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 Normal cell migration is critical for embryonic patterning, organ development and 

immune response.  Primordial germ cell (PGC) migration in zebrafish has proven a valuable 

model for the study of cell motility.  In zebrafish, PGC migration is guided principally by the 

chemokine Sdf-1a and its receptors Cxcr4b in germ cells, and Cxcr7b in somatic cells.  

While a role has also been suggested for PI3K signaling, the possible contribution of other 

signaling pathways in PGC migration is not fully understood.   
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 In this study, I used inhibitors of early developmental signaling pathways to identify 

those with a novel role in PGC migration.  Among these compounds, the most significant 

effects were from the Tankyrase inhibitor IWR-1, which blocks β-catenin-dependent Wnt 

signaling.  IWR-1 treatment during periods of active PGC migration results in fewer germ 

cells reaching the gonad.  Treatment with the Porcupine inhibitor IWP-L6, which blocks Wnt 

production, did not result in substantial effects on PGC migration, suggesting that the effects 

of IWR-1 may not be dependent on β-catenin activity, but on the direct IWR-1 target, 

Tankyrase.  Treatment with XAV939, an additional Tankyrase inhibitor, phenocopied the 

effects of IWR-1.  Germ cell-targeted inhibition of Wnt signaling did not phenocopy the 

effects of IWR-1 and XAV939, arguing against a germ cell-autonomous role for Wnt 

signaling in PGC migration.  We observed significant changes in the expression and 

patterning of sdf-1a, cxcr4b and cxcr7b following IWR-1 treatment, but not Wnt inhibition.  

Thus, I conclude that Tankyrase has an important role in patterning the PGC migratory 

environment during early development. 

 I also sought to determine the eventual fate of ectopic PGCs in zebrafish.  I created a 

transgenic line with GFP-labeled PGCs that has enabled us to follow ectopic germ cells 

during the first two weeks of development.  Daily monitoring of ectopic PGCs revealed that 

they are not cleared, as in mice, but persist in their ectopic locations.   In several instances, I 

observed ectopic germ cells undergoing morphological changes, followed by loss of GFP 

expression.  The results of these observations lend credibility to the hypothesis that 

extragonadal germ cell tumors could arise from PGCs that do not migrate properly during 

development. 
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CHAPTER I 

General Introduction 

  

 Normal cell migration is critical throughout the life of organisms for correct 

embryonic patterning, organ development and function, wound healing and immune 

responses.  Abnormal migration will not only disrupt these important biological 

processes, but can also drive disease progression in cases such as metastatic cancer and 

chronic inflammation (reviewed by Brabletz et al., 2005; Bravo-Cordero et al., 2012; 

Luster et al., 2005).  Therefore, characterization of the molecular pathways with a role in 

directed cell migration is important for both our understanding of development and 

implementing effective therapeutic strategies to combat a range of diseases. 

 Primordial germ cell (PGC) migration has proven to be a valuable model system 

for discovering signaling pathways with significant roles in cell motility or guided 

migration.  PGCs are germline precursor cells that develop into the definitive germ cells 

in the adult testis or ovary.  In most multicellular organisms, PGCs are specified distant 

from the site of the gonad and must migrate during embryogenesis to reach the site of 

gonadogenesis.  After colonization of this region, the PGCs will interact with somatic 

cells to initiate patterning and development of the gonad.  

 Thus, normal PGC migration is necessary for gonad formation, sexual maturation 

and fertility, and ectopic germ cells may lead to the development of extragonadal germ 

cell tumors (GCTs) (Looijenga et al., 1999; Oosterhuis et al., 2007; Schmoll, 2002).  The 

process of PGC migration is highly conserved across Drosophila melanogaster, zebrafish 
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and mice, and studies in these species have shed a great deal of light on the mechanisms 

involved (reviewed by Raz, 2003; Richardson and Lehmann, 2010). 

 In D. melanogaster, PGCs arise from maternally provided germ plasm 

sequestered at the posterior of the developing oocyte (reviewed by Santos and Lehmann, 

2004b). During embryogenesis, cell membrane budding incorporates nuclei near the germ 

plasm to form approximately 35 cells with a committed germ cell fate, which are then 

transcriptionally silenced (reviewed by Richardson and Lehmann, 2010; Santos and 

Lehmann, 2004b).  PGC formation and transcriptional repression requires the activity of 

several maternally provided RNAs found within the germ plasm, though the exact 

mechanisms of action are still under investigation (Richardson and Lehmann, 2010; 

Santos and Lehmann, 2004b).  During gastrulation, the newly specified germ cells are 

passively transported to the developing posterior midgut, where they form a tight cluster 

(Jaglarz and Howard, 1995).  In the midgut, signaling through the G protein-coupled 

receptor (GPCR) Trapped in endoderm 1 (TRE1) leads to germ cell polarization, after 

which PGCs lose adhesion and begin to extend protrusions to commence active migration 

(Kunwar et al., 2003; Kunwar et al., 2008). 

 The migration of D. melanogaster PGCs proceeds in three distinct steps: 

transepithelial migration across the midgut, dorsal movement along the posterior midgut 

and, finally, travel towards the mesoderm and the site of the somatic gonadal precursors 

(SGPs) (Richardson and Lehmann, 2010; Santos and Lehmann, 2004b).  Migration across 

the midgut epithelium is dependent on TRE1 activity, which is thought to function by 

responding to an as yet unknown attractive cue (Kunwar et al., 2003; Kunwar et al., 
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2008).  The subsequent dorsal migration towards the mesoderm requires the activity of 

two lipid phosphate phosphatases, Wunen (WUN) and WUN2, which are expressed in 

somatic cells and repel migrating PGCs (Starz-Gaiano and Lehmann, 2001; Zhang et al., 

1996; Zhang et al., 1997).  WUN and WUN2 are hypothesized to regulate PGC migration 

by hydrolyzing and thus destroying an unknown lipid attractant, thus creating a gradient 

in which germ cells travel towards the highest concentration (Hanyu-Nakamura et al., 

2004; Renault et al., 2004).  In the final step of migration, bilateral PGC clusters move 

into the lateral mesoderm towards the SGPs.  This stage is regulated by 3-hydroxy-3-

methylglutaryl coenzyme A reductase (HMGCR), believed to be necessary for 

isoprenylation of a germ cell attractant within the SGPs (Santos and Lehmann, 2004a; 

Van Doren et al., 1998).  Additionally, general PGC motility throughout this process 

relies on the activity of the Janus kinase (JAK)-signal transducer and activator of 

transcription (STAT) signaling pathway, as defects in this pathway disrupt PGC filopodia 

formation during active migration (Brown et al., 2006).  The process of migration lasts 

approximately 4 hours and, upon arrival at their final destination, the PGCs will interact 

with the soma to initiate gonadal development (Richardson and Lehmann, 2010). 

 Germ cells in the mouse, rather than originating from maternally provided germ 

plasm, are specified by a complex signaling mechanism that we are only now beginning 

to fully understand (reviewed by Saitou, 2009).  The PGCs were first thought to arise 

from some of the proximal epiblast cells at embryonic day 7.5 (E7.5) as a cluster of 

approximately 40-45 cells at the base of the allantois that stain positive for alkaline-

phosphatase (AP) (Ginsburg et al., 1990; Lawson and Hage, 1994).  Recent analyses of 
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single germ cells have revealed that B-lymphocyte- induced maturation protein 1 

(BLIMP1) is an earlier marker of the founder PGCs, expressed in a small group of 

proximal posterior epiblast cells beginning at around E6.25 (Ohinata et al., 2005).   

 Several studies have shown a requirement for signaling through the Bone 

morphogenetic protein (BMP) pathway for generation of AP-positive germ cells from the 

epiblast.  Null mutations studies have revealed that the BMP4 and BMP8b ligands, 

expressed in the extraembryonic ectoderm, and BMP2 ligands, expressed in the visceral 

ectoderm, are necessary for normal PGC formation (Lawson et al., 1999; Ying et al., 

2000; Ying and Zhao, 2001).  Additional reports indicate that the activity of ALK2, a 

type I BMP receptor, as well as downstream BMP signaling mediators SMAD1, 4 and 5 

are essential for germ cell specification, although the direct contribution of BMP 

signaling to eventual germ cell fate is not yet known (Chang and Matzuk, 2001; Chu et 

al., 2004; de Sousa Lopes et al., 2004; Hayashi et al., 2002; Tremblay et al., 2001). 

 Subsequent examination of the interactions between BLIMP1and BMP signaling 

components has revealed much of the pathway guiding PGC specification in mice 

(Ohinata et al., 2009).  Inhibitory signals produced by the anterior visceral endoderm to 

block posteriorization of these cells are responsible for blocking Blimp1 expression in the 

anterior region (Ohinata et al., 2009).  Furthermore, BMP2, 4 and 8b function 

cooperatively between E5.5 and E6.25 to stimulate BMP pathway signaling in the 

proximal posterior epiblast and activate expression of Blimp1 and Prdrm14, which 

encodes a novel PR-domain containing protein, in this restricted population (Ohinata et 

al., 2009).  The activity of each of these transcriptional regulators is essential to the 
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normal specification of PGCs in the mouse (Robertson et al., 2007; Vincent et al., 2005; 

Yamaji et al., 2008). 

 As Blimp1 expression is induced, specification proceeds first with the repression 

of the somatic gene program in the founder PGCs, followed by achievement of 

pluripotency and then extensive epigenetic reprogramming during migration (Saitou, 

2009).   BLIMP1 activity is required for each of these three key steps (Kurimoto et al., 

2008; Saitou, 2009), whereas PRDM14 function is essential for the latter two (Saitou, 

2009; Yamaji et al., 2008).  While the precise mechanisms by which BLIMP1 and 

PRDM14 act in PGC specification are not yet fully known, these findings represent 

significant advances in our understanding of the origin of germ cells in the mouse. 

 Shortly after specification, at around E7.5, the PGCs begin to exhibit a polarized 

morphology and extend cellular protrusions to initiate migration through the posterior 

primitive streak into the adjacent embryonic endoderm (Anderson et al., 2000; 

Richardson and Lehmann, 2010). Germ cell migration subsequently proceeds in a manner 

very similar to that seen in D. melanogaster.   

 First, PGCs travel along the endoderm into the future hindgut, though it remains 

unclear if this migration is active or passive (Molyneaux et al., 2001; Molyneaux and 

Wylie, 2004).  By E9.0-9.5 PGCs begin to emigrate from the hindgut into the mesoderm 

(Molyneaux et al., 2001).  Migration out of the hindgut depends upon the activity of the 

c-Kit receptor tyrosine kinase (KIT), expressed within the PGCs, and the c-Kit ligand, 

KITL, expressed in the surrounding cells (Gu et al., 2009).  Signaling through KIT/KITL 

interactions is evident from just after specification until the PGCs reach the genital 
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ridges, and is essential for general cell motility (Gu et al., 2009), similar to JAK/STAT 

signaling in D. melanogaster.  As they exit the hindgut, PGCs also rely on increased E-

cadherin expression for normal association with one another and proper migration to the 

somatic precursors (Bendel-Stenzel et al., 1998). 

 After reaching the mesoderm, the PGCs split into two streams and proceed with 

bilateral migration to the genital ridges from E10.5-11.5 (Molyneaux et al., 2001).  This 

stage is guided by the the chemokine Stromal-derived factor 1 (SDF1) and its GPCR 

Chemokine receptor 4 (CXCR4) (Ara et al., 2003; Molyneaux et al., 2003).  The 

migratory path of PGCs is dictated by the expression pattern of the attractant molecule, 

SDF1, at the genital ridges and in the surrounding mesenchyme. Recognition of the 

guidance cue by CXCR4, expressed in the PGCs, is necessary to direct the PGCs towards 

the site of gonad development (Ara et al., 2003; Molyneaux et al., 2003).  Recent work 

has identified a role for the HMGCR pathway in regulating PGC migration in the mouse 

as well, although the mechanism of action is still under investigation (Ding et al., 2008). 

By E11.5, the PGCs have colonized the genital ridges, where they will begin their 

associated interactions with somatic cells to pattern the gonad. 

 Similar to D. melanogaster, zebrafish PGCs arise from the inheritance of 

maternally provided germ plasm (reviewed by Raz, 2003).  Normal assembly of the germ 

plasm during oogenesis requires the activity of the Bucky ball protein to control Balbiani 

body formation (Bontems et al., 2009; Marlow and Mullins, 2008).  The germline-

specific vasa RNA is expressed in the compact subcellular germ plasm structure, and 

serves as the earliest molecular marker of PGC precursors in zebrafish (Olsen et al., 
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1997; Yoon et al., 1997).  The vasa positive germ plasm is initially localized to the 

cleavage planes in 2- and 4-cell embryos, followed by asymmetric segregation during the 

following cleavage stages, with no net increase in vasa positive cells (Knaut et al., 2000; 

Yoon et al., 1997).  At the 1000-cell stage, approximately 3 hours post fertilization (hpf), 

there are exactly 4 vasa positive cells (Yoon et al., 1997). Following this stage, the germ 

plasm structure disintegrates, vasa RNA spreads throughout the cytoplasm and is 

symmetrically inherited in the next round of cell division to form two vasa positive 

daughter cells designated as PGCs (Knaut et al., 2000).  These newly specified PGCs will 

undergo 2-3 additional rounds of symmetric cell division to produce 25-30 PGCs by 24 

hpf (Yoon et al., 1997).  

 In addition to the requirement for vasa for PGC specification and survival, other 

maternally provided transcripts are essential for the maintenance of the germ cell fate in 

these precursor cells.  Knockdown studies have revealed that nanos1 (nos) and dead end 

(dnd), both expressed in the germ plasm and PGCs, are critical for normal germ cell 

specification, migration and survival (Köprunner et al., 2001; Weidinger et al., 2003).  

Dnd is a PGC-specific RNA binding protein that maintains germ cell fate and migration 

ability by blocking access of microRNA-430 (miR-430) to target RNAs, such as nos, thus 

protecting these transcripts from miRNA-mediated repression in the PGCs (Giraldez et 

al., 2006; Goudarzi et al., 2012; Kedde et al., 2007). 

 Immediately following specification, PGCs exhibit a simple, round cell shape and 

must undergo a series of changes to become motile (Blaser et al., 2005).  At 3.5 hpf, 

PGCs begin to exhibit small cellular protrusions, but do not change position (Blaser et al., 
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2005).  Germ cells enter the motile phase by 4.5 hpf, where they begin to extend broad 

pseudopodia and become polarized in response to migration guidance cues (Blaser et al., 

2005).  This step requires zygotic transcription as well as the activity of Dnd, which 

seems to function in part by down-regulating E-cadherin to allow for the dispersal of 

PGCs and initiation of the migratory process (Blaser et al., 2005). 

 Zebrafish PGC migration comprises six distinct steps: migration towards the 

dorsal side, exclusion from the dorsal midline, alignment with the anterior and lateral 

mesoderm, formation of bilateral germ cell clusters, anterior migration of trailing PGCs 

and, finally, posterior positioning of PGC clusters at somites 8-10 (Weidinger et al., 

1999).  Although the PGCs travel as clusters at some points during this process, further 

characterization revealed that the cells move independently, without any evidence of cell-

cell interaction influencing migration (Reichman-Fried et al., 2004) .  In contrast to PGC 

migration in D. melanogaster and the mouse, germ cells in the zebrafish actively migrate 

from the time of specification, and must do so from four separate locations within the 

early embryo.  During this process, the PGCs constantly transition between ‘run’ phases, 

characterized by polarization and active migration, and stationary ‘tumble’ phases at 

intermediate targets, where the PGCs lose polarization and remain in place (Reichman-

Fried et al., 2004).  

 Zebrafish PGC migration, similar to the mouse, is guided primarily by the 

chemokine Sdf-1a and its germ cell-specific receptor, Cxcr4b (Doitsidou et al., 2002; 

Knaut et al., 2003).  The dynamic somatic expression of sdf-1a serves to pattern the 

migratory path for the germ cells by indicating intermediate and final targets along the 
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way (Doitsidou et al., 2002).  Polarized activation of Cxcr4b in the PGCs is thought to 

induce protrusion formation by stimulating a calcium-dependent myosin contraction and 

subsequent cytoplasmic flow to the forming bleb, thus defining the direction of cell 

migration (Blaser et al., 2006).  The small GTPases Rac1 and RhoA are activated at the 

germ cell front to promote filamentous actin structure formation and retrograde actin 

flow, respectively, in order to generate the E-cadherin-mediated traction forces required 

for normal motility (Kardash et al., 2010).  Downstream of Cxcr4b, Gαi proteins are 

required for directed migration (Dumstrei et al., 2004), as are the Gβγ subunits for Rac1 

activation in response to chemokine signaling (Xu et al., 2012).  Finally, the HMGCR 

pathway is essential for PGC migration in the zebrafish, just as in D. melanogaster and 

the mouse, illustrating the significant conservation of this process across species.  In 

zebrafish, the isoprenoid branch of this pathway is required for prenylation of Gγ 

subunits in the migrating germ cell (Mulligan et al., 2010; Thorpe et al., 2004). 

 Strict regulation of the availability of the guidance cue along the migratory route 

is achieved by an alternate Sdf-1a receptor, Cxcr7b, found in somatic tissues along the 

way (Boldajipour et al., 2008).  This GPCR functions by promoting continual clearance 

of the ligand in somatic tissues, thus establishing an Sdf-1a gradient along the migration 

path (Boldajipour et al., 2008).  Following internalization, the ligand and receptor are 

targeted to the late endosome, where Sdf-1a is degraded and Cxcr7b is recycled back to 

the cell membrane in a β-arrestin-dependent manner (Mahabaleshwar et al., 2008; 

Mahabaleshwar et al., 2012). 
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 Additional studies have shown a role for Phosphoinositide 3-Kinase (PI3K) 

signaling in regulating germ cell motility, but not directed migration (Dumstrei et al., 

2004).  Furthermore, treatment with the small-molecule Smoothened (Smo) inhibitor, 

Cyclopamine, deregulates germ cell adhesion and disrupts normal polarization, though 

this effect is not dependent on Hedgehog (Hh) signaling (Mich et al., 2009). 

 The discovery of the mechanisms guiding PGC migration has broad implications, 

as many of these signaling pathways are critical for motility in other cells types.  Germ 

cells share a similar mode of motility, termed amoeboid movement, with lymphocytes, 

neutrophils and some cancer cells (reviewed by Condeelis et al., 2005; Friedl and Wolf, 

2003; Zen and Parkos, 2003).  Their migration is characterized by a gliding motion 

propelled by cytoplasmic protrusion in response to environmental stimuli.  The 

JAK/STAT signaling pathway, important for PGC migration in D. melanogaster and 

mammals, is also involved border cell migration in D. melanogaster and convergent 

extension cell movements in D. melanogaster and zebrafish (reviewed by Hou et al., 

2002).  KIT/KITL signaling is critical for the migration of melanocytes, hematopoietic 

precursors and neuronal progenitors in addition to PGCs in mammals (reviewed by 

Lennartsson and Rönnstrand, 2012).  Additionally, the activity of PI3K and the Rho 

family of GTPases have wide-reaching roles, both independently and through crosstalk 

with one another, to regulate actin polymerization, cellular protrusion and migration in 

response to external cues (reviewed by Cain and Ridley, 2012; Hall, 2012). 

 The SDF1/CXCR4 axis is of particular interest, as it is important for the migration 

of many cell types during normal mammalian development.  Originally identified as a co-



11 

 

receptor for the entry of T cell-tropic human immunodeficiency virus-type 1 (HIV-1) into 

CD4+ cells (Feng et al., 1996), CXCR4 is now better characterized as the primary 

receptor for SDF1 in mammals.  Knockout mouse studies have shown that SDF1, 

expressed throughout the bone marrow-derived stromal cells, and CXCR4, found in 

hematopoietic stem cells, are required for bone marrow colonization by these precursors 

as well as normal B-lymphopoiesis and myelopoiesis (Aiuti et al., 1997; Ma et al., 1998; 

Nagasawa et al., 1996; Zou et al., 1998).  Further, SDF1/CXCR4 activity is involved in 

immune cell migration (Bleul et al., 1996a; Bleul et al., 1996b), and is required for 

neuronal cell migration and pattering of the developing brain and nervous system 

(Lazarini et al., 2003; Ma et al., 1998; Zou et al., 1998) as well as migration of vascular 

endothelial cells for large vessel development in the gut (Tachibana et al., 1998). 

 In addition to its roles in normal development, the SDF1/CXCR4 pathway is 

active across a wide array of cancer cell types, and appears to be involved in directing the 

migration of cancer cells to metastatic sites (reviewed by Balkwill, 2004; Ratajczak et al., 

2006).  CXCR4 is expressed in over 20 different cancer cell types, including breast 

(Müller et al., 2001; Smith et al., 2004), lung (Kijima et al., 2002; Phillips et al., 2003), 

ovarian (Scotton et al., 2002), prostate (Taichman et al., 2002), pancreatic cancer 

(Koshiba et al., 2000) and neuroblastoma (Geminder et al., 2001).  These CXCR4 

expressing cells respond to the SDF1 ligand, and metastases are often found near sites 

enriched for SDF1, such as the lung, liver, lymph nodes and bone marrow.  Further, 

hypoxic conditions within tumors have been shown to up-regulate Cxcr4 through 

stimulation of Hypoxia-inducible factor-1α (HIF-1α), favoring metastatic conditions 
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(Schioppa et al., 2003; Schutyser et al., 2007).  Due to its involvement with the survival 

and invasion of so many cancers, the SDF1/CXCR4 axis is of significant clinical interest, 

and is the target of numerous investigations to develop novel therapeutics for cancer 

treatment (reviewed by Teicher and Fricker, 2010). 

 The pathways controlling guided cell migration are critical to normal 

development, immune response and disease progression.  Because PGC migration has 

been a useful system for the discovery and characterization of these pathways, I have 

chosen to investigate this process using the zebrafish as an in vivo vertebrate model 

system.
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CHAPTER II 

Identification of a Novel Role for Tankyrase in Patterning the Zebrafish 

Primordial Germ Cell Migratory Environment 

 

Introduction 

 

 Normal cell migration is critical throughout the life of organisms for correct 

embryonic patterning, organ development and function, wound healing and immune 

responses.  Primordial germ cell (PGC) migration has proven to be a valuable model 

system for discovering signaling pathways with significant roles in cell motility or guided 

migration.  The process of PGC migration is highly conserved from Drosophila to 

mammals, and zebrafish have served as an excellent model system to illuminate several 

aspects of this process (reviewed by Raz, 2003; Richardson and Lehmann, 2010).   

 In this study, I took advantage of the ease of whole-organism small-molecule 

screening in the zebrafish to identify developmental signaling pathways with a novel role 

in regulating PGC migration.  Several pathways have been previously implicated in germ 

cell migration in other model systems, providing a useful context for interpreting the 

results of small-molecule treatments.  These include the Fibroblast growth factor (FGF) 

(Takeuchi et al., 2005), Delta/Notch (Morichika et al., 2010), Jak/STAT (Brown et al., 

2006), PI3K and Src kinase pathways (Farini et al., 2007).  In fact, PI3K signaling was 

previously shown to have a role in zebrafish PGC migration (Dumstrei et al., 2004). 
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 Additional signaling pathways have been reported as critical for migration of the 

zebrafish lateral line primordium, a group of cells that utilize a mechanism similar to that 

found in PGCs (reviewed by Ma and Raible, 2009).  These include the FGF (Aman and 

Piotrowski, 2008; Breau et al., 2012), Wnt/β-Catenin (Aman and Piotrowski, 2008; 

Gamba et al., 2010) and estrogen signaling pathways (Gamba et al., 2010). 

 I also took the opportunity to investigate developmental pathways that, while not 

directly implicated in PGC or cell migration, have roles in germ cell and/or gonad 

development.  In particular, the Transforming growth factor β (TGFβ) (Godin and Wylie, 

1991; Richards et al., 1999) and Bone morphogenetic protein (BMP) (Lawson et al., 

1999; Ying et al., 2000; Ying and Zhao, 2001) pathways are critical for early PGC 

development and maintenance.  TGFβ signaling is additionally needed in germ cells for 

development of the mature gonad (Miles et al., 2013; Moreno et al., 2010), as is estrogen 

signaling (reviewed by Carreau et al., 2011) , Vascular endothelial growth factor (VEGF) 

signaling (Nalbandian et al., 2003) and Wnt and FGF signaling (reviewed by Wilhelm et 

al., 2007) .  Several of these pathways are even implicated in the pathogenesis of GCTs, 

including the BMP (Fustino et al., 2011; Neumann et al., 2011), Wnt (Fritsch et al., 

2006), and VEGF pathways (Fukuda et al., 1999; Viglietto et al., 1996). 

 For their reported involvement in germ cell biology and regulation of cell 

migration, I targeted these pathways in my small-molecule screen.  Several compounds 

appeared to disrupt zebrafish PGC migration, with the most interesting being the small-

molecule Tankyrase (Tnks) inhibitor, IWR-1.  I show that IWR-1 treatment during 

periods of active PGC migration causes a significant increase in ectopic cell numbers, 
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though this effect does not appear to be cell-autonomous in the germ cells.  Treatment 

with an alternate inhibitor of Wnt ligand production, IWP-L6, revealed that the effects of 

IWR-1 on PGC migration may not be dependent on Wnt/β-Catenin signaling, but rather 

on the activity of its direct target, Tnks.  A second Tnks inhibitor, XAV939, also caused 

an increase in ectopic cells.  IWR-1 treatment led to dynamic changes in the expression 

and patterning of key genes involved in PGC migration, sdf-1a, cxcr4b and cxcr7b.  

However, Wnt inhibition by overexpression of dominant negative T-cell factor (TCF) did 

not cause any significant changes in expression of these genes.  Taken together, these 

data reveal a critical role for Tnks activity in patterning the migratory environment 

necessary for zebrafish PGC migration. 

 

Materials and Methods 

 

Drug Treatments. Drugs were purchased from the following sources: IWR-1 (Santa 

Cruz Biotechnology), Dorsomorphin (Sigma), SB431542 (Sigma), DAPT (Sigma), 

LY294002 (Sigma), AG490 (Sigma), SU5402 (Sigma), Rolipram (Sigma), SU5416 

(Sigma), Rapamycin (EMD Millipore), SU6656 (Sigma), 4-OH-Tamoxifen (Sigma), 

IWP-L6 and XAV939 (gifts from Dr. Lawrence Lum). 

 All drugs were prepared as a 10 mM stock in DMSO.  At treatment, stocks were 

diluted to the indicated concentrations in E3 embryo medium.  As a control, equal 

amounts of DMSO were diluted in E3.  Embryos were incubated in the E3 with drug for 
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the indicated treatment period.  At the conclusion of each treatment, E3 medium was 

changed three times to wash off drug. 

 

Embryo Fixation. Embryos were fixed at 24 hpf, unless otherwise noted, overnight in 

4% paraformaldehyde buffered with 1x PBS at 4°C.  Following fixation, embryos were 

transferred to 100% methanol and stored at -20°C prior to performing in situ 

hybridization. 

 

Whole Mount in situ Hybridization. One-color in situ hybridization was performed as 

previously described (Thisse and Thisse, 2008).  Embryos were probed overnight with 

appropriate gene specific digoxigenin-labeled probe at 1,000 ng/mL at 70°C. The 

hybridized probe was detected using an alkaline phosphatase-coupled anti-digoxigenin 

antibody (1:10,000, Roche).  Labeled embryos were mounted in 2.5% methylcellulose to 

be photographed using a Leica MZ125 microscope equipped with a Nikon CoolPix 4500 

camera. 

 

 Riboprobe Design. The vasa probe template was obtained by PCR amplification of the 

desired fragment from D. rerio cDNA (OpenBiosystems CloneID 2644036) using the 

primers indicated in Table 2.1.  Riboprobe transcription was made possible by 

amplification with primers modified to add T3 and T7 promoter sequences for sense and 

antisense probes, respectively. 
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 Sdf-1a, cxcr4b and cxcr7b probe templates were cloned from cDNA fragments 

obtained by RT-PCR.  The desired cDNA fragment was amplified from total RNA using 

the primers indicated in Table 2.1.  RT-PCR was performed with the Qiagen One-Step 

RT-PCR Kit (According to manufacturer’s protocol with the program 50°C/ 30’; 

95C°/15’; (95°C/1’, 55°C/ 1’, 72°C/ 1’) x 35; 72°C/ 10’).  Products were TA-cloned with 

the Invitrogen TOPO TA Dual Promoter Cloning Kit (sdf-1a) or Promega pGEM-T Easy 

Vector System (cxcr4b and cxcr7b). Riboprobe transcription templates were amplified 

using T7 and SP6 promoter sequences present in the vectors. 

 

Ectopic Germ Cell Scoring.  The vasa riboprobe was used to label PGCs by in situ 

hybridization.  PGCs were considered ectopic if located in the head or greater than half 

the distance of the yolk-tube extension away from the presumptive gonad site.  I 

considered each embryo to have 25 PGCs at 24 hpf.  All germ cells in a given 

experimental group were scored, and data is presented as the percentage of PGCs found 

in ectopic locations.   

 

Quantitative RT-PCR. Total RNA was isolated from zebrafish embryos using TRIZOL 

reagent (Invitrogen, according to manufacturers protocol).  First strand cDNA synthesis 

was performed using the Qiagen RT² HT First Strand Kit, according to manufacturer’s 

protocol.  Quantitative PCR (qPCR) was performed using RT² SYBR Green qPCR 

Mastermix (Qiagen) on an Applied Biosystems 7500 Fast Real-Time PCR System, per 
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manufacturer’s instruction.  Desired products were amplified with primers designed for 

each gene of interest, shown in Table 2.2.  Rpl13a was used as a reference gene. 

 

RNA Constructs. Plasmids designed for RNA synthesis were created by Gateway 

cloning (Hartley et al., 2000) using the Gateway LR Clonase II Plus Enzyme Kit 

(Invitrogen).  Middle entry elements, described below, were assembled with the p5E-

MCS and p3E-polyA 5’ and 3’ entry clones into the pDEST-Tol2pA2 destination vector 

(Kwan et al., 2007).  Alternatively, to allow for PGC-specific targeting of RNA 

translation, the 3’ entry clone was replaced with the nos-3’ UTR (Köprunner et al., 2001).  

The mCherry-polyA plasmid was created by cloning the mCherry coding sequence from 

pME-mCherry (Kwan et al., 2007) into the PCS2+ vector. 

The S37A β-catenin middle entry element was amplified by PCR from the human 

clone (Williams et al., 2000) with the primers listed in Table 2.1.  The PCR product was 

TOPO-TA cloned into the pENTR-D-TOPO vector (Invitrogen) to create the middle entry 

plasmid. 

 The ΔNTCF middle entry construct was created by exclusion of the tcf7l1a N-

terminal β-catenin interaction domain (Molenaar et al., 1996).  The middle entry element 

was amplified by RT-PCR with primers listed in Table 2.1.  RT-PCR was performed with 

the Qiagen One-Step RT-PCR Kit (According to manufacturer’s protocol with the 

program 50°C/ 30’; 95C°/15’; (95°C/1’, 55°C/ 1’, 72°C/ 1’) x 35; 72°C/ 10’).  An 

additional round of PCR was performed to include attB1 and attB2 sites for BP cloning, 
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using primers listed in Table 2.1.  This sequence was then cloned into the pDONR 221 

vector using the Gateway BP Clonase II kit (Invitrogen) per manufacturer’s protocol. 

 

RNA Transcription and Injection. Transcription templates were amplified from 

plasmid DNA by PCR. The mCherry-polyA template was amplified using SP6 and M13-

R primers, and remaining construct templates were amplified using primers listed in 

Table 2.1. 

 RNA for microinjection was transcribed using the mMessage mMachine Kit 

(Ambion).  Transcription reactions were assembled as directed with the addition of 

RNase Out (Invitrogen) and incubated at 37°C for 2 hours.  Following DNase Treatment, 

RNA was recovered via Lithium Chloride precipitation as recommended. 

 For ΔNTCF injections, we injected control embryos with mCherry-polyA RNA at 

225 ng/µL, and each ΔNTCF RNA at 200 ng/µL with 25 ng/µL mCherry-polyA RNA.  

For S37A-β-Catenin injections, we injected control embryos with mCherry-polyA RNA at 

75 ng/µL, and each S37A-β-Catenin RNA at 50 ng/µL with 25 ng/µL mCherry-polyA 

RNA.  Embryos were injected at the 1-cell stage with approximately 1 pL RNA. 

 

Results 

 

Small-molecule Screen Identifies Pathways that Affect PGC Migration 

 In order to identify pathways with a role in PGC migration, I performed a small-

molecule screen designed to inhibit twelve developmental pathways of interest for their 
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reported role in germ cell biology or cell motility.  I chose drugs based on previously 

reported success in the zebrafish model system.  Drugs utilized in this screen include 

Dorsomorphin (BMP) (Yu et al., 2008), Rapamycin (mTOR) (Makky et al., 2007), 4-

Hydroxy-Tamoxifen (4-OH-TAM) (Estrogen) (Hans et al., 2009; Mosimann et al., 2010), 

Rolipram (Phosphodiesterase/CXCR4) (Richardson et al., 2008), DAPT (Notch) (Geling 

et al., 2002), SB431542 (TGFβ) (Sun et al., 2006), SU5402 (FGF) (Molina et al., 2007), 

SU5416 (VEGF) (Serbedzija et al., 1999),  AG490 (Jak) (Ma et al., 2007), LY294002 

(PI3K) (Dumstrei et al., 2004), SU6656 (Src) (Molina et al., 2007) and IWR-1 (Wnt) 

(Chen et al., 2009). 

 I applied drugs at the concentrations indicated beginning near the time of PGC 

specification at 3 hpf until after the completion of PGC migration at 24 hpf.  I included 

approximately 25-30 embryos in each drug treatment group and 15-20 embryos in each 

corresponding control group.  Following treatment, I assayed embryos, where 

appropriate, for expected drug phenotypes based on previous reports to verify successful 

inhibition of the targeted pathway (Fig 2.1A).  I visualized PGC localization at 24 hpf by 

in situ hybridization for the PGC-specific vasa RNA (Fig 2.1A).  By quantifying the 

percentage of all PGCs within a treatment group found in ectopic locations, I determined 

that several of the compounds screened significantly affected normal PGC migration (Fig 

2.1B).  The Jak/STAT inhibitor AG490 showed a modest, yet statistically significant, 

increase in ectopic cells, whereas the PI3K inhibitor LY294002, Src kinase inhibitor 

SU6656 and Wnt inhibitor IWR-1 showed a large increase in mislocalized PGCs.  The 

Wnt pathway does not have a previously described role in PGC migration and IWR-1 
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showed the most potent effect.  Therefore, I decided to pursue further characterization of 

this drug’s effect on zebrafish PGC migration. 

 

Identification of IWR-1-Sensitive Temporal Windows During PGC Migration 

 In order to verify the results of the drug screen and more thoroughly characterize 

the effects of IWR-1 on germ cell migration, I next interrogated specific phases of the 

migratory process. To this end, I repeated IWR-1 treatment in four distinct developmental 

windows (1-cell to High Stage; High Stage to Bud Stage; Bud Stage to 14 Somites; 14 

Somites to 24 hpf) at a range of concentrations.  I applied IWR-1 at the beginning of each 

treatment, thoroughly washed off the drug at the end of the window, and allowed 

embryos to develop to 24 hpf.  I titrated doses of IWR-1 to avoid nonspecific 

developmental effects. Because doses of 10-50 µM IWR-1 killed all embryos treated 

from 1-cell to High Stage, I lowered doses by a factor of 4 in the earliest treatment 

window to allow for normal development.  The highest dosage (50 µM IWR-1) during 

the High Stage to Bud Stage window caused more severe phenotypes, and this dose was 

not further evaluated. 

 Exposure of the embryos to IWR-1 during High Stage to Bud Stage and Bud 

Stage to 14 Somites windows resulted in a significant increase in ectopic germ cells (Fig 

2.2A).  Conversely, treatment from 1-cell to High Stage (before PGC specification) and 

14 Somites to 24 hpf (after migration is mostly completed) caused no PGC migration 

defects.   
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 Quantification of ectopic cells revealed that increasing concentrations of IWR-1 

lead to a dose dependent response in mislocalized PGCs (Fig 2.2B).  There were some 

specific differences according to the window of treatment.  For example, treatment from 

High Stage to Bud Stage led to increased ectopic cells in the head of the embryo.  

Further, while these are not counted as ectopic, these embryos exhibit a general 

disruption of the compact bilateral clusters of PGCs seen in the untreated controls (Fig 

2.2A).  On the other hand, treatment from Bud Stage to 14 Somites also resulted in more 

ectopic cells, but these were largely found along the yolk tube extension, and less 

disruption of the bilateral clusters was observed (Fig 2.2A).  The periods of High Stage to 

Bud Stage and Bud Stage to 14 Somites correspond to active dorsal migration and 

alignment of bilateral PGC clusters, respectively (Weidinger et al., 1999).  As IWR-1 is a 

potent inhibitor of the Wnt/β-Catenin signaling pathway (Chen et al., 2009), I 

hypothesized a critical role for Wnt signaling during periods of active PGC migration, 

particularly during dorsal migration. 

 

Germ Cell Targeted Wnt Manipulation 

 I first sought to determine if the Wnt/β-Catenin signaling pathway has a cell-

autonomous role in the germ cells to regulate the migratory process.  In order to examine 

this possibility, I performed microinjection of mutant RNA constructs designed to 

activate or inhibit the Wnt pathway.  Down-regulation of Wnt signaling was achieved by 

overexpression of ΔN T-cell factor (ΔNTCF), reported to act in a dominant negative 

fashion (Molenaar et al., 1996).  I activated Wnt signaling by overexpression of the 
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constitutively active S37A-β-Catenin (Williams et al., 2000).  Each construct included the 

nos-3’ UTR (Köprunner et al., 2001) to target expression to the germ cells, or a -polyA 3’ 

element for ubiquitous overexpression.  I utilized mCherry-polyA RNA as an injection 

control. 

  While control embryos and those injected with nos-3’ UTR tagged RNA showed 

no developmental phenotypes, ubiquitous overexpression by injection of ΔNTCF-polyA 

or S37A-β-Catenin-polyA RNA caused developmental phenotypes (Fig 2.3A).  For 

example, 30% of embryos injected with ΔNTCF-polyA displayed significant 

dorsalization, with an additional 12/107 showing even more severe effects (Fig 2.3A).  

Similarly, 42.5% embryos injected with S37A β-Catenin-polyA exhibited a phenotype 

similar to the masterblind mutant (Heisenberg et al., 2001), a hallmark of Wnt activation 

in zebrafish (Fig 2.3A).  While not completely penetrant, these results indicate that the 

ubiquitously expressed constructs do inhibit or activate Wnt signaling as predicted.  The 

identical constructs tagged with the nos-3’UTR caused no phenotype, consistent with 

expression being restricted to germ cells.  

 Quantification of the ectopic germ cells from these embryos (Fig 2.3A) showed 

that significant changes in PGC migration occurred only with ubiquitous knockdown of 

Wnt signaling from ΔNTCF-polyA overexpression (Fig 2.3B).  Wnt activation did not 

cause any significant increase in mislocalized PGCs, nor did PGC-targeted Wnt 

knockdown.  These results suggest that germ cell-targeted Wnt manipulation does not 

affect normal PGC migration. 
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 In order to validate these results, I restored germ cell-specific Wnt activity in the 

presence of IWR-1 by injection of S37A β-Catenin-nos-3’UTR.  If Wnt signaling were 

necessary in the PGCs for migration, germ cell-targeted Wnt activation would reverse the 

effects of IWR-1 and reduce ectopic PGCs.  To test this hypothesis, I injected RNA at the 

1-cell stage, followed by treatment with 10 µM IWR-1 during the critical developmental 

periods.  The treatment dose was necessarily lowered because of the embryo’s inability to 

survive injection and higher treatment concentrations. 

 As with earlier experiments, IWR-1 treatment from High Stage to Bud Stage 

caused a significant increase in ectopic PGCs (Fig 2.3C).  However, germ cell-specific 

Wnt activation did not significantly reduce the effects of IWR-1 treatment (Fig 2.3C). 

Taken together, these data indicate that Wnt signaling is not required cell-autonomously 

within the PGCs to regulate their migration. 

 

PGC Migration Does not Depend on Porcupine Activity, but Does Rely on 

Tankyrase Activity 

 As Wnt signaling does not appear to be required cell-autonomously in the PGCs, I 

next hypothesized an important role for Wnt ligands in helping to pattern the migratory 

environment.  In order to test this, I utilized an alternate Wnt inhibitor, IWP-L6, similar 

to IWPs that were previously shown to effectively inhibit Wnt signaling in developing 

zebrafish (Chen et al., 2009; Dodge et al., 2012).  This drug works by inhibiting the o-

acyltransferase Porcupine (Porcn), which is required for secretion of Wnt ligands.   I 

applied IWP-L6 from High Stage until 24 hpf, after which I analyzed phenotype and 
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PGC localization (Fig 2.4A,B).  All treated embryos exhibited severe dorsalization, 

consistent with Wnt inhibition by the drug (Fig 2.4A).  However, there was no significant 

increase in ectopic PGCs (Fig 2.4B).  These results suggest that the effects of IWR-1 on 

PGC migration are not related to its role in inhibiting Wnt signaling. 

 The poly (ADP-ribose) polymerase (PARP), Tnks, was identified as the direct 

target of IWR-1 (Chen et al., 2009).  Tnks normally destabilizes Axin, accounting for the 

effect of IWR-1 on Wnt/β-catenin signaling.  However, the effects on PGC migration 

seen from IWR-1 treatment could be due to an alternate Tnks target.  To clarify this 

possibility, I employed an alternate inhibitor of Tnks, XAV939 (Huang et al., 2009; 

Shimizu et al., 2012).  I treated embryos with XAV939 from High Stage to Bud Stage 

and Bud Stage to 14 Somites to characterize effects on PGC migration.  Unlike the results 

from IWR-1 treatment, very few developmental defects are evident at even the highest 

XAV939 doses used (Fig 2.4C).  Similar phenotypes are seen after treatment from Bud 

Stage to 14 Somites.  Quantification of ectopic PGCs reveals trends similar to those 

observed following IWR-1 treatment, though at significantly reduced levels (Fig 2.4D).  

Higher doses of XAV939 did not result in more ectopic PGCs.  These results indicate a 

critical role for Tnks activity during the period of dorsal PGC migration. 

 

Wnt Inhibition Does Not Affect Expression of sdf-1a, cxcr4b or cxcr7b 

 The results of IWP-L6 treatment argue against a role for Wnt signaling in 

regulating PGC migration.  However, Wnt inhibition by overexpression of ΔNTCF-polyA 

resulted in fewer cells reaching the gonad, making the contributions of this pathway 
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unclear.  In order to explain this apparent discrepancy, I next sought to determine if 

ΔNTCF-polyA overexpression affected the patterning of the migratory environment. 

 As with previous results, control embryos injected with mCherry-polyA RNA 

largely showed no development phenotype (51/59 embryos).  In embryos injected with 

ΔNTCF-polyA RNA, 40% (20/49) of embryos displayed significant dorsalization as 

previously described, with an additional 11% (5/49) showing more severe effects.  At 24 

hpf, I collected total RNA and fixed embryos for in situ hybridization. 

 I performed quantitative RT-PCR on RNA isolated from each of these samples to 

examine expression of sdf-1a, cxcr4b and cxcr7b (Fig 2.5A).  Expression levels of sdf-1a, 

cxcr4b and cxcr7b appear to be modestly higher in ΔNTCF-polyA injected embryos 

relative to control, but these effects are not statistically significant. 

 Additionally, I characterized the pattern of expression of each of these three genes 

by in situ hybridization.  Despite the dorsalization phenotypes observed, no dramatic 

changes in the pattern of expression for any of these three genes was evident (Fig 2.5B).  

These data suggest that Wnt inhibition does not affect the expression or patterning of sdf-

1a, cxcr4b and cxcr7b during this developmental period. 

 Based on these results, I hypothesized that the disruption of PGC migration 

caused by ΔNTCF-polyA overexpression could be due to the resultant dorsalization 

phenotypes rather than a specific role for Wnt signaling.  I therefore reexamined the 

distribution of ectopic PGCs in those embryos (Fig 2.3A) with respect to the severity of 

developmental defects.  Repeated quantification of ectopic germ cells within three 

phenotypic classes revealed that a disproportionate number of the extragonadal PGCs 
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occurred in those with more dramatic phenotypes (Fig 2.6).  In fact, I observed the 

highest percentage of ectopic cells in the most severe class, arguing that the PGC 

migration defects are a result of the pleiotropic effects of ΔNTCF-polyA overexpression 

rather than specifically Wnt inhibition. 

 Coupled with the results of two distinct Tnks inhibitors, these data suggest that 

there is a requirement for Tnks activity in PGC migration independent of its effects on β-

catenin-dependent Wnt signaling. 

 

IWR-1 Treatment Affects Expression and Patterning of sdf-1a, cxcr4b and cxcr7b 

 In order to better characterize the role of Tnks in regulating PGC migration, I 

investigated the effects of IWR-1 treatment on the migratory environment.  I treated 

embryos with 25 µM IWR-1 from High Stage to Bud Stage or Bud Stage to 14 Somites 

and allowed them to develop to 24 hpf, at which point I collected total RNA and fixed 

embryos for in situ hybridization. 

 I performed quantitative RT-PCR on RNA isolated from each of these samples to 

examine expression levels of sdf-1a, cxcr4b and cxcr7b (Fig 2.7A,C).  Expression of each 

of sdf-1a, cxcr4b and cxcr7b is significantly reduced by IWR-1 treatment in both 

developmental windows.  Much larger changes in expression are seen in sdf-1a and cxr7b 

relative to cxcr4b (Fig 2.7A,C) and changes appear to be more profound from High Stage 

to Bud Stage treatment (Fig 2.7A).  Interestingly, this is in alignment with the more 

profound effects on PGC migration seen from High Stage to Bud Stage treatment 

compared with treatment from Bud Stage to 14 Somites. 
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 I next characterized the pattern of expression of each of these three genes by in 

situ hybridization.  In agreement with the results just described, I saw reduced staining 

for each gene following IWR-1 treatment during both developmental windows (Fig 

2.7B,D).  Generally lighter staining of cxcr4b was evident, particularly in the lateral line 

primordium, though these differences were less dramatic compared to other genes.  

Lighter cxcr7b staining was coupled with a distinct change in the banding patterns 

evident in the head of control embryos.  Most interesting was the significant reduction of 

sdf-1a expression at the site of the presumptive gonad in IWR-1 treated embryos.  These 

embryos also exhibited expanded sdf-1a staining in the head.  This, coupled with the loss 

of cxcr7b expression in this region, could account for the presence of ectopic PGCs in the 

head after IWR-1 treatment.  Taken together, these data reveal a critical role for Tnks in 

regulating the expression of genes critical to the PGC migratory environment. 

 

Discussion 

 

 A number of developmental signaling pathways have been implicated in the 

regulation of primordial germ cells across several model organisms, including Jak/STAT 

in Drosophila (Brown et al., 2006), Delta/Notch in Xenopus (Morichika et al., 2010), 

Steel/c-Kit, FGF and Src in the mouse (Farini et al., 2007; Runyan et al., 2006; Takeuchi 

et al., 2005) and PI3K in mice and zebrafish (Dumstrei et al., 2004; Farini et al., 2007).  

The discovery and characterization of each of these pathways’ roles in guiding PGC 
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migration is critical as it can significantly impact our understanding of normal cell 

motility, important for development, immune response and disease progression.   

 In this study, I performed a small-molecule screen to identify developmental 

signaling pathways with a novel role in regulating germ cell migration in the zebrafish.  

A total of four chemicals in my screen affected PGC migration to a significant degree.  

Treatment with the PI3K inhibitor, LY294002, resulted in abnormal migration as 

expected from previously published work in mice and zebrafish (Dumstrei et al., 2004; 

Farini et al., 2007).  Dumstrei et al. describe similar results after overexpression of a 

dominant-negative PI3K.  The corroboration of these data confirms the effectiveness of 

our screening technique. 

  In agreement with previous reports in Drosophila and mice, I observed an 

increase in ectopic cells following inhibition of Jak/STAT and Src kinase signaling 

(Brown et al., 2006; Farini et al., 2007).  While these pathways have been previously 

implicated in the regulation of PGC migration, these data represent the first observation 

of their role in the zebrafish and confirm their significance across several species.  

Further work will be required in order to determine if these pathways act in the same 

manner in zebrafish. 

 Finally, treatment with the small-molecule Tnks inhibitor, IWR-1, resulted in the 

most significant disruption of PGC migration.  IWR-1 was first identified as a stabilizer 

of Axin proteins and a potent inhibitor of the Wnt/β-Catenin signaling pathway (Chen et 

al., 2009).  It was later revealed that IWR-1 acts by inhibiting Tnks, which has an 

important role in regulating Axin protein stability (Huang et al., 2009).  I initially 
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hypothesized that the effects of IWR-1 on PGC migration were dependent on the activity 

of the Wnt signaling pathway, but treatment with IWP-L6, an o-acyltransferase inhibitor 

known to block Wnt ligand production, did not recapitulate the PGC migration 

phenotype.  Also, while ΔNTCF-polyA overexpression disrupted PGC migration, there 

was no effect on the patterning of the migratory route.  My data indicate that these effects 

are more likely due to the severity of dorsalization phenotypes rather than specifically 

Wnt inhibition. 

 Tankyrase, a poly (ADP-ribose) polymerase, has never before been implicated in 

germ cell migration, but I showed that its activity is required during active migratory 

periods for normal expression of sdf-1a, cxcr4b and cxcr7b.  Tnks was initially 

discovered as a component of the telomeric shelterin complex (Smith et al., 1998), but it 

has a number of emerging functions that are only recently being discovered.  Aside from 

its role in regulating telomere length and sister chromatid separation, it has been reported 

to be important for normal mitotic spindle function as well as trafficking of GLUT4 

storage vesicles (reviewed Hsiao and Smith, 2008; Riffell et al., 2012).  However, 

additional Tnks binding partners and targets for poly (ADP-ribosyl)ation remain poorly 

characterized, making further characterization of its role in PGC migration difficult. 

 It is reasonable to hypothesize that Tnks acts on an unknown target that plays a 

role in a gene transcription pathway to modulate expression of sdf-1a, cxcr4b, and 

cxcr7b. In order to investigate this possibility, it is necessary to identify this poly (ADP-

ribosyl)ation target and characterize its effects on PGC migration and the expression of 
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these genes.  It is also important to determine if this function of Tnks is conserved in 

PGC migration across other organisms, as well as in migration of alternate cell types.   

 Further, the identification of a new gene transcription pathway regulated by Tnks 

would be a significant discovery, as the multiple available Tnks inhibitors could be 

utilized as novel therapeutics to modulate activity of this pathway. Additionally, 

zebrafish PGC migration could prove a useful in vivo assay to identify and test 

compounds designed to regulate Tnks activity. 

 Clarification of the role that Tnks plays in these processes will uncover important 

new functions for this PARP family member and shed light on its emerging impact on 

early development and disease progression. 
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Table 2.1:  Primers for PCR Amplification 
Listed are forward (F) and reverse (R) primers used for described experiments. 

Gene  F Primer 5’-3’ R Primer 3’-5’ 

vasa 
Riboprobe 

 GGAAGTTTGCATACGGGAC
CTG CTTTCTCTCGCTCTCGCTGT 

sdf-1a  
Riboprobe 

 AGGGGACCAAACAAGAGA
AGTC 

GGGGTTATAAAGTGCGCTG
G 

cxcr4b  
Riboprobe 

 
 TTGTGGTGCTTGTGATGG AGATGAAGAAGCAGAGGAT

GAG 

cxcr7b  
Riboprobe 

 
GCTCTGGTGGTTTGGGT TGAAAGAGGGAGAAGCAC 

S37A  
β-catenin  

 CACCATGGCTACTCAAGCT
GATTTGAT 

ATCAAACCAGGCCAGCTGA
T 

ΔNTCF  
 ATGAACAGCAGCTCATCAG

ACTCCGAA 
TCACTCCACAGATTTGGTGA
CGAG 

attB1/B2  
BP Cloning 

 GGGGACAAGTTTGTACAAA
AAAGCAGGCT-template 
specific sequence 

GGGGACCACTTTGTACAAG
AAAGCTGGGT-template 
specific sequence 

β-globin-
eGFP 
Cloning 

 GTCGACCGATCCTGAGAAC
TTC 

GCGGCCGCTTTACTTGTACA
GC 

RNA 
Template  

 TGTTAGTGTCAAGCCTAGCT
CTTTT 

TAATCAGCCATACCACATTT
GTAGA 

eGFP  
RT-PCR 

 CAACTACAACAGCCACAAC
GTC 

TCGTCCATGCCGAGAGTGA
TC 

eGFP 
Riboprobe 

 
CAAGGGCGAGGAGCTGTT TTACTTGTACAGCTCGTCC 
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Table 2.2:  Primers for Quantitative RT-PCR  
Listed are forward (F) and reverse (R) primers used for described quantitative RT-PCR 
experiments. Concentration refers to final reaction concentration used (nM).  
 

Gene  F Primer 5’-3’ Concentration R Primer 5’-3’ Concentration 

rpl13a 
 TCTGGAGGAC

TGTAAGAGGT
ATGC 

400 
AGACGCACAA
TCTTGAGAGC
AG 

500 

sdf-1a 
 GTTCCTCCACA

CACCCAACT 500 TTGATGGCGTT
CTTCAGGTA 400 

cxcr4b 
  

TGTGGTGCTTG
TGATGGG 

300 AGGAGGTCTG
CGATTGAAAG 600 

cxcr7b 
 ATCACGCCAT

CCTGTCTCTC 500 CTCATCTTGGT
CCGTCTTTGT 500 

axin2 
 AGCCTTACCCT

CGGACACTT 600 
AACACAGCAC
CACACTCAAA
CT 

600 

vasa 
 

Qiagen Quantitect Primer Assay, Cat. No. QT02236115 
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Figure 2.1: A small-molecule screen identifies pathways with novel roles in PGC 
migration (A) Four small molecules in the screen perturb PGC migration.  Embryos 
were treated at the indicated doses from 3 hpf to 24 hpf. Representative images are shown 
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from DMSO (left) or drug treatment (right).  PGCs were visualized by in situ 
hybridization using a vasa-specific probe.  Arrows denote ectopic PGCs and brackets 
signify normal PGC localization. (B) Quantification of ectopic PGCs following drug 
treatment reveals pathways with a potential role in PGC migration.  Each DMSO column 
(open bars) represents at least 10 embryos from a single treatment group, average n=19.  
Each Drug column (solid bars) represents at least 23 embryos from a single treatment 
group, average n=26. **= p<0.01, ****=p<0.0001
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Figure 2.2: Identification of IWR-1-sensitive temporal windows during PGC 
migration (A) Representative images are shown for embryos treated with DMSO (top) or 
IWR-1 (bottom) during the indicated developmental periods.  PGCs were visualized by in 
situ hybridization using a vasa-specific probe.  Arrows denote ectopic PGCs and brackets 
signify normal PGC localization. (B) IWR-1 treatment from High Stage to Bud Stage and 
Bud Stage to 14 Somites results in a significant increase in ectopic PGCs.  Error bars 
signify one standard deviation from three independent treatment groups.  Each column 
represents at least 28 total embryos treated across three treatment groups with an average 
n=82. * = p<0.05, **= p<0.01, ***=p<0.001, ****=p<0.0001.
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Figure 2.3: Germ cell-specific manipulation of Wnt signaling does not affect PGC 
migration (A) Developmental phenotypes caused by injection of mutant RNA 
constructs.  Representative images are shown of embryos injected with ΔNTCF RNA 
(top) or S37A β-Catenin (bottom) expressed ubiquitously due to -polyA tag (right) or 
specifically in PGCs due to nos-3’ UTR tag (middle).  Control embryos injected with 
mCherry-polyA RNA are shown in the left column.  Inset numbers indicate proportion of 
injected fish displaying phenotype shown. (B) Quantification of ectopic PGCs from 
embryos shown in (A).  Error bars signify one standard deviation from three separately 
injected clutches. * = p<0.05  (C) PGC-specific expression of constitutively active β-
Catenin does not rescue the effects of IWR-1 treatment.  Embryos were injected with 
mCherry-polyA or S37A β-Catenin-nos-3’UTR RNA and treated with DMSO or 10 µM 
IWR-1 for the indicated developmental periods.  Quantification of ectopic PGCs 
following the indicated injection and treatment is shown.  Error bars signify one standard 
deviation from two (S37A β-Catenin-nos-3’UTR High-Bud) or three (all others) 
separately injected clutches. Each IWR-1 treatment column represents at least 28 
embryos (average n=44.5) and each DMSO treatment column represents at least 8 
embryos (average n=20.75).  *=p<0.05. 



38 

 

 
 
Figure 2.4: PGC migration is sensitive to inhibition of Tankyrase but not Porcupine 
(A) IWP-L6, an o-acyltransferase inhibitor that blocks Wnt production, causes 
dorsalization of the embryo but does not affect PGC migration.  Representative images of 
embryos treated from High Stage to 24 hpf with DMSO (left) or 20 µM IWP-L6 (right).  
(B) Quantification of ectopic PGCs following the indicated treatments.  Error bars signify 
one standard deviation from three independent treatment groups.  Each column represents 
at least 34 embryos with an average n=47.  (C) XAV939, a Tnks inhibitor, does not cause 
significant developmental phenotypes, but does affect PGC migration.  Representative 
images are shown of embryos treated with DMSO (left) or 50 µM XAV939 (right) from 
High Stage to Bud Stage. Arrows denote ectopic PGCs. (D) Quantification of the effect 
of XAV939 on PGC migration.  Error bars signify one standard deviation from three 
independent treatment groups.  Each column represents at least 107 embryos with an 
average n=140. ***=p<0.001.
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Figure 2.5:  Wnt inhibition does not affect patterning or expression of genes 
involved in PGC migration  (A) Wnt knockdown does not alter expression of sdf-1a, 
cxcr4b or cxcr7b.  Quantitative RT-PCR of 24 hpf embryos injected with mCherry-polyA 
or ΔNTCF-polyA RNA at the 1-cell stage.  Error bars signify one standard deviation of 
triplicate samples.  (B) Wnt knockdown does not alter the expression pattern of sdf-1a, 
cxcr4b or cxcr7b.  Representative images are show for 24 hpf embryos injected with 
mCherry-polyA (top) or ΔNTCF-polyA RNA (bottom) at the 1-cell stage.  In situ 
hybridization using probes specific to sdf-1a (left), cxcr4b (center) and cxcr7b (right) 
shows resultant expression patterns in each injection group.  Insets show a 10X zoom of 
the indicated area.
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Figure 2.6: Severity of phenotype following ΔNTCF-polyA overexpression affects 
PGC migration  (A) Representative images of three phenotypic classes following 
injection of ΔNTCF-polyA RNA.  PGCs were visualized by in situ hybridization using a 
vasa-specific probe.  Arrows denote ectopic PGCs and brackets signify normal PGC 
localization.  Inset numbers indicate proportion of fish within class.  (B) Quantification of 
ectopic PGCs relative to severity of developmental phenotype.  Columns display 
proportion of fish within each phenotypic class (left bar) and proportion of ectopic cells 
from each class (right bar).
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Figure 2.7:  IWR-1 treatment affects patterning and expression of genes involved in 
PGC migration  (A, C) IWR-1 treatment results in decreased expression of sdf-1a, 
cxcr4b and cxcr7b.  Quantitative RT-PCR of 24 hpf embryos treated with DMSO or 25 
µM IWR-1 from High Stage to Bud Stage (A) or Bud Stage to 14 Somites (C). Error bars 
signify one standard deviation of triplicate samples. **= p<0.01, ***=p<0.001, 
****=p<0.0001. (B, D) IWR-1 treatment alters the pattern of expression of key genes 
involved in PGC migration.  Representative images are shown for 24 hpf embryos treated 
with DMSO (top) or 25 µM IWR-1 (bottom) from High Stage to Bud Stage (B) or Bud 
Stage to 14 Somites (D).  In situ hybridization using probes specific to sdf-1a (left), 
cxcr4b (center) and cxcr7b (right) shows patterning defects caused by IWR-1 treatment 
relative to controls.  Insets show a 10X zoom of the indicated area, arrows highlight key 
differences between control and treated embryos.
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CHAPTER III 

Transgenic Primordial Germ Cell Labeling Enables Examination of Zebrafish 

Ectopic Germ Cell Fate 

 

Introduction  

 

 Human germ cell tumors (GCTs) comprise a diverse group of neoplasms of 

children and adolescents that share a common origin, the primordial germ cell (PGC) 

lineage (reviewed by Oosterhuis and Looijenga, 2005).  Germ cell cancers are relatively 

rare, accounting for approximately 3% of malignant pediatric tumors, though testicular 

germ cell tumors represent the most common form of cancer in young males between the 

ages of 15 and 34 years (Göbel et al., 2000; Winter and Albers, 2011). One particularly 

interesting aspect of GCT biology is the occurrence of primary GCTs outside the ovary 

and testis.  The biological basis for these extragonadal GCTs is not known. 

 Germ cell tumors are grouped into five distinct subtypes based upon histology, 

chromosomal complement and developmental potential (reviewed by Oosterhuis and 

Looijenga, 2005).  Type I GCTs, found primarily in neonates and infants, encompass 

teratomas, typically benign, and yolk-sac tumors, which are malignant.  These GCTs 

occur in the ovaries and testes as well as extragonadal locations along the midline of the 

body. Type II GCTs occur in two major classes: Germinomas/seminomas retain the 

features of primitive, undifferentiated germ cells.  Non-germinomas/non-seminomas may 

present as embryonal carcinomas, or may be differentiated to somatic (teratomas) or 
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extraembryonic (yolk sac tumor, choriocarcinoma) fates (Oosterhuis and Looijenga, 

2005).  Type II GCTs occur primarily in the gonads, though they arise in extragonadal 

sites in rare cases, and occur in older children and adolescents with an increasing 

incidence following the onset of puberty (Göbel et al., 2000).   

 Type III GCTs are comprised of spermatocytic seminomas, an exclusively 

testicular tumor that occurs primarily in men over 50 years of age (Chung et al., 2004).  

Type IV GCTs are represented by dermoid cysts that arise from oogonia or oocytes in the 

ovary, and Type V GCTs are hydatidiform moles that develop from an empty egg and 

spermatozoa (van de Geijn et al., 2009).  

 The extragonadal GCTs are of particular interest, as their existence in ectopic 

locations outside of the gonads cannot be fully explained.  Only Type I and II GCTs are 

ever found outside of the gonads, with Type I GCTs found in these locations much more 

frequently than Type II GCTs (Oosterhuis et al., 2007).  Extragonadal Type II GCTs 

occur in two specific midline regions: the anterior mediastinum and pineal region of the 

brain (Oosterhuis et al., 2007).  Type I GCTs are found in these sites as well as the neck, 

posterior mediastinum, retroperitoneum, and the sacrococcygeal region (Oosterhuis et al., 

2007).  The primary theory behind the origin of these tumors in extragonadal locations is 

the failure of the PGCs to migrate properly during embryonic development (Oosterhuis et 

al., 2007; Schneider et al., 2001). 

 As previously described (Chapter II), PGCs are specified distant from the gonadal 

precursors, and must migrate along midline structures during development to reach the 

site of gonadogenesis.  Aberrant PGC migration is an attractive hypothesis for the genesis 
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of extragonadal GCTs, but there is not yet any direct evidence to support this idea.  In a 

mouse tissue explant model, PGCs that fail to migrate properly away from the midline 

undergo Bax-dependent apoptosis (Runyan et al., 2006; Stallock et al., 2003), further 

confounding our understanding of extragonadal germ cell tumorigenesis. 

 In the zebrafish, several transgenic lines have been created to monitor early PGC 

development and migration in live embryos.  The first lines incorporated an upstream 

EF1α or vasa promoter along with the vasa-3’ UTR to target GFP expression to the germ 

cells (Knaut et al., 2002; Krøvel and Olsen, 2002).  Although these transgenic lines 

display enriched GFP fluorescence in the PGCs, ectopic expression in the soma is also 

evident.  More recently, the promoter of the germ cell-specific gene, askopos (kop), and 

the nos-3’ UTR was used to target GFP expression specifically to the PGCs (Blaser et al., 

2005).  While this line displays robust fluorescence early in development, this expression 

is lost shortly after 24 hpf. 

 In this study, I sought to characterize the fate of ectopic PGCs in the zebrafish, 

taking advantage of the utility of this model system for studying real time germ cell 

migration and biology.  To this end, I performed gene-trap mediated transgenesis to 

create a strain of zebrafish with early and sustained GFP expression in the PGCs.  I 

obtained several unique lines from this approach, most notably the SW12 line, which 

displays clear GFP fluorescence from early embryonic throughout larval development.  

Using this line, I disrupted normal PGC migration by knockdown of the guidance cue 

stromal-derived factor 1a (sdf-1a) and monitored ectopic cells.  I discovered that these 

ectopic cells, rather than undergoing apoptosis, persist in their ectopic locations for 
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several weeks. I have also observed, in several instances, that these ectopic cells undergo 

morphological changes, suggesting possible aberrant differentiation events in these 

mislocalized stem cells.  These findings lend credible evidence towards the hypothesis 

that extragonadal GCTs could arise from PGCs that do not migrate properly to the gonad. 

 

Materials & Methods 

 

Gene Trap Plasmid Construction.  The SA-EGFP-nos-3’UTR plasmid was created by 

Gateway cloning (Hartley et al., 2000).  The fragment containing the rabbit β-globin 

intron and eGFP sequence were amplified from pT2KXIGΔin (Kawakami et al., 2004) 

with primers listed in Table 2.1.  An additional round of PCR was performed to include 

attB1 and attB2 sites for BP cloning, using primers listed in Table 2.1.  This product was 

cloned into pDONR 221 (Kwan et al., 2007) using the Gateway BP Clonase II kit 

(Invitrogen) per manufacturer’s protocol. 

 The complete SA-EGFP-nos-3’UTR plasmid was constructed by LR reaction 

using the Gateway LR Clonase II Plus kit (Invitrogen).  The middle entry clone just 

described was assembled with the p5E-MCS 5’(Kwan et al., 2007) entry clone and the 

nos-3’UTR (Köprunner et al., 2001) into the pDEST-Tol2pA2 destination vector (Kwan 

et al., 2007). 

  

Microinjection of Plasmid DNA and Transposase RNA.  Transposase RNA was 

transcribed from linearized pCS2FA-transposase vector using the mMessage mMachine 
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SP6 Kit (Ambion) as previously described (Kwan et al., 2007).  Embryos were injected at 

the 1-cell stage with approximately 1 pL of DNA/RNA mix containing 70 ng/µL circular 

SA-EGFP-nos-3’UTR DNA and 50 ng/µL transposase RNA. 

 

Microscopy.  Fluorescent imaging was performed on a Leica MZ16FA dissecting 

microscope (Leica Microsystems, Buffalo Grove, IL) with an EXFO XI-120 light source 

(Lumen Dynamics, Mississauga, Ontario, CA).  Embryos were mounted in 2.5% 

methylcellulose and photographed using a SPOT RT KE/SE digital camera (SPOT 

Imaging, Sterling Heights, Michigan). 

 Time-lapse fluorescent imaging was performed in the UT Southwestern Live Cell 

Imaging Core on a Personal Deltavision Deconvolution microscope equipped with 

Softworx Acquisition Software (Applied Precision, Issaquah, Washington).  Embryos 

were anesthetized by immersion in tricaine, mounted in 1% low-melt agarose on 35 mm 

glass bottom dishses (No. 0, MatTek Corporation, Ashland, MA), and maintained in E3 

medium with tricaine for the duration of the experiment.  Photographs were taken using a 

Coolsnap HQ2 CCD camera (Photometrics, Tucson, AZ). 

 Low magnification overnight time-lapse was initiated at 50% Epiboly for 17 

hours.  Fluorescent GFP images were taken on a 4X objective every 5 minutes at 20 µM 

intervals for a 7-section z stack with 0.75 second exposure.  A single bright-field image 

was taken at each time-point with a 0.05 second exposure.  The ImageJ software 

(Schneider et al., 2012), in addition to the Bio-Formats importer plugin (Linkert et al., 

2010), was used to import files and flatten z stacks.  Fluorescent images were combined 
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with bright-field images by image multiplication, and the movie file was saved at 5 

frames per second (fps) (25 minutes per second). 

 High magnification short-term time-lapse was initiated at 2 Somites for 45 

minutes.  A single fluorescent GFP image was taken on a 20X objective every 30 seconds 

with a 1.00 second exposure.  ImageJ was used to import files, and the movie file was 

saved at 10 fps (4.50 minutes per second). 

 Time-lapse imaging of ectopic PGC fate was initiated at 54 hpf for 60 hours.  

Fluorescent GFP images were taken on a 10X objective every 20 minutes at 20 µM 

intervals for a 7-section z stack with 0.50 second exposure.  A single bright-field image 

was taken at each time-point with a 0.05 second exposure.  ImageJ and Bio-Formats 

importer were used to import files and flatten z stacks.  Fluorescent images were 

combined with bright-field images by image multiplication, and the movie file was saved 

at 6 fps (120 minutes per second).  Videos were trimmed due to death of larvae after 

approximately 36 hours. 

 

RT-PCR.  Total RNA was isolated from zebrafish embryos at the indicated 

developmental stage using TRIZOL reagent (Invitrogen) according to manufacturer’s 

protocol.  For DNase treatment, 20 µL total RNA was applied to a reaction containing 1X 

DNaseI Buffer (NEB), 1.25 mM DTT, 100 U RNase Out (Invitrogen) and 10 U DNaseI 

(NEB) in a final volume of 100 µL.  Reactions were incubated at 37°C for 1 hour and 

treated RNA was purified by phenol:chloroform extraction. 
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 First-strand cDNA synthesis was performed with the SuperScript III Reverse 

Transcriptase Kit (Invitrogen) per manufacturer’s protocol, using oligo(dT)20.  PCR was 

performed using GoTaq Flexi components (Promega, according to manufacturer’s 

protocol with primers listed in Table 2.1 and the following program: 95°C-4:00/95°C-

0:30, 55°C-0:30, 72°C-1:00x40/72°C-5:00). 

 

in situ Hybridization on Embryos and Whole Ovaries/Testes.  Embryos were fixed at 

the indicated developmental period overnight in 4% paraformaldehyde (PFA) buffered 

with 1x PBS at 4°C.  Following fixation, embryos were transferred to 100% methanol 

and stored at -20°C prior to performing in-situ hybridization.  Adult fish were 

anesthetized with an over dose of Tricaine, heads were removed and the ventral side was 

cut open. Adults were fixed in 4% PFA/1x PBS 48 hours at 4°C. After fixation, ovaries 

or testes were carefully removed and transferred to 100% methanol at -20°C. 

 One-color in-situ hybridization was performed as previously described (Thisse 

and Thisse, 2008) with some modifications.  Embryos were probed overnight with 

appropriate gene specific digoxigenin-labeled probe at 1,000ng/mL at 70°C. The 

hybridized probe was detected using an alkaline phosphatase-coupled anti-digoxigenin 

antibody (1:10,000, Roche).  Labeled embryos were mounted in 2.5% methylcellulose to 

be photographed using a Leica MZ125 microscope equipped with a Nikon CoolPix 4500 

camera. 
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in situ Riboprobe Design.  The vasa probe template was obtained by PCR amplification 

of the desired fragment from D. rerio cDNA (OpenBiosystems CloneID 2644036) with 

the primers listed in Table 2.1.  Riboprobe transcription was made possible by 

amplification with primers modified to add T3 and T7 promoter sequences for sense and 

antisense probes, respectively. 

 The gfp probe template was obtained by PCR amplification of the desired 

fragment from the SA-EGFP-nos-3’UTR plasmid with primers listed in Table 2.1.  

Antisense riboprobe transcription was made possible by amplification with primers 

modified to add a T3 promoter sequence.  

 

Immunohistochemistry on Whole Ovaries.  Adult female fish were fixed and ovaries 

dissected as described for in situ hybridization.  After fixation, ovaries were transferred to 

1X PBST at 4°C.  Immunohistochemistry was performed as previously described 

(Verduzco and Amatruda, 2011) with slight modifications.  Acetone permeabilization 

was increased to 15 minutes.   Samples were incubated overnight at 4°C in rabbit anti-

GFP (1:1,000, Invitrogen #A11122). 

 Following staining, ovaries were mounted in 2.5% methylcellulose to be 

photographed using a Leica MZ125 microscope equipped with a Nikon CoolPix 4500 

camera. 

 

Morpholino Injections.  Morpholino antisense oligonucleotides were ordered from and 

produced by GeneTools, and sequences are listed in Table 3.1.  Disruption of normal 
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PGC migration was achieved by sdf-1a knockdown (Doitsidou et al., 2002).  Embryos 

were injected with approximately 1 pL of 0.5 mM morpholino. 

 Knockdown of dnd was performed using a previously described morpholino 

(Weidinger et al., 2003).  Embryos were injected with approximately 1 pL of 0.1 mM 

morpholino. 

 

Results 

 

Highly efficient transposon-mediated transgenesis and screening 

 In order to create a transgenic zebrafish line with robust eGFP expression targeted 

specifically to the PGCs, I performed a gene trap screen using Tol2 transposon-mediated 

transgenesis.  To this end, I created the SA-EGFP-nos-3’UTR gene trap construct, 

designed to generate PGC-specific expression of eGFP, under control of the trapped 

gene’s endogenous promoter.  Using the pT2KXIGΔin plasmid (Kawakami et al., 2004) 

as a template, I cloned the rabbit β-globin intron and eGFP coding sequence in front of 

the nanos (nos)-3’UTR, included for PGC-specific expression of the upstream transcript 

(Köprunner et al., 2001), into a Tol2 destination vector (Fig 3.1A). 

 I injected approximately 300-400 fish with SA-EGFP-nos-3’UTR plasmid DNA 

and transposase RNA, and was able to screen 111 individuals by outcross.  Of these, I 

identified 14 founders with interesting patterns of GFP fluorescence, 8 of which are 

shown in Figure 3.1B.  This represents a successful transgenesis rate of 12.8%, which is 

similar to previously reported studies (Kawakami et al., 2004).  I was able to maintain 9 
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of these initial founder lines as a total of 59 F1 and F2 individuals with distinct 

expression patterns.  While several of those (11/59) displayed GFP fluorescence 

specifically in the PGCs, additional lines also exhibited ectopic GFP expression outside 

of the gonad (Fig 3.1B).  In one subset, GFP expression was evident in the PGCs as well 

as cells in the brain (11/59), heart (2/59), brain and spinal cord (4/59), brain and heart 

(11/59), heart and spinal cord (1/59), and brain, heart and spinal cord (8/59).  An 

additional, small group of individuals showed no expression in the PGCs but did in cells 

in the brain (1/59), brain and spinal cord (7/59), brain and nose (2/59), and brain, heart 

and spinal cord (1/59) (Fig 3.1B). 

 It is possible that extragonadal GFP fluorescence is due to expression in ectopic 

PGCs, caused as a result of the gene trap.  To investigate this possibility, I performed in 

situ hybridization for the PGC-specific vasa RNA in embryos that displayed this 

extragonadal eGFP expression (Fig 3.2).  Despite evident GFP fluorescence in 

extragonadal cells, no vasa positive cells were visible in these locations.  These results 

suggest that the extragonadal expression does not occur in ectopic PGCs, but rather in 

alternate cell types.   

 One transgenic line in particular, designated SW12, exhibited GFP fluorescence 

restricted to the PGCs (Fig 3.1B), and was therefore of particular interest for further 

characterization in this study. 

  

Description of a transgenic line with GFP-labeled PGCS 

 Due to its potential value for studying PGC migration and development, I 
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analyzed the spatial and temporal GFP expression in the SW12 line from early 

embryogenesis through adulthood.  The germ cells display visible GFP fluorescence from 

by Bud Stage (10 hpf) until approximately 10 days post-fertilization (dpf), and expression 

is restricted to the PGCs in this period (Fig 3.3A).  In some cases, the PGCs remain 

visible until approximately 14 dpf, though they become increasingly difficult to locate.  

This could be due to a loss of GFP fluorescence, or the PGCs could become increasingly 

obscured by the auto-fluorescence of the nearby gastrointestinal tract.  I have not 

witnessed fluorescence at any stage in the adult gonad. 

 Due to the prominent early fluorescence evident in SW12 embryos, I also 

performed time-lapse imaging to characterize the utility of this line for studying real-time 

PGC migration.  I anesthetized embryos and immobilized them in low-melt agarose on 

glass bottom petri dishes for prolonged time-lapse studies.  Low magnification imaging 

from approximately 50% epiboly until 24 hpf clearly displays the migration of the PGCs 

towards the dorsal, alignment with the anterior and lateral mesoderm, and coalescence at 

the site of the presumptive gonad (Movie 3.1).  Higher magnification images reveal the 

real-time formation of cellular protrusions and active PGC motility (Movie 3.2).  These 

studies illustrate the capability for monitoring real-time PGC migration and the utility of 

this model system for the study of early PGC biology. 

 The early fluorescence witnessed in this line suggested that the eGFP-nos-3’UTR 

transcript could be maternally provided.  Many genes required in early development are 

maternally supplied to the embryo as packaged RNA, and are the only source of 

transcripts until zygotic transcription is initiated at the mid-blastula transition (Abrams 
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and Mullins, 2009).  To determine if eGFP-nos-3’UTR was maternally provided, I 

isolated total RNA from SW12 embryos at several distinct stages throughout early 

development and performed RT-PCR for eGFP (Fig 3.3B).  Transcripts are detected as 

early as the 2-cell stage, suggesting that this eGFP-nos-3’UTR RNA is maternally 

contributed.   

 In order to verify the PGC-specific expression of eGFP-nos-3’UTR, I performed 

in situ hybridization with a probe specific to eGFP (Fig 3.3C).  Robust staining limited to 

the PGCs suggests a restricted pattern of expression of the gene trap transcript, as 

expected. 

 As fluorescent germ cells are not often visible beyond 10 dpf, I next sought to 

characterize the expression of eGFP in the adult gonad.  To this end, I isolated ovaries 

and testes from mature SW12 fish (8 months) and age-matched wild type controls.  

Whole-mount in situ hybridization for eGFP shows the presence of this transcript in 

immature oocytes of the ovary (Fig 3.3D).  Lighter staining is apparent in the late-stage 

oocytes, though it is unclear whether this is simply background staining or the result of 

diffuse eGFP transcript in the larger cell.  In contrast, eGFP RNA is completely absent in 

mature testes (Fig 3.3D).  Because this transcript is present in the ovary, I examined GFP 

protein expression by immunohistochemistry.  GFP protein is not clearly evident by 

antibody staining (Fig 3.3E), in agreement with the absence of fluorescence at this stage.   

 It should be noted that, when outcrossing SW12 adults, only the offspring from 

SW12 females display early GFP fluorescence.  Whereas the eGFP-nos-3’UTR transcript 

is maternally provided, it is likely that the eGFP detected in oocytes is due to maternal 
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deposition of this transcript rather than expression at this stage.  Thus, GFP translation 

would not be expected in the mature gonad, and GFP fluorescence would be expected to 

appear earlier in embryos from SW12 females due to maternal contribution. 

 Characterization of the SW12 line revealed robust PGC-specific expression of 

eGFP RNA and clearly visible GFP fluorescence from roughly 10 hpf until 

approximately 10-14 dpf. This novel transgenic line serves as a valuable tool for the 

study of early germ cell biology, particularly the fate of ectopic PGCs during 

development. 

 

Ectopic PGCs persist in their ectopic locations 

 Germ cells that to do not properly migrate in the mouse are rapidly cleared by a 

Bax-dependent apoptosis mechanism (Runyan et al., 2006; Stallock et al., 2003), but this 

phenomenon has not been investigated in the zebrafish.  Therefore, I examined the fate of 

ectopic PGCs in this model system using the SW12 transgenic line, owing to the ease of 

studying real-time PGC development in this context. 

 I disrupted PGC migration by morpholino-mediated knockdown of the primary 

germ cell guidance cue, sdf-1a (Doitsidou et al., 2002).  Injection of a morpholino 

designed to block translation of the chemokine results in fewer cells reaching the 

presumptive gonad (Fig 3.4A).  I monitored these ectopic cells daily by GFP fluorescence 

to determine that they are not rapidly cleared by apoptosis.  Rather, they appear to remain 

in the ectopic environments for a prolonged period (Fig 3.4A).   

 Quantification of persistent ectopic PGCs across 23 individual fish shows that 
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approximately 50% of ectopic cells at 24 hpf are still present and visible in their 

extragonadal locations at 12 dpf (Fig 3.4B).  This decrease in ectopic cell number could 

be due to cell death, or could be the result of decreased visibility of extragonadal PGCs in 

the growing larvae. Thorough characterization of ectopic cell persistence in each 

individual revealed three general survival trends (Fig 3.4C-E).  A significant proportion 

(12/23) of fish displayed prolonged survival of the ectopic PGCs, defined as greater than 

75% of the extragonadal cells at 24 hpf still present at 6 dpf (Fig 3.4C).  An additional 

43% (10/23) displayed a gradual decline in ectopic germ cells, with less than 75% ectopic 

PGC survival at 6 dpf (Fig 3.4E).  Finally, a single case displayed an increase in ectopic 

germ cells, possibly due to proliferation of these cells in their extragonadal locations (Fig 

3.4E).  

 In order to verify that these ectopic cells are vasa positive PGCs, I repeated the 

sdf-1a knockdown to disrupt germ cell migration.  I tracked the extragonadal fluorescent 

cells daily for 72 hpf, after which I fixed embryos for in situ hybridization.  Staining for 

the PGC-specific vasa RNA revealed perfect correlation between the fluorescent cells 

and vasa positive cells, indicating that these cells are indeed PGCs (Fig 3.5A).  

 Further, it is important to confirm that the ectopic PGCs are not persisting due to 

an unintended effect of the gene trap insertion.  Knockdown of the PGC-specific gene 

dead end (dnd) results in total clearance of PGCs (Weidinger et al., 2003), and serves as 

an effective assay for the capacity of germ cell death in the SW12 transgenics. 

To this end, I injected a morpholino, designed to inhibit translation of Dnd, into SW12 

embryos at the 1-cell stage.  Relative to un-injected SW12 controls, dnd morphants 
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exhibit complete loss of PGCs, evident by both GFP fluorescence and in situ 

hybridization for vasa (Fig 3.5B).  This indicates that germ cells can be cleared, when 

appropriate, and the persistence of ectopic PGCs is not simply a feature of this transgenic 

line.  

 Taken together, these results suggest that, in large part, extragonadal PGCs that 

do not migrate properly are able to persist and survive in their ectopic locations.  This 

novel finding allows for the further study of the possible contributions of ectopic PGCs to 

germ cell tumor development. 

 

PGCs can undergo dramatic morphological transformations in extragonadal 

environments 

  In order to determine if extragonadal PGCs can contribute to GCT development, 

it is important to characterize any abnormal behavior of ectopic cells in the larval 

zebrafish.  To this end, I monitored ectopic PGCs closely for signs of aberrant 

differentiation events or other irregular behavior. 

 In rare cases, PGCs exhibited rapid, dramatic changes in cellular morphology (Fig 

3.6).  In one particular instance, a pair of ectopic cells in the tail at 24 hpf transformed to 

a fluorescent mass by 96 hpf, followed by a complete loss of GFP fluorescence several 

hours later (Fig 3.6A).  Subsequent in situ hybridization for vasa did not display any 

staining, indicating a lack of PGCs in this region (Fig 3.6B).   

 Several possibilities could explain this phenomenon.  After the abnormal 

differentiation event, the PGCs may have undergone programmed cell death, leading to 
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the loss in fluorescence.  Alternatively, because the GFP fluorescence in SW12 embryos 

is dependent on PGC-fate, it is possible that, following the differentiation event and loss 

of germ cell identity, the eGFP-nos-3’UTR transcript was degraded and fluorescence 

eventually disappeared.  I have not yet been able to distinguish between these two 

hypotheses. 

 In order to determine the prominence of similar differentiation events, I monitored 

the fate of ectopic PGCs in approximately 15 zebrafish larvae by time-lapse imaging.  

Following sdf-1a knockdown, larvae with ectopic cells were arrayed and mounted in low 

melt agarose.  I photographed embryos at 10X magnification from 54 hpf for a period of 

60 hours.  Unfortunately, the larvae died after approximately 36 hours due to constriction 

by the agarose, but I was able to capture some events of interest.  For example, one larva 

with an ectopic cell behind the eye displayed a gradual increase in fluorescence in this 

region, suggesting transformation of this PGC (Movie 3.3).  In an additional fish with 

ectopic PGCs in the tail, a solitary PGC appears after several hours and migrates as larval 

development continues (Movie 3.4).  This germ cell could have migrated out of the 

gonad, or may have appeared as the result of cell division in the ectopic cells.  As I have 

not witnessed migration of ectopic cells before, this represents a truly novel observation.  

 The existence of such instances of abnormal behavior from ectopic PGCs 

suggests that these cells are capable of transformation and possibly aberrant 

differentiation in these irregular environments, and repeated analysis should uncover 

more of these similar events.  These observations lend credibility to the hypothesis that 

extragonadal GCTs could arise from PGCs that do not correctly migrate during 
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development. 

 

Discussion 

 

 A large proportion of Type I GCTs, and some cases of Type II GCTs, occur in 

ectopic locations outside of the gonad (Oosterhuis et al., 2007).  The leading theory to 

explain the origin of these tumors is development from PGCs that fail to migrate properly 

during embryonic development (Oosterhuis et al., 2007; Schneider et al., 2001).    

 In this study, I examined the fate of ectopic germ cells in the developing zebrafish 

in order to characterize their potential contributions to extragonadal GCT development. 

To this end, I performed a Tol2 transposon-mediated gene trap screen to create a novel 

transgenic line of zebrafish with GFP-labeled PGCs.  From this screen, I obtained several 

lines with unique expression patterns, representing a high degree of successful 

transgenesis.   

 Many of these lines displayed GFP fluorescence in extragonadal, vasa negative 

cells.  While the nos-3’UTR should restrict expression of eGFP in these embryos to the 

germ cells, this requires the activity of microRNA (miR)-430 to target the eGFP-nos-

3’UTR transcript for degradation in the soma (Giraldez et al., 2006; Mishima et al., 

2006).  Therefore, the extragonadal fluorescence may be due to expression in cells 

lacking expression of miR-430, or due to expression of the gene trap transcript to such a 

high degree so as to overcome the capacity for miR-430-mediated regulation.  However, I 

have not been able to further investigate these possibilities. 
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 Characterization of a particularly intriguing line, designated SW12, uncovered a 

transgenic strain with early and prolonged expression of eGFP targeted specifically to the 

germ cells.  Analysis of spatial and temporal expression revealed eGFP expression well 

into larval development.  The eGFP-nos-3’UTR transcript is present in the mature ovary, 

though this is likely the result of maternal loading of this RNA rather than expression at 

this stage.   

 Unfortunately, I have not yet been able to identify the point of transposon 

insertion, although I have attempted to do so by 5’ Rapid Amplification of cDNA Ends 

(5’ RACE) as well as inverse PCR (Kawakami et al., 2004).  In the future, it may be 

possible to identify the transposon integration site by ligation-mediated PCR coupled 

with sequencing using the Illumina/Solexa Genome Analyzer II (McGrail et al., 2011).  

This technique is currently being implemented in our lab, and has proven effective as an 

alternative to the above methods in zebrafish (McGrail et al., 2011). 

 The SW12 transgenic line has already proven a valuable new tool for the study of 

PGC migration and development in the zebrafish.  Using this line, I determined that 

ectopic PGCs in the zebrafish are not cleared by apoptosis, as in the mouse, but instead 

persist in their ectopic locations.  In the mouse, it appears as though controlled midline 

germ cell clearance is part of the general mechanism, in addition to targeted migration, to 

ensure the eventual localization of PGCs to the genital ridges (Runyan et al., 2006).  As 

significant growth occurs in the mouse embryo after the germ cells begin to exit the 

hindgut, many cells are still located in the midline by the time that others have reached 

the genital ridges.  Bax-mediated apoptosis is induced in the cells still in the midline at 
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E10.5 due to lack of expression of the Steel factor survival signal in this region (Runyan 

et al., 2006).   

 A similar germ cell survival signal has not been discovered in the zebrafish, and it 

does not appear that c-Kit/Steel factor signaling is required for normal PGC migration in 

zebrafish (Parichy et al., 1999). Therefore, it is possible that this mechanism to induce 

apoptosis in extragonadal germ cells is not active in the zebrafish, and absence of such a 

pathway could explain the persistence of ectopic cells in this model system.  It is also 

possible that surviving ectopic PGCs in the zebrafish may have localized to extragonadal 

environments that provide them with sufficient, albeit incorrect, survival signals that 

allow them to persist for some period in these regions. 

 In several cases, I have observed remarkable transformation of fluorescent cell 

morphology, suggesting abnormal differentiation events in the extragonadal cells.  These 

results are indicative of the potential for these ectopic cells to behave irregularly when 

situated in environments to which they are not suited.  In order to more carefully monitor 

these ectopic cells and determine the prevalence of such events, I performed time-lapse 

imaging on larval zebrafish with ectopic cells.  I was able to capture events in a few 

cases, but the embryos unfortunately died before the conclusion of the experiment due to 

constriction by the low-melt agarose they were mounted in.  Future work may be more 

successful if the larvae were immobilized in a lower concentration agarose, or perhaps 

only the larvae heads were mounted in a spot of agarose.  These or similar techniques 

should successfully immobilize the larvae while allowing for continuing grow during this 

period of development. 
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 It is not clear in my present study if the cells that have undergone these 

differentiation events have simply been subject to apoptosis or have lost fluorescence due 

to loss of a germ cell identity.  In order to distinguish between these two possibilities, I 

am currently working to establish an assay for lineage tracing these cells, irrespective of 

cell identity (Fig 3.7).  I have obtained an additional transgenic zebrafish line, 

Tg(actb2:loxP-STOP-loxP-DsRedEx), which ubiquitously expresses DsRedEx preceded 

by a loxP-flanked STOP cassette.  This STOP cassette prohibits translation of DsRed, a 

red fluorescent protein, until the loxP-flanked cassette has been removed by Cre-

mediated excision.  By crossing this transgenic line to SW12 fish, I will be able to dually 

label the PGCs after injection of Cre RNA targeted to the germ cells.  The red 

fluorescence of the PGCs will not be affected by any changes in cell identity, and I 

should be able to better characterize the fate of these ectopic cells.   

 Additionally, I have attempted to stimulate the development of extragonadal 

GCTs by utilizing the alk6b mutant zebrafish, which is susceptible to testicular GCT 

development (Neumann et al., 2011).  To this end, I have crossed this line with SW12 

and disrupted PGC migration by sdf-1a knockdown.  Embryos displaying ectopic germ 

cells are currently nearing adulthood, and careful observation will reveal whether it is 

possible to obtain extragonadal tumors from ectopic PGCs in a sensitized background. 

 While I have not yet been able to definitively show that extragonadal GCTs 

originate from PGCs that fail to migrate properly, the results of this study lend a great 

deal of credibility to that theory.  These data show that, in zebrafish, ectopic germ cells 

are capable of surviving in their extragonadal locations, and, in some instances, exhibit 
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significant phenotypic transformations.  Continuing and future work will seek to add 

further understanding to the potential for these cells to contribute to GCT development.
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Table 3.1:  Morpholino Sequences  
Listed are sequences of morpholino oligonucleotides used in these experiments.  
 
 

Gene  Morpholino Sequence 5’– 3’  

sdf-1a 
 

CTACTACGATCACTTTGAGATCCAT 

dnd 
 

GCTGGGCATCCATGTCTCCGACCAT 

tert 
 

CTGTCGAGTACTGTCCAGACATCTG 

terf1 
 

TGTGACTCCGACTCCATCTTCAGGT 

control 
 

CCTCTTACCTCAGTTACAATTTATA 
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Figure 3.1:  Transposon-mediated gene trap yields highly efficient transgenesis in 
zebrafish  (A) Schematic of the SA-EGFP-nos-3’UTR transposon construct used in this 
study.  Tol2 (black), Tol2 transposable elements; intron, rabbit β-globin intron; SA, splice 
acceptor; eGFP (white arrow), eGFP coding sequence; nos-3’ UTR (gray), nanos 3’UTR 
sequence.  (B) Representative images of 8 unique lines obtained from the gene trap.  
Fluorescent images were taken of F2 embryos at 24 hpf.  SW# denotes UT Southwestern 
institutional transgenic line designation. 
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Figure 3.2:  GFP positive extragonadal cells are not PGCs 
Representative images are shown of 24 hpf F2 embryos from 3 unique gene trap lines 
that displayed extragonadal GFP positive cells in the head.  In situ hybridization for vasa 
shows staining only in PGCs located in the presumptive gonad (bracket). 
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Figure 3.3:  SW12 fish display PGC-specific eGFP expression from early 
development through larval stages  (A) Representative images display visible GFP 
fluorescence restricted to the PGCs at the indicated developmental stage. (B) eGFP RNA 
is maternally provided, shown by RT-PCR performed on RNA isolated from SW12 
embryos at the indicated developmental stage.  (C) eGFP expression is restricted 
specifically to the PGCs, visualized by in situ hybridization with a probe specific to 
eGFP on 24 hpf SW12 embryos. (D) eGFP RNA is present in the adult ovary, but not 
adult testes.  In situ hybridization using a gfp-specific probe was performed on whole 
ovaries (top) or testes (bottom) isolated from 8 month old wild type (left) or SW12 (right) 
fish. (E) GFP protein is not present in adult ovaries. Immunohistochemistry using a GFP 
antibody was performed on whole ovaries isolated from 8 month old wild type (left) or 
SW12 (right) females.
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Figure 3.4:  Ectopic PGCs persist in extragonadal locations 
(A) Ectopic PGCs visibly remain in the same locations during development. Morpholino 
knockdown of the guidance cue, sdf-1a, disrupts normal germ cell migration, and ectopic 
cells were monitored daily by GFP fluorescence.  Representative images are shown from 
3 separate SW12 fish at the indicated developmental stage. (B) Quantification of 
persistent ectopic PGCs across 23 individual fish indicates percentage of ectopic cells at 
24 hpf that remain until 12 dpf.  (C-E) Characterization of each individual reveals three 
survival trends: (C) prolonged survival of ectopic cells (12/23); (D) gradual decline in 
ectopic cells (10/23); (E) increased ectopic cells (1/23).  Error bars signify one standard 
deviation.
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Figure 3.5:  PGCs display vasa staining and will apoptose in SW12 embryos 
(A) Ectopic fluorescent cells are vasa positive PGCs.  Knockdown of sdf-1a resulted in 
ectopic cells, which were monitored daily for 72 hpf.  In situ hybridization for vasa RNA 
reveals significant correlation between fluorescent cells and vasa staining at 72 hpf. (B) 
PGCs undergo normal apoptosis in SW12 embryos following morpholino knockdown of 
dnd.  PGCs were visualized by GFP fluorescence (left) and in situ hybridization for vasa 
(right) in dnd morphants (top) and un-injected SW12 embryos (bottom).
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Figure 3.6:  Ectopic PGCs display morphological transformations in extragonadal 
environments  (A) Extragonadal PGC morphology can rapidly and dramatically change.  
Transformations in cellular appearance were monitored by GFP fluorescence at the 
indicated developmental period.  (B) Transformed cells are not vasa positive.  In situ 
hybridization shows loss of vasa expression in the region of interest. PGCs at normal 
gonadal location retain vasa expression (bracket).
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Figure 3.7: PGC Lineage Tracing Assay 
Graphical depiction of a system designed to create dual-labeled PGCs in the zebrafish. 
The SW12 fish will be crossed to the Tg(actb2:loxP-STOP-loxP-DsRedEx) (DsRED) 
transgenic line.  Injection of Cre-nos-3’UTR RNA will permanently label PGCs with the 
red fluorescent protein, DsRed.  Following PGC disruption by sdf-1a morpholino 
injection, ectopic cells will be monitored for transformation events.  Loss of both green 
and red fluorescence in transformed cells would suggest apoptosis of those cells, whereas 
loss of only green fluorescence would indicate differentiation and loss of germ cell fate.
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Movie 3.1:  Time-lapse imaging displays PGC migration in SW12 embryos  
Photographs were taken at 4X magnification every 5 minutes from 50% Epiboly until 24 
hpf.  Movie is displayed at 5 fps (25 min per sec). 
 
Movie 3.2:  High magnification exhibits real-time motility in individual PGCs  
Photographs were taken at 20X magnification every 30 seconds for 45 minutes, 
beginning at 2 Somites.  Movie is displayed at 10 fps (4.5 min per sec). 
 
Movie 3.3:  Ectopic germ cell phenotypic transformation in larval zebrafish 
Photographs were taken at 10X magnification every 20 minutes for 60 hours, beginning 
at 54 hpf.  Movie is displayed at 6 fps (120 min per sec). 
 
Movie 3.4:  Migration of ectopic PGC in larval zebrafish 
Photographs were taken at 10X magnification every 20 minutes for 60 hours, beginning 
at 54 hpf.  Movie is displayed at 6 fps (120 min per sec). 
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CHAPTER IV 

Preliminary Investigations of Additional Pathways Important in PGC Migration 

 

Introduction 

 

 The previous chapters describe the detailed analysis of the role of Tankyrase in 

patterning the germ cell migratory environment as well as the fate of ectopic germ cells 

during zebrafish development.  I have begun the examination of several alternate 

pathways that may regulate PGC migration, though these studies are in their earliest 

stages.  Additionally, I have established a technique designed to analyze gene expression 

specifically in the PGCs, but have not yet utilized this method for my own research.  

While these investigations have produced promising results, I have included them here 

due to their preliminary nature. 

 

Materials and Methods 

  

Drug Treatments.  4-Diethylaminobenzaldehyde (DEAB) was purchased from Sigma 

and was prepared as a 10 mM stock in DMSO.  At treatment, stocks were diluted to the 

indicated concentrations in E3 embryo medium.  As a control, equal amounts of DMSO 

were diluted in E3.  Embryos were incubated in the E3 with drug for the specified 

treatment, after which E3 medium was changed three times to wash off drug. 
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Morpholino Injections.  Morpholino (MO) antisense oligonucleotides were ordered 

from and produced by GeneTools, and sequences are listed in Table 3.1.  Tert 

knockdown was achieved using a previously described morpholino designed to inhibit 

protein translation (Imamura et al., 2008).  I designed the terf1 morpholino to inhibit 

translation of Terf1 protein.  The standard control morpholino was used for control 

injections.  Embryos were injected at the 1-cell stage with approximately 1 pL MO at the 

indicated concentrations. 

 

Whole Mount in situ Hybridization.  Embryos were fixed at 24 hpf, overnight in 4% 

paraformaldehyde buffered with 1x PBS at 4°C.  Following fixation, embryos were 

transferred to 100% methanol and stored at -20°C prior to performing in situ 

hybridization. 

 The vasa probe template was obtained by PCR amplification of the desired 

fragment from D. rerio cDNA (OpenBiosystems CloneID 2644036) using the primers 

indicated in Table 2.1.  Riboprobe transcription was made possible by amplification with 

primers modified to add T3 and T7 promoter sequences for sense and antisense probes, 

respectively. 

 One-color in situ hybridization was performed as previously described (Thisse 

and Thisse, 2008).  Embryos were probed overnight with digoxigenin-labeled vasa probe 

at 1,000 ng/mL at 70°C. The hybridized probe was detected using an alkaline 

phosphatase-coupled anti-digoxigenin antibody (1:10,000, Roche).  Labeled embryos 
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were mounted in 2.5% methylcellulose to be photographed using a Leica MZ125 

microscope equipped with a Nikon CoolPix 4500 camera. 

 

Ectopic Germ Cell Scoring.  PGCs were considered ectopic if located in the head or 

greater than half the distance of the yolk-tube extension away from the presumptive 

gonad site.  We considered each embryo to have 25 PGCs at 24 hpf.  All germ cells in a 

given experimental group were scored, and data is presented as the percentage of PGCs 

found in ectopic locations. 

 

Primordial Germ Cell FACS.  Following drug treatment, embryos were dechorionated 

and de-yolked prior to enzymatic disaggregation.  Cell disruption proceeded as described 

in the Lawson Lab protocol for cell sorting 

(http://lawsonlab.umassmed.edu/pdfs/dissociationforfacs.pdf).  The cell suspension was 

sorted with the help of the UTSW Flow Cytometry Core.  GFP-positive cells were sorted 

into 300 µL suspension buffer, and a GFP-negative sort was collected as a control.  

Sorted cells were collected by centrifugation at 3,00 rpm for 5 minutes.  After removal of 

the supernatant, total RNA was isolated using TRIZOL reagent (Invitrogen, according to 

manufacturers protocol). 

 

Quantitative RT-PCR.  First strand cDNA synthesis was performed using the Qiagen 

RT² HT First Strand Kit, according to manufacturer’s protocol.  Quantitative PCR 

(qPCR) was performed using RT² SYBR Green qPCR Mastermix (Qiagen) on an 
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Applied Biosystems 7500 Fast Real-Time PCR System, per manufacturer’s instruction.  

Desired products were amplified with primers designed for each gene of interest, shown 

in Table 2.2.  Rpl13a was used as a reference gene. 

 

Results and Discussion 

 

Characterization of a Potential Role for Retinoic Acid Signaling in PGC Migration 

 As previously described in Chapter II, I took advantage of the ease of whole-

organism small-molecule screening in the zebrafish to identify developmental signaling 

pathways with a novel role in regulating PGC migration.  Retinoic acid (RA) signaling 

has been implicated as an activator of PGC growth in the mouse (Koshimizu et al., 1995), 

and is able to stimulate specification and differentiation of mouse germ cells in culture 

(Geijsen et al., 2004; Nayernia et al., 2006).  It is also important for later mouse PGC 

development and sexual differentiation (Yokobayashi et al., 2013), and has a role in germ 

cell proliferation in the chick (Yu et al., 2011; Yu et al., 2012;).  For this reported 

significance in early PGC biology, I targeted this pathway in the small-molecule screen in 

addition to those already described (Chapter II).   

 In this study I treated embryos with 4-Diethylaminobenzaldehyde (DEAB) 

because of its ability to block RA synthesis in the zebrafish (Alexa et al., 2009).  I applied 

DEAB at a 5 µM dose beginning near the time of PGC specification at 3 hpf until after 

the completion of PGC migration at 24 hpf.  I analyzed 26 embryos in the drug treatment 

group and 17 embryos in the control group.  Treated embryos exhibited significant 
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defects in anterior-posterior patterning of the neural tube as well as significant shortening 

and curling of the tail (Fig 4.1A).  

 I assayed PGC localization at 24 hpf by in situ hybridization for the PGC-specific 

vasa RNA (Fig 4.1A).  Quantification of the germ cells found in ectopic locations 

revealed a significant disruption of PGC migration following DEAB treatment (Fig 

4.1B).  These data indicate that RA signaling has an important role in regulating PGC 

migration. 

 I repeated the experiment using a higher concentration DEAB (10 µM). The larger 

dose seemed to increase the number of PGCs that did not reach the presumptive gonad 

(Fig 4.2A).  However, I was not able to reliably quantify this phenomenon as this 

treatment also resulted in fewer visible PGCs (Fig 4.2B).  Taken together, these results 

suggest that RA signaling is critical for normal PGC migration and survival in early 

embryonic development. 

 In order to validate the role of RA signaling in regulating PGC migration, it is 

important to clarify whether the disruption of PGC migration is due simply to the 

significant dorsalization phenotypes caused by DEAB treatment.  It would be interesting, 

for example, to observe the developmental and PGC migration phenotypes following 

morpholino knockdown of retinaldehyde dehydrogenases, critical for RA synthesis, or 

RA receptors.  Further, treatment with RA in the presence of DEAB may rescue the PGC 

migration defects if there is a requirement for RA signaling.   

  During development, retinoic acid, synthesized from circulating retinol, will bind 

to RA-response elements in target genes to activate their transcription (reviewed by 



77 

 

Rhinn and Dolle, 2012).  If there is an apparent role for RA signaling in germ cell 

migration, it will be essential to discover downstream target genes that impact the 

migratory process.  Targeted RNA overexpression of constructs designed to manipulate 

RA signaling will clarify a potential germ cell-specific or non cell-autonomous role for 

this pathway.  Depending on the results of these studies, gene expression analysis 

following RA signaling modulation will reveal target genes activated by RA signaling.  

Analysis of candidate gene knockdown will identify those with a role in PGC migration 

and elucidate the pathway through which RA signaling acts in this process. 

 

Characterization of a Potential Role for Tert/Terf1 in PGC Migration 

 As described in Chapter II, I discovered a novel role for the poly(ADP-ribose) 

polymerase, Tankyrase, in patterning the migratory environment for zebrafish PGCs.  

TNKS was initially identified in humans as a binding partner for Telomeric repeat 

binding factor-1 (TRF1), a negative regulator of telomere length (Smith et al., 1998).  By 

targeting TRF1 for poly(ADP-ribosyl)ation, TNKS inhibits TRF1 binding to telomeres 

and promotes their elongation (Smith et al., 1998; Smith and De Lange, 2000).   

 As TNKS has a known role in mammalian telomere regulation, I sought to 

determine if the effects of Tnks inhibition in zebrafish PGC migration could be due to 

downstream regulation of telomere-associated proteins.  To this end, I analyzed PGC 

migration following knockdown of telomerase reverse transcriptase (tert) and the 

zebrafish homolog of Trf1, telomeric repeat binding factor (terf1).   
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 I injected a range of concentrations of a morpholino designed to block Tert 

translation (Imamura et al., 2008) into zebrafish embryos at the 1-cell stage.  Tert 

morphants did not display significant morphological defects, in agreement with the 

previous study  (Fig 4.3A).  PGC localization was assayed at 24 hpf by in situ 

hybridization for the PGC-specific vasa RNA (Fig 4.3A). Quantification of extragonadal 

germ cells revealed a significant increase with increasing morpholino concentrations, 

with ectopic germ cell clusters often found located in the head of these embryos (Fig 

4.3B).  

 I next investigated knockdown of terf1, the zebrafish homolog of the human Tnks 

target, Trf1.  To this end, I designed a morpholino intended to inhibit Terf1 translation.  I 

injected the terf1 directed morpholino at a range of concentrations at the 1-cell stage and 

analyzed PGC localization at 24 hpf by in situ hybridization for vasa (Fig 4.4A) 

 Terf1 morphants displayed a range of phenotypes, although none appear to exhibit 

severe disruption of normal development (Fig 4.4A).  Quantification of ectopic PGCs 

following terf1 knockdown suggests an increase in mislocalized germ cells with 

increasing morpholino concentrations, though these effects are not statistically significant 

(Fig 4.4B).   

 Knockdown of each gene resulted in an increase in germ cells that failed to reach 

the presumptive gonad, although these effects were not statistically significant in terf1 

morphants due to a large percentage of ectopic cells in control embryos.  These data 

suggest a possible role for Tert and Terf1 in regulating PGC migration.   
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 As TNKS is reported to target TRF1 for poly(ADP-ribosyl)ation in mammals, it is 

possible that similar regulation of Terf1 by Tnks in zebrafish could explain the effects of 

Tnks on PGC migration.  However, zebrafish Terf1 appears to lack the Tnks-binding 

region critical for its regulation in humans, and is therefore not expected to be regulated 

by Tnks in zebrafish (Dr. Lawrence Lum, personal communication).  Therefore, it is 

likely that the potential roles of Tert and Terf1 in germ cell migration are independent of 

any role that Tnks plays in this process. 

 Future work is necessary to validate the PGC migration phenotype following 

knockdown of both tert and terf1, as it is unclear whether these results are biologically 

relevant or simply the result of a high baseline percentage of ectopic PGCs in the injected 

embryos.  As I did not have the control morpholino available when performing tert 

knockdowns, it is essential to repeat this work with a valid control for comparison. 

Additionally, all experiments represent relatively small sample numbers, which is 

important to increase before definitive conclusions can be drawn. 

 Due to the short period during which PGCs migrate during zebrafish 

development, it is not likely that the maintenance of telomere length plays an important 

role in this process.  TERT has been implicated in important biological processes outside 

of its canonical function in regulating telomere length (reviewed by Martínez and Blasco, 

2011).  In particular, it has been reported to act as a modulator of β-Catenin-dependent 

Wnt signaling (Park et al., 2009).  Additionally, TERT has been shown to associate with 

the RNA component of mitochondrial RNA processing endoribonuclease (RMRP) to act 

as an RNA-dependent RNA polymerase to produce double-stranded RNAs that are 
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further processed into small-interfering RNAs (Maida et al., 2009).  These represent a 

small number of the emerging extra-telomeric roles of TERT and other telomere-

associated proteins. 

 I am currently working to clone the coding sequences of tert and terf1 in order to 

investigate their possible extra-telomeric functions in regulating PGC migration.  Further, 

I am working to clone pin2/trf1-interacting protein 1 (pinx1), a reported binding partner 

of Terf1 (Sun et al., 2008), as well as SWI/SNF related, matrix associated, actin 

dependent regulator of chromatin, subfamily a, member 4 (smarca4), shown to be 

involved in TERT-dependent modulation of Wnt/β-Catenin signaling (Park et al., 2009).  

I have also obtained a morpholino directed against smarca4 (Eroglu et al., 2006), though 

a pinx1 morpholino has yet to be designed. Future knockdown and targeted 

overexpression of these genes will help to determine which telomere-independent 

functions of Tert and/or Terf1 are important for PGC migration. 

 

Development of a Technique for Fluorescent Cell Sorting of PGCs 

 As described in Chapter II, I previously investigated a germ cell-autonomous role 

for Wnt/β-Catenin signaling in regulating PGC migration.  In order to investigate germ 

cell-specific gene expression changes following IWR-1 treatment, I used the SW12 

transgenic line to developed techniques for Fluorescence-Activated Cell Sorting (FACS) 

of PGCs.  Though there did not appear to be a cell-autonomous role for the Wnt pathway, 

the techniques established here represent a valuable tool for the future study of PGC-

specific signaling pathways in zebrafish. 
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 I treated SW12 embryos with DMSO or 25 µM IWR-1 beginning at 20 Somites 

for a period of 4 hours.  After treatment, I performed enzymatic disaggregation of 

dechorionated, de-yolked embryos to prepare a cell suspension for FACS.  With the aid 

of the UT Southwestern Flow Cytometry Core, I obtained approximately 7,150 and 9,000 

GFP-positive cells from DMSO and IWR-1 treated, respectively.  Approximately 

150,000 GFP-negative cells were isolated from each treatment group as a control group.   

 I performed quantitative RT-PCR on each sample to analyze the expression of 

axin2, a readout of Wnt signaling activity, and vasa, a PGC-specific gene (Fig 4.5).  

Axin2 expression appears to be reduced in the IWR-1 treated samples, although these 

effects are not statistically significant (Fig 4.5A).  Interestingly, vasa expression is 

primarily restricted to the GFP-positive sorted samples (Fig 4.5B).  These results 

represent the development of successful techniques designed to isolate a pure population 

of zebrafish PGCs using the SW12 transgenic line.   

 Although none of the gene expression changes were statistically significant, this 

should be improved with future modifications to the technique.  The axin2 expression 

may not be decreased to a significant degree due to the relatively short IWR-1 treatment, 

or may be a result of the moderate to low quality RNA isolated from sorted cells.  The 

significance of vasa expression changes will also likely be improved with higher quality 

RNA.  Future trials will determine if higher yield, higher quality RNA can be isolated by 

sorting a significantly larger number of GFP-positive cells.  Despite the initial difficulty 

of this approach, further troubleshooting should result in a reliable and valuable 

technique for the study of gene expression specifically in the zebrafish PGCs.
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Figure 4.1: A small-molecule screen identifies pathways with novel roles in PGC 
migration.  (A) DEAB treatment perturbs PGC migration.  Representative images are 
shown from DMSO (left) or 5 µM DEAB treatment (right).  PGCs were visualized by in 
situ hybridization using a vasa-specific probe.  Arrows denote ectopic PGC clusters and 
brackets signify normal PGC localization. (B) Quantification of ectopic PGCs following 
DEAB treatment reveals a potential role in PGC migration.  The DMSO treatment group 
includes 17 embryos, and DEAB includes 26 embryos. ****=p<0.0001 



83 

 

 
 
Figure 4.2: Retinoic acid signaling regulates PGC migration and survival 
(A) DEAB treatment disrupts PGC migration.  Representative images are shown from an 
embryo with ectopic PGCs following 10 µM DEAB treatment.  PGCs were visualized by 
in situ hybridization using a vasa-specific probe.  Arrows denote ectopic PGCs and 
brackets signify normal PGC localization.  (B) DEAB treatment affects PGC survival.  
Representative images are shown from an embryo lacking PGCs following 10 µM DEAB 
treatment.  PGCs were visualized by in situ hybridization using a vasa-specific probe.



84 

 

 
 
Figure 4.3: Tert knockdown disrupts normal PGC migration 
(A) Tert morpholino injection results in ectopic PGCs.  Representative images are shown 
from 3 embryos injected with 0.75 mM Tert morpholino.  PGCs were visualized by in 
situ hybridization using a vasa-specific probe.  Arrows denote ectopic PGC clusters and 
brackets signify normal PGC localization.  (B) Quantification of ectopic PGCs following 
morpholino injection reveals a potential role in PGC migration.  Embryos were injected 
with the indicated concentration of Tert morpholino.  Each column represents a single 
injection group of at least 19 embryos, average n=35.  ***=p<0.001, ****=p<0.0001
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Figure 4.4: Terf1 knockdown increases ectopic PGC incidence  
(A) Terf1 morpholino injection results in ectopic PGCs.  Representative images are 
shown from embryos injected with the indicated morpholino and concentration.  PGCs 
were visualized by in situ hybridization using a vasa-specific probe.  Arrows denote 
ectopic PGCs and brackets signify normal PGC localization.  (B) Quantification of 
ectopic PGCs following morpholino injection reveals an increase in ectopic PGCs.  
Embryos were injected with the indicated concentration of control or terf1 morpholino.   
Error bars signify one standard deviation from 2 independent injection groups (0.2 mM 
and 0.1 mM terf1 morpholino) or 3 independent injection groups (Control and 0.15 mM 
terf1 morpholino).  Each group represents at least 10 injected embryos, average n=20. 
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Figure 4.5: Quantitative RT-PCR following GFP sorting of SW12 germ cells 
(A) Axin2 expression is reduced by IWR-1 treatment. (B) Vasa expression in sorted 
samples indicates pure population of PGCs in GFP + sort.  Quantitative RT-PCR of 
sorted cells previously treated with DMSO or 25 µM IWR-1.  Error bars signify one 
standard deviation of triplicate samples. 
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