard6γbs441 mutant phenotype (Figure 2.7C, D, G, H).  Pard6α-

GFP also localized to the apical membranes of the neurocoel (Figure 2.7I-L).  When we 

examined Pard6α-GFP localization in pard6γbs441 heterozygous incrosses, we observed a 

lower percentage of mutants from these injected incrosses compared to uninjected 

incrosses.   In addition, some embryos showed wildtype-like brain ventricle inflation but 

maintained other pard6γbs441 mutant phenotypes including heart edema and body 

curvature (not shown).  In order to investigate the possibility of a partial rescue, we 

genotyped all embryos from pard6γbs441 heterozygous incrosses injected with Pard6α-

GFP that showed fully inflated brain ventricles.  Pard6α rescued the brain ventricle 

inflation and neurocoel phenotypes in 40% of mutants (n=4/10 mutants) (Fig Figure 

2.7L).  Similarly, after co-injecting pard6α-gfp mRNA with the splice morpholino 

designed against pard6γb into wildtype embryos, only 58% (n=35/60) of the injected 

embryos had brain ventricles that failed to inflate.  Therefore, we conclude that Pard6α 

can partially rescue Pard6γb deficiency and that this functional redundancy could explain 

how some apical membranes form in the neural tube of pard6γbs441 mutants.   
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To control for the possibility that the fluorescent tags may interfere with protein 

function, we also performed these same experiments by injecting untagged pard6γa, 

pard6β, or pard6α mRNA’s into pard6γbs441 heterozygous incrosses.  The results of 

these experiments were identical to the experiments with fluorescent fusion proteins, 

suggesting that the fluorescent tags did not disrupt function of the proteins (data not 

shown).  

Early localization of the Pard6 family 

Because we noticed that Pard6γb fluorescent fusion proteins showed strong nuclear 

localization patterns at early stages, we further investigated the timing of this localization 

and the possibility that it was unique to this family member.  At 10hpf, Pard3-GFP does 

not show any nuclear localization (Figure 2.8A), while both Pard6γb-mCherry and 

Pard6γb-GFP show distinct nuclear localization at these stages (Figure 2.8B-D).  The 

nuclear localization changes over time and during the neural keel/rod transition, the 

protein begins to remain outside of the nucleus and becomes localized to foci along the 

midline (Figure 2.8E).  All three of the other Pard6 family members also show nuclear 

localization at 10hpf (Figure 2.8F-H). This pattern has never been observed in the Pard6 

protein family before.  Although the nuclear localization pattern may be an artifact of 

overexpression, the fact that Pard3-GFP is never localized in the nucleus suggests 

otherwise.  To confirm that Pard6 proteins localize to the nucleus, we will have to 

determine which amino acids are required for the localization. 
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DISCUSSION 

In this chapter, we identified a pard6γb mutation in zebrafish.  pard6γbs441 mutants 

exhibit phenotypes previously observed in embryos defective for components of the 

polarity machinery.  We used these mutants to examine the protein interaction domains of 

Pard6γb as well as the function of all four Pard6 proteins.  Our analyses of the first 

vertebrate mutation in a pard6 gene highlight the functional diversity of the Par6 protein 

family and should facilitate future analyses of the Pard6 protein family in vertebrate 

systems. 

 

The Pard6 Protein Family 

Our results provide evidence that Pard6γb represents one of four apically-localized Pard6 

proteins in zebrafish.  All four members of the Pard6 family (Pard6α, Pard6β, Pard6γa, 

Pard6γb) localize to the apical membranes of the epithelial tissue around the neurocoel.  

These data are generally consistent with the reported analysis of the three mammalian 

Pard6 genes using MDCK cells.  In agreement with our findings, in MDCK cells 

mammalian Pard6B and Pard6C were localized primarily to the cell membrane, 

overlapping with ZO-1, but mammalian Pard6A localized primarily to the cytoplasm 

(Gao and Macara, 2004).  One explanation for the Pard6A localization discrepancy could 

be that the cytoplasmic localization was a result of overexpression or that it is cell- 

specific. 

Despite consistent apical localization of the zebrafish protein family, Pard6α, but 

not Pard6γa nor Pard6β, could partially compensate for the loss of Pard6γb function.  
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Most surprisingly, injection of the pard6γa gene, which likely represents a genetic 

duplication of pard6γb, could not rescue the pard6γbs441 phenotype.  To further test this 

result, we injected mRNA’s from two different wildtype alleles of pard6γa that 

originated from two different wildtype strains.  Neither of these alleles was able to rescue 

the pard6γbs441 mutant phenotypes.  While the possibility of an undetectable partial 

rescue remains, it appears that Pard6γa and Pard6γb are not functionally redundant.  

Indeed, the expression and maintenance of both genes implies that a selective advantage 

has pushed for maintenance of both proteins.  Alternatively, ClustalW analyses may 

provide another explanation for how function and diversity in the Pard6 family has 

evolved:  zebrafish Pard6γb is predicted to be more closely related to mouse Pard6G than 

Pard6γa.  The partial functional redundancy we observed between Pard6γb and Pard6α, 

however, is important for interpreting the pard6γbs441 phenotypes.  For example, it could 

explain the mosaic nature of the apical membranes around the neurocoel in pard6γbs441 

mutants and the survival of maternal zygotic embryos. 

Despite cross-species conservation, small variations in the PB1, CRIB, and PDZ 

domains may contribute to differences in function (Gao and Macara, 2004).  The amino 

acids outside these domains most likely also contribute to unique functions or 

interactions.  One such interaction has been found between Pard6 and TGFβ receptors 

(Ozdamar et al., 2005).  Alternatively, each Pard6 protein could be promiscuous and 

protein-protein interactions could thus be modulated by the expression of tissue-specific 

binding partners.  In combination with the disparate expression patterns of the four Pard6 

family members, these results suggest that the vertebrate Pard6 proteins may regulate 

unique aspects of development, as previously proposed (Gao and Macara, 2004).  In 
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contrast, vertebrate genomes only encode one Pard3 protein (Hirose et al., 2006; Tsang et 

al., 2004).  

 

Domain Analysis 

Pard6 proteins are known to interact with aPKC and Cdc42 through their PB1 and partial 

CRIB domains, respectively, as well as Mpp5 through the amino acid sequence KPLG 

located in the PDZ domain.  By deleting or mutating these domains, we found that both 

the PB1 and CRIB domains and the KPLG amino acid sequence are required for Pard6γb 

function, but dispensable for determining its subcellular localization around the neurocoel 

at 24hpf.  The PB1 domain was first identified using human Par6 in MDCK cells (Suzuki 

et al., 2003).  Similar to our results with zebrafish Pard6γb, deletion of this domain had 

no effect on subcellular localization (Suzuki et al., 2003; Suzuki et al., 2001).  Also 

consistent with our observations of Pard6γb (ΔPB1)-GFP lacking function, over-

expressing the mutant human form in MDCK cells caused a different effect than over-

expressing the wildtype form (Suzuki et al., 2003; Suzuki et al., 2001).  

Previous investigations using Drosophila and MDCK cells have addressed how 

DmPar-6 or mammalian Par6A function and localization are affected when these proteins 

cannot interact with Cdc42 or PALS1/Stardust/Mpp5.   Analyses in Drosophila suggested 

that without interaction with Cdc42, DmPar-6 could neither function nor localize to 

apical membranes (Hutterer et al., 2004).  However, analysis of a similar mutant form of 

mammalian Par6A in MDCK cells suggested that without Cdc42 binding, Par6A could 

still localize to cell membranes just as the wildtype form (Gao et al., 2004).  The 

functional results from Drosophila embryos were similar to those observed by analyzing 
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the zebrafish Pard6γb(ΔCRIB)-GFP:  neither protein was functional.  However, the 

subcellular localization of the Pard6γb(ΔCRIB)-GFP form of zebrafish Pard6γb was not 

altered, similar to the analysis of mammalian Pard6A.  One explanation for this 

difference could be the presence of multiple Pard6 family members in vertebrates.  

Because there is only one DmPar-6 protein and Drosophila par-6 mutants do not 

establish epithelial polarity (Hutterer et al., 2004),  lack of DmPar-6 function (through 

deletion of the CRIB domain) in Drosophila embryos lacking both maternal and zygotic 

protein would inherently lead to mislocalization.   In contrast, functional redundancy 

between the multiple Pard6 family members in vertebrates could lead to localization of 

the Pard6 proteins’ binding partners such as aPKC or Pard3.  Apical localization of these 

proteins (through interaction with remaining Pard6 family members) could recruit the 

Pard6γb(ΔCRIB)-GFP form of zebrafish Pard6γb  to the apical membrane.  Alternatively, 

Pard6γb binding with Pard3 and/or Pals1/Nok/Mpp5 through the PDZ domain could be 

sufficient for apical membrane localization of the protein.   

In mammalian cell cultures assays, analyses of an HA-tagged Par6B protein 

carrying the four amino acid mutation (KPLG to AAAA) suggested these amino acids are 

required for localization of the Par6B protein to the membrane (Hurd 2003).  However, 

later experiments analyzing localization of wildtype HA-tagged Par6B protein in MDCK 

cells suggested that this protein in its wildtype form does not localized to the membrane 

(Gao 2004).  Analysis of cellular localization of the mammalian Pard6A or Pard6G 

proteins carrying the KPLG to AAAA mutation has not been reported.  Our experiments 

with the zebrafish Pard6γb protein carrying the KPLG to AAAA mutation suggest that 
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this amino acid sequence is not required for proper cellular localization, but is required 

for Pard6γb function. 

We can conclude that in zebrafish, Pard6γb function requires both the PB1 and 

CRIB domains as well as amino acid sequence KPLG and thus interaction with both 

aPKC, Cdc42, and Mpp5. 

 

Early Localization 

Prior to 18hpf, the localization to dynamic fiber-like structures within the 

cytoplasm (potentially microtubules or mitotic spindles) found by examining 

Pard6γb(ΔPB1)-GFP and Pard6γb(ΔCRIB)-GFP at 13-18hpf was also observed through 

Pard3-GFP domain deletion analyses (von Trotha et al., 2006).  These observations 

further support the idea of unique temporal and spatial protein-protein interactions 

between Pard6 proteins and their binding partners and suggest previously undetectable 

transient protein interactions mediated through these domains.  Additionally all four 

Pard6 proteins were localized to the nucleus around 10hpf.  This localization was not 

affected in any of the mutant forms examined.  In order to determine if this is an artifact 

or represents a potential sequestering of these proteins, we would have to delete 

additional amino acid sequences and examine embryos for lack of nuclear localization.  If 

this localization or sequestering is part of the wildtype protein behaviors, it could explain 

why there are no detectable apical membranes prior to neural rod formation.  The 

transition between nuclear localization and apical membrane localization could be caused 

by a molecular trigger such as degradation of the sequestering protein. 
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MATERIALS AND METHODS 

Animals 

Adult fish and embryos were maintained as described (Westerfield, 1995).  One mutated 

allele, pard6γbs441, was identified in a large-scale mutagenesis screen (Ober et al., 2006). 

Genotyping and cloning of four zebrafish pard6 genes  

Genotyping of pard6γbs441 

embryos was performed using PCR and restriction fragment length polymorphisms or a 

dCAPS (Neff et al., 2002). We amplified full-length cDNA clones of pard6γb (accession 

NM 212563) and pard6γa (accession  XM 689469) using PCR.  Based on available 

human and mouse protein sequences, zebrafish genomic sequences, predicted sequences, 

published EST clones, and 5’-RACE analysis, we amplified full-length cDNA clones for 

pard6α (accession EF550990) and pard6β (accession EF550991).  Additional PCR 

primers with incorporated restriction enzyme sequences allowed us to place these full-

length cDNA sequences into the pCS2+ vector.   Deletion constructs were generated by 

PCR.  All primer sequences are available in Appendix 7. 

Fusion Proteins 

To generate fusion proteins, eGFP or mCherry (Shu et al., 2006) followed by a short 

amino acid sequence (S-G-G-G-G-S) were placed into the existing expression constructs 

at the 5’ end of the coding sequence creating fluorescent N-terminal fusion proteins.  

In situ Hybridization 

We designed in situ probes that targeted the 3’end and that included portions of the 3’-

UTR of the zebrafish pard6 genes. These sequences were cloned into pCRII (Invitrogen) 

and antisense DIG-labeled RNA probes were made using the appropriate SP6 or T7 
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promoters. We also utilized an existing myl7 (formerly cmlc2) probe (Yelon et al., 1999).  

Whole mount in situ hybridization was performed as described (Alexander and Stainier, 

1999).   

Morpholino and mRNA injections 

For morpholino injections, 2ng of a splice-blocking morpholino designed against pard6γb  

was injected into the yolks of wildtype zygotes.  For mRNA injections, we used the 

different constructs synthesized for the Pard6 family in zebrafish:  pard6γa, pard6γb, 

pard6α, pard6β, pard6γa-gfp, pard6γb-mch, pard6α-gfp, pard6β-gfp, pard6γb(∆crib), 

pard6γb(∆pb1), pard6γb(∆crib)-gfp, pard6γb(kplg),  pard6γb(kplg)-gfp, and 

pard6γb(∆pb1)-gfp.  Two additional constructs were kindly provided by other 

laboratories pard3-gfp (Geldmacher-Voss et al., 2003) and h2b-mrfp (Megason and 

Fraser, 2003).  Capped RNA was synthesized in vitro by transcription with SP6 

polymerase from the constructs described above using the mMessage SP6 kit (Ambion).  

mRNAs were injected in 2.3nL aliquots (100-400pg) into the yolk of zygotes of either 

wildtype or pard6γbs441 heterozygous incrosses. 

Immunohistochemistry 

Embryos were fixed in 4% PFA for 2 hours at room temperature, mounted in 4% agarose, 

and sectioned to 200μm using a vibratome.  Sections were blocked in PBS with 4% BSA 

and 0.3% Triton for 1 hour and treated with Alexa Fluor conjugated phalloidin for 2 

hours at room temperature.  Following washing, sections were mounted on slides in 

Vectashield and imaged on a Zeiss LSM Pascal confocal microscope.  Images were 

further analyzed using Image J Software including application of median filters. 

Live Imaging 
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To image the brain ventricles, embryos were prepared as previously described (Lowery 

and Sive, 2005).  Following injection of Rhodamine Dextran, embryos were imaged 

using SPIM (Huisken et al., 2004).  For imaging fusion proteins, embryos were treated 

with Tricaine and mounted in 1% agarose.  Embryos were analyzed on a Zeiss LSM5 

Pascal confocal microscope or SPIM and analyzed using Image J software. 
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FIGURE LEGENDS 

Figure 2.1.  Identification and positional cloning of s441.  (A-B) Comparison of 36hpf 

wildtype and s441 mutant embryos.  (B) s441 mutants show defects in heart development 

(red arrow), failure of the brain ventricles to inflate (black arrow), and dorsal curvature.  

(C) Positional cloning of s441.  s441 was linked to Chromosome 19 between the SSLP 

markers z9059 and z6079.  Using an additional SSLP marker (labeled CA-1) the position 

of the mutation was narrowed to a region flanked by two recombinants, each unique to 

one side.  The red asterisk represents the location of pard6γb.  pard6γb contains three 

exons (rectangles) and two introns (lines).  The black asterisk represents the lesion.  The 

red bar represents the region targeted by the splice-blocking morpholino. (D-G) 

Expression of pard6γb.  (D) pard6γb is maternally deposited.  (E) At 10hpf, pard6γb is 

expressed ubiquitously. (F-G) At 18 and 24hpf,  pard6γb is expressed in all tissues and 

shows heightened expression in the neural tube (arrows).  (H-I) Sequence analysis of 

wildtype versus s441 pard6γb cDNA revealed a T to A (gray highlight in H and I) 

transition 192 base pairs following the start of translation.  (J) Schematic of the PB1, 

CRIB (abbreviated C), and PDZ domains and the predicted protein-protein interactions 

with the wildtype protein.  The premature stop codon in s441 mutants leads to a protein 

truncated at amino acid 63.  Numbers shown represent amino acid position.  (K) Injecting 

2ng of a splice morpholino designed against the first exon-intron boundary phenocopied 

the s441 mutation.  The morphants showed defects in heart development (red arrow), 

failure of the brain ventricles to inflate (black arrow), and dorsal curvature.  
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Figure 2.2.  Defects in development of organs derived from epithelial tissues in pard6γb 

mutants.  (A-B) Dorsal views comparing 30hpf wildtype and pard6γbs441 mutant hearts as 

assessed by cmlc2 expression.  (A) In wildtype embryos the heart elongates to form a 

tube.  (B) In pard6γbs441 mutant embryos, the heart fails to elongate.  (C-D) Comparison 

of wildtype and pard6γbs441 mutant retinal pigmented epithelium at 36hpf.  (D) 

pard6γbs441 mutant eyes show a mild defect in pigmentation. (E-F) Transverse sections of 

30hpf Tg(gutGFP)s854 wildtype and pard6γbs441 mutant embryos.  Sections are through 

the endodermal organ-forming region and were stained for filamentous actin and aPKC.  

(E) In wildtype embryos, the right side of the LPM (outlined in yellow) moves ventral to 

the endoderm while the left side moves dorsal.  (F) In mutant embryos, the LPM fails to 

undergo asymmetric morphogenesis and both sides move dorsal to the endoderm.  (G-H) 

Ventral views of 72hpf Tg(gutGFP)s854 wildtype and pard6γbs441 mutant endodermal 

organs.  (G) Wildtype embryos exhibit a leftward-looped gut (g), placing the liver (L) on 

the left and the pancreas (P) on the right.  (H) Guts (g) of mutant embryos do not loop 

and the liver (L) and pancreas (P) spread across the midline.  (I-J) Transverse sections of 

72hpf wildtype and pard6γbs441 mutant larvae through a region just posterior to the 

endodermal organ-forming region.  The pronephric ducts are also visible in these sections 

(white arrows). (I) Wildtype embryos form one polarized lumen in the posterior gut (red 

arrow).  (J) pard6γbs441 mutants occasionally show regions of their gut with multiple 

lumens (red arrows). (K-L) Brightfield images of 30hpf wildtype and pard6γbs441 mutant 

embryos showing that mutant embryos do not have inflated brain ventricles (arrows) (M-

N) SPIM projections of embryos with rhodamine-dextran injected into the cerebrospinal 
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fluid of the hindbrain region. (M) Wildtype embryos have well-inflated ventricles.  (N) 

pard6γbs441 mutant embryos do not form fully inflated ventricles. 

 

Figure 2.3.  Distribution of Pard6γb during neurulation. (A-C) Wildtype embryos were 

injected with h2b-mRFP and pard6γb –gfp.  (D-G) Wildtype embryos were injected with 

pard3-gfp and pard6γb-mch mRNA.  (A-D, F) Optical sections through the neural tube of 

live embryos (dorsal views between the first and sixth somite, anterior up).  (E, G) 

Transverse sections through the neural tube of embryos between the first and sixth somite 

stained for filamentous actin. (A-C) Time lapse images of one cell division that crossed 

the midline of the developing neural tube.  (C) Pard6γb-GFP localized to the cleavage 

furrow during mitosis.  (D-E) At 16hpf, Pard6γb-mCh begins to localize with Pard3-GFP 

to the forming apical membranes of the neurocoel.  (F-G)  At 24hpf, Pard6γb-mCh 

localizes with Pard3-GFP along the maturing apical membranes of the neurocoel.  Scale 

bars represent 50μm.   

 

Figure 2.4.  Function and localization of three mutant forms of Pard6γb.  (A) Schematic 

of the PB1, CRIB (abbreviated C), and PDZ domains and the predicted protein-protein 

interactions with mutant proteins lacking the PB1 (abbreviated ∆PB1), CRIB 

(abbreviated ∆CRIB) domain, or KPLG mutated to AAAA (abbreviated KPLG).  (B-E) 

Live, 24hpf embryos injected with h2b-mRFP and pard6γb(∆pb1)-GFP (abbreviated 

∆PB1-GFP), pard6γb(∆crib)-GFP  (abbreviated ∆CRIB-GFP), or pard6γb(kplg)-GFP 

(abbreviated KPLG-GFP) mRNA as indicated (dorsal views between the first and sixth 

somite, anterior to the top).  (B, D, F) In wildtype embryos, nuclei are organized along 
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the neurocoel.  (C, E, G) In pard6γbs441 mutant embryos, nuclei are disorganized.  In 

wildtype embryos, ∆PB1-GFP (B”), ∆CRIB-GFP (D”), and KPLG-GFP (F”) localized to 

the cytoplasm and the apical membranes around the neurocoel.  In pard6γbs441 mutant 

embryos, ∆PB1-GFP (C”), ∆CRIB-GFP (E”), and KPLG-GFP (G”) failed to rescue the 

mutant phenotype and localized to the discontinuous apical membranes around the 

neurocoel.  Scale bars represent 50μm.   

 

Figure 2.5.  Alignment of the Pard6 protein family. (A) Clustal W (1.83) Multiple 

Sequence Alignment of the four zebrafish (ZF) Pard6 proteins with the three mouse 

(MM) Pard6 proteins and the C.elegans (CE) PAR-6 protein.  The red box outlines the 

conserved PB1 domain.  The green box outlines the conserved CRIB domain.  The 

yellow boxes outline the conserved PDZ domain. (B) Cladogram of the four zebrafish 

(ZF) Pard6 proteins, three mouse (MM) Pard6 proteins, and the C.elegans (CE) PAR-6 

proteins. 

 

Figure 2.6.  Expression of the pard6 genes.  (A, E, I, M) 4-cell stage; animal pole to the 

top.  All remaining images are dorsal views, anterior to the top. (A, E, I, M)  All four 

pard6 genes are maternally deposited.  (B) pard6γb is expressed ubiquitously at tailbud 

stage.  (C-D)  pard6γb expression remains ubiquitous throughout somitogenesis until 

24hpf.  Its expression is heightened in regions of the neural tube and eyes.  (F) pard6a 

expression is not expressed along the axial region of the embryo at tailbud.  (G-H) 

pard6gb expression remains ubiquitous throughout somitogenesis until 24hpf.  Its 

expression is heightened in regions of the neural tube and eyes.  (J) (K-L) pard6b 
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expression remains ubiquitous throughout somitogenesis until 24hpf.  Its expression is 

heightened in regions of the neural tube, eyes, and otic placode (arrows).  (N) pard6γa is 

not expressed into axial region at tailbud.  

 

Figure 2.7.  Localization of the three additional Pard6 proteins in zebrafish at 24hpf. (A, 

C, E, G, I, K) Optical sections through the dorsal neural tube of live 24hpf embryos 

between the first and sixth somite.  (B, D, F, H, J, L) Transverse sections through the 

neural tube between the first and sixth somite of 24hpf embryos, stained for filamentous 

actin.  (A-D) Embryos were injected with mRNA encoding Pard6γa-GFP.  (A-B) In 

wildtype embryos, Pard6γa-GFP localized to the apical membranes around the neurocoel.  

(C-D) In pard6γbs441 mutant embryos, Pard6γa-GFP localized to the discontinuous apical 

membranes around the neurocoel.  Pard6γa-GFP did not rescue the s441 mutant 

phenotype.  (E-H) Embryos were injected with mRNA encoding Pard6β-mCh.  (E-F) In 

wildtype embryos, Pard6β-mCh localized to the apical membranes around the neurocoel.  

(G-H) in pard6γbs441 mutant embryos, Pard6β-mCh localized to discontinuous apical 

membranes around the neurocoel.  Pard6β-mCh did not rescue the pard6γbs441 mutant 

phenotype.  (I-L) Embryos were injected with mRNA encoding Pard6α-GFP.  (I-J) In 

wildtype embryos, Pard6α-GFP localized to the apical membranes around the neurocoel.  

(K-L) In pard6γbs441 mutant embryos, Pard6α-GFP localized to the apical membranes 

around the neurocoel.  (K) In this pard6γbs441 mutant embryo, midline Pard6α-GFP 

localization was discontinuous and Pard6α-GFP failed to rescue the neurocoel 

phenotype.  (L) In this genotyped pard6γbs441 mutant embryo, midline Pard6α-GFP 
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localization was continuous and Pard6α-GFP rescued the neurocoel phenotype.  Scale 

bars represent 50μm.  

 

Figure 2.8.  Localization of the Pard6 proteins in zebrafish prior to 24hpf.  All images 

were taken of live embryos from wildtype incrosses that were injected with mRNA.  (A) 

A 10hpf embryo injected with pard3-gfp mRNA.  Pard3-GFP is primarily localized to the 

membranes of cells and also shows cytoplasmic localization.  (B) A 10hpf embryo 

injected with pard6γb-mcherry mRNA.  Pard6γb-mCherry is localized to cell 

membranes, cytoplasm, and nucleus.  (C) A 10hpf embryo injected with both pard6γb-

gfp and h2b-mrfp mRNA.  Pard6γb-GFP co-localizes with the nuclear marker H2B-

mRFP.  (D) A 13hpf embryo injected with both pard6γb-gfp and h2b-mrfp mRNA.  At 

the neural keel stage, Pard6γb-GFP is localized in the nucleus when cells are not 

dividing, but becomes primarily membrane localized during mitosis.  (E) A 16hpf 

embryo injected with both pard6γb-gfp and h2b-mrfp mRNA.  At the neural rod stage, 

Pard6γb-GFP becomes localized to foci along the midline of the embryo.  (F-H) A 10hpf 

embryos injected with pard6α-gfp, pard6β-mcherry, and pard6γa-gfp mRNA 

respectively.  Pard6α-GFP, Pard6β-mCherry, and Pard6γa-GFP are localized to the cell 

membranes, cytoplasm, and nucleus, although Pard6β-mCherry shows the weakest 

nuclear localization. 
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Figure 2.4
Function and localization of three mutant forms of Pard6γb.
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MM_Pard6gamma  MNRSFHKSQTLRFYDCSAVEVKSKFGAEFRRFSLDRHKPG--KFEDFYQLVVHTHHISNTEVTIGYADVHGDLLPINNDDNFCKAVSSANPLLRVFIQKR 98
ZF_Pard6gammaB MNRSFNKSQSLRSLNMNAVEVKSKYGAEFRRFSVDRIKPG--KFEEFYKLIMTIHRIASMEVMIGYADIHGDLLPINNDENFSKAVSTAHPLLRVFIQRQ 98
ZF_Pard6gammaA MNRPIRKAHSLR--CCSMLEVKSKYGADFRRFSVDRYEPG--RYKDFYRLIVRLHQLWHTDVFIGYADVHGELLPINNDDNFCKAVSSTQSLLRIFIQLR 96
MM_Pard6beta   MNRGHRHGASSG--CLGTMEVKSKFGAEFRRFSLERSKPG--KFEEFYGLLQHVHKIPNVDVLVGYADIHGDLPPINNDDNYHKAVSTANPLLRIFIQKK 96
ZF_Pard6beta   MNKNHR-VPSNR--TLNAVEVKSKFGAEFRRFSLDRSKPG--RFDEFYGLLQHVHRIPNVDLLVGXADVHGDLLPINNDDNYHKAISMATPLLRXFLQRK 95
CE_PAR-6       MSYNGSYHQNHH----STLQVKSKFDSEWRRFSIPMHSASGVSYDGFRSLVEKLHHLESVQFTLCYNSTGGDLLPITNDDNLRKSFESARPLLRLLIQRR 96
MM_Pard6alpha  MARPQRTPARSP---DSIVEVKSKFDAEFRRFALPRTSVR--GFQEFSRLLCVVHQIPGLDVLLGYTDAHGDLLPLTNDDSLHRALASGPPPLRLLVQKR 95
ZF_Pard6alpha  MSRNHRTTLKNE---ESVVEVKSKFEGEYRRFALKKNTG---GFQEFYQLLQTIHRIPGVDVLLGYADIHGDLLPINNDYNFHKALSSANPLLRIIVQKR 94
               *               . ::****: .::***::         :. *  *:   *::   :. :   .  *:* *:.** .  ::.    . ** ::* :

MM_Pard6gamma  EE--ADHYSFGAGTLSRKKK----VLVTLRDDGLRRRPHLNISMPHDFRPVSSIIDVDILPETHRRVRLYRHGCEKPLGFYIRDGTSVRVTPHGLEKVPG 192
ZF_Pard6gammaB EE--VDYSNFGTSTLTRKKK----AVVTLRNDLNRKRPHIRIGMPQDFRPVSSIIDVDILPESHRRVRLYRYGSDKPLGFYIRDGTSVRVTPHGLEKVPG 192
ZF_Pard6gammaA EE--AEQCIACPDDMTKRKK----SIS-------HRKPAFQISKPHNFRPVSSIIDVDLVPESHRRVRLYRQNSDRPLGFFIRDGTTVTVTPYGLEKRPG 183
MM_Pard6beta   EE--ADYSAFGTDTLIRKKN---MLSNVLRPDNHRKKPHIVISMPQDFRPVSSIIDVDILPETHRRVRLCKYGTEKPLGFYIRDGSSVRVTPHGLEKVPG 191
ZF_Pard6_beta  EE--ADYSAFGTDTVTRKKTPAALAAVLLRPDTNKKKPPIIISLPKDFRPVSSIIDVDILPETHRRVRLYKHGQEKPLGFYIRDGSSVRVTPXGLEKVPG 193
CE_PAR-6       GESWEEKYGYGTDSDKRWKG-----ISSLMAQKPPKRS-YSISNPEDFRQVSAIIDVDIVPEAHRRVRLCKHGQERPLGFYIRDGTSVRVTERGVVKVSG 190
MM_Pard6alpha  EG-DSSGLAFASNSLQRRKK----GLLLRPVAPLRTRPPLLISLPQDFRQVSSVIDVDLLPETHRRVRLHKHGSDRPLGFYIRDGMSVRVAPQGLERVPG 190
ZF_Pard6alpha  VV-DDT-VPFPTGSLQRRKK----GPGGLRQAQPKSRPP-LIGLPQDFRQISSIIDVDILPETHLRVRLHKHGTHKPLGFYIRDGVSVRVTSHGVEKFPG 187
                          ..   : *                 :.   *. *.:** :*::****::**:* **** : . .:****:**** :* *:  *: : .*

MM_Pard6gamma  IFISRMVPGGLAESTGLLAVNDEVLEVNGIEVAGKTLDQVTDMMIANSHNLIVTVKPANQR-------------NNVVRSS---RTSGSSVHSTDSTTSH 276
ZF_Pard6gammaB IFISRMVPGGLAESTGLLAVNDEVLEVNGIEVTGKTLDQVTDMMIANSHNLIVTVKPVNQR-------------NNVVRSS---RISGSSGQSSDSSSSV 276
ZF_Pard6gammaA VFISRIVPGGLAACTGLLALNDQVLEVNGIEVSGKTLDQVTDMMIANSHNLIITVKPANQH-------------NNITRKS---CASSTTGHYFESTESV 267
MM_Pard6beta   IFISRLVPGGLAQSTGLLAVNDEVLEVNGIEVSGKSLDQVTDMMIANSRNLIITVRPANQR-------------NNVVRNS---RTSGSSSQSTDN--SL 273
ZF_Pard6beta   IFISRMVPGGLAESTGLLAVNDEVLEVNGIEVSGKSLDQVTDMMIANSHNLIITVKPANQR-------------NNIVRSSGGGATSGSSGRSSDSSTSF 280
CE_PAR-6       IFISRLVDGGLAESTGLLGVNDEVLEVNGIEVLGKTLDQVTDMMVANAHNLIITVKPANQR-------------NTLSRGP---SQQGTPN--------- 265
MM_Pard6alpha  IFISRLVRGGLAESTGLLAVSDEILEVNGIEVAGKTLDQVTDMMVANSHNLIVTVKPANQR-------------NNVVRGASG-RLTGPSSVGPGPTDP- 275
ZF_Pard6alpha  IFISRLVKGGLADTTGLLGVNDEILEVNGIDVSGKSLDQVTDMMVANSHNLIVTVKPAIYRSLDDTYRTFKTSAGNSSAGSRGSALSHDSAHSPASQNTS 287
               :****:* ****  ****.:.*::******:* **:********:**::***:**:*.  :             ..    .        .          

MM_Pard6gamma  ------HSLP-GAHVLQN---SEDVESDEEADIVIEG--------------------------ALEPQHIPKTQAVPPGSLSRA--------NG---TSL 329
ZF_Pard6gammaB GYPA--ITVPTGATAISHGYSPEDLESDEESDIVIESNIKRPSRRSNASVASHASRSQTQTTTVTPPSPPTRPQTRPPSTVSTASFHSQPSFNGTVHNSL 374
ZF_Pard6gammaA -------CYP-GLPMIMKAYGFNGSESEEDVDLVIER----------------PVKHQYSSPHVSTSYRPQVAPGRPNSLLSAASFRSQPCLACTGHTGL 343
MM_Pard6beta   LGF---------PQQVEASFEPEDQDSDED-DIIIED----------------------------SGEPQQIPKATPAQSLESL-------------TQI 322
ZF_Pard6beta   HGYSVPGSTSMTPSHIIQNFEPDEESEDEE-DLVIEA----------------------------DRGAKLIPPAKVRATASSS-------------MPV 338
CE_PAR-6       ------------------------------------------------------------------ASEMSAATAAATGGIQRP-------------MKM 286
MM_Pard6alpha  ------------------------DSDDDSSDLVIEN-----------------------------------RHPPCSNGLSQG--------------PL 302
ZF_Pard6alpha  -------------QYSNSNSVAEGDSDDD-TDLIIEND----------------------NLSTYAQNRLTNGNGSHGNAQSSG--------------AF 337
                                                                                                .                 .

MM_Pard6gamma  AHGLHR----RDMSLHSSG---RESNGSIHRFLSSLKPDPRHSLVLPQGGVEEHGPAITL 382
ZF_Pard6gammaB SYKLHKDLTLQHHPYHSSNPAMRESNGSLHKILSSLGTDPRHSLALPRGGVEEDGTVITL 434
ZF_Pard6gammaA RSVSDR------QDYYGFKAAIRQESCSSGDVRNSWQVDLSSHLLLPQGAMEEDGIVVFL 397
MM_Pard6beta   ELSFES----------GQNGFSPPQDTSLVPVPGSLDTEL-ESRAPDQKLLEEDGTIITL 371
ZF_Pard6beta   LPRYEP----------HLDLRPSNGTMATSTSVGSLN-------AHERRNLEEDGTVITL 381
CE_PAR-6       NGSSDG----------SYHPKQHDANDSDS---------------------GED------ 309
MM_Pard6alpha  CWDLQP------------GCLLPGAGSSLPSLDSREQ-----ANSGWGNGMRGDVSGFSL 345
ZF_Pard6alpha  AHRPLP------------QSVSLPSSSSLSSLTTPTHNGSPTKTSSSQESMREDGNFITL 385
                                          :                         .      
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Figure 2.5
Alignment of the Pard6 protein family.
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CHAPTER 3 

PARD6γB DRIVES NEUROCOEL 

MORPHOGENESIS 

 

ABSTRACT 

In addition to defects in epithelial tissue development, pard6γb mutants exhibit disrupted 

tissue polarization along the neurocoel, the cavity of the neural tube, a previously 

uncharacterized phenotype.  Detailed analyses of the cells lining the neurocoel in 

wildtype and pard6γb mutant embryos provides the first genetic evidence that apicobasal 

polarity orients the mitotic spindle and positions the centrosome during zebrafish 

neurulation.  To determine why pard6γb mutant embryos form portions of the neurocoel 

properly, we analyzed maternal zygotic mutants and double mutant embryos.  We also 

initiated experiments to examine the functional redundancy of Pard6γb with Pard6α.   In 

summary, the pard6γb mutants provide an in vivo model for studying vertebrate 

neurulation and the functions of the Pard6 protein family. 
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INTRODUCTION 

Neurulation 

Through neurulation, the neuroepithelium gives rise to the eyes, the brain and its 

ventricles, and the neural tube (Movie S1).  Many of these structures are disrupted in 

zebrafish embryos carrying mutations affecting apicobasal polarity (Horne-Badovinac et 

al., 2001; Jensen and Westerfield, 2004; Lowery and Sive, 2005; Omori and Malicki, 

2006; Wei and Malicki, 2002).  In zebrafish, the neuroepithelium begins as an epithelial-

like structure at the neural plate stage, although it lacks polarized localization of any 

markers of apicobasal polarity (Ciruna et al., 2006; Lowery and Sive, 2004; Papan and 

Campos-Ortega, 1999).  This neural plate converges to the midline through radial 

intercalation, and extends during somitogenesis to form the neural keel, a process that has 

the hallmarks of secondary neurulation in the posterior neural tube of amniotes 

(Geldmacher-Voss et al., 2003; Hong and Brewster, 2006; Lowery and Sive, 2004; Papan 

and Campos-Ortega, 1999).  During this morphogenetic process, cells divide 

perpendicular to, and across, the midline (Ciruna et al., 2006; Geldmacher-Voss et al., 

2003; Tawk et al., 2007).  The convergent cell movements and cell divisions are oriented 

by the planar cell polarity pathway (Ciruna et al., 2006).  After the 12-somite stage (13 

hours post fertilization (hpf)), Pard3 forms foci of polarity along the midline of the neural 

keel (Geldmacher-Voss et al., 2003; Tawk et al., 2007).  These foci continue to assemble 

(Tawk et al., 2007) and by approximately 21hpf form continuous apical membranes 

(Geldmacher-Voss et al., 2003).  Following formation of these continuous apical 

membranes, fluid is pumped into the neurocoel and the brain ventricles inflate (Lowery 

and Sive, 2005).  This fluid also fills the lumen of the posterior neural tube (CAM, JH, 
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DYRS unpublished observations).  Coincident with the formation of the apical 

membrane, the mitotic spindles in dividing neuroepithelial cells rotate such that divisions 

now occur parallel to the plane of the midline (Geldmacher-Voss et al., 2003).   

Several molecular players implicated in vertebrate neurulation are components of 

the planar cell polarity or apicobasal polarity pathways (Gotz and Huttner, 2005; Ueno 

and Greene, 2003).  Analysis of these molecular pathways in vertebrates is beginning to 

shed light on how the neural tube forms, but few studies have focused on the 

development of the posterior neural tube in amniotes.  The zebrafish is a vertebrate 

genetic model that is amenable to live imaging and, therefore, provides a system for 

studying neurulation in vivo. 

The Par3/Par6/aPKC(Prkci) complex has been suggested to affect orientation of 

the mitotic spindle in the neural tube stage (Geldmacher-Voss et al., 2003; von Trotha et 

al., 2006).  We analyzed this correlation and provide conclusive in vivo evidence that lack 

of apicobasal polarity affects mitotic orientation, possibly through mislocalization of the 

centrosomes and/or mislocalization of proteins normally restricted to a basolateral 

domain.  By examining pard6γbs441 mutants, we have begun to elucidate how Pard6 

proteins function in the complex processes of vertebrate neurulation. 
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RESULTS 

pard6γbs441 mutants show mosaic regions of polarity along the neurocoel 

To further investigate the phenotype observed in the brain ventricles of pard6γbs441 

mutants, we analyzed the epithelial integrity of the neural tube in wildtype and 

pard6γbs441 mutant embryos at 24hpf.  Prior to 24hpf in wildtype embryos, a continuous 

apical membrane is formed around the neurocoel.  F-actin (Figure 3.1A), β-catenin 

(Figure 3.1C), aPKC (Figure 3.1E), Pard3-GFP (Figure 3.1G), Nok/Mpp5 (Figure 3.1I) , 

and ZO-1 (Figure 3.1K), all localize to the apical membranes around the neurocoel.  In 

contrast, pard6γbs441 mutant embryos lack continuous apical membranes around the 

neurocoel.  In regions where apical markers are present, small lumens form, while in 

regions where no apical markers are present, no lumen forms (Figure 3.1B, D, F, H, J, L).  

This mosaicism is present along both the dorso-ventral and antero-posterior axes.  

Consistent with the importance of Par6/aPKC interactions, loss of Pard6γb strongly 

affected aPKC localization (Figure 3.1F).  (It is important to note that this antibody 

recognizes both Prkci and Protein Kinase C zeta (Horne-Badovinac et al., 2001)).  In 

wildtype embryos, the nuclei align away from the apical membranes (Figure 3.1M).  In 

regions of pard6γbs441 mutants without polarized localization of apical markers, the 

nuclei appear disorganized (Figure 3.1N).  Often, nuclei are placed directly along the 

midline.  Because the neurocoel in pard6γbs441 mutants also shows discontinuous apical 

membranes at 48hpf (Figure 3.1O-P) and 72hpf (data not shown), the phenotype is not 

due to developmental delay.  In pard6γbs441 mutants, the neurocoel phenotype is fully 

penetrant, affecting all mutant embryos examined (n > 400).  Moreover, pard6γb 
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morpholino-injected embryos also showed a similar phenotype in the membranes lining 

the neurocoel (data not shown).  These observations suggest that lack of Pard6γb function 

disrupts the morphogenesis of the neurocoel. 

 

Lack of Pard6γb function alters the 90° rotation of the mitotic spindle in the 

embryonic neural tube. 

Previous research has postulated that the re-orientation of cell division in the neural tube 

of zebrafish embryos is dependent on the function of the Pard3/Pard6/Prkci complex 

(Geldmacher-Voss et al., 2003).  However, these analyses could not confirm a role for 

this complex in positioning the mitotic spindle after 21hpf.  The mosaic nature of the 

neurocoel in pard6γbs441 mutants prompted us to re-examine the role of apicobasal 

polarity and the function of the Pard3/Pard6/Prkci complex in orienting mitoses in the 

neural tube.   

First, we examined pard6γb morphant embryos prior to 18hpf, when mitoses 

occur in an orientation perpendicular to the plane of the neurocoel and daughter cells are 

placed on opposite sides of the midline (Ciruna et al., 2006; Geldmacher-Voss et al., 

2003; Tawk et al., 2007).  After examination of embryos injected with the pard6γb 

morpholino in combination with pard3-gfp and a cell membrane marker (n=10), we 

observed no change in cell behavior prior to 18hpf compared to control embryos (data not 

shown).  Second, we examined embryos after 21hpf, when, in wildtype embryos, the 

apical membranes along the neurocoel have become continuous and the orientation of 

mitoses has changed by 90° (Geldmacher-Voss et al., 2003).  We analyzed mitotic events 

between 22-25hpf in the neural tube of live wildtype and pard6γbs441 mutant embryos 
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that had been injected with pard3-gfp and h2b-mrfp.  We examined mitoses in regions 

with Pard3-GFP located continuously along the apical membranes in wildtype and 

pard6γbs441 mutant embryos (Figure 3.2A-E) as well as mitoses in regions lacking Pard3-

GFP localization in pard6γbs441 mutant embryos (Figure 3.2A-C, E).  We only analyzed 

mitotic divisions where we could clearly measure the angle of division and daughter cells 

remained in close proximity to the mother cells.  By measuring the angle of the plane of 

division with reference to the midline of the neural tube, we found that in regions with 

polarity in both wildtype and mutant embryos, the angle of mitoses was tightly clustered 

between 80° and 90° (n=40/50 cell divisions) (Figure 3.2D, Figure 3.3A), in agreement 

with previous reports (Geldmacher-Voss et al., 2003; Reugels et al., 2006; von Trotha et 

al., 2006).  In regions lacking polarity, we found the angle of mitoses to cluster between 

40° and 70° (n=29/50 cell divisions) (Figure 3.2E, Figure 3.3B).  The discontinuous 

regions of polarity are small and often only one or two cells in length.  Therefore, 

polarized regiona often bordered unpolarized regions.  Mitoses that occurred at these 

border regions are often oblique.  This observation together with the abnormal orientation 

of mitoses in unpolarized regions of pard6γbs441 mutant embryos suggests that cells may 

orient themselves using available apical cues from neighboring cells or that these cells 

may in fact contain a minimal component of apical membrane. 

   

Pard6γb affects localization of centrosomes and Numb 

Because the orientation of mitoses is affected in pard6γbs441 mutants, we examined the 

position of the centrosomes along the neurocoel in mutant embryos.  In wildtype 

embryos, the centrosomes are located towards the apical side of cells lining the neurocoel 
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(Figure 3.4A).  Cells with apical membranes divide with their spindles oriented parallel 

to the apical membranes lining the neurocoel (Figure 3.4A’’, arrow).  In pard6γbs441 

mutant embryos, the centrosomes are positioned as in wildtype in polarized regions, but 

appear to be absent or mislocalized in unpolarized regions of the neurocoel (Figure 3.4B).  

Some cells located at borders of polarized and unpolarized regions appear to position 

their centrosome in reference to the apical membrane of surrounding cells (Figure 3.4B”).  

This suggests that the location of apical membranes determines the location of the 

centrosomes along the neurocoel during the neural tube stage.   

Numb is restricted to the basolateral membrane in neuroblasts.  Its basolateral 

localization depends on apical membrane establishment and is important for orienting 

neuroblast cell divisions and neuroblast differentiation in Drosophila and mouse 

(Knoblich et al., 1995; Shen et al., 2002).  Numb is phosphorylated by Prkci leading to 

restriction of Numb to the basolateral membranes of cells (Smith et al., 2007).  In 24hpf 

wildtype embryos, Numb-GFP is localized to the basolateral membranes of cells lining 

the neurocoel (Figure 3.4C) (Reugels et al., 2006), while Pard6β-mCh is localized to the 

apical membranes (Figure 3.4C).  In pard6γbs441 mutant embryos, the localization of 

Numb-GFP is affected in regions lacking apical localization of Pard6β-mCh.  In cells 

lacking apical localization of Pard6β-mCh, Numb-GFP is located around the entire cell 

cortex (Figure 3.4D-E) .  In regions bordering apical localization of Pard6β-mCh, Numb-

GFP appears to localize to basolateral regions opposite Pard6β-mCh (Figure 3.4D).  

Therefore, Pard6γb function affects the localization of Numb-GFP and the restriction of 

the basolateral membrane compartment. 
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Analysis of maternal zygotic embryos, double mutants, and Pard6α 

Since pard6γbs441 mutants can form some apical membranes around the 

neurocoel, we formulated three hypotheses: (1) the maternal contribution of Pard6γb 

could provide sufficient function for some apical membranes to form, (2) a genetic 

interaction exists between Pard6γb and its binding partners and eliminating one of its 

binding partners may prevent the formation of any apical membrane around the 

neurocoel, or (3) Pard6α could partially compensate for the loss of Pard6γb function in 

pard6γbs441 mutants.   

 

Maternal zygotic embryos 

In order to test the first hypothesis we examined the neurocoel in Maternal 

Zygotic (MZ) pard6γb s441 mutants.  Embryos from a pard6γbs441 heterozygous incross 

were injected with wildtype pard6γb mRNA and raised to adulthood.  Homozygous 

mutant adults were identified through genetic crosses and PCR genotyping.  Surprisingly, 

adult males and females homozygous for the pard6γbs441 mutation were viable and fertile.  

Maternal zygotic mutant embryos exhibit body phenotypes that are similar, yet somewhat 

more severe in comparison to zygotic mutants.  In particular, the retinal pigmented 

epithelium of MZpard6γb mutants showed a more severe phenotype than zygotic pard6γb 

mutants and more similar to prkci mutants (data not shown).  The severity of the 

neurocoel phenotype in embryos lacking the maternal and zygotic component of pard6γb 

is similar to the phenotype of embryos that only lack the zygotic component (Figure 

3.5A).  This result suggests that the maternal contribution of pard6γb cannot explain the 

mosaicism of the neurocoel phenotype.   
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Double mutants 

Experiments in C. elegans (Gotta et al., 2001), Drosophila embryos (Hutterer et 

al., 2004), and MDCK cells (Hurd et al., 2003; Joberty et al., 2000; Lin et al., 2000; Qiu 

et al., 2000) have provided evidence that Pard6 function is dependent on three main 

protein-protein interaction domains:  the PB1, CRIB, and PDZ domains.  The PB1 

domain interacts with aPKC, the CRIB domain interacts with Cdc42, and the PDZ 

domain interacts with both Pals1 (Nok/Mpp5) and Pard3.  To investigate the second 

hypothesis and these protein interactions, we generated double mutants for pard6γbs441 

and has/prkci, pard6γbs441 and nok/mpp5, and pard6γbs441 mutants injected with a 

morpholino targeted to pard3.  All three of these gene depletion strategies caused a more 

severe phenotype in the apical membranes of the neural tube (Figure 3.5B-C, E).  In the 

case of pard6γbs441 /prkci double mutants, the regions around the neurocoel with 

polarized membranes were much shorter compared to pard6γbs441 single mutants (n=5).  

Wildtype embryos injected with a pard3 morpholino did not show any phenotype in the 

apical membranes around the neurocoel (data not shown).  In the case of pard6γbs441 

mutants that were injected with pard3 MO, there was little to no regions of polarized 

membranes around the neurocoel (n=5) (Figure 3.5C).  In nok/mpp5wi83 single mutant 

embryos, the membrane never becomes fully polarized as assessed by actin localization, 

but foci of polarity are present in a continuous manner along the region that could form 

the neurocoel (Lowery and Sive, 2005) (Figure 3.5D).  In pard6γbs441 /nok double 

mutants, the foci of polarity are disrupted by regions completely lacking any polarity 

(n=5) (Figure 3.5E).  Altogether these genetic analyses indicate that Pard6γb, Prkci, 
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Mpp5, and Pard3 proteins function together to regulate cell polarization in the developing 

neural tube. 

 

Pard6α morphants  

Because Pard6α could partially rescue the pard6γbs441 mutant phenotypes, we 

also wondered if Pard6α was responsible for the ability of regions of the neurocoel to 

form properly.  To examine this, we designed a antisense morpholino to the splice site 

between Exons 2 and 3 of the pard6α gene, and injected this morpholino into pard6γbs441 

heterozygous incrosses.  Wildtype embryos injected with the pard6α morpholino showed 

slight pericardial edema at 30hpf (Figure 3.6A-B), while injected pard6γbs441 mutant 

embryos were indistinguishable from their uninjected siblings at this stage.  Later at 

56hpf, the wildtype embryos injected with pard6α morpholino continued to exhibit 

pericardial edema in comparison to their uninjected wildtype siblings.  Injected 

pard6γbs441 mutant embryos showed a more severe heart phenotype at 56hpf.  In addition, 

the dorsal curvature of the tail was more pronounced in the injected mutants.  We also 

examined the neurocoel phenotype of embryos that had been injected with pard6α 

morpholno.  The neurocoel phenotype of both wildtype and pard6γbs441 mutant embryos 

was indistinguishable from those of their injected siblings.  Based on these preliminary 

analyses, Pard6α appears to play a primary role in cardiac development.  Although the 

morphants did not show a more severe phenotype in the neurocoel, it is possible that 

maternal Pard6α protein could function in forming some apical membranes of the 

neurocoel in pard6γbs441 mutant embryos, that overexpression of Pard6α could explain 
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the compensatory rescue we observed, or that there are Pard6 independent mechanisms 

leading to development of a continuous neurocoel (Totong et al., 2007). 
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DISCUSSION 

In addition to the phenotypes previously observed in embryos defective for components 

of the polarity machinery, pard6γbs441 mutants exhibit a distinct neurocoel phenotype. 

 

Neurocoel morphogenesis 

A similar neurocoel phenotype to the one we observed in pard6γbs441 mutants has been 

described in has/prkcim129 homozygous mutants at low penetrance (Geldmacher-Voss et 

al., 2003) and 48hpf moe/epb41l5 homozygous mutant embryos (Jensen and Westerfield, 

2004) but not in 24hpf moe/epb41l5 homozygous mutant embryos (CAM, DYRS 

unpublished observations).  nok/mpp5 homozygous mutants show discontinuous apical 

membranes without any lumen formation (Lowery and Sive, 2005), a phenotype distinct 

from the small lumens and regions lacking polarity seen in pard6γbs441 mutants.  The 

unique mosaicism of polarity around, and consequential discontinuity in, the lumen of the 

neural tube of pard6γbs441 mutants gave us the opportunity to re-examine how apicobasal 

polarity regulates orientation of cell divisions during neurulation.  The PCP pathway and 

oriented cell division appear to play a role in determining the shape of Drosophila organs 

(Baena-Lopez et al., 2005) and positioning cells during zebrafish gastrulation (Gong et 

al., 2004) and early neurulation (Ciruna et al., 2006; Concha and Adams, 1998).  Here we 

have provided evidence that apicobasal polarity is necessary for orienting cell divisions in 

the zebrafish neural tube and that the orientation of these cell divisions regulates 

neurocoel morphogenesis.   

In unpolarized regions that were 1-3 cells long, dividing and quiescent cells 

appear to use information from nearby or surrounding polarized regions to position their 
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centrosomes and consequently orient mitotic divisions.  In the rare situations when cell 

divisions occurred in larger unpolarized regions, the orientation of division was similar to 

that of cells prior to 18hpf.  This observation suggests that the PCP pathway may 

maintain its influence on orienting cell divisions in the absence of an apical membrane.  

The interaction between PCP signaling and apicobasal polarity remains elusive.  Further 

analysis of what regulates the intrinsic switch leading to establishment of an apical 

membrane and formation of the neurocoel (Tawk et al., 2007) may be able to provide a 

link between these two pathways.  

Basolateral Numb localization correlates with apical localization of aPKC and the 

localization of these proteins into these two separate subcellular compartments is 

important for orienting cell divisions in Drosophila neuroblasts (Lee et al., 2006).  

Although Numb does not directly control orientation of cell divisions, it provides 

information on the location of the basolateral domain.  From our data, it is difficult to 

determine whether lack of restriction of basolateral constituents plays a direct role in 

orienting cell divisions or whether the altered localization is secondary to altered 

apicobasal polarity.  Altogether, our data suggest that after 18hpf, apicobasal polarity 

provides the primary cue for orienting mitotic spindles in the developing neural tube. 

We tried to address why only some regions of apical membrane form normally 

around the neurocoel in pard6γbs441 mutants.  Our results suggest that the maternal 

contribution of pard6γb does not contribute to the formation of portions of apical 

membrane.  Based on the analysis of double mutants, Pard6γb interacts with and Mpp5, 

Prkci, Pard3.  However, these analyses are complicated by the presence of maternal 

contributions of all three of these proteins and multiple Pard6 family members in 
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zebrafish.  Although overexpression of Pard6α could partially rescue the pard6γbs441 

mutant phenotypes, pard6α morphants only showed defects in heart development.  

Therefore, Pard6α appears to play a primary role in heart development, not neurulation. 

Altogether, these data suggest that dissection of the mechanisms leading to establishment 

of a continuous neurocoel involves Pard6γb and its binding partners, but the function of 

these proteins cannot completely explain the formation of the apical membranes around 

the neurocoel.   Evidence exists for both Pard6-indpendent mechanisms leading to 

apicobasal polarity in C.elegans (Totong et al., 2007) and a requirement for Par-6 in 

establishing apicobasal polarity in Drosophila (Hutterer et al., 2004), however these 

organisms only have on Pard6 protein.  In zebrafish, it appears that formation of the 

neurocoel occurs via a Pard6γb-independent mechanism. 

To continue the analysis of Pard6 proteins in vertebrate development, zebrafish 

could provide a model system to further examine the functions of vertebrate Pard6 

proteins in vivo using morpholino knockdown analysis and/or by identifying mutations in 

the other pard6 genes.  We have examined the role of one Pard6 protein in zebrafish, 

Pard6γb, and found that it directs morphogenesis of the neurocoel by regulating 

formation of a continuous lumen along the neural tube and re-orienting cell divisions.  It 

will be important to analyze the unique functions and identify the additional binding 

partners of the Pard6 protein family in vertebrates.  These puzzle pieces may answer why 

pard6γbs441 mutants show a strong neurocoel phenotype while pard6α morphants show a 

heart phenotype and no neurocoel phenotype. Further analyses of the functions of the 

Pard6 proteins in zebrafish may help identify new mechanisms regulating apicobasal 

polarity, neurulation, and overall organogenesis.  
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MATERIALS AND METHODS 

Animals 

Adult fish and embryos were maintained as described (Westerfield, 1995).  We used 

wildtype and the following transgenic and mutant lines:  heart and soul m527, nagie 

okom520, Tg(gutGFP)s854.  pard6γbs441 was identified in a large-scale mutagenesis screen 

(Ober et al., 2006).   

Genotyping 

Genotyping of pard6γbs441 and nok/mpp5m520 embryos was performed using PCR and 

restriction fragment length polymorphisms or a dCAPS (Neff et al., 2002).  Genotyping 

of has/prkcim527 was performed as previously described (Horne-Badovinac et al., 2001). 

Immunohistochemistry 

Embryos were fixed in 4% PFA for 2 hours at room temperature, mounted in 4% agarose, 

and sectioned to 200μm using a vibratome.  Sections were blocked in PBS with 4% BSA 

and 0.3% Triton for 1 hour and treated with primary antibody overnight at 4°C as 

applicable.  We used the following primary antibodies: rabbit anti-aPKC (C-20) (Santa 

Cruz Biotechnology, 1:1000), rabbit anti-Nok/Mpp5 (Wei and Malicki, 2002), mouse 

anti-ZO-1 (Zymed, 1:200), mouse anti-β-catenin (BD Biosciences, 1:200), mouse anti γ-

tubulin (Sigma, 1:200).  Sections were washed and treated with Alexa Fluor conjugated 

secondary antibodies, Alexa Fluor conjugated phalloidin, or TO-PRO3 (Invitrogen) for 2 

hours at room temperature.  Following washing, sections were mounted on slides in 

Vectashield and imaged on a Zeiss LSM Pascal confocal microscope.  Images were 

further analyzed using Image J Software including application of median filters. 

Injections 
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Three constructs were kindly provided by other laboratories pard3-gfp (Geldmacher-

Voss et al., 2003), numb-gfp (Reugels et al., 2006),  and h2b-mrfp (Megason and Fraser, 

2003).  In addition we utilized pard6β-mch Capped RNA was synthesized in vitro by 

transcription with SP6 polymerase from the constructs described above using the 

mMessage SP6 kit (Ambion).  mRNAs were injected in 2.3nL aliquots (100-400pg) into 

the yolk of zygotes of either wildtype or pard6γbs441 heterozygous incrosses. 2ng of a 

morpholino designed against the ATG of pard3 was injected into the yolks of wildtype 

zygotes 

Live Imaging 

To image the brain ventricles, embryos were prepared as previously described (Lowery 

and Sive, 2005).  Following injection of Rhodamine Dextran, embryos were imaged 

using SPIM (Huisken et al., 2004).  For imaging fusion proteins and time series, embryos 

were treated with Tricaine and mounted in 1% agarose.  Embryos were analyzed on a 

Zeiss LSM5 Pascal confocal microscope or SPIM and analyzed using Image J software.   
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FIGURE LEGENDS 

Figure 3.1.  pard6γbs441 mutants fail to form continuous apical membranes around the 

neurocoel.  (A-P) Transverse sections through wildtype and pard6γbs441 mutant neural 

tubes between the first and eighth somite at 24 (A-N) and 48 (O-P) hpf.  The dashed 

yellow circle outlines the neural tube.  Embryos were analyzed for localization of 

filamentous actin (A, B),  ß-catenin (C,D), aPKC (E, F), Pard3:GFP (G-H), Nok/Mpp5 (I-

J), ZO-1 (K-L), TO-PRO3 (M-N), and both filamentous actin and aPKC (O-P).  (A, C, E, 

G, I, K) Wildtype embryos form continuous apical membranes around the neurocoel.  (B, 

D, F, H, J, L) pard6γbs441 mutants form discontinuous apical membranes around the 

neurocoel. (F) Note that apical aPKC levels are lower in pard6γbs441 mutants.  (M) In 

wildtype embryos, nuclei are organized and positioned away from the apical membranes 

of the neurocoel.  (N) In pard6γbs441 mutant embryos, nuclei are disorganized and some 

are positioned along the midline (arrow).  (O-P) At 48hpf, the apical membranes of the 

pard6γbs441 mutant neurocoel remain discontinuous.  Scale bar represents 50μm and is 

applicable to all panels in this figure. 

 

Figure 3.2.  Formation of the apical membranes of the neurocoel is required for 

orientation of mitoses.  (A-C) Time lapse images of a 24hpf pard6γbs441 mutant embryo 

injected with pard3-gfp and h2b-mrfp (dorsal views between the first and sixth somite, 

anterior to the top).  Time is indicated in minutes.  The yellow arrow points to a cell 

division in a region of continuous polarity, at an 88º angle (see D).  The white arrow 

points to a cell division in a region of discontinuous polarity, at a 26º angle (see D).  (D-

E) Schematic of technique used to analyze the angle of cell division in wildtype and 

77 



pard6γbs441 mutant embryos.  The angle between the midline (green) of the neural tube 

and the cleavage plane (black) of two dividing nuclei was recorded and analyzed on a 

histogram using the value ≤90º.  Each segment of the quarter circle represents a 10º 

increment; these segments were shaded according to the histogram distribution in each 

increment with black representing 100% and white representing 0%.  (D) In regions with 

polarized localization of Pard3-GFP in wildtype and pard6γbs441 mutant embryos, the 

angle of division clustered between 80º and 90º (n=40/50).  (E) In non-polarized regions 

lacking polarized localization of Pard3-GFP in pard6γbs441 mutant embryos, the angle of 

division clustered between 40º and 70º (n=29/50). Scale bars represent 50μm.     

 

 

Figure 3.3.  Histogram distribution of the angle between the midline of the neural tube 

and the cleavage plane of mitoses.  (A) Distribution of angles of mitoses (n=50 cell 

divisions) in polarized regions of the neurocoel in wildtype (n=3 embryos) and 

pard6γbs441 mutants (n= 12 embryos).  (B) Distribution of angles of mitoses (n=50 cell 

divisions) in nonpolarized regions of the neurocoel in pard6γbs441 mutant embryos. 

 

Figure 3.4.  Centrosome and Numb localization is altered in pard6γbs441 mutants.  All 

embryos are 24hpf.  (A-B) Transverse sections through the neural tube between the first 

and sixth somite, stained for filamentous actin and γ-Tubulin.  (A) In wildtype embryos, 

the centrosomes are localized along the apical side of the cells lining the neurocoel.  

Dividing cells position their centrosomes to orient mitoses parallel to the plane of the 

neurocoel (arrow).  (B) In pard6γbs441 mutant embryos, centrosomes are positioned as in 
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wildtype when polarized apical membranes are present, but appear to be missing or 

mislocalized in nonpolarized regions.  The arrow points to a cell that has re-oriented the 

position of its centrosome towards a polarized region.  (C-E) Live embryos injected with 

numb-gfp and pard6β-mch mRNA.  (C) In wildtype embryos Numb-GFP localized to the 

basolateral membranes (white arrows) while Pard6β-mCh localized to the apical 

membranes around the neurocoel.  (D-E) In pard6γbs441 mutant embryos, Numb-GFP 

marked the entire cell membrane in regions lacking apicobasal polarity (red arrows), 

whereas in regions near apical membranes it was restricted to basolateral membranes 

(white arrow).  Scale bars in (A-B) represent 10μm.  Scale bars in (C-E) represent 25μm.   

 

Figure 3.5.  Maternal zygotic embryos and genetic interactions with pard6γb.  All panels 

represent transverse sections between the first and sixth somite and stained for ZO-1 

(blue), aPKC (red), and filamentous actin (green) at 24hpf except (A) which is at 30hpf.  

(A) MZpard6γb mutant embryos show a neurocoel phenotype similar to pard6γbs441 

mutants.  (B) prkci/pard6γbs441 double mutants show a more severe neurocoel phenotype 

compared to pard6γbs441 mutants.  (C) pard6γbs441 mutants injected with a morpholino 

targeting pard3 show a more severe neurocoel phenotype compared to pard6γbs441 

mutants.  (D) mpp5 mutants show continuous foci of polarity along the midline.  (E) 

pard6γbs441/mpp5 double mutants show discontinuous foci of polarity along the midline.  

Scale bars represent 50μm. 

 

Figure 3.6.  Preliminary analysis of pard6α morphants.  (A-D) 30hpf embryos.  (E-H) 

56hpf embtyos.  (A, C, E, G) Uninjected embryos.  (B, D, F, H) Embryos injected with 
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pard66α morpholino.  (B) At 30hpf, wildtype embryos injected with pard66α 

morpholino show pericardial edema.  (D) At 30hpf, pard6γbs441b mutant embryos 

injected with pard66α morpholino are indistinguishable from uninjected embryos (B).  

(F) At 56hpf, wildtype embryos injected with pard66α morpholino show pericardial 

edema.  (H) At 56hpf, pard6γbs441b mutant embryos injected with pard66α morpholino 

show a more severe pericardial edema and dorsal body curvature compared to uninjected 

mutants (G). 
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Figure 3.3
Histogram distribution of angles 
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APPENDIX 1   

It’s time to splice it up! 

Prpf18 regulated splicing in zebrafish organogenesis 

 

ABSTRACT 

Here we identify and characterize a zebrafish mutation in prpf18, a component of the 

eukaryotic spliceosome.  This mutant shows defective endodermal development at 76hpf 

and abnormal levels of cell death in the eye and brain tissues.  We took advantage of this 

zebrafish mutant to assay the function of Prpf18 in an in vivo, vertebrate model.  In 

collaboration with the laboratory of David Horowitz, we analyzed how the interaction 

between Prpf18 and PPIH is important for splicing and found that this interaction is 

required for Prpf18 function.  In addition, we assayed the function of several residues in 

the conserved region at the C-terminus of the protein.  Continued analysis of mutant 

forms of Prpf18 and its binding partners will shed light on how splicing affects zebrafish 

organogenesis.  
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INTRODUCTION 

Eukaryotic organisms use splicing to remove introns from pre-mRNA transcripts 

and ligate exons to form protein templates.  Splicing occurs in the spliceosome, a large 

complex of over 50 proteins and snRNPs (U1, U2, U4, U5, and U6) (Guthrie, 1991; 

Umen and Guthrie, 1995).  Splicing proceeds via two main transesterification reactions.  

The first reaction involves cleaving the 5’splice site, forming an intermediate branched 

lariat.  The second reaction cleaves and ligates the 3’splice site to the 5’exon, forming the 

mRNA transcript (Umen and Guthrie, 1995).  Several protein-protein, RNA-RNA, and 

protein-RNA interactions are required for proper execution of these two reactions 

(Guthrie, 1991).  

One spliceosome protein, Prp18 (pre-mRNA processing factor 18), was first 

identified in Sacharomyces cerevisiae (Vijayraghavan and Abelson, 1990; Vijayraghavan 

et al., 1989).  PRP18 is not essential in Saccharomyces cerevisiae, yet yeast cells with 

disrupted PRP18 protein grow slowly and have a temperature sensitive growth phenotype 

(Horowitz and Abelson, 1993; Vijayraghavan and Abelson, 1990; Vijayraghavan et al., 

1989).  Lack of functional PRP18 inhibits, but does not abolish, the second step of 

splicing and results in an increase in levels of the lariat intermediate (Horowitz and 

Abelson, 1993).  Despite the fact that it is not essential, lack of PRP18 function in yeast 

causes the most severe phenotype as assessed by splicing-specific microarrays and leads 

to widespread intron accumulation (Clark et al., 2002).   

The overall structure of a fragment of yeast Prp18 was determined by X-ray 

crystallography and revealed that five tightly packed alpha helices form the functional 

portion of the yeast protein (Jiang et al., 2000).  
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The functions of Slu7 and Prp18 are intertwined as the two proteins play a role in 

the second step of splicing and exhibit genetic and protein-protein interactions (Bacikova 

and Horowitz, 2002; Frank and Guthrie, 1992; Zhang and Schwer, 1997).  Slu7 may play 

a role in the selection of 3’ splice sites, however its precise function in the spliceosome is 

not well understood (Frank and Guthrie, 1992).  In contrast to PRP18, however, SLU7 is 

essential in yeast.  The interaction between these two proteins falls primarily in helices 1 

and 2 of PRP18 (Bacikova and Horowitz, 2002) and amino acids 200-224 of yeast SLU7 

(Zhang and Schwer, 1997).  High levels of SLU7 can compensate for function of PRP18 

in vivo and evidence suggests that PRP18 may stabilize the interaction of Slu7 with the 

spliceosome (Zhang and Schwer, 1997).  In addition to interacting with Slu7, yeast Prp18 

also interacts with the U5snRNA and may stabilize the interaction of loop 1 of the U5 

snRNA with the splicing intermediates (Bacikova and Horowitz, 2005).    

In contrast, human Prp18 does not interact directly with any snRNPs (Horowitz and 

Krainer, 1997).  Human Prp18 shows homology with Prp4  in both sequence and in 

function.  Prp4 and Prp18 interact with Peptidyl-prolyl cis-trans isomerase (PPIH, 

formerly USA-CyP) through their homologous domain.  And PPIH acts during splicing 

with both hPrp18 and hPrp4 (Horowitz et al., 2002).  This interaction has been 

reconstructed through x-ray crystallography (Reidt et al., 2003). 

PPIH is a cylophilin, a protein family present in all organisms, but the cellular 

functions of this family have remained elusive (Arevalo-Rodriguez et al., 2004).  The 

founding family member was identified because it bound tightly to the 

immunosuppressive drug cyclosporine A (Ryffel, 1993).  Since then, research has 

revealed several additional roles for these proteins.  Evidence exists that cyclophilins may 
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catalyze cis-trans isomerization of peptide bonds preceding proline (Galat and Riviere 

1998).  They also act as prolyl isomerases and may play a role in protein folding or in 

altering protein conformations (Barik, 2006).    

 Zebrafish are a vertebrate system that has recently crossed into the field of 

splicing (Lowery et al., 2007; Trede et al., 2007).  Zebrafish are amenable to studying 

development processes and manipulating gene expression in vivo.  Through a forward 

genetic screen designed to identify mutations affecting development of the endoderm, we 

found a mutant affecting prpf18.  This mutant shows defective ventral pancreas 

development and abnormal cell death in the eyes and brain.  We took advantage of the 

opportunity to study splicing in vivo and in vertebrates and constructed and analyzed the 

function of several point or deletion mutants in Prpf18.  We found evidence that the 

interaction between Prp18 and PPIH is required for Prpf18 function and the conserved 

region performs a function necessary for embryo survival. 
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RESULTS 

Phenotypes of s490 

The s490 mutation was identified in a forward genetic screen that used ENU-induced 

mutagenesis (Ober et al., 2006) and identified mutants with phenotypes affecting the 

developing endoderm.  s490 mutants show defects in development of the ventral 

pancreatic bud (Figure A.1A-D).  Based on trypsin expression, the exocrine pancreas 

differentiates as in wildtype (Figure A.1C-D), but morphologically it does not have a tail.  

In addition, external body phenotypes at 76hpf include smaller eyes, slight dorsal 

curvature, and cell death in the brain (Figure A.1E-G).  These phenotypes continue to 

progress and mutant embryos die by approximately 6dpf (data not shown).  To determine 

if the cell death observed in the mutants occurs via apoptosis or necrosis, we utilized a 

TUNEL assay.  Based on the results from the TUNEL assay, a large number of cells in 

the brain, eye (Figure A.1H-J), as well as endoderm and fin of mutants (data not shown) 

die through apoptosis.  In summary, the s490 phenotype is characterized by defects in 

pancreas, eye, and brain development at 76hpf and is an embryonic lethal mutation.  

 

Identification of the genetic lesion causing s490 

To determine what genetic lesion causes the s490 mutant phenotypes, we used a 

positional cloning approach.  The lesion was mapped to Chromosome 18 using bulk 

segregant analysis and was positioned near the markers z13380 (Figure A1.2A).  Further 

genetic mapping was performed by amplifying polymorphic CA-repeats in the critical 

region and following recombinant embryos.  After genotyping approximately 2000 

embryos and defining a 300kb critical region that contained seven EST’s, we compared 
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the cDNA sequence of wildtype and mutant alleles of all seven EST’s.  The only 

significant difference we found occurred in the sequence of pre-mrna processing factor 

18 (prpf18).  As a consequence of a T to A mutation in the 5’ splice site following exon 9 

in the mutant allele of prpf18, a 114bp intron is included in the final mRNA transcript 

(Figure A1.2B).  Within the sequence of this intron is an in-frame stop codon one amino 

acid following the lesion.  Therefore, s490 is caused by a point mutation in the 5’ splice 

site following exon 9 and leads to a truncated form of Prpf18 that lacks amino acids 317-

342.  To confirm that this lesion was responsible for the phenotypes observed in s490 

mutants, we injected 250pg of wildtype mRNA encoding Prpf18 into heterozygous 

incrosses.  This resulted in rescue of 87% (n=28/32) genotyped mutants as assessed by 

lack of the eye or brain phenotypes at 76hpf.  Injection of prpf18s490 mRNA did not result 

in any observable rescue of the mutants, and from preliminary analysis this allele does 

not represent a hypomorphic allele.  Based on these rescue experiments, the lesion 

causing s490 affects prpf18.    

 

Prpf18 expression and protein localization 

 Because the prpf18 mutant phenotypes are initially observed in specific tissues, but later 

appear to affect all tissues, we analyzed the temporal and spatial expression of prpf18.  

prpf18 mRNA is maternally deposited and ubiquitously expressed throughout 

development (Figure A1.3A-C).  We also assessed expression of prpf18 in prpf18s490 

mutant embryos and did not observe any difference in the in situ staining pattern between 

wildtype and mutant embryos (data not shown).  The prpf18 mRNA is localized in the 

cytoplasm of prpf18s490 suggesting that translation occurs.  To determine the subcellular 
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localization of Prpf18 and aid studies discussed below, we constructed a fusion protein 

linking GFP to the N-terminus of Prpf18.  Injection of 200pg of mRNA encoding Prpf18-

GFP rescued 95% (n=21/22) of the genotyped mutants as assessed by lack of any eye or 

brain phenotype at 76hpf.  Prpf18-GFP localized to the nucleus of cells (Figure A1.4A) 

and becomes cytoplasmic during mitosis when the nuclear envelope breaks down (Figure 

A1.4B).  We plan to also assess localization of Prpf18s490-GFP.  Altogether, these 

analyses have shown that Prpf18 is located in the nucleus and the s490 mutant allele is 

not functional. 

 

hPrpf18 is/is not functional in zebrafish 

Because human Prp18 is 85% similar to the zebrafish Prpf18 (Figure A1.4C), we also 

assessed if injection of human prpf18 mRNA could compensate for lack of function of 

the zebrafish protein.  Injection of 200pg of mRNA encoding hPrpf18 did not rescue the 

prpf18s490 mutants as assessed by the presence of the mutant body phenotypes at 76hpf.  

We also analyzed a GFP-tagged form of the human Prpf18.  This protein did not localize 

to the nucleus of zebrafish embryos (data not shown).   

 

Lack of Prpf18  

Since Prpf18 is known to play a role in the second step of splicing in yeast and human, 

we attempted to develop an assay to determine if splicing is also affected in zebrafish 

embryos lacking functional Prpf18.  We hypothesized that the organs where phenotypes 

first appear would contain transcripts affected by the lack of prpf18 in splicing.  

Therefore, we assayed splicing of transcripts specific to the eye (ath5), pancreas (trypsin, 
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ptf1a, insulin), neurons (fezf1), or both pancreas and neurons (islet1).  We also analyzed 

transcripts found in all tissues, transcripts that do not splice, and other components of the 

splicing machinery.  The assay used primers designed with two exone to span across an 

intron and primers that amplified from an exon and included a piece of an intron.   We 

predicted that only cDNA isolated from prpf18 mutants would be able to produce a 

product from primers located in the exon and intron.  After assaying for the presence of 

lack of splicing in wildtype, a mixture of wildtype and heterozygous embryos, and 

homozygous mutant embryos at both 72hpf and 120hpf, we could not determine if 

splicing was defective in prpf18 mutants.  It is possible that incorrectly spliced transcripts 

are retained in the nucleus and quickly degraded or that cells that are producing such 

transcripts die quickly.  After talking with David Horowitz, we realized that we were 

looking for premRNA’s instead of intermediates in splicing.  We are currently designing 

primers to amplify a product from the lariat intermediate.   

 

Interaction between Prpf18 and Slu7 

An interaction between Prpf18 and Slu7 is known in yeast (Bacikova and Horowitz, 

2002).  Overexpression of Slu7 in yeast can complement for lack of Prpf18 function.  

Therefore, we plan to test if overexpression of Slu7 could compensate for lack of Prp18 

function in the zebrafish prp18s490 mutants.  We have initiated these studies by 

amplifying slu7 cDNA, and found two transcripts.  These two transcripts may represent 

previously unreported splice variants and may have distinct functions.  We plan to 

continue investigating the function of Slu7 and how its function intertwines with that of 

Prpf18. 
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Interaction between Prpf18 and PPIH 

PPIH interacts with hPrp4 and hPrp18 through their homologous region, a 31 amino acid 

region (Figure Figure A1.4C, A1.5A-B) (Horowitz et al., 2002).  This interaction may be 

required for PPIH activity in the spliceosome.  To assay if binding between Prpf18 and 

PPIH are required for Prpf18 function in zebrafish we constructed three mutant forms of 

Prpf18.  One mutant form changed Phe98 to alanine and Glu100 to Lysine (abbreviated 

FE).  Second, we deleted Leu97 and Phe98 (abbreviated Δ97/98).  Third, we constructed 

an N-terminus deletion removing amino acids 1-155.  Neither FE nor  Δ97/98 was able to 

rescue the prp18s490 mutants.  We are still analyzing the Δ1-155 mutant form.  In parallel 

to producing these mutant forms of Prpf18 we also constructed GFP fusion proteins.  

Both FE-GFP and  Δ97/98-GFP were localized to the nucleus (Figure A1.6 A-B).  Based 

on the absence of rescue, the interaction between PPIH and Prprf18 is required for Prpf18 

function. 

 

The conserved region is necessary for Prpf18 function 

Multi-species protein sequence analysis has revealed a highly conserved region near the 

C-terminus of Prp18 proteins (Figure A1.4C).  Deletion of this region in yeast creates a 

protein with a dominant negative phenotype most likely caused by the proteins ability to 

join the spliceosome but its inability to function.  We constructed two mutant forms of 

Prpf18 that affected this conserved region.   One form mutated I274,G275, and N276 to 

alanines.  The other form mutated G282,V283,and T284 to alanines.  Injection of both of 

these mutant forms of Prpf18 caused zebrafish embryos to die prior to 24hpf.  Injection of 

95 



these mutant forms fused to GFP showed that both forms still localize to the nucleus 

(Figure A1.6C-D).  The widespread embryonic lethality suggests that these mutant forms 

behave as dominant negative proteins, similar to observations from yeast analyses 

(Bacikova and Horowitz, 2002). 
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DISCUSSION AND FUTURE DIRECTIONS 

Here we report the identification of a zebrafish mutant caused by a lesion in 

prpf18.  This mutant provides a tool for analyzing the role of Prpf18 and the spliceosome 

in a vertebrate organism.  Preliminary analysis suggests an important role of the 

interaction of Prpf18 with PPIH in Prpf18 function.  In addition, the conserved domain is 

also required for Prpf18 function in the spliceosome. 

Emmanuelle Szenker plans to continue analyzing Prpf18 and its role in 

organogenesis.  In order to continue these analyses, it will be necessary to design 

additional point mutations and analyze their function and localization in the zebrafish 

embryo.  One such point mutation would be to convert only the Phe98 to alanine or 

tyrosine and analyze its function in vivo.  Subsequent or in parallel to the analysis of 

mutant forms of Prpf18 in vivo, David Horowitz’s laboratory at the Uniformed Services 

University of the Health Sciences will be executing analysis of the mutant forms in vitro.   

The functional requirement of the interaction between PPIH and Prpf18 is of 

particular interest.  To analyze this interaction further, it may be important to analyze 

how knocking down PPIH function with an antisense morpholino affects developmental 

processes or splicing.  Since PPIH is a cyclophilin, it can also be inhibited by treating 

with Cyclosporin A.  Treating embryos with Cyclosporin A would be an important 

experiment to try, but because the drug is a general cyclophilin inhibitor, it may not lead 

to any conclusive results. 

Although, we have attempted and failed thus far, it will also be important to 

confirm that the prpf18s490 mutants do in fact have a defect in splicing.  Without evidence 
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that splicing is altered in the mutant embryos, there is a possibility that Prpf18 is 

performing an additional function.   

Some additional hypotheses to keep in mind include that Prpf18 only plays a role 

in splicing of specific transcripts or in regulating alternative splicing events.  Mutations in 

several pre-mRNA splicing factors cause a human disease called retinitis pigmentosa, 

characterized by progressive degeneration of the retina (Mordes et al., 2006).  It is 

hypothesized that mutant proteins cannot effectively splice transcripts produced from 

circadian bursts in transcription of genes such as rhodopsin.  It is possible that similar 

bursts of transcription occur during development and may be correlated with the 

phenotypes observed in the dominant negative forms or prp18s490 mutants. 
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MATERIALS AND METHODS 

Genotyping, positional cloning, and generation of plasmids 

Genotyping prpf18s490 was performed using dCAPs designed to the lesion (Neff et al., 

2002).  A 400bp sequence was amplified and the restriction enzyme Hpy188III was used 

to cut the mutant sequence or Hpy188I was used to cut the wildtype sequence.  Full-

length cDNA’s of the wildtype and mutant alleles of prpf18 were cloned into pCS2+ 

using PCR primers with incorporated restriction enzymes.  GFP was fused to the N-

terminus followed by a short chain of amino acids (S-G-G-G-G-S).  Mutant constructs 

were generated using PCR or the Stratagene Quick Change Mutagenesis Kit.  All PCR 

primer sequences are in Table A1.1.    

In situ hybridization 

Whole mount in situ hybridization was performed as described (Alexander et al., 1998) 

ussing DIG-labeled sense or antisense probes to prpf18 and tryspin.  

Immunhistochemistry and TUNEL 

Embryos were fixed in 4% PFA for 2 hours at room temperature.  For sectioning, 

embryos were mounted in 4% agarose, and sectioned to 200μm using a vibratome.  

Sections or whole embryos were blocked in PBS with 4% BSA and 0.3% Triton for 1 

hour and treated with primary antibody overnight at 4°C as applicable.  We used the 

following primary antibodies: mouse anti Islet-1/2 (Developmental Studies Hybridoma 

Bank, clone 39.4D51:10) and guinea pig anti-Insulin (Biomeda, 1:500). Sections were 

washed and incubated in TUNEL staining solution as applicable (Curado et al., 2007), or 

with Alexa Fluor conjugated secondary antibodies or Alexa Fluor conjugated phalloidin 

for 2 hours at room temperature.  Following washing, sections or embryos were mounted 
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on slides in Vectashield and imaged on a Zeiss LSM Pascal confocal microscope.  

Images were further analyzed using Image J Software. 

Injections 

Capped mRNA was synthesized in vitro by transcription with SP6 polymerase from the 

constructs described above using the mMessage SP6 kit (Ambion).  mRNAs were 

injected in 2.3nL aliquots (100-400pg) into the yolk of zygotes of either wildtype or 

prpf18s490 incrosses.  

Live Imaging 

For imaging fusion proteins and time series, embryos were treated with Tricaine and 

mounted in 1% agarose.  Embryos were analyzed on a Zeiss LSM5 Pascal confocal 

microscope and analyzed using Image J software. 
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FIGURE LEGENDS 

Figure A1.1  

s490 mutants show defects in development of the endoderm, eye, and brain. 

(A, B) comparison of wildtype and s490 mutant endodermal organs at 76hpf.  Embryos 

were stained for and Islet-1 (red) and Insulin (blue).  (C-D) Comparison of wildtype and 

s490 exocrine pancreas as assessed by trypsin expression at 76hpf.  The exocrine 

pancreas of s490 mutants in small.  (E) Comparison of wildtype and s490 mutant body 

structures.  S490 mutants show slight dorsal curvature, smaller eyes, and dark regions of 

the brain typical of cells dying.  (F-G) Head structure of wildtype and a s490 mutant at 

76hpf.  The size difference of the eyes is clearly visible.  (H-J) 76hpf embryos stained for 

TUNEL (red), and F-actin (green).  (H) Wildytype embryos have very little cell death in 

the eye and brain region.  (I-J) s490 mutant embryos show a large amount of cell death in 

the eye and brain. 

 

Figure A1.2.  Positional cloning of s490.  (A) The s490 lesion was located on 

Chromosome 18 near z13380.  (B) The s490 allele of prpf18 showed a T to A (in yellow) 

change two base pairs after Exon 9.  The intron included in the s490 transcript contains 

an in-frame stop codon (underlined). 

 

Figure. A1.3.  Expression of prpf18.  (A) prpf18 mRNA is maternally deposited.  (B) At 

24hpf, prpf18 is expressed ubiquitously.  (C) At 48hpf, prpf18 is expressed ubiquitiously 

and shows heightened expression in the head. 
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Figure A1.4. Localization of Prpf18-GFP and cross-species homology of Prpf18. (A) 

Live, 24hpf wildtype embryo injected with prpf18-gfp mRNA.  Prpf18-GFP localizes to 

the nucleus of cells.  (B) Live, 15hpf wildtype embryo injected with prpf18-gfp and h2b-

mrfp mRNA’s.  Prpf18-GFP and H2BmRFP localize to the nucleus of cells.  During 

mitosis, Prpf18-GFP becomes cytoplasmic.  (C) Alignment of Prpf18 with the Homo 

sapien and yeast homologues.  The yellow box outlines the five alpha-helices of the 

protein structure.  The red box outlines the conserved region.  The green box outlines the 

PPIH interaction domain.  The pink asterisk represents the location of the lesion in s490. 

 

Figure A1.5. (A) Alignment of the homologous regions of Prp18 protein family.  The 

amino acids highlighted in red represent Leu97, Phe98, and Glu100.  (B) Alignment of 

the homologous regions of the Prp4 protein family.  The amino acids that correspond to 

those mutated in Prpf18 are highlighted in red. 

 

Figure A1.6.  Localization of mutants in prpf18.  All embryos are 10hpf, live and 

wildtype that have been injected with a mutant form of prpf18-gfp mRNA.  (A-D)  All 

four mutant forms (FE-GFP, Δ97/98-GFP, IGN-GFP, and GVT-GFP) localized to the 

nucleus. 

105 



106 

Table A1.1 

IGN_AAA_sense GCGAATGATGCTTACCTGCAGATGGCTGCAGCAGCCGCTCCATGGCCCA 

IGN_AAA_anti TGGGCCATGGAGCGGCTGCTGCAGCCATCTGCAGGTAAGCATCATTCGC 

GVT_AAA_sense CTCCATGGCCCATTGCTGCGGCCATGGTGGGTATCC 

GVT_AAA_anti GGATACCCACCATGGCCGCAGCAATGGGCCATGGAG 

deltaCR_sense 
GAATGATGCTTACCTGCAGATGGCTATAGGAAACGGAGCAGGACATGTGCTC 

AACGACGAGACCCAAAGGAAGTA 

deltaCR_anti 
TACTTCCTTTGGGTCTCGTCGTTGAGCACATGTCCTGCTCCGTTTCCTATAGCC 

ATCTGCAGGTAAGCATCATTC 

 
 

del97-98_sense CGTGGCGAGCCCATCCGTTTGGAGAATCCGATTATG 

del97-98_anti CATAATCGGATTCTCCAAACGGATGGGCTCGCCACG 

F98A_Glu100Lys_sense GGCGAGCCCATCCGTCTGGCTGGAAAATCCGATTATGATGCTT 

F98A_Glu100Lys_anti AAGCATCATAATCGGATTTTCCAGCCAGACGGATGGGCTCGCC 

del1-155F_EcoRI AAAAGAATTCATGGATCTTAAAGTACATGAGGAAAATAC 

  

deltaCRNotIF AAAAGCGGCCGCACATGTGCTCAACGACGAGACCCAAAGGAAGTA 

deltaCR NotIR AAAAGCGGCCGCAGTTTCCTATAGCCATCTGCAGGTAAGCATCATTC 

Full-length EcoRI F AAAAGAATTCATGGACATCGTCAAAGCAGA 

Full length XhoI R AAAACTCGAGCACGAGAACATGTCTCTGAAT 

eGFP BamHI F ATATGGATCCTATGGTGAGCAAGGGC 

eGFP EcorI R GAGGAATTCGCTACCACCACCACCGCTCTTGTAC 

dCAPF TGATGTTTCTGTGAGGAAACC 

dCAPR CCACACACTTTGAGGGGTCT 
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Positional cloning of s490.
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Figure A1.3.
Expression of prpf18.
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Figure A1.4.
Localization of Prpf18-GFP and cross-species homology of Prpf18.
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Homology of the cyclophilin binding site of Prpf18 and Prp4.
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Localization of mutant forms of Prpf18-GFP.
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APPENDIX 2:   

PANCREAS DEVELOPMENT  

IN YNG/SMARCA4 MUTANTS 

 

ABSTRACT 

A mutation identified from the Stainier Lab’s forward genetic screen caused abnormal 

endodermal organ formation and ectopic Islet-expressing cells.  These Islet-expressing 

cells were located outside of the pancreas and the extrapancreatic duct regions.  I mapped 

his mutation to be an allele of yng/smarca4.  In collaboration with the Ulupi Jhala lab at 

The Whittier Institute for Diabetes, I investigated the hypothesis that Smarca4 and 

NeuroD interact to regulate transcription of E-cadherin.  Preliminary results suggest that 

E-cadherin is reduced in yng/smarca4 mutants and may explain why all Islet cells are not 

located in a tightly organized cluster.  To continue investigating this hypothesis, I 

analyzed the effects of knocking down NeuroD with a morpholino and the wildtype 

expression of several cadherins and a connexin.  At this point, however, results from 

these assays are inconclusive.  Further analysis of the yng/smarca4 mutation may provide 

insight for how regulating transcription at the level of chromatin remodeling is necessary 

for normal pancreatic organ development.   
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INTRODUCTION 

Chromatin remodeling is one epigenetic mechanism for regulating transcription.  This 

regulation occurs throughout development (Reik, 2007; Tamkun, 1995), and its 

misregulation is also implicated in diseases such as cancer (Muchardt and Yaniv, 2001).  

Despite the fact that epigenetic changes such as histone modification and DNA 

methylation are ubiquitious to all eukaryotic cell-types, the proteins that perform these 

functions appear to have cell or tissue-specific activities (Feng et al., 2007; Katsani et al., 

2003; Marenda et al., 2003).  Chromatin remodeling can silence, activate, or repress 

genes to maintain pluripotency or regulate differentiation (Rajasekhar and Begemann, 

2007).  

In zebrafish, the young (yng) mutation is caused by a lesion in the SWI/SNF 

related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 

4, smarca4 (formerly brg1) (Gregg et al., 2003).  smarca4 is part of the SWI/SNF 

chromatin remodeling complex that uses ATP hydrolysis to remodel chromatin (Johnson 

et al., 2005).  In yng mutants, there is a decrease in the wave of mitogen-activated protein 

kinase activity prior to retinal differentiation, an event required for normal retinal 

differentiation (Gregg et al., 2003).  In addition, smarca4 plays a role in neurogenesis, 

neural crest induction, and differentiation (Eroglu et al., 2006).  In mammals, smarca4 

null homozygotes die as blastocysts prior to implantation (Bultman et al., 2000).  

Depleted mouse embryos show a defect in zygotic genome activation (ZGA), a nuclear 

reprogramming event that transforms the genome from transcriptional quiescence at 

fertilization to robust transcriptional activity shortly thereafter (Bultman et al., 2006).   
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Conditional knockouts have shed light on the role of Smarca4 in development of some 

tissues such as neural stem cells (Matsumoto et al., 2006).  

In this section I describe an allele of the yng/smarca4 mutation that was identified 

from the ENU-induced forward genetic screen using Tg(gutGFP)s854 (Ober et al., 2006).  

This mutant shows a unique phenotype in the endoderm, namely ectopic Islet cells 

(initially observed by P.D. Dong).  In collaboration with the Ulupi Jhala lab at The 

Whittier Institute for Diabetes, I pursued the hypothesis that Smarca4 works in 

combination with NeuroD to regulate E-cadherin expression in the developing pancreas.  

If this hypothesis were correct, in yng mutnants, E-cadherin would be reduced and 

prevent the tight aggregation of islet cells seen in wildtype embryos.  This phenomenon 

could explain the origin of ectopic Islet cells in the mutants.  Here I present preliminary 

results that suggest this hypothesis may hold true.
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RESULTS 

A novel endoderm phenotype 

As part of an ENU-induced mutagenesis screen to identify mutants affecting 

endodermal organ development, s481 was identified (Ober et al., 2006).  The body 

phenotype of these mutants includes smaller eyes, pericardial edema, lateral body 

curvature, and reduced fin buds (Figure A2.1A-B). The endoderm of this mutant was of 

particular interest because it showed a phenotype that had never been described before:  

ectopic Islet expressing cells were present in the liver region (Figure A2.1C-D).  These 

Islet expressing cells also express Tg(gutGFP)s854, suggesting they originated from 

endodermal, not mesenchymal, origin.   

 

LPM and pancreas markers in s481 mutants 

To gain more information about the phenotypes of s481 mutants, I analyzed 

development of the lateral plate mesoderm (LPM) and exocrine pancreas.  The mutants 

show defects in the development of several structures derived from the LPM including 

the heart and fins (Figure A2.1).  In addition, the guts of s481 mutants fail to loop 

properly (Figure A2.1D).  Because the LPM is known to be a bilateral epithelial sheet 

and moves asymmetrically by 30hpf (Horne-Badovinac et al., 2003) (Figure A2.2A), we 

analyzed transverse sections of the LPM of s481 mutants for these two characteristics.  

The LPM of mutants appears to be polarized (Figure A2.2B).  However, the LPM does 

not undergo normal asymmetric morphogenesis by 30hpf (Figure A2.2B).   

To determine if the pancreas phenotype was restricted to the endocrine pancreas 

or also affected the exocrine pancreas, I analyzed expression of two markers expressed in 
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the exocrine pancreas.  tryspin and ptf1a are normally expressed throughout the exocrine 

pancreas and form an expression pattern similar to the shape of a club with a hole located 

where the principle islet falls (Figure A2.2C, F).  In s481 mutants, expression of tryspin 

and ptf1a is disorganized (Figure A2.2D-E, G-H).  There are fewer cells expressing these 

two markers and the staining patterns are discontinuous and scattered.  Based on these 

phenotypes, Smarca4 plays a role in development of both the LPM and exocrine 

pancreas. 

 

Identification of the lesion 

I determined the identity of the genetic lesion causing these phenotypes by using 

positional cloning and genetic mapping techniques.  The lesion fell on Chromosome 3 

between markers z59420 and z5623 (Figure A2.2A).   This region includes the gene 

smarca4, which has been shown to be affected in ynga8 mutants (Gregg et al., 2003).  

s481 failed to complement with ynga8 (data not shown).  Therefore, I sequenced the 

wildtype and mutant alleles of smarca4 cDNA and identified the lesion.  s481 mutants 

showed a C to T change at a position 754bp following the start of transcription, which 

would cause a premature stop codon following amino acid 251 (Figure A2.3B).  This 

lesion falls slightly 5’ to the lesion observed in the original ynga8 allele (Figure A2.3C).  

Based on these genetic data, s481 is caused by a lesion that produces a truncated form of 

Smarca4. 

 

Expression of smarca4 
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The phenotypes of yngs481affect many organs derived from the LPM and the endoderm.  

To determine if the expression pattern could shed light on the origin of these phenotypes, 

I performed in situ hybridization analysis of smarca4 from 15somites to 72hpf.  smarca4 

is expressed ubiquitously throughout early stages of development (Figure A2.3D-E).  

Later expression analysis showed that smarca4 becomes restricted to regions of the head 

and fin although these structures may only have increased levels (Figure A2.3D-G).  

Based on these experiments, smarca4 is expressed in most cells of the developing 

embryo. 

 

E-cadherin is reduced in yng mutants 

We formed several hypotheses to explain why ectopic Islet cells appeared in the yngs481 

mutants.  One of these hypotheses was that cell-cell adhesion is disrupted in embryos 

lacking functional Smarca4.  Lack of cell-cell adhesion could prevent the Islet-positive 

cells from forming a cohesive islet structure and explain why Islet-expressing cells were 

found outside of their normal domain.  In collaboration with the Ulupi Jhala lab at The 

Whittier Institute for Diabetes, we investigated a potential link between Smarca4 activity, 

its interaction with NeuroD, and levels of E-cadherin in the pancreatic islet.  The Jhala 

lab had evidence from cell culture experiments that suggested E-cadherin expression is 

controlled by NeuroD (data not shown).  To determine if E-cadherin was reduced in vivo, 

we assayed E-cadherin expression in wildtype and yngs481 mutants embryos at 56hpf.  In 

wildtype embryos, E-cadherin was expressed throughout the endoderm and showed 

strongly elevated expression in the principle pancreatic islet (Figure A2.4A).  In yngs42 

mutant embryos, E-cadherin showed a similar expression pattern throughout the 
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endoderm.  However, expression in the principle pancreatic islet was reduced (Figure 

A2.4B).   

To prepare for repeating the cell culture assays with zebrafish proteins, we assayed the 

expression of cad1, the gene for E-cadherin in zebrafish.  In wildtype embryos, cad1 was 

expressed throughout the endoderm at 56hpf (Figure A2.4C).  At 72hpf, cad1 expression 

was absent from the principle islet (Figure A2.4E).  Expression of this gene in 

yngs481mutants also showed endodermal organ expression at 56hpf including the 

pancreatic islet (Figure A2.4D) and was absent from the pancreatic islet at 72hpf (Figure 

A2.4F).  Analysis from antibody stainings suggests that E-cadherin is reduced in 

yngs481mutants, but analysis from in situ hybridizations suggests that Cad1 is not the 

protein recognized by this antibody.  To identify the gene that produces the protein 

product recognized by the E-cadherin antibody, we would have to investigate the 

expression of the additional cadherin genes in the zebrafish genome. 

 

Cadherin 4, Cadherin 7, and  Connexin 35 

Because the expression of cad1 is absent from the primary pancreatic islet at 76hpf, we 

analyzed the expression patterns of other cadherin genes to determine if the E-cadherin 

antibody was recognizing a different gene in zebrafish.  cad4 and cad7 were two 

potential candidates.  I performed expression analysis of these two genes and did not 

observe any expression in the developing zebrafish pancreas from 48hpf-76hpf (Figure 

A2.7A-B and data not shown).   
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Beta cells are connected by gap junctions that allow communication between cells and 

this communication leads to coordinated oscillations in insulin release (Nlend et al., 

2006).  Connexin 36 appears to be the primary protein to perform this function in mouse 

beta-cells (Serre-Beinier et al., 2000).  Examining Connexin expression and localization 

could provide further insight to cell-adhesion in the pancreatic islet.  In zebrafish, 

Connexin 35 is most closely related to mouse Cx36 (McLachlan et al., 2003).  Previous 

analysis showed that Cx35 was expressed in the retina and nervous tissue (McLachlan et 

al., 2003).   To confirm that no expression occurs in the pancreas we designed an in situ 

probe to the 3’-UTR of the cx35 gene.  Expression of cx35 was not observed in the 

pancreas at 76hpf (Figure A2.7C-D).  Expression analyses of these three genes did not 

identify any pancreas-specific expression. 

 

 

Expression of neurod in zebrafish 

Expression analysis of neurod has been previously described (Liao et al., 1999; 

Mavropoulos et al., 2005).  These analyses reported expression of neurod in the pancreas, 

however, most of the expression analysis data focused on analyzing the developing 

nervous system (Liao et al., 1999) or early pancreatic development (Mavropoulos et al., 

2005).  To determine the expression of neurod in the developing pancreas we designed an 

in situ probe targeted to the 3’-UTR of the gene.  neurod expression occurs in the 

developing dorsal pancreatic bud (Figure A2.5A).  At 15hpf, it marks cells in a similar 

pattern to insulin expression at these stages (Biemar et al., 2001).  At 24hpf and 30hpf it 

localizes to the dorsal bud (Figures A2.5B-C).  At 48hpf it is still expressed in the main 
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pancreatic islet and also shows expression in the developing ventral bud (Figure A2.5D).  

This expression pattern continues at 56hpf (Figure A2.5E), and at 72hpf neurod is also 

expressed in the enteroendocrine cells (Figures A2.5F).  Based on its expression pattern, 

neurod appears to be a marker of early endocrine cells in the developing dorsal and 

ventral buds. 

 

Morpholino knockdown of NeuroD 

Because E-cadherin expression is reduced in smarca4 mutants, and the cell culture assays 

done by the Jhala Lab showed that NeuroD and Smarca4 cooperate in regulating 

transcription of E-cadherin, we asked if knocking down NeuroD using an antisense 

morpholino would have a similar effect on E-cadherin expression.  First, we injected a 

morpholino designed to the splice junction (neurod has two exons).  Injected embryos 

had several body phenotypes including smaller eyes and what appears to be cell death in 

the brain (Figure A2.6A)  To confirm that this morpholino was effective and specific, we 

performed RT-PCR analysis on control embryos and embryos injected with 2-16ng of 

morpholino.  Results from these analyses showed that the splice-blocking morpholino 

was only partially effective and some of the correctly spliced transcript remained (Figure 

A2.6B).   I also did some analysis of endodermal organ development, however, results 

from these experiments were inconclusive and based on results from RT-PCR, these 

morphants may represent only a partial knockdown of NeuroD.  I would have to test a 

morpholino targeting the start of translation to continue these analyses.    
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DISCUSSION AND FUTURE DIRECTIONS 

The results reported above are preliminary.  Analyzing a mutation in a ubiquitous protein 

that may regulate transcription of the majority of the genome is a difficult task.  

However, regulation of transcription during development and how it contributes to the 

proper execution of such complex processes are important for understanding 

differentiation.  Dissecting tissue-specific activity of such proteins would most definitely 

shed light on the role of chromatin remodeling in developmental processes.  Continuing 

to investigate the hypothesis that Smarca4 interacts with NeuroD to regulate transcription 

of E-cadherin may elucidate how transcriptional regulation through chromatin is required 

for pancreas differentiation or morphogenesis. 

 

To continue investigating yngs481mutatnt phenotypes and Smarca4 function, the NeuroD 

morpholino tools should be improved.  Based on results from RT-PCR analysis, the 

morpholino targeted to a splice junction of nuerod was not completely effective.  

Therefore, a morpholino targeted to the ATG of neurod should be tested.  Also, data from 

analysis of the neurod knockout mouse is conflicting (Chu et al., 2001; Huang et al., 

2002; Naya et al., 1997).  NeuroD-null pancreas cells show expression of all four 

endocrine hormones, yet this gene is implicated in development and differentiation of 

these cell-types.  Islet clusters are disorganized, the beta-cells produce insufficient 

insulin, and alpha-cells are reduced.  Interestingly, these phenotypes are background 

dependent (Huang et al., 2002).   Analysis of NeuroD function in zebrafish may be able 

to resolve some issues of how this protein contributes to pancreas development.     

122 



Although the E-cadherin antibody showed reduced expression in the yngs481 

mutants, in situ analysis suggests that the known e-cadherin (cad1) gene in zebrafish may 

not encode the same protein recognized by the antibody.  I have examined cad4 and 

cad7, both of which did not show expression in the pancreas.  There are several other 

cadherin genes that may encode the protein of interest.  In addition to cadherins, it would 

be informative to investigate expression of other adhesion molecules in the pancreas of 

yngs481 mutants.   

Another interesting hypothesis is that Smarca4 interacts with several bHLH 

transcription factors during development since it has already been shown to interact with 

NeuroD and MyoD (de la Serna et al., 2001; Seo et al., 2005).  To investigate this 

possibility in the context of the pancreas, one could analyze the effects of knocking down 

Ngn3 or Ptf1a and ask if these proteins also affect transcription of E-cadherin or other 

genes required for pancreatic development.  Experiments to address if Smarca4 

cooperates with these bHLH transcription factors should be done in cell culture first and 

then confirmed in the zebrafish.  Another approach is to continue analysis of Smarca4 in 

pancreas development would be to also look at a mouse smarca4 pancreas specific 

knockout and confirm that any interaction observed in the zebrafish is also present in the 

mouse. 
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MATERIALS AND METHODS 

Antibody staining 

Antibody staining was performed as described previously (Dong et al., 2007) using the 

following antibodies:  mouse anti E-cadherin (BD Biosciences, 1:1000), mouse anti Islet-

1 (Developmental Studies Hybridoma Bank, 1:10), guinea-pig anti-Insulin (1:200), rabbit 

anti-aPKC (Santa Cruz, 1:1000). 

In situ hybridization 

In situ hybridization was performed as described previously (Alexander and Stainier, 

1999) using anti-sense probes designed to smarca4 (a gift from Brian Link), ptf1a 

(Zecchin et al., 2004), trypsin, neurod, cad1, cad4, cad7, cx35. 

Injections and RT-PCR 

Embryos from wildtype incrosses were injected with 2-16ng of morpholino designed 

against the splice junction of neurod.  Total RNA was collected from 24hpf embryos 

using the Qiagen RNAeasy Kit (including the DNAse step).  cDNA was synthesized 

using the iSCRIPT cDNA Synthesis Kit (BioRad).  The cDNA was a template for PCR 

reactions using primers designed to span the neruod intron. 
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FIGURE LEGENDS 

Figure A2.1.  Body and endoderm phenotypes of yngs481 mutants. 

 (A) Wildtype embryo at 76hpf.  (B) s481 mutant embryo at 76hpf.  s481 mutants have 

smaller eyes, heart edema, lateral body curvature, and underdeveloped fin buds.  (C-D) 

Wildtype and s481 mutant endodermal organs at 76hpf with the endoderm marked by 

Tg(gutGFP)s854 (green) and stained for Islet (red) and Insulin (blue).  (C) Wildtype 

embryos show clustered Islet expressing cells in the main pancreatic islet and at the 

branchpoint of the extrapancreatic duct.  (D) s481 embryos have ectopic Islet expressing 

cells in the liver region.  Note that these islet cells co-express Tg(gutGFP)s854 in contrast 

to mesenchymal Islet expressing cells. 

 

Figure A2.2.  LPM and exocrine pancreas defects in yngs481 mutants. 

 (A-B) Transverse sections through the lateral plate mesoderm (outlined in red) and 

endodermal organ forming region of 30hpf wildtype and s481 mutant embryos stained for 

F-actin (blue) and aPKC (red).  (A) The LPM of wildtype embryos undergoes 

asymmetric movement by 30hpf and loops the gut (outlined in green) to the left.  (B) The 

LPM (outlined in red) of s481 mutant embryos fails to undergo asymmetric 

morphogenesis and the gut (outlined in green) fails to loop at 30hpf.  (C-E) Dorsal views 

of 96hpf wildtype or mutant embryos stained for trypsin mRNA expression.  (C) 

Wildtype embryos have a large club shaped pancreas that has tryspin expressed 

throughout.  (D-E) s481 mutant embryos show two small regions of tryspin expression.  

(F-H) Ventral views of 56hpf wildtype or mutant embryos stained for ptf1a mRNA 

expression.  (F) Wildtype embryos have a clubbed-shaped pancreas with ptf1a expression 
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throughout the exocrine tissue.  (G-H) s481 mutant embryos show disorganized 

expression of ptf1a.   

 

Figure A2.3.  Positional cloning of yngs481 and expression of smarca4. 

(A) Positional cloning and genetic mapping placed the lesion causing the s481 

phenotypes on chromosome 3 between markers z59420 and z5623.  smarca4 falls in this 

region of the genome.  (B) Schematic of Smarca4 protein and location of the lesion in 

s481. (C) Schematic of Smarca4a protein and the location of the lesion in ynga8.  (D-G) 

Wildtype embryos assayed for expression of smarca4.  (D-F) Expression of smarca4a is 

ubiquitous at 15S, 22hpf, and 26hpf.  (G) At 56hpf, expression of smarca4a becomes 

heightened in the head and fin structures. 

 

Figure A2.4.  E-cadherin is reduced in yngs481 pancreatic islets. 

(A-B) 56hpf Tg(gutGFP)s854 embryos stained for E-cadherin (red) and insulin (blue.  (A)  

Wildtype embryos have very strong E-cadherin expression in the main pancreatic islet.  

(B) yngs481 embryos have reduced E-cadherin expression in the main pancreatic islet.  (C-

D) Ventral views.  (C) e-cadherin expression in 56hpf wildtype embryos. e-cadherin is 

expressed throughout the endoderm.  (D) e-cadherin expression in 56hpf yngs481 mutants. 

e-cadherin is expressed throughout the endoderm and in the pancreatic islet.  (E-F) 

Dorsal views.  (E) e-cadherin expression in 72hpf wildtype embryos.  Note the absence 

of expression in the pancreatic islet.  (F) e-cadherin expression in 72hpf yngs481 mutants.  

The pancreas is indistinguishable from the rest of the endoderm. 
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Figure A2.7.  Expression of cad4 and cx35.  Embryos are 96hpf and wildtype.  (A) cad4 

is expressed in the brain neurons and gut endoderm.  (B) cx35 is expressed in the retina. 

 

Figure A2.6.  Expression of neurod during pancreas development. 

(B-F) Wildtype Tg(gutGFP)s854 embryos stained for Islet (red) and Insulin (blue) for 

comparison to embryos represented in (A’-F’).  (A’-F’) Wildtype embryos stained for 

neurod expression.  (A’) At 15hpf, neurod is expressed in cells that are coalescing to 

form the dorsal pancreatic bud.  (B, B’) At  24hpf neurod is expressed in the dorsal 

pancreatic bud.  (C, C’) At  30hpf neurod is expressed in the dorsal pancreatic bud.  (D, 

D’) at 48hpf, neurod is expressed in the dorsal pancreatic bud that has moved to the right 

side of the body.  (E, E’) At 56hpf, neurod is expressed in both the dorsal pancreatic bud 

and the developing ventral pancreatic bud.  (F, F’) At 72hpf, neurod is expressed in the 

primary pancreatic islet, portions of the extrapancreatic duct, and in the enteroendocrine 

cells.   

 

Figure A2.7.  neurod morpholino. 

(A) Comparison of 48hpf wildtype and morphant embryos.  neurod-morphant embryos 

injected with 16ng of morpholino have smaller eyes and heads compared to wildtype 

embryos.  (B) 1% Agarose/TBE gel stained with Ethidium Bromide showing RT-PCR of 

the neurod gene.  The 300bp product represents the spliced gene product.  The 1100 bp 

product represents the unspliced gene product.  As the concentration of injected 

morpholino increased, the amount of correctly spliced transcript decreased. 
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Figure A2.4.
E-cadherin is reduced in yngs481 pancreatic islets.
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APPENDIX 3   

THE ROLE OF FGF10 IN HEPATOPANCREATIC DUCT 

DEVELOPMENT 

 

INTRODUCTION 

In collaboration with P.D. Dong, a postdoctoral fellow in the laboratory, we 

analyzed the role of Fgf10 in development of the hepatopancreatic ductal system.  Here I 

present the work that I contributed to the publication (Dong et al., 2007) and additional 

results that were not included in the publication. 

Research in mouse, chick, and zebrafish supports the idea that signals from the 

mesenchyme that surrounds the developing pancreas regulate the differentiation and/or 

proliferation of endocrine and/or exocrine tissue (Bhushan et al., 2001; Kumar et al., 

2003; Stafford et al., 2006).  For example, Islet1-expressing mesenchyme surrounds the 

developing mouse pancreas.  In islet1 knockout mice, the endocrine pancreas fails to 

differentiate and the lack of islet expression in the mesenchyme prevents exocrine 

pancreas development (Ahlgren et al., 1997).  Another molecule implicated in signaling 

from the mesenchyme to epithelium and regulating pancreas development is FGF10 

(Bhushan et al., 2001).  FGF10 is one member of the fibroblast growth factor (FGF) 

family that interact with heparan sulfate proteoglycans, activate receptor tyrosin kinases 

called FGF receptors, and play a role in many developmental processes including cell 

proliferation, migration, and differentiation (Ornitz and Itoh, 2001).   
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Fgf10 acts primarily through Fgfr2 (Pulkkinen et al., 2003; Zecchin et al., 2004) 

and had been shown to affect Notch activation (Hart et al., 2003; Norgaard et al., 2003).  

Analysis of fgf10 null mice suggested that Fgf10 regulates pancreatic differentiation 

through its effects on proliferation (Bhushan et al., 2001).  In contrast, overexpression of 

Fgf10 blocked pancreatic differentiation.  Through our analysis of dae mutant zebrafish, 

we attempted to resolve these conflicting data.  We found that Fgf10 acts primarily on the 

hepatopancreatic ductal system.  Without Fgf10, cells in the intestine, hepatopancreatic 

ductal system, liver, and pancreas misdifferentiate.  Based on these observations, we 

propose that in the presence of Fgf10 signaling, cells in the hepatopancreatic ductal 

system maintain a progenitor state and that Fgf10 functions to repress differentiation of 

this endodermal region.  This functional characteristic of Fgf10 could facilitate 

manipulation of cell types in culture for use in transplant therapy for diseases such as 

diabetes or liver failure.  
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RESULTS 

Expression of fgf10 

Expression analysis of fgf10 in mouse and chick has shown that this gene is expressed in 

the mesenchymal tissue surrounding the pancreas as well as the developing limb and lung 

(Bhushan et al., 2001; Jacquemin et al., 2006).  Recent analysis of an fgf10 mutant in 

zebrafish also showed expression in the fin but did not report any expression near the 

endoderm (Dong et al., 2007).  Analysis of fgf10 expression in wildtype zebrafish 

embryos revealed that it is also expressed in the mesenchymal tissue surrounding the 

pancreas at 56hpf (Figure A3.1.A-E).  The expression pattern is oblique and corresponds 

to the location of the mesenchyme surrounding the hepatopancreatic ductal system 

(Figure A3.1A-B, D).  In pard6γb mutants that do not undergo asymmetric lateral plate 

mesoderm migration (LPM) or gut looping, the expression of fgf10 remains symmetric 

(Figure A3.1C), similar to the location of the LPM.  Cross-section analysis further 

supports that the expression of fgf10 falls in the mesenchyme, not in the endodermal 

tissue (Figure A3.1.E). 

 

LPM morphogenesis in fgf10 morphant embryos 

Because fgf10 is expressed in the LPM, we examined the possibility that in the absence of 

Fgf10 signaling, the LPM would be affected.  The lateral plate mesoderm undergoes 

asymmetric movement around 30hpf (Horne-Badovinac et al., 2003).  This asymmetric 

movement is dependent on epithelial polarity and proper expression of left-right genes 

(Horne-Badovinac et al., 2003).    Because dae mutants are indistinguishable from 

wildtype embryos until 48hpf, we analyzed the LPM of embryos injected with a 
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morpholino targeted to fgf10.  All embryos examined (n=6) showed normal epithelial 

polarity of the LPM.  83% of these embryos (n=5/6) also showed asymmetric movement 

of the LPM as in wildtype.  All dae mutant and fgf10 morphant embryos showed normal 

organ laterality implying that the left-right genes were expressed properly (data not 

shown).  Therefore Fgf10 does not appear to affect development of the LPM.  Instead, 

Fgf10 may be expressed in the LPM and signal to surrounding tissues. 

 

Expression and morpholino knockdown of fgfr2 

To confirm that Fgf10 signaling was originating in the mesenchyme and acting on the 

endoderm, we analyzed the expression of fgfr2, the primary receptor for Fgf10 

(Pulkkinen et al., 2003; Zecchin et al., 2004).  Prior analysis has shown that fgfr2 is 

expressed in the endoderm (Tonou-Fujimori et al., 2002).  To confirm this we analyzed 

expression of fgfr2 in wildtype embryos at 56hpf using in situ hybridization (Figure 

A3.2.A).  fgfr2 shows heightened expression in the endodermal organ forming region.  

Because the primary receptor for Fgf10 was found in the endoderm, we also investigated 

the possibility that lack of fgfr2 would cause similar pancreatic phenotypes to the fgf10 

mutants.  Injection of 8ng of a morpholino targeted to the ATG of fgfr2 caused a variety 

of body phenotypes including shortened axis and small or absent fin buds (data not 

shown).  In support of the idea that a decrease in Fgfr2 would increase the number of 

Islet-expressing cells in the extrapancreatic duct, 76hpf embryos injected with the fgfr2 

morpholino had increased Islet-expressing cells outside of the normally observed domain 

(Figure A3.2.B) (n=2/2).  Despite the low number of embryos examined, preliminary 
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results suggested that knocking down Fgfr2 function would cause similar phenotypes to 

preventing Fgf10 function.   

 

Expression of pancreatic markers in dae mutants 

Because our analysis of pancreas development in the dae mutants suggested that without 

fgf10, cells in the hepatopancreatic ductal system differentiated prematurely and led to 

expression of pancreas-specific proteins in the liver and liver-specific proteins in the 

pancreas or gut (Dong et al., 2007), I analyzed the expression of several additional 

pancreas markers in the dae mutants:  neurod, pdx-1 and tryspin.  Similar to Nkx2.2-GFP 

(Dong et al., 2007), neurod expression expanded into the liver region (Figure A3.3A-B). 

At 96hpf, pdx1 is expressed at high levels in the pancreatic islet and is also present 

throughout the exocrine pancreas, hepatopancreatic ductal system, and gut (Figure 

A3.3C).  If the hypothesis that fgf10 maintains an undifferentiated state in the 

hepatopancreatic ductal system held true, we hypothesized that the normal expression of 

pdx1 in the tissue would be absent in the hepatopancreatic duct of dae mutants.  

Additionally, if cells were misdifferentiating or differentiating earlier than they should, 

the progenitor pool would be depleted resulting in a smaller organ size.  In support of this 

idea, analysis of trypsin expression showed that the exocrine pancreas of dae mutants was 

smaller in comparison to the exocrine pancreas of wildtype embryos at 5 days post 

fertilization (dpf) (Figure A3.3E).  

 

Expression of isl1, isl2, and mkp3 
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Based on our analyses, Fgf10 is one signaling molecule affecting development of the 

pancreas.  To investigate some additional molecules that could also regulate pancreas 

development, I examined the expression of isl1, isl2, and mkp3.  There are three islet 

genes in zebrafish.  We use an antibody designed against the mouse Islet1 protein, but we 

are not sure how the antibody staining correlates with the three different zebrafish 

proteins.  Similar to the antibody staining pattern of Islet1, isl1 is expressed in the 

mesenchyme surrounding the organ forming region of the endoderm.  In hopes of 

correlating the expression of isl1 with the antibody staining pattern, I developed a 

fluorescent in situ hybridization protocol (Fig A3.4B, Appendix 6).  This protocol works 

inconsistently, but may prove to be useful in determining which islet gene(s) correlate 

with the Islet antibody staining pattern.  Similar to the Islet antibody staining, another 

islet gene, isl2, is expressed in the mesenchyme surrounding the organ forming region of 

the endoderm (Figure A3.4C).  Isl2 is also expressed in the developing fin (Figure 

A3.4C).  mkp3 acts as a negative feedback modulator of FGF signaling (Tsang et al., 

2004).  It is expected that in regions of high Fgf signaling activity, levels of mkp3 would 

also be increased.  We found elevated mkp3 expression near the endodermal organ 

forming region at (Figure A3.4D-E).  All three of these genes were expressed in the 

region surrounding the developing pancreas.  At this time, however, the role of these 

three molecules in pancreas development remains unknown.  

 

BrdU incorpration in the endoderm between 40 and 48hpf 

To support the conclusion that the primary source of endocrine and exocrine cells from 

40-50hpf was from the ventral pancreatic bud and not from proliferation of the dorsal 
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bud, I analyzed BrdU incorporation during this time window.  Embryos exposed to 

90min BrdU pulses were analyzed sequentially from 40-50hpf.  During this time period, 

proliferation occurred throughout much of the endoderm, but was absent from the 

primary pancreatic islet (Figure A3.5.A-E).  Therefore, the primary pancreatic islet is not 

a source of new pancreatic cells during that time.  
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DISCUSSION AND FUTURE DIRECTIONS  

Based on the results from analyzing dae mutants, Fgf10 is a signaling molecule that 

influences development of the hepatopancreatic ductal system and consequently all 

organs that eventually house cells from this progenitor pool.  Fgf10 is just one signaling 

molecule that originates in the mesenchyme and signals to the endoderm.  To continue 

investigating how epithelial-mesenchyme interactions influence pancreas development, it 

would be informative to further analyze the effects of the fgfr2 morpholino, a potential 

role for fgf7 in pancreatic or hepatopancreatic duct development.  In addition, it would be 

imperative to identify additional signaling molecules through screens, drug treatments, or 

candidate gene approaches and also analyze these molecules in other model organisms 

such as mouse.  Duc Dong plans to continue with such analyses.   
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MATERIALS AND METHODS 

Antibody staining 

Antibody staining was performed as described previously (Dong et al., 2007) using the 

following antibodies:  mouse anti E-cadherin (BD Biosciences, 1:1000), mouse anti Islet-

1 (Developmental Studies Hybridoma Bank, 1:10), guinea-pig anti-Insulin (1:200), rabbit 

anti-aPKC (Santa Cruz, 1:1000), rabbit anti-GFP (Torrey Pines, 1:200), rat anti-BrdU 

(1:200). 

BrdU Incorporation 

Embryos were incubated in 15% DMSO plus 1mM BrdU for 90 minutes, fixed in 4% 

PFA for two hours, washed, incubated with Pronase for 10 minutes, washed, and 

incubated in 1MHCl at 37C for 1hour.  Following these treatments, embryos were stained 

as described above. 

In situ hybridization 

In situ hybridization was performed as described previously (Alexander and Stainier, 

1999) using anti-sense probes designed to fgf10(a gift from), pdx1, trypsin, neurod.  For 

fluorescent analysis of fgf10 expression, embryos were stained with rabbit anti-GFP 

(Torrey Pines, 1:200) following the in situ protocol.  These images were obtained using a 

combination of bright field and fluorescent exposures and false-coloring of the brightfield 

exposure using Photoshop. 

Injections and RT-PCR 

Embryos from wildtype incrosses were injected with 4ng of morpholino designed against 

the start codon of fgfr2. 
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FIGURE LEGENDS 

Figure A3.1.  Expression of fgf10.  All embryos were assayed for fgf10 expression using 

in situ hybridization.  (D-E) were stained with an anti-GFP antibody and secondary 

antibody following the in situ hybridization.  (A-B) In 56hpf wildtype embryos, fgf10 is 

expressed in regions of the head, fins, and mesenchyme surrounding the endoderm.  (C) 

In 56hpf pard6b embryos, fgf10 is expressed in a similar pattern, but the region 

surrounding the endoderm reflects the absence of gut looping and the abnormal endoderm 

morphology found in these mutants.  (D-F)  Fluorescent and brightfield negative overlay 

of Tg(gutGFP)s854 (green) and fgf10 (red) expression.  (D) Ventral view showing the 

fgf10 expression pattern surrounds the hepatopancreatic ductal system.  (E) Transverse 

view showing the fgf10 expression pattern surrounds the endoderm.  The yolk also shows 

auto-fluorescence in red. 

 

Figure A3.2. 

(A) 56hpf wildtype embryo assayed for expression of fgfr2 using in situ hybridization.  

Fgfr2 is highly expressed in the fin and head, and also shows heightened expression near 

the organ-forming region of the endoderm.  (B) 76hpf Tg(gutGFP)s854 embryo injected 

with fgfr2 morpholino and stained for Islet (red) and Insulin (blue).  Cells that express 

both Islet and Tg(gutGFP)s854 are located outside of the domain where cells with this 

characteristic are normally observed. 
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Figure A3.3. 

Expression of pancreas markers in dae mutants.  All embryos were analyzed using in situ 

hybridization.  (A) neurod is expressed in the primary pancreatic islet and extrapancreatic 

duct at 56hpf  in wildtype embryos.  (B)  In 56hpf dae mutants embryos, neurod 

expression expands into the liver.  (C) In wildtype embryos, pdx1is expressed throughout 

the pancreas and gut and shows heightened expression in the primary pancreatic islet.  

(D)  In dae mutant embryos, pdx1 expression is absent from the extrapancreatic duct.  (E) 

wildtype and dae mutant embryos assayed for trypsin expression.  The pancreas of dae 

mutants is smaller and the mutants often show ectopic trypsin expression in a region that 

may correspond to the liver.  

 

Figure A3.4.  Expression of isl1, isl2, and m3pk.  All embryos were assayed using in situ 

hybridization.  (A, C-E) In situ hybridizations were developed using NBT/BCIP.  (B) In 

situ hybridization was developed using fluorescent tyramide.  (A-B)  islet1 is expressed 

in the primary pancreatic islet and mesechyme surrounding the hepatopancreatic ductal 

system at 56hpf and 27hpf.  (C)  islet2 is expressed in the mesechyme surrounding the 

hepatopancreatic ductal system and the fins at 40hpf.   (D-E) mkp3 is expressed in many 

tissues, but shows heightened expression in the endodermal organ-forming region.  

 

Figure A3.5.  BrdU incorpration in the endoderm between 40 and 48hpf.  (A-) Embryos 

were pulsed with BrdU for 90minutes and stained for Tg(gutGFP)s854 (green) and BrdU 

(blue).  Proliferation was absent from the primary pancreatic islet between 40-50hpf.  The 

rest of the endoderm proliferates from 40-50hpf. 
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Figure A3.5.
BrdU incorpration in the endoderm between 40 and 50hpf.
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APPENDIX 4   

ALCAM IN ENDODERM AND HEART 

DEVELOPMENT 

 

ABSTRACT 

In pursuit of a cell adhesion molecule that could drive liver budding, I became interested 

in the Zn5/Zn8 antibodies, which bind to Alcam.  Although this protein did not drive 

liver budding, it showed an interesting expression and localization pattern.  Alcam was 

expressed in almost all organs of interest to the Stainier Lab including the heart, pancreas, 

liver, and blood vessels.  With the help of Taiyi Kuo and Benno Jungblut, I went on to 

analyze the role of Alcam in zebrafish development using an antisense morpholino.  We 

found that Alcam plays a role in cell-shape changes during cardiac morphogenesis.  We 

also produced preliminary results that suggest Alcam may play a role in endodermal 

organ morphogenesis.    
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INTRODUCTION 

Alcam has been known by many different names including SC1, neurolin, BEN, DM-

GRASP, JC7, ALCAM/CD166, SB-10, and MEMD (Mann et al., 2006).  It is a member 

of the immunoglobulin super family of cell adhesion molecules.  This family is 

characterized by a large extracellular domain containing five Ig-like domains in a 

VVC2C2C2 arrangement (Swart et al., 2005).  This diverse family functions in a wide 

variety of cell types and has been shown to play a role in a large variety of biological 

processes, particularly in the developing nervous system (Juliano, 2002; Murase and 

Schuman, 1999).  Alcam is primarily known to act in T- and B-cell activation, tumor 

metastasis, and axon guidance and fasciculation (Bowen et al., 1995; Corbel et al., 1992; 

Fashena and Westerfield, 1999; Ott et al., 2001; Skonier et al., 1997; Swart et al., 2005).  

Homozygous null mice lacking ALCAM are viable, and show few gross morphological 

or developmental defects.  Analysis of these mice showed subtle misdirection and poor 

fasciculation of axons (Weiner et al., 2004).  Work in zebrafish using function-blocking 

antibodies suggests that Alcam plays a role in motor axon pathfinding (Ott et al., 2001).   

 In zebrafish alcam expression is present in the differentiating somites and later in 

regions of fast muscle cells at later stages (Mann et al., 2006).  In addition, alcam is 

present in the heart, liver, lateral line, pharyngeal arches, and secondary motor neurons 

(Beis et al., 2005; Fashena and Westerfield, 1999; Mann et al., 2006; Schilling et al., 

1999).  Although originally postulated to be a close homologue of the Drosophila protein 

Duf/Kirre, which is involved in myoblast specification, Alcam has a distinct protein 

structure that suggests this is not the case and instead suggests its function may be unique 

(Mann et al., 2006).   
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Because of its interesting expression domains, we investigated the effects of 

knocking down Alcam in zebrafish.  These experiments began prior to the publication of 

the analysis of a mouse knockout (Weiner et al., 2004) and have shown that in zebrafish, 

different from mice, Alcam functions in driving heart morphogenesis and may function in 

endodermal organ development.   

**It is important to note that in the Abstract Book for the International Zebrafish 

Conference 2004, there is one abstract that tested an alcam morpholino.
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RESULTS 

Alcam localization 

Previous reports have analyzed Alcam expression and showed it was expressed in 

zebrafish neurons, pharyngeal arches, liver, and heart (Beis et al., 2005; Fashena and 

Westerfield, 1999; Laessing and Stuermer, 1996; Mann et al., 2006; Schilling et al., 

1999).  To confirm these observations and obtain higher resolution images, we assayed 

alcam expression using in situ hybridization and antibody staining.  alcam was expressed 

in the heart, brain, eyes, neurons, fins, and the endodermal organ region at 30hpf and 

56hpf  (Fig A4.1A-B).  Because alcam was expressed at high levels in the endodermal 

organ-forming region, we analyzed Alcam localization in this region at 30hpf, 48hpf, and 

76hpf.  At 30hpf, Alcam was expressed in the endodermal organs and was uniformly 

localized to cell membranes (Figure A4.1C-D).  Over time, Alcam localization became 

more restricted and appeared to localize to membranes that may mark the bile ducts of 

the liver at 76hpf (Figure A4.1E-F).  By 5 days post fertilization, Alcam was also 

restricted to the ductal region of the pancreas (Figure A4.1G).  Looking at the whole 

embryo at 40hpf, Alcam was expressed in the heart, pharyngeal arches, fins, and neurons 

(Figure A4.1H).  The expression pattern and protein localization pattern of Alcam were 

interesting and inspired further investigations into the functions of this molecule. 

 

Alcam morpholino 

To determine what effect loss of Alcam function would have on development, we 

designed a morpholino antisense oligonucleotide targeting the 5’-UTR of the alcam gene.  

Injection of 8ng of morpholino caused abnormal heart development, as visualized by 
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pericardial edema at 48hpf (Figure A4.2A).  This edema increased and by 76hpf, 

embryos showed large pericardial edema, smaller eyes, and hearts with collapsed cardiac 

chambers (Figure A4.2B-C).  Lack of Zn8 (an antibody that recognizes Alcam (Fashena 

and Westerfield, 1999; Trevarrow et al., 1990) staining at 76hpf in the heart confirmed 

that the morpholino was effectively knocking down protein translation (Figure A4.2D-E).  

In conclusion, the alcam morpholino effectively inhibits Alcam protein translation and 

affects heart development.   

 

Alcam in heart development 

In collaboration with Benno Jungblut, I further analyzed the effect of the alcam 

morpholino on heart development.  The hearts of alcam morphants showed several 

phenotypes.  Compared to wildtype, ventricular cells in alcam morphants did not appear 

elongated and atrial cells were not expanded.  However, cells at the AV boundary had a 

wildtype arrangement (Figure A4.3A) in alcam morphants (Figure A4.3B-), indicating 

that Alcam is not required for the rearrangement of these cells.  To test if Alcam is 

required for controlling myocardial cell shape, we analyzed alcam morphant hearts at 

50hpf, stained with TOPRO and Rhodamine Phalloidin.  In contrast to control embryos, 

(Figure A4.3A) the posterior ventricular cells in alcam morphants, failed to adopt the 

cuboidal shape and retained the cellular organization of the earlier linear heart tube with 

basal myofibrils and an apically located nucleus (Figure 4.3B-).  Atrial cells appeared 

dome-shaped in contrast to the flat appearance of wildtype atrial cells.   (Figure A4.3).  

Based on these phenotypes, knocking down Alcam function causes abnormal cellular 

morphogenesis in the developing myocardium. 

161 



 

Alcam may be a marker for the developing epicardium 

During his analysis of Alcam and heart development, Benno Jungblut also noticed that 

the Zn8 antibody marked cellular cysts on or near the heart (data not shown).  He 

hypothesized that these structures could be the proepicardial organ.  To further 

characterize the epicardium in zebrafish, we analyzed expression of raldh2 and tbx18, 

two known epicardial markers in other vertebrate systems (Haenig and Kispert, 2004; 

Kraus et al., 2001; Niederreither et al., 2002; Perez-Pomares et al., 2002).  At 72hpf, 

raldh2 showed expression in the migrating presumptive epicardial cells on the surface of 

the ventricle but not in the septum transversum (Figure A4.4A-B).  tbx18 showed 

expression in both the septum transversum and in cells situated on the surface of the 

monolayered ventricular myocardium (Figure A4.4C-D).  From this expression analysis, 

zebrafish express raldh2 and tbx18 in a location and at a time point that would correlate 

with epicardial development.  At this time, it remains unknown if Alcam is a marker of 

the epicdardium or if epicardial development is affected in the absence of Alcam 

function.     

 

Alcam morpholino affects endodermal organ development 

Although the primary effect of knocking down Alcam appeared to be on the heart, 

endodermal expression patterns prompted us to examine the endoderm of Alcam 

morphants.  About half of the morphants did not have looped guts as evidenced by 

bilateral organs (Figure A4.5A-B, D-E).  In addition, the outgrowth of the pancreas 

appears to be defective and ectopic outgrowths are visible at 52hpf (Figure A4.5C).  The 
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pancreas of several morphants were smaller and dysmorphic (Figure A4.5F-G).  These 

experiments suggest endodermal cell migration and organ morphogenesis are altered in 

alcam morphants.  However, it is difficult to draw conclusions from these experiments 

because of the inconsistencies I have observed in morphant phenotypes. 
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DISCUSSION AND FUTURE DIRECTIONS 

Here I report high-resolution expression analysis of Alcam, specifically in the endoderm.  

In addition, I report on collaborations with other Stainier Lab members to analyze the 

effects of knocking down Alcam on the heart and endoderm.  Analysis of Alcam also led 

us to find preliminary evidence of a proepicardial organ in zebrafish. 

 

Alcam in heart morphogenesis 

The results from analysis of the Alcam morpholino in heart development are part 

of a submitted publication written by Benno Jungblut.  We have shown that Alcam plays 

a role in cellular morphogenesis, however, we have not elucidated any mechanisms 

behind this activity.  To continue analysis of Alcam in heart development, it would be 

interesting to analyze signaling molecules that lie downstream of Alcam function or act 

in similar processes.   

Candidates worth investigating include N-cadherin and Mmp2.  Experiments in 

glass onion/n-cadherin mutants has shown that Zn-5 immunostaining becomes 

cytoplasmic as opposed to restricted to the cellular membrane and myocardial cell shape 

is disrupted in mutant embryos (Bagatto et al., 2006).  Mmp2 has been shown to be 

activated by Alcam (Lunter et al., 2005).  Mmp2 also functions in heart development, 

namely heart looping, in developing chick embryos (Linask et al., 2005).  Additional 

signaling pathways implicated to be downstream of Alcam include the ras proteins, Jun 

kinase, and general phosphorylation of proteins (Stephan et al., 1999).   

 

The zebrafish pro-epicardium 
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The expression of raldh2 and tbx18 in the heart at 72hpf suggested that this time period 

corresponds with the development of the pro-epicardial organ.  To determine if Alcam is 

also expressed in these cells, further antibody stainings or combinations of in situ 

hybridization and antibody stainings would be necessary.  If Alcam is present in epicadial 

cells, it would be logical to examine epicardial development in alcam morphants.   

 

Alcam in endodermal organ development 

The data presented on the possible role of Alcam in endodermal organ development are 

extremely preliminary.  The phenotypes of the morphant endodermal organs were 

inconsistent and variable.  All of these experiments should be repeated before forming 

any further hypotheses based on these reported results. 
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MATERIALS AND METHODS 

Morpholino injections: 

Embryos were injected with 8ng of a morpholino designed against the 5’-UTR of the 

alcam gene (5’-TTTATACAGTCCGGCGACAGTCTCA-3’).  To control or 

inconsistencies, we occasionally included 2ng of a morpholino targeted to a splice 

junction (5’-GCTATGCTTACTGTGAACTTTAAC-3’) at the 1 to 4-cell stage.   

 

Antibody Staining 

mouse anti- Zn-8 antibody (Developmental Hybridoma Studies Bank, 1:10 dilution), 

mouse anti-E-cadherin (1:1000), guinea pig anti-insulin (), 2F11, S46,  and subsequently 

with an Alexa Fluor conjugated secondary antibodies or Alexa Flour conjugated 

phalloidin.   

 

In situ hybridization: 

In situ hybridization was performed with DIG-labeled RNA anti-sense probes for the 

following genes: tbx18 (designed against a portion of the coding region and 3’-UTR), 

raldh2, alcam, foxa3, ptf1a 

Primers for making tbx18 probe: 

Forward:  5’-ATTCCTTGGCTCTTCCCCTA-3’ 

Reverse:  5’-TCTCCAGGCATTTCCATACC-3’ 

Whole-mount in situ hybridization was performed as described (Alexander et al., 1998) 

with the following modifications.  Embryos older than 24hpf were raised in 0.003% 1-

phenyl-2- thiourea (PTU; Sigma) in egg water to inhibit the production of pigment and, 
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after fixation, were treated with 10 μg/ml proteinase K (Roche Diagnostics). 
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FIGURE LEGENDS 

Figure A4.1.  alcam expression and protein localization.  (A-B) Embryos assayed for 

alcam expression using in situ hybridization.  At (A) 30hpf and (B) 56hpf alcam is 

expressed in the eyes, brain, neurons, endoderm, and heart.  (C-H) Embryos assayed for 

Alcam localization using immunostaining using Zn-8 (red), Tg(gutGFP) (green) and 

Insulin (blue) where applicable.  (C) At 30hpf, Alcam is expressed throughout the 

endoderm and localizes all around the cell membranes.  (D) At 48hpf, Alcam is expressed 

throughout the endoderm and localizes all around the cell membranes.  (E-F) At 76hpf, 

Alcam is expressed throughout the endoderm and shows heightened localization or 

expression in regions that may correspond to the liver bile ducts.  (G) At 40hpf, Alcam is 

expressed in the neurons and heart.  (H) At 5 days post fertilization, Alcam shows 

heightened localization or expression in regions that may correspond to the pancreatic 

ducts. 

 

Figure A4.2.  alcam morpholino (A) 48hpf wildtype and alcam morphant embryos 

(treated with PTU).  The morphant embryos show heart edema.  (B)  76hpf wildtype and 

alcam morphant embryos.  (C) High magnification image of a 76hpf alcam morphant 

embryo.  Morphant embryos have smaller eyes, pericardial edema, and a stringy heart.  

(D-E) Embryos stained with Zn-8 antibody (red).  (D) 76hpf wildtype, uninjected embryo 

shows expression of Alcam in the heart.  (E) 76hpf alcam morphant embryo does not 

show expression of Alcam. 

 

Figure A4.3 
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All images are 3-dimensional reconstructions of hearts marked by cmlc2:ras-GFP from 

confocal stacks.  (A-C) Are hearts stained for s46;  (D) is a heart stained for F-actin.  (A) 

Wildtype hearts show distinct cell-shape changes and looping.  (B-D) alcam morphant 

hearts do not loop properly and the cells do not undergo typical morphological changes.   

 

Figure A4.4.  Expression of epicardial markers in zebrafish.  (A-D) 76hpf wildtype 

embryos assayed for expression of raldh2 (A-B) or tbx18 (C-D).  (A-B) raldh2 was not 

expressed in the septum transversum but was present on the surface of the ventricle.  (C-

D) tbx18 was expressed in the septum transversum as well as cells located on the 

ventricular myocardium.   

 

Figure A4.5 

Endoderm phenotypes of alcam morphants.  (A-C, E, G) Embryos injected with alcam 

morpholino.  (D, F) Wildtype embryos.  (A-B )  At 76hpf alcam morphants often show 

bilateral outgrowth of the pancreas.  (C)  At 52hpf, abnormal outgrowth of the pancreas is 

evident by (D-E) Compared to wildtype at 52hpf, alcam morphants often have unlooped 

guts and bilateral liver and pancreas outgrowths.  (F-G)  Compared to wildtype at 76hpf, 

the pancreas of alcam morphants as marked for ptf1a expression is smaller, located 

toward the midline, and dysmorphic. 
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Figure A4.2.
alcam morpholino
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Figure A4.3.
Heart phenotype of alcam morphants.
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APPENDIX 5 

LIVER BUDDING AND ASYMMETRIC LPM 

MORPHOGENESIS 

 

INTRODUCTION 

The vertebrate embryo appears bilaterally symmetric across the midline for most 

external structures.  However, internal organs such as the heart, intestine, and liver are 

distributed asymmetrically along the left-right (L-R) axis (Hamada et al., 2002).  During 

gastrulation, the establishment of the L-R axis is thought to arise from directional flow at 

the mouse node or equivalent structure in other vertebrates (Capdevila et al., 2000);  

however, little is known about the morphogenetic and cellular mechanisms that occur 

after somitogenesis to transfer this early molecular L-R identity to organs, establishing 

chirality.  A better understanding of how later events transfer L-R information to internal 

organs is key for studying vertebrate organogenesis and human pathologies such as situs 

solitus or situs inversus (Aylsworth, 2001). 

The zebrafish, or Danio rerio, provides an optimal vertebrate model system to 

study the morphogenetic and cellular mechanisms that transfer the early molecular L-R 

identity to internal organs. Similar to rodent, avian, and amphibian systems, molecular L-

R information in zebrafish embryos is transferred to asymmetric heart, liver, gut, and 

pancreas placement ((Burdine and Schier, 2000; Ober et al., 2003).  Zebrafish are 

optically transparent, allowing visualization of developing organs in live embryos.  This 
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benefit is augmented by the availability of transgenic lines such as the gutGFP line, 

which expresses green fluorescent protein (GFP) in all endodermal organs (Field, et al. 

2003a).  Additionally, the large number of offspring, rapid and external development, 

forward genetics, and available morpholino anti-sense oligonucleotides will aid in 

investigating the establishment of organ chirality in zebrafish. 

The determination of early molecular L-R asymmetry in zebrafish occurs through 

the highly conserved Nodal-signaling pathway (Burdine and Schier, 2000).  At 

gastrulation, the rotation of monocilia at Kupffer’s vesicle creates a leftward fluid flow 

(Amack and Yost 2004).  Later during somitogenesis, Nodal-related genes (cyclops (cyc), 

squint (sqt), and southpaw (spaw) in zebrafish), EGF-CFC genes (one-eyed pinhead (oep) 

in zebrafish), lefty-related genes (antivin/lefty1 and lefty2 in zebrafish), and transcription 

factors such as FoxH1 (schmalspur (sur) in zebrafish) and pitx2 act downstream of this 

“nodal flow”.  These nodal genes and downstream effectors are primarily expressed in 

the left lateral plate mesoderm (LPM) and loss of activity of these genes alters organ 

chirality (Long et al. 2003).  Following the establishment of asymmetric gene expression 

in the left LPM, this molecular asymmetry is transferred to internal organs placing them 

on either side of the midline. 

Recent work has uncovered a morphogenetic movement responsible for the initial 

break in endodermal organ symmetry in zebrafish (Horne-Badovinac et al. 2003).  These 

studies established that the LPM in zebrafish undergoes an asymmetric movement in the 

gut-looping region between 26 hours post fertilization (hpf) and 30hpf (Figure 1).  

Further, the LPM autonomously provides the mechanism leading to gut displacement 

from the midline to the left of the embryo body.  Reduced Nodal activity and perturbed 
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epithelial structure in the LPM interferes with this asymmetric movement leading to 

randomization or inhibition of gut-looping respectively.  Mutations causing reduced 

Nodal activity or perturbed epithelial structure also define two known classes of 

mutations resulting in gut-looping phenotypes.    It remains unknown how the polarized 

epithelial cells comprising the LPM transfer L-R Nodal signaling information to the 

zebrafish endoderm.  Identifying and analyzing new mutants that have gut-looping 

phenotypes is one approach to better understanding this process.  Another approach is to 

examine candidate molecules or processes that could give rise to L-R asymmetry.  Here I 

describe research I performed to determine if leftward liver budding represents a physical 

break in symmetry prior to LPM movement.  I also analyzed the possibility that 

asymmetric proliferation could lead to asymmetric LPM movement.   
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RESULTS 

The Model 

In Sally Horne-Badovinac’s Dissertation, she proposed a model that intertwined liver 

budding at 24hpf and lateral plate mesoderm morphogenesis at 30hpf to explain the 

location of the liver and endoderm chirality.  Fundamental to her hypothesis was that 

asymmetries marked by early nodal gene expression caused the liver to bud towards the 

left side of the embryonic axis.  Because the nodal signaling pathway is known to lie 

upstream of asymmetric LPM morphogenesis, she proposed using zebrafish embryos that 

showed defects in the nodal signaling pathway to test the hypothesis.  This hypothesis is 

outlined in Figure A5.1.   

In no tail (ntl) homozygous mutant embryos, genes normally restricted to the left 

side of the embryo are expressed bilaterally.  In southpaw (spaw) morphant embryos, the 

nodal genes are not expressed on either side of the embryo.  If the hypothesis were true, 

ntl embryos would show bilateral liver budding while spaw morphant embryos would 

show randomized liver budding.  Because epithelial polarity is independent of nodal gene 

expression but affects LPM morphogenesis, she also proposed testing the location of the 

liver bud in heart and soul and nagie oko, two mutants affecting apicobasal cell polarity.  

In these two polarity mutants, early liver budding should remain unaffected.   

 

Liver budding in ntl, spaw, has, and nok embryos 

To test the leftward liver budding model proposed by S. Horne in vivo, I analyzed the 

location of the liver bud relative to the midline and LPM at 24hpf in wildtype, ntl, spaw, 

has, and nok embryos.  From this data, I found that in wildtype embryos, the liver bud is 
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oriented toward the left in 96% of the embryos (n=53/55) (Figure A5.2A).  In ntl 

mutants, the liver bud is oriented toward the left side in 75% (n=9/12) (Figure A5.2B) 

while the remaining livers were oriented randomly in the remaining .  In spaw morphant 

embryos, the liver budding was oriented randomly (n=7).  In has and nok  mutant 

embryos, the livers were budding toward the left at 24hpf (Figure A5.2C-D)in 84% 

(n=21/25) of the embryos.  Overall the data from wildtype and embryos with defective 

apicobasal polarity suggested that the liver does bud toward the left and breaks 

asymmetry across the L-R axis prior to LPM morphogenesis.  However, the data from the 

ntl mutant embryos does not support the model.  This discrepancy could be because ntl 

may a play another role in L-R asymmetry besides affecting nodal gene expression. 

 

BrdU incorporation in the LPM 

To address the possibility that asymmetric LPM morphogenesis is caused by asymmetric 

cell proliferation, I analyzed BrdU incorporation into the LPM and Phosphohistone H3 

staining between 20hpf and 30hpf (Figure A5.3).  Based on these analyses, I did not 

observe any difference in proliferation between LPM cells on the left or right side of the 

embryo.  However, there was surprisingly more proliferation in the LPM tissue than 

anticipated.  This data suggests that asymmetric cell proliferation is not the driving 

mechanism behind asymmetric LPM morphogenesis. 

 

Cell proliferation and LPM morphogenesis 

Because the LPM is a small tissue made of few cells, it may have been difficult to detect 

subtle discrepancies in proliferation on either side of the midline.  To address the 
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potential role of proliferation in LPM morphogenesis, I inhibited cell proliferation using 

pharmaceutical agents.  Table A5.1 summarizes these drugs, concentrations I tested, and 

effects on gut looping.  In embryos treated with nocodazole, the guts failed to loop and 

embryos were very sick by 48hpf (Figure A5.4A-C).  In embryos treated with a mixture 

of hydroxyurea and aphidocolin (HUA), the endodermal organs were smaller but the gut 

was still looped (Figure A5.4D-E).  In order to test if these compounds were effective in 

inhibiting proliferation, I also assayed BrdU incorporation into embryos treated with 

HUA.  Proliferation was still present in these embryos. 
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DISCUSSION AND FUTURE DIRECTIONS 

Asymmetric LPM morphogenesis and gut looping is one of the topics I have found most 

fascinating during my studies of zebrafish development.  It represents the intersection 

between gene expression and tissue morphogenesis, a missing link in studying organ 

chirality and left-right asymmetry. 

I personally believe that the hypothesis put forth by Sally Horne accurately 

predicts a model for early liver budding.  However, the tools currently available may not 

provide the best means for proving this hypothesis.  In addition, I attempted to remain 

objective when examining samples but often questioned if I could.  There is no early liver 

specification marker, which makes it difficult to accurately determine which cells are 

liver progenitors.  Also, it is often difficult to determine if liver cells are budding to the 

left, the vibratome section is slightly crooked, or if the sample is slightly misshapen due 

to processing and staining.  I also feel that I have not ruled out proliferation as a 

mechanism behind asymmetric morphogenesis because the pharmaceutical agents I used 

did not completely stop proliferation and may have multiple unknown targets. 

Ideally, the process of gut looping and asymmetric LPM morphogenesis should be 

analyzed using live imaging.  Unfortunately, there are no transgenic lines or imaging 

techniques that can perform these sorts of experiments at this time.  Some transgenic 

lines that would be of use include the dhand promoter driving GFP, the spaw promoter 

driving GFP, and the spaw promoter driving Gal4 and a UAS line for various molecules 

such as apicobasal polarity determinants, signaling molecules, or transcription factors.  

Forward genetic screens will also be helpful in identifying additional players in L-R 

asymmetry and organ chirality.       

184 



MATERIALS AND METHODS 

Immunhistochemistry and TUNEL 

Embryos were fixed in 4% PFA for 2 hours at room temperature.  For sectioning, 

embryos were mounted in 4% agarose, and sectioned to 200μm using a vibratome.  

Sections were blocked in PBS with 4% BSA and 0.3% Triton for 1 hour and treated with 

primary antibody overnight at 4°C as applicable.  We used the following primary 

antibodies: rabbit anti-aPKC (Santa Cruz, 1:1000), rabbit anti-GFP (Torrey Pines, 1:200), 

rat anti-BrdU  (1:200).  Following washes, sections were treated with Alexa Fluor 

conjugated secondary antibodies or Alexa Fluor conjugated phalloidin for 2 hours at 

room temperature, washed, and mounted in Vectashield.   

BrdU incorporation 

Embryos were incubated in 15% DMSO plus 1mM BrdU for 90 minutes, fixed in 4%  

PFA for two hours, washed, incubated with Pronase for 10 minutes, washed, and  

incubated in 1MHCl at 37°C for 1hour.  Following these treatments, embryos were 

stained as described above. 

Pharmacological inhibition of proliferation 

Embryos were treated with agents to inhibit proliferation beginning at 18hpf or 24hpf, 

incubated until 30hpf or 48hpf and fixed for immunohistochemistry.  See Table A5.1 for 

concentrations used.  To test for proliferation inhibition, embryos were incubated in both 

drug and BrdU.   
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FIGURE LEGENDS 

Figure A5.1. A Model for Liver Budding and Organ Chirality.  Schematic of Sally’s 

Hypothesis for explaining how asymmetric gene expression, liver budding, and LPM 

morphogenesis leads to organ laterality.  In the wildtype scenario, early expression of 

genes on the left side of the embryo orients liver budding to the left.  Later asymmetric 

LPM movement restricts the liver to the left side of the embryo.  In the has or nok 

scenario, early expression of genes on the left side of the embryo orients liver budding to 

the left.  Because later LPM movement is not asymmetric, the liver becomes bilateral.  In 

ntl embryos, early asymmetric genes are abnormally expressed symmetrically.  This 

would lead to a liver budding in both the left and right directions.  Following randomized 

movement of the LPM, the liver remains bilateral.  In the situation of spaw morphants 

that lack expression of the left-right genes, early liver budding would be randomized, 

LPM movement is randomized, and later placement of the liver would be random.   

 

 

Figure A5.2.  Data in support of Sally’s hypothesis. 

All images are of transverse sections of 24hpf embryos stained for aPKC (red) and F-

actin in blue (A-B) or green (C-D).  The left side of the embryo is oriented to the left of 

the page, dorsal to the top.  (A) In wildtype embryos the liver buds to the left. (B)  In ntl 

mutant embryos, the liver buds in both the left and right directions. (C-D) In has and nok 

mutant embryos, the liver buds to the left. 
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Figure A5.3.  BrdU incorporation in the LPM.  All images are of transverse sections of 

wildtype embryos that were pulsed in BrdU for about 180 minutes and stained for BrdU 

(red), Tg(gutGFP)s854 (green), or B-catenin (blue).  (A) An embryo pulsed with BrdU 

from 24-26hpf.  Many cells in the LPM are proliferating.  (B) An embryo pulsed with 

BrdU from 26-28hpf.  Several cells in the endoderm and LPM are proliferating.   

 

Figure A5.4.  Inhibiting Proliferation with Drug treatments.  (A) Brightfield image of 

48hpf embryos treated with either the DMSO control or Nocodazole.  (B-E) Images of 

48hpf endodermal organs.  (B) A control embryo has wildtype endodermal organ 

structure and size.  (C) An embryo treated with Nocodazole.  The endodermal organs are 

smaller and the gut failed to loop.  (D) A control embryo has wildtype endodermal organ 

structure and size. (E) Embryo treated with both hydroxyurea and aphidocolin.  The 

endodermal organs are smaller in the treated embryo but the gut is properly looped. 
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TABLE A5.1.  Pharmaceutical agents used to inhibit proliferation 

DRUG CONCENTRATION ACTION EFFECT ON LPM 

nocodazole 0.1ug/mL – 5.0ug/mL 

in 0.5% DMSO, used 

0.5ug/mL 

Microtubule destabilizer Absence of gut 

looping 

Hydroxyurea 30mM (plus 

Aphidocolin) in 2% 

DMSO 

Ribonucleotide reductase 

inhibitor 

no effect 

Aphidocolin 150uM (plus 

hydroxyurea) in 2% 

DMSO 

DNA polymerase 

inhibitor 

No effect 

paclitaxel 1uM-100uM in 15% 

DMSO 

Microtubule stabilizer Embryonic death or 

absence of gut 

looping 
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A Model for Liver Budding and Organ Chirality.
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Figure A5.2
Liver budding at 24hpf.
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Figure A5.3.
BrdU incorporation in the LPM.
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Figure A5.4
Inhibiting Proliferation with Drug treatments.
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APPENDIX 6  

INFORMATION ON THE PARD6 PROTEIN FAMILY:  

SEQUENCES, PRIMERS, ETC. 
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Pard6γb 
Linkage Group: 19 
Accession Number: 
Sequence: 
Mutant: “pard6γb” or “mind and body” 
Morpholino target:  
Human homologue: Par6G 
Mouse homologue:  Par6G 
 
Primers for making full-length expression plasmid in pCS2+: 
FORWARD:  “par6-BamHIF” 5’-GAGAGGATCCATGAACCGGAGTTTTAATAA-3’ 
REVERSE:  “par6-ClaI”  5’-TCTCATCGATTATAAAGTGATGACTGTGCCAT-3’ 
 
Primers used to amplify mCherry and eGFP to make fusion protein with linker: 
 
“mCh-BglII_Rc” 5’-GAGAGATCTGCTACCACCACCACCGCTCTTGTAC-3’ 
“mCherry_BamHIF” 5’-ATATGGATCCTATGGTGAGCAAGGGC-3’ 
 
Wild-type sequence: 
ATGAACCGGAGTTTTAATAAATCACAGTCTTTGCGTAGCTTGAACATGAACG
CGGTGGAAGTGAAAAGCAAGTATGGAGCAGAGTTCCGGAGATTTTCAGTGG
ATCGAATAAAACCCGGCAAATTCGAGGAATTCTACAAACTCATCATGACCAT
CCACCGGATCGCAAGCATGGAGGTGATGATCGGATATGCAGACATTCATGG
AGATCTCCTCCCCATCAACAACGATGAGAATTTCAGCAAGGCCGTGTCCAC
CGCACACCCCCTGCTGCGGGTCTTTATCCAGAGACAAGAAGAGGTTGACTA
CAGCAACTTTGGCACCAGCACTCTGACCCGTAAAAAAAAGGCAGTGGTCAC
TCTTCGCAATGACCTGAACAGAAAACGGCCCCACATCCGCATTGGCATGCC
TCAAGACTTTCGTCCTGTGTCATCCATTATTGACGTGGACATCCTTCCTGAA
TCTCATCGAAGAGTTCGACTCTACCGGTATGGCTCGGACAAGCCCCTGGGA
TTTTATATCCGTGATGGCACCAGTGTCCGTGTTACACCCCATGGCTTGGAAA
AAGTCCCGGGTATCTTCATTTCCCGTATGGTACCTGGAGGCCTGGCTGAAA
GCACAGGCTTGCTGGCAGTCAATGATGAAGTTCTGGAGGTCAATGGCATCG
AGGTGACAGGAAAGACCTTAGACCAGGTGACTGACATGATGATCGCAAACA
GCCACAACCTTATTGTGACCGTGAAACCAGTAAATCAGCGCAACAACGTGG
TTCGCAGCAGTCGCATATCAGGTAGCTCGGGTCAGTCATCGGATAGCAGCA
GTTCAGTAGGGTACCCCGCCATCACCGTTCCCACAGGTGCCACTGCCATCT
CTCATGGCTATAGTCCAGAAGATCTGGAAAGTGACGAAGAGTCGGACATCG
TAATCGAGAGCAACATCAAACGACCATCACGGCGATCCAACGCCTCAGTGG
CTTCACATGCATCCCGGTCCCAGACACAAACGACCACTGTGACCCCACCTA
GCCCTCCTACTCGACCTCAAACGAGACCGCCATCCACTGTGTCTACAGCCT
CTTTCCATTCTCAACCAAGCTTTAATGGCACCGTACACAATAGTTTGAGTTAC
AAGTTGCATAAGGACCTAACCCTCCAACACCACCCCTACCACAGCAGCAAT
CCTGCTATGAGGGAGAGCAATGGCAGCCTACACAAAATCCTCAGCAGCCTG
GGGACTGACCCCCGTCATAGCCTGGCTTTACCCAGAGGTGGGGTAGAGGA
GGATGGCACAGTCATCACTTTATAA 
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Mutant cDNA sequence: 
ATGAACCGGAGTTTTAATAAATCACAGTCTTTGCGTAGCTTGAACATGAACG
CGGTGGAAGTGAAAAGCAAGTATGGAGCAGAGTTCCGGAGATTTTCAGTGG
ATCGAATAAAACCCGGCAAATTCGAGGAATTCTACAAACTCATCATGACCAT
CCACCGGATCGCAAGCATGGAGGTGATGATCGGATAA 
 
WT Protein Sequence: 
MNRSFNKSQSLRSLNMNAVEVKSKYGAEFRRFSVDRIKPGKFEEFYKLIMTIHRI
ASMEVMIGYADIHGDLLPINNDENFSKAVSTAHPLLRVFIQRQEEVDYSNFGTST
LTRKKKAVVTLRNDLNRKRPHIRIGMPQDFRPVSSIIDVDILPESHRRVRLYRYG
SDKPLGFYIRDGTSVRVTPHGLEKVPGIFISRMVPGGLAESTGLLAVNDEVLEV
NGIEVTGKTLDQVTDMMIANSHNLIVTVKPVNQRNNVVRSSRISGSSGQSSDSS
SSVGYPAITVPTGATAISHGYSPEDLESDEESDIVIESNIKRPSRRSNASVASHA
SRSQTQTTTVTPPSPPTRPQTRPPSTVSTASFHSQPSFNGTVHNSLSYKLHKD
LTLQHHPYHSSNPAMRESNGSLHKILSSLGTDPRHSLALPRGGVEEDGTVITL 
 
 
In situ probe:   
A:  “pard6-lg19-f1” 5’-GGGTTTGGACACCAATATGC-3’ 
 “pard6-lg19-r1” 5’-AAACAATGAACTCGCATTCC-3’ 
B: “pard6IS_LG19_fb” 5’-GCTATGAGGGAGAGCAATGG-3’ 
 “pard6IS_lg19_rb” 5’-TGTGATGCGGGAACAAGTAA-3’ 
TA cloned into pCRII-TOPO 
For anti-sense:  HindIII, T7 
 
Genotyping: 
Cutting wild-type sequence: 
dCAP-PstIF 5’-CAAACATGGAGGTGATGATCGGATC-3’ 
“par6-g-R2” 
 
Cutting mutant forward sequence: 
dCAP-MseIF 5’- CAAACATGGAGGTGATGATCGGTTA-3’ 
“par6-g-R2” 
 
 
DELETION CONSTRUCTS: 
KPLG, Delta-PB1 and Delta-CRIB (From Salim) 
GFP fusion with delta-PB1 and delta-CRIB were made the same as 
Pard6γb:mCherry with these primers: 
 
 “mCh-BglII_Rc” 5’-GAGAGATCTGCTACCACCACCACCGCTCTTGTAC-3’ 
“mCherry_BamHIF” 5’-ATATGGATCCTATGGTGAGCAAGGGC-3’ 
 
KPLG:GFP and pard6γb-GFP fusions were made with the following primers: 
“Pard6_XhoIF” 5’-AAAACTCGAGATGAACCGGAGTTTTAATAAATC-3’ 
“Pard6_XbaIR” 5’-AAAATCTAGATTATAAAGTGATGACTGTGCCAT-3’ 
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And used the backbone of pard6alpha-GFP which has this insert: 
mCh_ClaIF 5’-AAAAATCGATTATGGTGAGCAAGGGC-3’ 
mCh_XhoIR 5’-GAGAGCTCGAGGCTACCACCACCACCGCTCTTGTAC-3’ 
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Pard6γa 
Zebrafish Linkage Group:  16 
BAC:  CR391941 
Accession Number: 
Entrez Gene ID: 566200 
Ensembl Gene ID:  ENSDARG00000031876 
Primers for full-length sequence: 
“pard6_LG16FL_Bam” 5’-TATAGGATCCATGAACCGGCCGATCAGAAA-3’ 
“pard6_LG16FL_Cla” 5’-TATAATCGATCTACAAAAAGACAACAATCC-3’ 
Cloned into pCS2+ at BamHI and ClaI sites.   
 
5’ – 
cggtgtctgtacagcgggactcagtccagcgctcgccgctcaccagacaacATGAACCGGCCGATC
AGAAAGGCTC – 3’ 
 
Full-length sequence from clone #12 
 
ATGAACCGGCCGATCAGAAAGGCTCATTCGCTGCGCTGCTGCTCGATGCTC
GAGGTCAAGAGTAAATATGGTGCAGATTTCAGGAGGTTTTCCGTGGATCGC
TACGAGCCTGGCAGATATAAAGACTTCTACAGACTCATAGTGCGTTTACATC
AGCTATGGCATACGGACGTGTTTATCGGATATGCAGATGTTCACGGAGAGC
TGCTGCCTATCAATAATGATGACAACTTCTGCAAAGCTGTGAGCTCCACACA
GTCTTTACTGCGCATCTTCATACAGCTGCGAGAGGAAGCAGAGCAGTGCAT
TGCCTGTCCTGATGACATGACCAAACGCAAGAAATCCATAAGCCACAGAAA
ACCAGCGTTTCAGATCAGCAAACCACACAACTTCCGTCCCGTTTCCTCCATC
ATTGATGTGGACCTCGTCCCGGAATCCCACAGGAGAGTTCGCTTGTACCGG
CAAAACTCAGACCGTCCTCTTGGCTTCTTTATTCGCGATGGCACCACAGTCA
CCGTCACTCCATACGGCCTGGAGAAGCGCCCAGGGGTCTTCATCTCCCGC
ATTGTGCCCGGCGGACTGGCAGCCTGCACGGGTTTGCTAGCCCTCAACGA
CCAGGTCCTGGAGGTGAACGGTATCGAGGTTTCAGGCAAGACTTTGGATCA
GGTGACAGATATGATGATCGCCAACAGCCACAATCTCATCATCACAGTCAAA
CCTGCAAACCAGCACAACAACATCACTCGCAAAAGCTGTGCTTCTTCAACAA
CGGGACATTATTTCGAGAGCACAGAGTCGGTTTGCTATCCCGGTTTGCCAA
TGATAATGAAAGCTTATGGTTTTAATGGCTCGGAGAGTGAAGAAGATGTAG
ATTTGGTCATCGAGAGGCCTGTCAAACATCAATATTCATCTCCACATGTTAG
CACTTCATACAGGCCTCAGGTTGCTCCCGGAAGGCCGAATTCACTCCTTTC
AGCAGCGTCTTTTCGCTCTCAACCTTGTCTTGCTTGCACTGGACACACCGG
GCTAAGGAGTGTGAGCGACAGGCAGGATTATTATGGGTTTAAAGCGGCCAT
CAGACAGGAAAGCTGCAGCTCTGGTGATGTTCGCAACTCATGGCAGGTCGA
TCTGAGTTCTCATTTACTCCTGCCTCAGGGGGCGATGGAGGAGGACGGGA
TTGTTGTCTTTTTGTAG 
 
MNRPIRKAHSLRCCSMLEVKSKYGADFRRFSVDRYEPGRYKDFYRLIVRLHQL
WHTDVFIGYADVHGELLPINNDDNFCKAVSSTQSLLRIFIQLREEAEQCIACPDD
MTKRKKSISHRKPAFQISKPHNFRPVSSIIDVDLVPESHRRVRLYRQNSDRPLGF
FIRDGTTVTVTPYGLEKRPGVFISRIVPGGLAACTGLLALNDQVLEVNGIEVSGK
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TLDQVTDMMIANSHNLIITVKPANQHNNITRKSCASSTTGHYFESTESVCYPGLP
MIMKAYGFNGSESEEDVDLVIERPVKHQYSSPHVSTSYRPQVAPGRPNSLLSA
ASFRSQPCLACTGHTGLRSVSDRQDYYGFKAAIRQESCSSGDVRNSWQVDLS
SHLLLPQGAMEEDGIVVFLStop 
 
Full-length sequence from clone #16: 
 
ATGAACCGGCCGATCAGAAAGGCTCACTCGCTGCGCTGCTGCTCGATGCTC
GAGGTCAAGAGTAAATATGGTGCAGAGTTCAGGAGGTTTTCCGTGGATCGC
TACGAGCCTGGCAGATATAAAGACTTCTACAGACTCATAGTGCGTTTACATC
AGCTATGGCATACGGACGTGTTTATCGGACATGCAGATGTTCACGGAGAGC
TGCTGCCTATCAATAATGATGACAACTTCTGCAAAGCTGTGAGCTCCACACA
GTCTTTACTGCGCATCTTCATACAGCTGCGAGAGGAAGCAGAGCAGTGCAG
CGCCTGTCCTGATGACATGACCAAACGCAAGAAATCCATAAGCCACAGAAA
ACCAGCGTTTCAGATCAGCAAACCACACAACTTCCGTCCCGTTTCCTCCATC
ATTGATGTGGACCTCGTCCCGGAATCCCACAGGAGAGTTCGCTTGTACCGG
CAAAACTCAGACCGTCCTCTTGGCTTCTTTATTCGCGATGGCACCACAGTCA
CCGTCACTCCATACGGCCTGGAGAAGCGCCCAGGGGTCTTCATCTCCCGC
ATTGTGCCCGGCGGACTGGCAGCCTGCACGGGTTTGCTAGCCCTCAACGA
CCAGGTCTTAGAGGTGAACGGTATCGAGGTTTCAGGCAAGACTTTGGATCA
GGTGACGGATATGATGATCGCCAACAGCCACAATCTCATCATCACAGTCAA
ACCTGCAAACCAGCACAACAACATCACTCGCAAAAGCTGTGCTTCTTCAACA
ACGGGACATTATTTCGAGAGCACAGAGTCGGTTTGCTATCCCGGTTTGCCA
ATGATAATGAAAGCCTATGGTTTTAATGGCTCGGAGAGTGAAGAAGATGTA
GATTTGGTCATCGAGAGGCCTGTCAAACATCAATATTCATCTCCACATGTTA
GCACTTCATACAGGCCTCAGGTTGCTCCCGGAAGGCCGAATTCACTCCTTT
CAGCAGCGTCTTTTCGCTCTCAACCTTGTCTTGCTTGCACTGGACACACCG
GGCTAAGGAGTGTGAGCGACAGGCAGGATTATTATGGGTTTAAAGCGGCCA
TCAGACAGGAAAGCTGCAGCTCTGGTGATGTTCGCAACTCATGGCAGGTCG
ATCTGAGTTCTCATTTACTCCTGCCTCAGGGGGCGATGGAGGAGGACGGG
ATTGTTGTCTTTTTGTAG 
 
Human homologue:  PAR6G 
 
Primers for generating in situ probe: 
“pard6-lg16-f1” 5’-ATGGCTCGGAGAGTGAAGAA-3’ (in italics on above 
sequence) 
“pard6-lg16-rb” 5’-AAAAGACAACAATCCCGTCCT-3’ (in italics on above 
sequence) 
For anti-sense:  XhoI, SP6 
340bp 
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Pard6α 
Linkage Group:  18 
BAC:  CT573204 
 
Primers for in situ probe: 
“pard6-lgs-f1” 5’-ATCGGCCTTCCTCAAGATTT-3’ 
“pard6-lgs-r1” 5’-GAGCCAGCAGAACTGTTTCC-3’ 
For antisense:  HindIII, T7 
 
Primers for 5’RACE: 
“18-5race1” 5’-CCTAGCAACCCAGTGGTGTC-3’ 
“18-5race2” 5’-ATGCCGGGGAATTTCTCTAC-3’ 
 
Primers for amplifying full length: 
“LG18-XbaIR 5’-AAAATCTAGATAAAAGGCTCCAAATGTAGT-3’ 
“LG18-XhoIF” 5’-AAAACTCGAGATGTCACGGAATCACAGGA-3 
 
Primers for GFP/mCherry 
mCh_ClaIF 5’-AAAAATCGATTATGGTGAGCAAGGGC-3’ 
mCh_XhoIR 5’-GAGAGCTCGAGGCTACCACCACCACCGCTCTTGTAC-3’ 
 
 
5’-aatatacatttatacacaccgcaaacATGTCACGGAATCACAGGACAACGCTGA-3’ 
 
E2-5’- GCTTCGAATTATTGTTCAGAAGAGAGgtgagtccctacattaaatatacaat-I2/3-3’ 
 
 
Full length cDNA sequence: 
ATGTCACGGAATCACAGGACAACGCTGAAAAACGAGGAGAGTGTGGTTGAG
GTGAAGAGCAAATTTGAGGGCGAGTACCGAAGGTTTGCGCTGAAGAAGAAT
ACCGGGGGCTTCCAGGAATTCTACCAGCTGCTGCAGACGATTCACCGGATC
CCTGGAGTGGACGTGCTGCTAGGATATGCAGACATCCACGGAGATCTACTT
CCAATCAACAATGATTACAACTTCCACAAAGCCCTGTCCTCAGCCAACCCGC
TGCTTCGAATTATTGTTCAGAAGAGAGTTGTAGACGACACTGTGCCGTTCCC
GACCGGCTCTCTTCAGAGAAGAAAAAAGGGCCCAGGTGGTCTGCGTCAAG
CACAGCCGAAGAGCAGACCACCACTCATCGGCCTTCCTCAAGATTTCCGAC
AAATCTCCTCTATCATAGATGTGGACATCCTACCCGAGACGCATCTGCGTGT
CCGTCTGCACAAGCACGGCACCCACAAACCGCTTGGATTCTACATTCGTGA
CGGCGTCAGCGTCCGTGTCACTTCTCACGGTGTAGAGAAATTCCCCGGCAT
CTTTATCTCTCGCCTAGTGAAAGGCGGTTTAGCCGACACCACTGGGTTGCT
AGGAGTAAACGACGAGATTCTTGAAGTGAATGGCATTGATGTGTCAGGAAA
GTCACTGGACCAGGTCACTGATATGATGGTGGCCAACAGCCACAACCTCAT
TGTTACGGTAAAACCTGCAATTTACCGCAGCTTAGACGACACATACCGTACA
TTTAAAACATCAGCTGGAAACAGTTCTGCTGGCTCAAGAGGCTCCGCCCTC
TCACATGACTCCGCCCACAGCCCCGCCTCTCAGAACACCAGTCAATACAGC
AACAGTAACAGTGTGGCAGAAGGTGACAGTGATGATGATACTGACCTGATC
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ATCGAGAACGACAACCTGTCCACGTACGCGCAAAACCGGCTGACTAATGGC
AACGGCAGCCATGGAAATGCCCAGTCGTCAGGCGCATTTGCACACAGGCC
CCTCCCACAAAGTGTTTCCTTGCCCAGTAGCAGCTCTTTGAGCTCCCTGACC
ACACCCACACACAACGGCAGCCCGACCAAGACAAGCAGTAGCCAAGAAAG
CATGAGGGAAGACGGCAATTTTATCACGTTGTAG 
 
Protein Sequence 
MSRNHRTTLKNEESVVEVKSKFEGEYRRFALKKNTGGFQEFYQLLQTIHRIPGV
DVLLGYADIHGDLLPINNDYNFHKALSSANPLLRIIVQKRVVDDTVPFPTGSLQR
RKKGPGGLRQAQPKSRPPLIGLPQDFRQISSIIDVDILPETHLRVRLHKHGTHKP
LGFYIRDGVSVRVTSHGVEKFPGIFISRLVKGGLADTTGLLGVNDEILEVNGIDVS
GKSLDQVTDMMVANSHNLIVTVKPAIYRSLDDTYRTFKTSAGNSSAGSRGSALS
HDSAHSPASQNTSQYSNSNSVAEGDSDDDTDLIIENDNLSTYAQNRLTNGNGS
HGNAQSSGAFAHRPLPQSVSLPSSSSLSSLTTPTHNGSPTKTSSSQESMREDG
NFITL. 
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Pard6β 
 
Zebrafish Linkage Group:  23 
BAC:  CT573332 
 
Primers for synthesizing full-length EST into pCS2+: 
“LG23_BstBIF” 5’-AGAGAGTTCGAAATGAACAAAAACCACCGAGT-3’ 
“LG23_XhoIR” 5’-AGAGAGCTCGAGTTACAGTGTAATGACTGTTC-3’ 
 
for making mCherry and eGFP fusion proteins: 
“mCh-BstbI_RD” 5’-GAGAGTTCGAAGCTACCACCACCACCGCTCTTGTAC-3’ 
“mChBstbIF” 5’-ATATTTCGAATATGGTGAGCAAGGGC-3’ 
 
in situ probe: 
Primers: 
Note:  The name for these primers includes “linkage group 5” which was where 
this gene was assigned at the time of primer synthesis.  The gene is on LG 23. 
“pard6-lg5-f1” 5’-GTTCGTGTTACACCCCAAGG-3’ 
“pard6-lg5-r1” 5’-AAGGAGTCATGGACGTGGAG-3’ 
LENGTH:  340bp 
 
5’-tctgcggcggggtccagttagcgaaagATGAACAAAAACCACCGAGTGCCGAGc-3’ 
 
TA-ligation into pCRII-TOPO 
 
For antisense:  HindIII, T7 
 
Full-length cDNA sequence: 
 
ATGAACAAAAACCACCGAGTGCCGAGCAACCGAACTCTGAACGCCGTGGA
GGTGAAGAGCAAGTTTGGAGCAGAATTCAGACGGTTCTCTTTGGACCGGTC
CAAGCCGGGACGATTTGATGAATTCTATGGCTTACTACAGCACGTGCACCG
GATCCCTAATGTGGACCTGCTTGTGGGTTRCGCCGATGTTCACGGAGACCT
GCTGCCAATCAACAACGATGACAACTATCATAAAGCAATCTCTATGGCAACG
CCCCTGCTCCGCCYCTTTTTACAGCGAAAAGAGGAGGCCGATTACTCGGCG
TTCGGCACAGACACTGTGACCCGTAAGAAGACCCCGGCGGCCCTCGCTGC
AGTCCTCCTTCGGCCGGACACCAACAAGAAGAAGCCTCCAATAATCATCAG
CCTGCCCAAAGACTTCCGCCCAGTGTCCTCCATCATCGATGTGGACATTCTT
CCAGAGACTCACCGCCGCGTCCGTCTCTATAAACATGGCCAGGAGAAACCT
CTGGGCTTCTACATCCGGGACGGATCCAGCGTTCGTGTTACACCCCARGG
CTTGGAGAAGGTCCCAGGCATCTTCATTTCCCGCATGGTCCCCGGAGGCCT
GGCGGAGAGCACGGGACTGCTGGCCGTCAATGATGAGGTGCTCGAAGTCA
ATGGCATTGAGGTGAGCGGCAAGTCGTTGGACCAGGTAACGGACATGATG
ATCGCTAACAGCCACAACCTCATTATAACGGTCAAACCGGCCAATCAGCGC
AATAACATAGTACGAAGCAGCGGCGGTGGGGCCACATCTGGCAGCTCAGG
ACGATCTTCAGACAGCAGCACCAGCTTCCATGGTTACTCCGTGCCAGGCTC
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CACGTCCATGACTCCTTCTCATATTATACAGAACTTTGAGCCGGATGAAGAG
AGTGAGGACGAGGAGGATCTGGTGATCGAGGCGGATAGAGGGGCCAAACT
CATCCCGCCAGCAAAGGTTCGAGCGACCGCCAGCTCCAGCATGCCTGTTCT
GCCCAGATACGAGCCTCACCTCGACCTACGGCCCTCAAACGGTACAATGGC
GACCAGCACAAGCGTAGGGTCTCTGAACGCCCACGAAAGGCGTAATCTAGA
AGAAGACGGAACAGTCATTACACTGTAA 
 
Protein sequence: 
 
MNKNHRVPSNRTLNAVEVKSKFGAEFRRFSLDRSKPGRFDEFYGLLQHVHRIP
NVDLLVGXADVHGDLLPINNDDNYHKAISMATPLLRXFLQRKEEADYSAFGTDT
VTRKKTPAALAAVLLRPDTNKKKPPIIISLPKDFRPVSSIIDVDILPETHRRVRLYK
HGQEKPLGFYIRDGSSVRVTPXGLEKVPGIFISRMVPGGLAESTGLLAVNDEVL
EVNGIEVSGKSLDQVTDMMIANSHNLIITVKPANQRNNIVRSSGGGATSGSSGR
SSDSSTSFHGYSVPGSTSMTPSHIIQNFEPDEESEDEEDLVIEADRGAKLIPPAK
VRATASSSMPVLPRYEPHLDLRPSNGTMATSTSVGSLNAHERRNLEEDGTVITL 
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