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ABSTRACT 

Groucho/Transducine-like Enhancers of Split (Gro/TLE) belong to a conserved protein 

family of co-repressors. They mediate repression through interaction with various DNA-

binding proteins by multiple molecular mechanisms, making them important players 

during developmental processes and in several diseases. The main part of this thesis 

focuses on their role in the embryonic development of medaka. For this, the function of 

Gro/TLE proteins was impaired by misexpressing their antagonist Amino-terminal 

Enhancer of Split (Aes) in heat shock inducible transgenic lines. The embryos developed 

smaller eyes that were tilted towards the midline where they fused to a cyclopic eye or 

were even lost in severe cases. To confirm these results individual members of this 

multigene family were knocked down. As expected, eye phenotypes like cyclopia appeared 

confirming the results of the misexpression experiments.  

Tcf3 is an interaction partner of Gro/TLE and an important determinant of anterior-

posterior development. In zebrafish, lack of tcf3 function resulted in eye-less embryos. 

zThe single medaka tcf3 gene is expressed in a pattern comparable to its zebrafish 

orthologous headless and tcf3b. Loss of function experiments with PNA and morpholino 

antisense molecules resulted in anophthalmia and showed an anterior shift of the 

expression markers pax2, pax6 and gbx1. These results are in good agreement with 

zebrafish data. The phenotypes of gain of function experiments resembled those of aes-

induced embryos. However, injection of tcf3 versions lacking the Gro/TLE interaction 

domain showed strongly reduced eye phenotypes, indicating a role of Gro/TLE 

corepressors in this process.  

The application of antisense molecules is an efficient way of gene inactivation in fish. 

Since microinjection generates varying results, methods with better reproducibility were 

explored. Compared to zebrafish, medaka have a substantially reduced sensitivity for 

chemicals (e.g. lithium chloride) and it is commonly assumed that this is due to the rigid 

chorion surrounding the embryo. Indeed, closer inspection of the chorion showed that 

larger molecules were not able to cross the chorionic barrier whereas small fluorescing 

tracer molecules readily passed into the perivitellin space. Interestingly, dechorionation 

only slightly improved the uptake into the embryos; instead inner membranes were 

identified as the limiting structure for diffusion. Adding detergents improved the diffusion 

effectively but also affected the internal distribution of the chemicals. Finally, 

electroporation could be established as a suitable method to enhance the uptake of small 

molecules into medaka embryos. 
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ZUSAMMENFASSUNG 

 „Groucho/Transducin-like enhancer of split“ (Gro/TLE) Proteine gehören zu einer 

konservierten Familie von Korepressoren. Durch die Interaktion mit DNA gebundenen 

Proteinen hemmen sie die Transkription auf mehrere verschiedene Arten. Dadurch hat 

Gro/TLE eine Schlüsselrolle in verschiedensten entwicklungsbiologischen Prozessen, 

aber auch in der Entstehung von Krankheiten. Der Hauptteil dieser Arbeit konzentriert 

sich auf die Rolle von Gro/TLE in der frühen embryonalen Entwicklung von 

Medakafischen. Für diese Analyse wurde die Funktion durch ihren Antagonisten, 

“Amino-terminal Enhancer of Split“ (Aes) in einer Hitze induzierbaren transgenen 

Fischlinie gehemmt. Die Embryonen entwickelten kleinere Augen, deren anteriores Ende 

nach medial kippte, wo es zu einem zyklopischen Auge zusammen wuchs. In schweren 

Fällen wurde die Augenentwicklung zur Gänze gehemmt. „Knock-down“ von einzelnen 

Mitgliedern dieser großen Genfamilie bestätigten die Ergebnisse.  

Tcf3 ist einer der Interaktionspartner von Gro/TLE dem eine wichtige Rolle in der 

anterio-posterior Entwicklung zugeschrieben wird. Zebrafischembryonen ohne Tcf3 

entwickelten keine Augen. Eine Expressionsanalyse des einzigen Medaka tcf3 Gens zeigte 

ähnliche Muster wie eine Kombination der zwei Zebrafisch Orthologe headless und tcf3. 

Embryonen, deren tcf3 Funktion durch PNA Moleküle oder Morpholino Oligonucleotide 

ausgeschaltet wurde, entwickelten kleine oder gar keine Augen. Zusätzlich war das 

Expressionsmuster der molekularen Marker pax2, pax6 und gbx1 anterior verschoben. 

Auch diese Beobachtungen waren vergleichbar mit Zebrafisch Resultaten. Die 

Überexpressionsphänotypen ähnelten wiederum denen der Aes-induzierten Embryonen. 

Injektionen mit tcf3 Versionen, deren Gro/TLE Interaktionsdomäne fehlte, zeigten eine 

deutlich reduzierte Zahl an Phänotypen, ein weiteres Indiz dafür, dass Gro/TLE eine 

Rolle in diesem Prozess spielt. 

Oft werden Antisensemoleküle für die Inaktivierung von Genen in Fischen verwendet. Sie 

werden mittels Mikroinjektion in den Embryo appliziert. Variierende Ergebnisse dieser 

Methode machen Alternativen mit höherer Reproduzierbarkeit interessant. 

Medakaembryonen reagieren weniger empfindlich auf Chemikalien (z.B. Litiumchlorid) 

als Zebrafische. Eine Erklärung dafür ist, dass die Embryonen durch eine starre 

Außenhülle, dem sogenannten Chorion, geschützt werden. Genauere Analysen des 

Chorions zeigten, dass große Moleküle diese Barriere wirklich nicht passieren konnten, 

kleine jedoch ungehindert bis in den Perivitellinraum vordringen konnten. Das Entfernen 

des Chorions brachte nur wenig Verbesserung. Es scheint deshalb, dass nicht, wie bisher 

angenommen, die harte Außenhülle, sondern ein weiteres Membransystem im Inneren 

des Embryos der Ausschlussgrund für viele Moleküle ist. Die Zugabe von Detergentien 

verbesserte die Durchlässigkeit wesentlich, hatte jedoch auch Auswirkungen auf die 

interne Verteilung der jeweiligen Chemikalien. Elektroporation dagegen steigerte nur 

deren Aufnahme, ohne ihre Verteilungseigenschaften zu ändern und stellt damit eine 

effiziente Methode für die Aufnahme kleiner Moleküle in Medaka Embryonen dar. 
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1 INTRODUCTION 

1.1 MEDAKA (ORYZIAS LATIPES) 

Medaka is a rather small fish indigenous to India and the coastal regions of Southern 

China, Korea and Vietnam as far east as Japan. It is known by several names and the 

most common among them are medaka, killifish and ricefish. However, in Japan the 

most widespread name is medaka deriving from its physical appearance. The name is 

either depicted in syllabic alphabet めだか (me-da-ka) or in traditional writing 目高, where the 

ideogram 目 stands for “eye” and 高 meaning „big“ and translated as “tiny fish with large 

eyes”.  The other two names characterize its habitat. A killifish is any oviparous ray-

finned fish found in fresh or brackish water. On the other hand, the name ricefish 

describes its preferred natural habitat, the rice paddies of Southeast Asia.  

 

Figure 1| Medaka fish. Male (left) and female (right) 

medaka can be distinguished due to distinct differences in 
their anal fins. The male anal fin is parallelogram shaped 
(white arrow), whereas the female fin resembles a triangle 

(white arrowhead). 

 

 

In the Edo period, in the seventeenth century, domestic breeding of medaka became very 

popular in Japan. During this time several natural color mutants were isolated. In 1850, 

Temminck and Schlegel were the first to describe medaka scientifically. They published 

its taxonomical characteristics under the name Poecilia latipes in Siebold’s Fauna 

Japonica (reviewed by Wittbrodt et al., 2002). Nearly sixty years later, in 1906, Jordan 

and Snyder renamed it into Oryzias latipes (Jordan et al., 1906), a name based on the 

Latin word for rice (Oryza sativa). Since then, medaka became a very popular model 

organism in biological research. It was the first vertebrate in which crossing over between 

X and Y chromosomes was shown (Aida, 1921). Subsequently, scientists focused on 

pigmentation and sex determination: Y-linked inheritance was shown for the first time in 

any species (Aida, 1921), hormone induced sex-reversal in vertebrates was demonstrated 

(Yamamoto, T., 1958, 1975) and the first non-mammalian male-determining gene, DMY, 

was identified (Matsuda et al., 2002; Nanda et al., 2002). 

 

1.1.1 MEDAKA BIOLOGY 

Adult medaka (Figure 1 and Figure 2) are approximately three cm long and males and 

females are easily distinguishable by the shape and size of the dorsal and anal fins 

(Yamamoto, T., 1975). The dorsal fin of male fish (Figure 2A,C) is usually longer than that 

of females (Figure 2B,D). It has a jagged edge with a cleft at the posterior margin (Figure 
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2A,C). The female anal fin has a triangle shape (Figure 1 and Figure 2B), whereas the male 

fin is larger and parallelogram-shaped (Figure 1 and Figure 2A). During mating, the female 

lays a cluster of up to 30 eggs per day, which are attached with filaments between the 

anal and pelvic fins (Figure 2D). Both fertilization and embryonic development occurs 

externally. The embryos are enclosed by a tough egg envelope, the chorion (Figure 3), 

which protects them from environmental hazards during development. The medaka 

chorion will be discussed later in chapter 1.1.3 (page 3). Depending on the temperature, 

the embryos hatch seven to ten days after fertilization and grow to sexual maturity within 

three months. 

 

 

Figure 2| Morphological differences between male and female medaka. (A,B) Schematic drawing of 

medaka, (C,D) pictures of alive medaka. (A,C) Male medaka have a cleft in the posterior side of their dorsal fins 
(black arrow). (B,D) Female medaka have triangle-shaped anal fins. Egg clusters (white arrowhead) are attached 

to the belly between the anal (black arrowhead) and pelvic fins (asterisk). Adult fish are depicted in lateral view 
with anterior to the left. 

 

1.1.2 MEDAKA AS A MODEL FISH 

As mentioned before, medaka research has a long history in Japan. However, outside the 

Far East, another teleost fish, the zebrafish (Danio rerio), is far better known and favored 

as a vertebrate model. Only in the last decades medaka reached a certain degree of 

population among biologists, especially as a test system for environmental research and 

carcinogenesis studies (Ishikawa, T. et al., 1975; Ishikawa, T. et al., 1984; Hawkins et al., 

1985; Masahito et al., 1989).  

Even if medaka and zebrafish share many biological features, such as a short generation 

time, extra-uterine development and transparent embryos (Figure 3), medaka has, 

nevertheless, some advantages. First, compared to zebrafish, medaka are very hardy and 

highly resistant to fish diseases. Even if indigenous to a subtropical climate with 

seasonal temperature fluctuations between 16-22°C, it easily adapts to changes from 10-

40°C. Embryos can even be kept at temperatures as low as 4°C for some time to slow 

down development, a feature that facilitates microinjection and transplantation studies 

as well as staging of developing embryos and the isolation of temperature-sensitive 

mutants. Furthermore, medaka tolerates a wide range of salinities because it is 

amphidromous, meaning that at it can be found in both fresh- and saltwater. Second, in 

addition to over 80 wild type strains, there a highly polymorphic inbred strains available 

as well as induced and spontaneous mutants (reviewed by Wittbrodt et al., 2002; Naruse 
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et al., 2004). Finally, the medaka genome is relatively small. With a total length of 700.4 

megabases (Mb) (Kasahara et al., 2007) it has less than half the size of the zebrafish 

genome, which makes medaka even more attractive for genome analysis.  

 

1.1.3 CHORION 

In medaka, like in most animals, the embryo and the yolk are surrounded by an egg 

envelope (Figure 3). As there is no general terminology for this envelope, many different 

names, such as vitelline envelope, vitelline membrane, zona radiate and zona pellucida 

(ZP), have been used in literature. To avoid confusion, hereafter the term “chorion” will be 

used. The overall function of the chorion of animal eggs is to attract and activate 

spermatozoa and to block polyspermy. Once fertilized it protects the embryo against 

environmental (physical, chemical and biological) influences (Villalobos et al., 2000). 

 

Figure 3| Medaka embryos are surrounded by a chorion. The 

embryo (E) and the yolk (Y) are surrounded by a transparent envelope, 
the chorion (black arrow), which is covered with attaching filaments 
(black arrowhead). (P), Perivitellin space. Embryo ate the 1-cell stage is 

depicted in lateral view, animal pole to the top. 

 

 

 

 

The unfertilized medaka chorion consists of two layers. The thin outer layer is 

approximately 0.3 µm thick and it consists of a dense lamina and a fibrous coat. It is 

covered with attaching filaments and villi and the surface shows a honeycomb-like 

pattern. The inner layer is composed of twelve dense lamellae separated by eleven gaps 

with less density. Thus, the inner layer is much thicker, approximately 15 µm in a 

fertilized embryo, than the outer membrane (Yamamoto, M. et al., 1975). It consists of 

two major Zona Interna (ZI) subunit glycoproteins, ZI-1,2 (74-76 kDa) and ZI-3 (49 kDa), 

both deriving from precursor proteins, called choriogenin (Yamagami, Kenjiro, 1972, 

1973; Hamazaki et al., 1987; Murata et al., 1991; Murata et al., 1993). The spawning 

female synthesizes the different choriogenins in the liver and transports them then via 

the blood stream to the ovary (Murata et al., 1991; Murata et al., 1993). Heterogenous ZI-

1,2 derives from the precursors choriogenin H (Murata et al., 1997) and choriogenin H 

minor (Sugiyama, H. et al., 1998), while choriogenin L is the precursor of homogenous ZI-

3 (Murata et al., 1995). In addition to ZI-1,2 and ZI-3, a third protein (150 kDa) was 

reported to be present in the unfertilized chorion, however, this protein disappears once 

the egg is fertilized (Masuda et al., 1991; Iwamatsu et al., 1995).  
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The chorion has a single small pore, the micropyle, through which the sperm can enter 

and attach to the eggs plasma membrane. Cortical alveoli in the cytoplasm fuse with the 

plasma membrane, thereby releasing their content. This exocytosis seems to be induced 

by an increase of cytoplasmatic calcium and occurs in a wave-like manner, from the 

animal to the vegetal pole (Nakano, 1956; Ridgway et al., 1977). In the same wave-like 

manner, the chorion contracts, except for the innermost layer which first swells before 

gradually contracting. As a consequence, the fragile chorion turns into a rigid structure, 

thereby becoming thinner which results in a gap between the embryo/yolk and the 

chorion, the perivitellin space (Figure 3) (Nakano, 1956). During chorion hardening ε-(γ-

glutamyl) lysine isopeptide bonds form between the subunit proteins ZI-1,2 and ZI-3, 

mainly in the inner layer (Hagenmaier et al., 1976; Ha et al., 1997a). This crosslink is 

catalyzed by transglutaminase (Ha et al., 1997b, 1998). Several other factors have been 

reported to support chorion hardening in fish embryos: oxidation of sulfhydryl groups in 

chorion proteins (Nakano, 1956; Ohtsuka, Eiji, 1960), mucopolysaccharides (Nakano, 

1956), and environmental factors such as pH (Iwamatsu, 1984). 

Once the medaka embryo has finished embryonic development it hatches from the 

chorion. According to classical Iwamatsu staging this occurs at stage 39 or after nine 

days, if bred at standard conditions (Iwamatsu, 2004). Hatching is a two-step process: 

first the inner layer of the chorion is digested by hatching enzyme and then the outer 

membrane is ruptured by excessive movement of the tail. The embryo produces the 

hatching enzyme de novo in hatching glands which are located in the pharyngeal wall 

(Yamagami, Kenjiro, 1981; Inohaya et al., 1995). It consists of two metalloproteases, HCE 

(high choriolytic enzyme) (Yasumasu et al., 1989b) and LCE (low choriolytic enzyme) 

(Yasumasu et al., 1989a), which act together in choriolysis (Yasumasu et al., 1988). HCE 

swells the inner layer of the chorion due to partial hydrolysis (Yasumasu et al., 1989c) 

and LCE solubilizes it (Yasumasu et al., 1989a). The outer layer remains undigested but 

is broken down mechanically by movement of the tail. Recently, Yasumasu et al. 

proposed a model for the structural change of the chorion during water hardening and 

choriolysis: during chorion hardening ε-(γ-glutamyl) lysine isopeptide bonds are formed 

between the N-termini of ZI-1,2 and ZI-3 which loop out from the ZP domain filaments. 

HCE cleaves specific sequences in these crosslinks, mainly in ZI-1,2, thereby loosening 

the tight interaction of the filaments which results in swelling of the inner layer of the 

chorion. Through this swelling LCE gains access to its preferred cleavage site which is 

located in the middle of the ZP domain (Yasumasu et al., 2010). 

 

1.1.4 MEDAKA IN TOXICITY TESTING 

Besides for the study of developmental processes, small aquarium fish, such as medaka, 

are also very popular in toxicity testing. Toxicity test are important to evaluate the 

adverse effects of any chemical or biological substance on organisms and the ecosystem 

and mainly performed by animal experiments. Following massive criticism, testing of 

cosmetic and personal care products has been reduced over the last years. However, 

numerous chemicals, such as new pharmaceutical products and food additives, remain 

where animal tests are still necessary (reviewed by Lilienblum et al., 2008). Programs like 

the OECD HPV (Organization for Economic Co-operation and Development High 
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Production Volume) or the European Union REACH (Registration, Evaluation, 

Authorization and Restriction of Chemicals) Initiative were initiated, regulating these 

tests and the chemical industry globally (reviewed by Braunbeck et al., 2005; Scialli, 

2008). Such regulations are important particularly with regard to ecotoxicology and 

environmental toxicology. In various countries the aquatic environment is used as a sink 

for waste disposal and pesticides and chemicals may travel long distances cross country 

borders (reviewed by Schwarzenbach et al., 2006). However, these new regulations 

require extensive tests for most chemicals which increase the number of animal 

experiments even further. 

Historically, acute and chronic fish toxicity testing plays an important role in 

ecotoxicology and aquatic toxicology as an economical alternative to the established 

animal systems. However, in conventional tests the endpoints are death or moribundity, 

which led to the controversial question whether fish are a replacement for mammals and 

birds because they may experience the same levels of pain and distress as other animals 

(Embry et al., 2010). In the European Union, Directive 86/609/EEC regulates the use of 

animals in scientific experiments. Member states should reduce the number of animals 

to a minimum and avoid unnecessary pain, suffering and distress. An animal is 

characterized as any free-living, non-human vertebrate, including larvae. Excluded are 

foetal or embryonic forms (Council, 1986). Therefore, acute and chronic fish toxicity tests 

are more and more replaced by alternative methods such as the fish embryo toxicity 

(FET) test (Embry et al., 2010; Strahle et al., 2012). Newly fertilized eggs are exposed to a 

chemical for 48 hours and as endpoints coagulation of the embryos, aberrations of 

somite development and non-detachment of the tail from the yolk as well as lack of 

heartbeat are recorded (Lammer et al., 2009). Furthermore, compared to conventional 

fish tests, FET allows the detection of substances which induce strong and minor toxicity 

(Nagel, R., 2002; Braunbeck et al., 2005). It seems to be even more sensitive than in vitro 

tests performed with the permanent rainbow trout cell line RTG-2 (Lange et al., 1995). 

Most FET tests have been conducted with zebrafish but inter-species comparison with 

fathead minnow and medaka showed comparable results and applicability for other 

species (Braunbeck et al., 2005). 

Economic husbandry, high fecundity, and the extra-uterine development of transparent 

embryos make fish an ideal organism for FET and their application in high throughput 

protocols (Yang et al., 2009). Compared to zebrafish, one advantage of medaka is their 

relatively long embryonic development, which provides extended time for testing. 

 

1.2 GROUCHO/TLE CO-REPRESSORS 

The groucho (gro) gene family and related family members encode transcriptional co-

repressors which are expressed ubiquitously and play an important role in developmental 

and some pathological processes (reviewed by Buscarlet et al., 2007). It was first 

identified in a Drosophila melanogaster loss-of-function mutant and named after its 

phenotype: mutant flies display numerous patches of extra bristles above the eyes, 

resembling somewhat the bushy eyebrows of Groucho Marx (Lindsley et al., 1968). Since 

then, several homologs in different organisms were identified with a somehow 

complicated nomenclature. In human and teleost fish usually the term Transducin-Like 
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Enhancer of split (TLE) is used. It derives on one hand from a structural similarity to the β 

subunit of transducin, a heterotrimeric G protein, and on the other hand from its 

adjacency to the Enhancer of split [E(Spl)] complex (Hartley et al., 1988). More detailed 

characterization revealed that Gro proteins play a role in transcriptional repression and 

that they are not related to β-transducin, except for their structural similarities. However, 

homologs in mouse and rats are termed groucho-related-gene (Grg) (Schmidt et al., 1993; 

Mallo et al., 1995) and unc-37 is used for Caenorhabditis elegans (C. elegans) (Pflugrad et 

al., 1997). To avoid further confusion, here after the term Gro/TLE will be used if the 

entire protein family is addressed and Tle if specifically referred to medaka.  

 

1.2.1 STRUCTURE 

Despite a different nomenclature and variable number, the primary protein structure of 

Gro/TLE family members is highly conserved throughout species. In general it consists of 

five domains, which are named based on their evolutionary conservation: Q, GP, CcN, SP, 

and WD-repeat domain. The amino-terminal and the carboxy-terminal end are 

remarkably conserved, whereas the central regions are less conserved (Figure 4). 

 

 

Figure 4| The structure of Gro/TLE proteins. Gro/TLE proteins consist of five conserved domains. The 

amino-terminal Q domain (green) contains two predicted amphipathic -helices (AH1 and AH2). It mainly 
mediates Oligomerization, transcriptional repression and protein-protein interactions. The three central 
domains, the GP domain (pink), the CcN domain (blue) and the SP domain (grey), are less conserved. They are 
relevant for chromatin interaction, phosphorylation and nuclear transport. The highly conserved carboxy-

terminal WD-repeat domain (red) folds into a seven bladed -propeller. Its central pore binds proteins with 
WRPW-related motifs and eh1 motifs. 

 

WD-Repeat Domain 

The carboxy-terminal tryptophan/aspartic (WD) acid tandem repeat WD-repeat domain 

(also referred to as WDR or WD40 domain) is the most conserved of all five regions. They 

were first described in the -subunit of heterotrimeric GTP-binding proteins (hereafter 

referred to as G proteins) (Fong et al., 1986). Each unit has a region of variable length 

and a conserved core which is confined by glycine-histidin (GH) on one end and WD on 
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the other: {       [             ]}
     (Neer et al., 1994). Neer et al. performed 

intensive database research and identified 27 regulatory proteins (no enzymes) 

containing at least four WD repeat units with an average length of 34 to 46 amino acids 

from one WD to the next. The maximum length of the core unit (GH - WD) ranged from 

23 to 41 amino acids, however, 82% of the repeating units enclosed 27 ± 2 amino acids. 

Although the distance between the single core units (from WD to the next GH) showed to 

be more variable (6-94 amino acids), the majority (61%) was 11 ± 2 residues long (Neer et 

al., 1994). 

Based on the model of heteromeric G proteins, the WD-repeat domain was described to 

form a toroidal structure consisting of seven blades (also referred to as  propeller), each 

made up of a β sheet with four antiparallel strands (Figure 5) (Wall et al., 1995; Lambright 

et al., 1996; Sondek et al., 1996). Together they build a flat ring around a water-solvated 

central pore (Figure 5). The inner three β sheets have a relatively invariant structure, while 

the sheets facing the outside of the ring, which are connecting adjacent blades, are more 

variable in structure and length (reviewed by Chen et al., 1998; Hamm, 1998). The core  

propeller of human TLE1 is very similar to that of G proteins (Pickles et al., 2002). 

However, analysis of the crystal structure revealed differences in the preceding segments. 

In G proteins, the N-terminal segment of Gsubunit forms six turns of  helix. Together 

with the N-terminal segment of the G subunit a coiled coil structure is generated which 

leads into the  propeller’s seventh blade. In the WD repeat domain of human TLE1, on 

the other hand, a dimer interface is generated between blade 5 and the  ribbon of a  

hairpin formed by the adjacent proline riche SP domain (Figure 5) (Pickles et al., 2002). In 

murine Grg1 the equivalent sequence was identified as high mobility group (HMG) box 

protein HMGB1 binding site (Dintilhac et al., 2002). 

 

Figure 5| Schematic presentation of the Gro/TLE 
WD-repeat domain. The caboxy-termainal WD-repeat 

domain (red) of Gro/TLE proteins forms a toroidal 

structure consisting of seven blades (also referred to as  

propeller), each made up of a β sheet with four 
antiparallel strands (red arrows). A dimer interface is 

generated between blade 5 and the  ribbon of a 

hairpin formed by the adjacent proline riche SP 
domain (grey arrows). Proteins with WRPW-related (blue) 
and eh1 (yellow) binding motifs interact with the WD-

repeat domain within the central pore. Abbreviations: 
eh1, engrailed homology; C-terminus, carboxy-terminal 
end. 

 

 

 

 

 

The importance of the WD repeat domain was emphasized by the fact that missense 

mutations in the associated genes often occur within one of the WD units. A distinct 

point mutation in Drosophila gro, for example, resulted in a loss of function mutant 
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(Paroush et al., 1994) and several UNC-37 mutants were identified in C. elegans (Pflugrad 

et al., 1997). Still, the WD repeat domain of UNC-37 was functionally interchangeable 

with human TLE1, suggesting that both its structure and function are conserved 

throughout the Gro/TLE family (Pflugrad et al., 1997). 

Structural comparison with other non-WD repeat containing proteins revealed additional 

proteins which form  propellers. However, despite an almost identical propeller folding, 

these proteins had no apparent sequence similarity with WD repeat proteins. 

Nevertheless, this indicates that WD repeat domain containing proteins, including 

Gro/TLEs, may belong to a larger  propeller family (reviewed by Neer et al., 1996). 

Most of the DNA-bound repressors recruit Gro/TLEs through the WD-repeat domain. The 

majority of them belong to two protein groups, based on their Gro/TLE-interacting motif. 

The first group binds via WRPW (tryptophan-arginine-proline-tryptophan) or WRPY 

(tryptophan-arginine-proline-tyrosine) tetrapeptides (Paroush et al., 1994; Fisher et al., 

1996; Grbavec et al., 1996; Aronson et al., 1997) and the second via the Engrailed 

homology-1 (eh1) domain (Jimenez et al., 1997) (Figure 5). Despite their differences in 

sequence and conformation, both peptide motifs share overlapping interaction sites 

within the central pore of the  propeller (Jennings et al., 2006). The WRPW motif is 

found in members of the basic helix-loop-helix (bHLH) transcription factor family, 

including Drosophila Hairy and Enhancer of split E(spl) as well as mammalian Hes 

proteins (Paroush et al., 1994; Fisher et al., 1996; Grbavec et al., 1996). Variations of this 

Gro/TLE recognition sequence were identified in proteins of the Runt family (WRPY) 

(Aronson et al., 1997), Huckebein (FRPW) (Goldstein et al., 1999) and Brinker (FKPY) 

(Hasson et al., 2001; Zhang, H. et al., 2001). While Hairy-like proteins seem to act 

exclusively as repressors, Runt proteins show both transcriptional activation and 

repression activity (Aronson et al., 1997). A similar Gro/TLE-dependent and independent 

mechanism was also observed in Engrailed proteins (de Celis et al., 1995; Smith et al., 

1996; Jimenez et al., 1997). Engrailed belongs to a group of proteins that contain the 

second short peptide motif, the eh1 domain, which directly interacts with the WD-repeat 

domain of Gro/TLEs (Smith et al., 1996; Jimenez et al., 1997; Tolkunova et al., 1998; 

Jennings et al., 2006). The eh1 motif (FxIxxIL) is relatively variable and recognized by 

Gro/TLEs in a large number of proteins, for example, Goosecoid (Chen et al., 2000; 

Courey et al., 2001; Gasperowicz et al., 2005), Pax2/5/8 (Eberhard et al., 2000; 

Gasperowicz et al., 2005), Nkx (Choi et al., 1999), Six3/6 (Zhu et al., 2002; Gasperowicz 

et al., 2005), Hesx1 (Dasen et al., 2001; Carvalho et al., 2010), Otx2 (Heimbucher et al., 

2007) and Gbx2 (Heimbucher et al., 2007). Additionally, an eh1 motif resembling 

sequence was identified in Tcf/Lef proteins (Arce et al., 2009). Although the eh1 sequence 

binds primarily within the pore of the WD-repeat domain, also weak interaction of Tcf/Lef 

(Brantjes et al., 2001; Daniels et al., 2005), Bf1 (Yao et al., 2001) and Six3 (Zhu et al., 

2002) with the Q domain was observed. 

 

Q Domain 

The glutamine rich amino-terminal Q domain interacts weakly with several proteins that 

are crucial during embryonic development, such as Tcf/Lef1 (Brantjes et al., 2001; 

Daniels et al., 2005), Pax5 (Eberhard et al., 2000), Nk3 (Choi et al., 1999), Hes1 and Bf1 

(Yao et al., 2001). However, its main function is to mediate homo- and hetero- 
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dimerization (Pinto et al., 1996) and tetramerization (Chen et al., 1998) of Gro/TLE 

proteins through two tandem leucine-zipper-like motifs (Figure 6). These motifs are 

predicted to form a pair of amphipathic α-helices (AH1 and AH2), leading to coiled-coil 

structures (Miyasaka et al., 1993; Pinto et al., 1996; Chen et al., 1998; Ren et al., 1999; 

Song et al., 2004). Song et al. located the leucine-zipper-like motifs from amino acid 

residues 24 to 52 (AH1) and 73 to 100 (AH2) in Drosophila Groucho (dGro). 

Oligomerization is required for Gro/TLE-mediated transcriptional repression and seems 

to be dependent on these α-helices. Site-directed single proline substitutions in AH1 

(L38P) and AH2 (L87P) disrupted tetramerization and thereby transcriptional repression 

in vitro (Chen et al., 1998) and in vivo (Song et al., 2004). While single point mutations 

only reduced the repression ability of dGro, it was entirely abolished in double mutants 

(Song et al., 2004).  

Also, a genetic screen in Drosophila identified two mutated alleles within the Q domain 

(Jennings et al., 2008b). groMB5 contains a small in-frame deletion which affects the first 

4 amino acids of AH1. Jennings et al. observed reduced dimerization ability of the Q 

domain; however, oligomerization was not completely abolished. In the second mutation, 

groMB12, the guanine in the ATG start codon was substituted by adenine (ATG  ATA). 

This led to an N-terminal truncation of the Q domain and to a complete loss of the AH1 

-helix. In vitro tests showed that oligomerization was abolished entirely. Nevertheless, 

groMB12 mutant embryos still show residual repressive activity. This indicates that dGro 

proteins have the ability of acting oligomerization-independently (Jennings et al., 2008b).  

 

 

Figure 6| Gro/TLE tetramerization. Speculative model for Gro/TLE oligomerization modified from Chen et al. 
Gro/TLE proteins bind to each other via their coiled-coil alpha helical motifs (AH1 and AH2) within the Q 

domain (green). (A,B) Gro/TLE tetramere, built out of four Gro/TLE proteins. (A) closed, (B) open tetramere.  

 

Besides the primarily found tetramers, Gro/TLEs were also shown to build higher order 

oligomers (Song et al., 2004). Song et al. suggested them to be heterogeneous polymers 

with a variable number of subunits which might play an important role in long range 

repression. 
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Non-Conserved Region 

The less conserved internal domains are not so well understood as the large domains on 

each end of the protein. However, the glycine/proline-rich GP domain (Figure 4) seems to 

be involved in recruiting and binding of Gro/TLE to histone deacetylases (HDACs (Chen 

et al., 1998; Chen et al., 1999; Choi et al., 1999; Brantjes et al., 2001) and HMGB1 

(Dintilhac et al., 2002). 

The CcN domain (Figure 4) contains a nuclear localization signal (NLS), which is defined 

by a cluster of four positively charged residues, separated by phosphorylation sites for 

protein kinase CK2 (formerly referred to as casein kinase II) and cyclin-dependent protein 

kinase cdc2 (Stifani et al., 1992). Whether this domain is the only region responsible for 

nuclear localization is unclear. Truncated forms of Gro/TLE proteins, which contain only 

the Q and GP domain, are mainly found in the cytoplasm (Cavallo et al., 1998; Roose et 

al., 1998). However, Aes proteins, which naturally lack all regions except the Q and GP 

domain, are only found in the nucleus (Schmidt et al., 1993; Mallo et al., 1995).  

The serine/proline-rich SP domain (Figure 4) is phosphorylated by both homeodomain-

interacting protein kinase 2 (HIPK2) and mitogen-activated protein kinase (MAPK), which 

negatively regulate Gro/Tle-mediated transcriptional repression (Choi et al., 2005; 

Cinnamon et al., 2008a). 

For a long time, the three central domains were considered to be dispensable for 

Gro/TLE function, due to the fact that lethal point mutations were mapped mainly to the 

WD-repeat domain and also a few to the Q domain but none to the non-conserved region 

(Jennings et al., 2006; Jennings et al., 2008b). However, internal deletion experiments 

suggest the opposite. Both the GP and the CcN domain are required for viability and the 

SP domain seems to restrain Gro/TLE from unlimited repression (Turki-Judeh et al., 

2012). Turki-Judeh and Courey also suggest that the central domains are a region of 

disordered structure, which could explain their high tolerance of point mutations. This 

could provide a flexible hub to bind to a multitude of different proteins with lower affinity 

than the Q and WD-repeat domain and which can be easily reversed (reviewed by Dunker 

et al., 2005). 

 

1.2.2 AES 

In addition to the long pentadomain Gro/TLE proteins, a short truncated form, 

consisting only of the Q and the GP domain, was identified (Mallo et al., 1993; Miyasaka 

et al., 1993; Schmidt et al., 1993) (Figure 7). Consistent with the nomenclature for full-

length murine Gro/TLEs, Grg1-4, it was named Grg5 in mouse (Mallo et al., 1993), 

however, in humans the name Amino-terminal Enhancer of Split (Aes) is commonly used 

(Miyasaka et al., 1993). To avoid any confusion, here after the term Aes/Grg5 will be 

used if the entire protein group is addressed and Aes if specifically referred to medaka. 
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Figure 7| The structure of Aes/Grg5 proteins. Compared to full length Gro/TLE proteins, Aes/Grg5 consists 

only of the amino-terminal Q domain (green) and the GP domain (pink). 

 

Additionally to Aes/Grg5, other truncated forms of Gro/TLE family members exist which 

result from alternative splicing of the respective genes (Mallo et al., 1993; Leon et al., 

1997; Lepourcelet et al., 2002; Milili et al., 2002). Aes/Grg5, however, is not alternatively 

spliced from full-length Gro/TLEs but is a distinct family member (Mallo et al., 1993; 

Miyasaka et al., 1993; Mallo et al., 1995; Bajoghli, 2007). Therefore, the term “truncated 

form”, which was used earlier in this section, is probably misused if referred to Aes/Grg5. 

Phylogenetic analysis suggested that the Aes/Grg5 subgroup evolved from tandem 

duplication of the Grg2/TLE2 gene (Bajoghli, 2007). While the Q domain remained 

conserved during this duplication event, mutations in the main coding sequence of the 

GP domain occurred (Bajoghli, 2007). For example, unlike Gro/TLEs, Aes/Grg5 does not 

interact with HDACs (Yu et al., 2001; Zhang, X. et al., 2008). However, Acre et al. showed 

more recently, that Aes/Grg5 might recruit HDAC for transcription repression, at least if 

bound to Lef1 (Arce et al., 2009). 

But then, how do Aes/Grg5 proteins interact? Aes/Grg5 proteins lack the carboxy-

terminal end of full-length Gro/TLEs, meaning that they cannot bind to transcription 

factors that interact exclusively with the SP and WD-repeat domain (Eberhard et al., 

2000; McLarren et al., 2001). On the other hand, the conserved Q domain allows 

oligomerization with Gro/TLEs and interaction with non-WD-repeat domain-dependent 

transcription factors (Pinto et al., 1996; Chen et al., 1998; Choi et al., 1999; Eberhard et 

al., 2000; Brantjes et al., 2001; Yao et al., 2001; Lopez-Rios et al., 2003). By this means, 

Aes/Grg5 can tether either its full-length ancestors or their respective interaction 

partners in a dominant negative way (Figure 9B). In either way, the co-repressing function 

of Gro/TLEs is lost, meaning that Aes/Grg5 interacts as their antagonist. However, 

Gro/TLE co-repression is not generally blocked by Aes/Grg5. For example, it interacts 

neither with Pax5 (Eberhard et al., 2000) nor with Hes1 (McLarren et al., 2001). 

Furthermore, Aes/Grg5 proteins can themselves also exhibit repressing activity, as 

shown for NF-B (Tetsuka et al., 2000) and androgen receptor (AR)-mediated 

transcription (Yu et al., 2001; Zhang, Y. et al., 2010). Interestingly, while human AES 

repressed AR activity, both TLE2 and TLE3 failed to do (Zhang, Y. et al., 2010). Zhang et 

al. showed that the Q domain of Aes/Grg5 contains three regulatory sub-domains. 

Residues 1 to129 are required for AR interaction and inhibition. This AR inhibitory 

domain is able to bind intramolecularly to residues 156 to 176, thereby inhibiting 

intermolecular dimerization between Aes/Grg5 proteins, which is prevented by a short 

third so-called positive regulatory domain, located from amino acid 190 to 193 (Zhang, Y. 

et al., 2010). Additionally, Aes/Grg5 interacts as well with non-transcription factors such 

as HDAC-related protein (HDRP) (Zhang, X. et al., 2008) and the soluble intracellular 

domain (ICD) of LRP6 (Beagle et al., 2010b). 

Due to the fact that Aes/Grg5 proteins only consist of the very first two amino-terminal 

domains, they lack the NLS which is found within the CcN domain of full-length 

Gro/TLEs (Stifani et al., 1992). Nevertheless, it is found in both the cytoplasm and the 
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nucleus, depending on the respective cell type (Mallo et al., 1995; Cavallo et al., 1998; 

Roose et al., 1998; Jan et al., 2004; Zhang, X. et al., 2008). It seems that subcellular 

distribution is influenced by certain Tcfs as well as Gro/TLEs (Mallo et al., 1995; Chen et 

al., 2000; Brantjes et al., 2001). 

 

1.2.3 MECHANISMS OF GRO/TLE-MEDIATED REPRESSION 

Even if the structure of Gro/TLE proteins is well-established and many of its binding 

partners were identified, the actual mechanism of interrupting transcription is not 

known. In general, they are considered to mediate long-range transcriptional repression 

due to their preferential interaction with long-range repressors such as Dorsal and Hairy 

in Drosophila (Barolo et al., 1997; Zhang, H. et al., 1999). Nevertheless, binding to some 

short-range repressors (e.g., Knirps and Sloppy-paired 1) indicate that Gro/TLEs might 

use several mechanisms to repress transcription (Andrioli et al., 2004; Payankaulam et 

al., 2009). Therefore, different models have been proposed over the last years, depending 

on their particular interaction partner and the respective domains involved: 

 

 

Figure 8| Mechanisms of Gro/TLE-mediated repression. (A) Direct interaction of Gro/TLE with the amino-

terminal tails of histones. Binding of HDAC catalyzes histone deacetylation, thereby facilitating chromatin 
interaction in an indirect manner, which leads to chromatin condensation and reduced accessibility to the 

transcriptional machinery. (B) Direct interaction of Tup1 (Gro/TLE-related protein in yeast) with the 
transcriptional core machinery. (C) Turning of activators into repressors. Gro/TLE binds to Pax2, thereby 
preventing its phosphorylation. 

 

One way of Gro/TLE-mediated repression may result from direct and indirect changes in 

chromatin structure (Figure 8A). In direct interactions, Gro/TLEs bind to the amino-
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terminal tails of the four core histones, with the highest affinity to histone H3 (Palaparti 

et al., 1997; Flores-Saaib et al., 2000). However, it is not entirely clear which domains of 

the Gro/TLE proteins are involved in this interaction. While in Drosophila Gro the amino-

terminal region was necessary and sufficient for histone interaction (Flores-Saaib et al., 

2000), in murine Grg3 the WD-repeat domain seemed to be more important (Sekiya et al., 

2007). Sekiya et al. further showed that this interaction causes condensed chromatin 

structures. Chromatin binding seems to stabilize Grg3 tetramers and enables 

transcription factor recruitment. Together this causes a compact, nuclease resistant 

chromatin structure that spreads over a distance of 3 to 4 nucleosomes (Sekiya et al., 

2007). In a second (indirect) chromatin interaction, Gro/TLE proteins bind to the class I 

histone deacetylase Rpd3/HDAC1 via their GP domain (Chen et al., 1999; Choi et al., 

1999; Brantjes et al., 2001). The functional relevance of this interaction on Drosophila 

embryonic lethality and development was shown in several experiments (Chen et al., 

1999; Mannervik et al., 1999; Winkler et al., 2010). Winkler et al., for example, analyzed 

wing-patterning defects upon gro misexpression. Histone deacetylase inhibitors (TSA and 

HC-toxin) inhibited the observed wing phenotypes and these effects were even enhanced 

when rpd3 expression levels were reduced. They also showed that co-localization of Gro 

and Rpd3 at the chromatin leads to specific deacetylation of the lysine residues H3K9, 

H3K14, H4K5, H4K8, and H4K12 of histones H3 and H4 (Winkler et al., 2010). Indeed, 

the interaction of Gro with the amino-terminal tail of histones is significantly enhanced 

in hypoacetylated histones (Flores-Saaib et al., 2000) (Figure 8B). Taken together, this 

proposes a repression model in which Gro/TLE tetramers bind to transcription factors 

and histones. Subsequent interaction with Rpd3/HDAC1 catalyzes histone deacetylation 

and enables binding of additional Gro/TLEs, which in turn leads to a compact chromatin 

structure (Figure 8A) with reduced accessibility to the transcriptional machinery (reviewed 

by Chen et al., 2000; Buscarlet et al., 2007; Jennings et al., 2008a). 

Another way to repress transcription may result from direct interaction of Gro/TLE with 

the core machinery (Figure 8B). It was shown in yeast that the Gro-related co-repressor  in 

yeast, Tup1, interacts with the Mediator complex that transfers information from 

regulatory proteins to the basal RNA polymerase II machinery (Kuchin et al., 1998; 

Gromoller et al., 2000; Papamichos-Chronakis et al., 2000; Malik et al., 2010). A similar 

function was observed in C. elegans Unc-37 (Zhang, H. et al., 2002). 

In addition, Gro/TLE’s co-repressing ability can turn certain transcriptional activators 

into repressors (Figure 8C). A frequently mentioned example for this is the paired domain 

protein Pax2. In an activated state, the activation domain of Pax2 is phosphorylated by c-

jun N-terminal kinase (JNK) (Cai et al., 2003). Gro/TLE binding inhibits this 

phosphorylation and thereby antagonizes Pax2-mediated transactivation (Cai et al., 

2003). 

 

1.2.4 THE REGULATION OF GRO/TLE-MEDIATED REPRESSION 

The different mechanisms of Gro/TLE-mediated transcriptional repression show that this 

is a rather complex process. Its ubiquitous expression and the important role in 

development and pathological pathways suggest a tight regulation.  
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Figure 9| The regulation of Gro/TLE-mediated repression. (A) Regulation by binding affinity. Proteins, such 

as Lozenage, have both repressing and activating potential. If bound to Gro/TLE and additional auxiliary 
protein they act as repressors. Interaction with co-activators turns them into activators. (B) Oligomerization of 
Gro/TLE proteins with their antagonist Aes leads to a loss their co-repressing activity. Aes can inhibit the co-

repressing function either directly at the transcription factor or by tethering away Gro/TLE from its interaction 
partner. (C) Posttranslational modifications can change the co-repressing activity of Gro/TLE. Phosphorylation 
and sumoylation lead to a down-regulation of Gro/TLE, whereas poly(ADP-ribosy)lation by PARP1 results in 
dissociation of Gro/TLE from its interaction partners. (D) Competition with co-activators. In the Wnt/-catenin 

signaling pathway, Wnt stabilizes -catenin, which leads to a displacement of Gro/TLE at their mutual 
interaction partner Tcf/Lef. (E) The availability of interaction partners influences the activity of Gro/TLE. 
Activation of Notch signaling leads to the expression of E(spl) genes. Interaction of Gro/TLE with E(spl) 

represses the expression of proneural genes. If Notch signaling is turned off, Gro/TLE binds to Hairy, an 
interaction that inhibits the expression of E(spl) genes which enables the expression of proneural genes. 
Abbreviations: P, phosphorylation; PARP1, poly(ADP-ribose) polymerase1; H, Hairy; Su(H), Suppressor of 
Hairless; NICD, Notch intra cellular domain, E(spl), Enhancer of split. 
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One way of regulating Gro/TLE-mediated depends on the binding affinity of the 

interaction motif (Figure 9A). As described in a previous section, most of the DNA-bound 

repressors recruit Gro/TLE through the WD-repeat domain via two distinct motifs, the 

WRPW tetrapeptide or the eh1 domain (Paroush et al., 1994; Fisher et al., 1996; Grbavec 

et al., 1996; Aronson et al., 1997; Jimenez et al., 1997). Crystal structure analysis 

revealed that the four amino acids of WRPW meet the WD-repeat domain in a strong 

hydrophobic interaction. Slight alterations in the motif, like a replacement of the 

carboxy-terminal tryptophan with tyrosine, results in the loss of a hydrogen bond and 

thereby weakens the affinity of this WRPY motif (Jennings et al., 2006). Lozenage, a 

member of the Runt protein family, for example, contains such a motif and acts as an 

activator or a repressor, depending on additional accessory proteins. However, if the 

WRPY motif is replaced by WRPW, Lozenage turns into a strong repressor and together 

with Gro/TLE it is able to repress transcription independently (Canon et al., 2003). 

Besides the WD-repeat domain the Q domain also takes place in regulating Gro/TLE’s 

co-repressor function. Oligomerization of full-length Gro/TLE with short Aes/Grg5 

proteins seems to inhibit their co-repressing activity in a dominant negative manner 

either directly at the transcription factor or by tethering Gro/TLE away from its binding 

partner (Pinto et al., 1996; Chen et al., 1998; Choi et al., 1999; Eberhard et al., 2000; 

Brantjes et al., 2001; Yao et al., 2001) (Figure 9B). A more detailed description of Aes/Grg5 

and its function was already presented in chapter 1.2.2 Aes (page 10). 

As mentioned before, the internal CcN and SP domains are targets of phosphorylation by 

several kinases. The CcN domain contains phosphorylation sites for CK2 and cdc2 

(Stifani et al., 1992). Phosphorylation by these kinases leads to a down-regulation of 

Gro/TLE function (Nuthall et al., 2002; Nuthall et al., 2004). For example, 

phosphorylation is up regulated during neuronal and chondrocyte differentiation (Husain 

et al., 1996; Yao et al., 1998; Nuthall et al., 2002). Such a hyperphosphorylated state was 

observed after interaction of Gro/TLE1 and Hes1 (Nuthall et al., 2002). Immediately after 

translation CK2 phosphorylates Gro/TLE1 at S239 which is critical for cofactor-activated 

phosphorylation that Gro/TLE1 undergoes as a result of Hes1 binding (Nuthall et al., 

2004). In the SP domain, phosphorylation by MAPK in response to the receptor tyrosine 

kinase (RTK)/Ras/MAPK pathway (Figure 9C) or by HIPK2, mediate decreased Gro/TLE 

activity (Choi et al., 2005; Cinnamon et al., 2008a). Experiments in Drosophila showed 

that Degringolade targets Gro and thereby antagonizes its function, suggesting that 

Gro/TLE is sumolyated (Abed et al., 2011). Finally, Gro/TLE is also poly(ADP-ribosy)lated 

by poly(ADP-ribose) polymerase1 (PARP-1), which leads to its dissociation from Hes1 (Ju 

et al., 2004). 

In addition to the RTK/Ras/MAPK pathway, Gro/TLE plays also a role in Notch and 

Wnt/Wingless signaling, as well as in the decapentaplegic (Dpp)/BMP/TGF- pathway 

(reviewed by Buscarlet et al., 2007). While in Wnt signaling Gro/TLE co-repression is 

regulated by a competition with -catenin about their mutual interaction partner Tcf/Lef 

(Figure 9D) (Daniels et al., 2005), in Notch signaling its regulation depends on the 

availability of interaction partners (Figure 9E) (Barolo et al., 2002; Nagel, A. C. et al., 2005). 

In the absence of Notch, Drosophila Gro forms a large protein complex together with 

Hairless, Suppressor of Hairless [Su(H)] and C-terminal binding protein (CtBP) (Morel et 

al., 2001; Barolo et al., 2002; Nagel, A. C. et al., 2005). This complex represses the 

expression of E(Spl) genes, which on the other hand enables the transcription of 

proneural genes. Upon Notch activation, the intracellular domain (NICD) breakes away and 
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translocates to the nucleus where it binds to Su(H) and Mastermind (MAM) which allows 

the expression of Notch target genes, such as E(Spl) (Guruharsha et al., 2012). Gro then 

interacts with E(Spl), thereby repressing the transcription of proneural genes (Paroush et 

al., 1994). 

 

1.2.5 THE ROLE OF GRO/TLES IN DEVELOPMENT 

The role of Gro/TLEs in both invertebrate and vertebrate development has been studied 

and reviewed intensively (Chen et al., 1998; Fisher et al., 1998; Parkhurst, 1998; Courey 

et al., 2001; Gasperowicz et al., 2005; Buscarlet et al., 2007). This chapter summarizes 

its most important functions. 

One of the major events in embryonic development is the formation of the three body 

axes: anteroposterior (AP), dorsoventral (DV) and left-right (LR) (reviewed by Schier et al., 

2005; Petersen et al., 2009); and Gro/TLEs seem to play a role in establishing each of 

them (reviewed by Buscarlet et al., 2007). For example, Gro/TLE4 negatively regulates 

Wnt signaling by interaction with Hex proteins via the eh1-domain (Swingler et al., 2004; 

Zamparini et al., 2006). Using the same motif they also bind to both Otx2 and Gbx2 in 

medaka mid-hindbrain boundary (MHB) development. However, while Gro/TLE is 

required for Otx2 repression by Gbx2, this seems not to be the case vice versa 

(Heimbucher et al., 2007). Further analysis of Tle4 in medaka showed its effects on 

cardiac asymmetry. Misexpression of either tle4 or the truncated version aes at the 1-cell 

stage resulted in reversed heart looping phenotypes, accompanied by a randomized 

expression of marker genes such as BMP4, lefty and spaw. However, induction of tle4 

and aes during gastrulation revealed their contrary effects on Kupffer’s vesicle formation 

(Bajoghli et al., 2007). Analysis of DV patterning in Drosophila showed that correct 

expression of dorsal genes strongly depends on the formation of a repressor complex 

which involves Groucho (reviewed by Fisher et al., 1998; Chen et al., 2000; Courey et al., 

2001). In DV boundary formation of the wing imaginal disc another complex is formed 

between Groucho, Hairless and CtBP which turns Su(H) into a transcriptional repressor 

in the absence of Notch signaling (Barolo et al., 2002).  

The interaction of Hes proteins with the WD-repeat domain of Gro/TLEs plays an 

important role in various developmental processes. Hes1, for example, represses the 

activity of MyoD, thereby inhibiting myogenesis (Sasai et al., 1992), and Hes6, on the 

other hand, promotes myoblast differentiation (Gao et al., 2001). However, Hes proteins 

are primarily known for their essential role in the development of the central nervous 

system. Especially the interaction between mammalian Hes1 and Grg1/TLE1 was 

studied intensively. Together they repress postmitotic neuronal differentiation in the 

forebrain of the developing embryo (Sasai et al., 1992; Ishibashi et al., 1994; Ishibashi et 

al., 1995; Ohtsuka, T. et al., 1999; Yao et al., 2000). Like Grg1/TLE1, the other three 

vertebrate Gro/TLEs are also present in the central nervous system and seem to 

influence brain development. TLE2 takes part in postmitotic neuron maturation and 

survival (Grbavec et al., 1998), whereas tle3 and tle4 are expressed in the external and 

internal layers of the cortical plate in cortical neurons and differentiating/differentiated 

neurons as well as neural progenitors (Dehni et al., 1995; Koop et al., 1996; Yao et al., 
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1998), respectively. Additionally, Grg4 was shown to interact with Lmx1b to repress fgf8 

expression in the isthmus (Sugiyama, S. et al., 2000; Matsunaga et al., 2002).  

Hes proteins are also key players during somitogenesis. Somites are formed by periodical 

segmentation of the anterior presomitic mesoderm. During this process, Notch 

synchronizes the expression of Hes genes and their homologs (reviewed by Kageyama et 

al., 2007). The fact that Gro/TLEs are expressed during somitogenesis implicates that 

they might interact with Hes-related proteins (Koop et al., 1996). Also, Gro/TLEs were 

shown to interact with zebrafish Ripply1 (via the WD-repeat domain), which is important 

for intersomitic boundary formation (Kawamura et al., 2005). 

Besides Hes proteins, Runt related transcription factors also interact with the Gro/TLE 

WD-repeat domain via a WRPY motif (Aronson et al., 1997). Runx3, which is down 

regulated by Gro/TLE (Castilla et al., 1996; Javed et al., 2000; Guo et al., 2002; Inoue et 

al., 2002; Levanon et al., 2002; Li, Q. L. et al., 2002), plays an important role in 

neurogenesis (Levanon et al., 1998; Inoue et al., 2002). Runx2, on the other hand, is co-

expressed with Gro/TLEs during osteogenesis where it is required for cell differentiation 

(Ducy et al., 1997; Komori et al., 1997; Otto et al., 1997; Inada et al., 1999; Kim, I. S. et 

al., 1999). For example, they inhibit Runx2-dependent induction of osteocalcin (Javed et 

al., 2000). Hes1, on the other hand, which binds to both Runx2 (McLarren et al., 2000) 

and Gro/TLE (Grbavec et al., 1996) is able to antagonize this interaction by competing for 

the same binding region (McLarren et al., 2000).  The third Runt domain protein, Runx1, 

interacts with human TLE1, thereby inhibiting the transactivation of hematopoetic 

lineage-specific genes (Imai et al., 1998; Levanon et al., 1998). However, additional 

Gro/TLEs play additional roles during hematopoiesis. TLE1 but also TLE2 and AES, for 

example, bind to PRDI-Blimp1 during B-cell development (Ren et al., 1999) and Grg4 

seems to mediate the repressive function of Pax5 in B-cell lineage commitment (Nutt et 

al., 1999; Eberhard et al., 2000). 

Besides the above mentioned developmental processes, Gro/TLEs also play a role in the 

formation of the eyes, the neural tube, the pituitary gland, the placenta and the 

intestines (reviewed by Gasperowicz et al., 2005). 

 

1.2.6 THE ROLE OF GRO/TLES IN DISEASES 

Due to its interaction with a vast number of transcription factors and other proteins 

(reviewed by Gasperowicz et al., 2005) and its involvement as downstream partner in 

several major signaling pathways (reviewed by Buscarlet et al., 2007; Cinnamon et al., 

2008b) it is not surprising that Gro/TLEs show altered expression levels in a number of 

different tumors. In many cases this is correlated with deregulated members of the Notch 

signaling pathway as found in grade I astrocytomas, several kinds of meningiomas, 

pituitary adenomas as well as in cervical and colonic carcinomas (reviewed by Buscarlet 

et al., 2007). On the other hand, decreased expression of the tumor suppressor-gene p53 

was associated with a deregulation in Gro-TLE/Pax5-mediated repression in human 

astrocytomas (Stuart et al., 1995). Whether tumors are caused by these correlations or if 

they are the consequence is not known. Nevertheless, that Gro/TLE possesses in vivo 

oncogenic capabilities was shown in adult mice. Misexpression of Grg1 induced lung 
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adenocarcinomas, which is consistent with the observation that in 20% of human lung 

adenocarcinomas TLE1 levels are elevated (Allen et al., 2006). 

As described in the previous chapter, human TLE1 is closely connected to hematopoiesis. 

Therefore, it is not surprising that TLE1 plays an essential role in several hematologic 

malignancies (Fraga et al., 2008). Fraga et al. found hypermethylated CpG islands around 

TLE1 transcription start sites in acute myeloid leukemia, non-Hodgkin’s lymphoma and 

chronic myeloid leukemia. Furthermore, elevated levels of TLE1 are associated with 

lymphomas (Shipp et al., 2002). Jan et al. speculated that TLE1 might protect lymphoma 

cells that lost their cell attachment from apoptosis. However, they also showed that TLE1 

overexpression inhibits the formation of a complex formed between Bit1 and AES which 

mediates this kind of apoptosis (Jan et al., 2004). 

 

1.2.7 TLE AND AES IN MEDAKA 

Whereas D. melanogaster and C. elegans each only contain a single Gro protein (Lindsley 

et al., 1968), the Gro/TLE family consists of four proteins in mammals, termed TLE 1-4 

in humans (Stifani et al., 1992) and Grg 1-4 in mice (Mallo et al., 1993; Koop et al., 1996; 

Leon et al., 1997). Six Tle proteins are found in medaka, where genome duplication 

events during evolution resulted in two proteins for Tle2 (Tle2a and Tle2b) and Tle3 

(Tle3a and Tle3b), respectively (Lopez-Rios et al., 2003; Aghaallaei et al., 2005). In the last 

decade their expression pattern and some of their roles in medaka embryonic 

development were analyzed (Lopez-Rios et al., 2003; Aghaallaei et al., 2005; Bajoghli et 

al., 2005; Bajoghli et al., 2007; Heimbucher et al., 2007): 

At early neurula, tle1 is expressed in the most anterior part of the embryo. From there it 

spreads into the anterior brain and the bulging optic vesicles where it largely overlaps 

with the expression of six3 and six6 (Lopez-Rios et al., 2003). Lopez-Rios et al. showed 

that tle1 overexpression results in an enlargement of the optic vesicles, accompanied by 

an expanded expression of eye marker genes, and bulging of the midbrain. At later 

stages, expression of tle1 is still found in the optic cups, parts of the diencephalon and in 

the hindbrain (Lopez-Rios et al., 2003), where it is particularly strong in the cells 

surround the otic vesicle (Aghaallaei et al., 2005). 

Aghaallaei et al. identified the two genes medaka paralogs for Gro/TLE2, tle2a and tle2b, 

which overlap only partially in their expression. While tle2b is already expressed in the 

embryonic body at late gastrulation, tle2a is first detected at stage 20 in the tail bud. 

During later stages tle2b can also be observed in the tail bud, however, its expression 

there decreases over time and becomes more noticeable in the anterior part of the embryo 

(from the diencephalon to the MHB region) the optic cups and the lens placode. In 

contrast, the expression of tle2a in the tail bud increases at later stages. However, the 

anterior expression is mainly observed the MHB and the diencephalon. Both genes are 

the only full-length medaka Gro/TLEs expressed substantially in the otic vesicles. The 

early expression of tle2b is already observed in the presumptive otic region, continuing in 

the preplacodal otic region and remaining in the medial region of the otic vesicle. tle2a on 

the other hand, is first seen at stage 26 in the ventral epithelium of the otic vesicle. 

Additionally, tle2b is expressed in the pectoral fin buds (Aghaallaei et al., 2005). 
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The early expression of tle3a and tle3b is relatively similar. They are first observed in the 

embryonic body and become then restricted to the CNS in the mid-hindbrain region 

(Lopez-Rios et al., 2003; Aghaallaei et al., 2005). While tle3b expression is most noticeable 

in the midbrain, especially at the MHB (Aghaallaei et al., 2005), tle3a spreads into the 

forebrain and the lens later on in development (Lopez-Rios et al., 2003). Even if initial 

weak expression of tle3b is observed in the developing eye, it is subsequently lost in later 

stages (Aghaallaei et al., 2005). Like tle2b, tle3b expression is also observed in the 

pectoral fin buds (Aghaallaei et al., 2005). 

Similar to tle2a, the onset of tle4 expression is relatively late. At first it overlaps with the 

stronger expression pattern of six3 in the neural retina and the optic stalk. Later on, it is 

restricted to the ventral diencephalon and the optic chiasm (Lopez-Rios et al., 2003). In 

contrast to Xenopus Gro/TLE4 which is expressed in the otic vesicles, medaka tle4 is not 

(Aghaallaei et al., 2005). Nevertheless, misexpression experiments at early gastrula stage 

resulted in their enlargement and the formation of ectopic vesicles. Additionally, in rare 

cases enlarged lenses or loss of eyes were observed (Bajoghli et al., 2005). 

Co-injection aes rescued the above described phenotype of tle4 and misexpression of aes 

alone during early gastrulation reduced the size of the otic vesicles about half (Bajoghli et 

al., 2005). However, like tle2a and tle2b, aes is expressed in the otic vesicles (Aghaallaei 

et al., 2005). Furthermore, Bajoghli at al. observed size reduction in the eyes (leading to a 

complete absence of the eyes in some cases) and the midbrain. Similar eye phenotypes 

for aes misexpression were initially described by López-Ríos et al. They also showed that 

aes overexpression could counteract six3 and six6 gain of function phenotypes (Lopez-

Rios et al., 2003). Bajoghli et al. also showed that both the eye and the ear phenotype are 

time dependent due to the fact that complete loss of structures was usually observed in 

early inductions (Bajoghli et al., 2005). Additionally, excess Aes could result in partial 

axis duplication and an altered orientation of the heart tube (Bajoghli et al., 2005; 

Bajoghli et al., 2007). Other visceral organs, such as the spleen, the gallbladder and the 

gut were also misplaced upon tle4 or aes induction (Bajoghli et al., 2007). In addition, the 

antagonistic effect of both genes was observed in the formation of the Kupffer’s vesicle. 

While excess Aes led to a strong size reduction, Tle4 caused the opposite effect (Bajoghli 

et al., 2007). 

 

1.3 TCF TRANSCRIPTION FACTORS 

T-cell factor (Tcf) and lymphoid enhancer factor (Lef) proteins are members of the HMG 

box-containing superfamily of transcription factors (van de Wetering et al., 1991). They 

are the main partner for β-catenin and the most distal players in Wnt signaling (Behrens 

et al., 1996; Arce et al., 2006). Therefore, they play an important role during 

embryogenesis in establishing the body plan (Brannon et al., 1997; Merrill et al., 2004),  

and in specifying cell fate and regulating cell proliferation (van Genderen et al., 1994; 

Merrill et al., 2001). 

Despite its myriad of different functions, the Tcf/Lef family is rather small. 

Transcriptional activation and repression is regulated by a single Tcf gene in non-

vertebrates (pangolin for Drosophila (Brunner et al., 1997) and POP-1 for the 
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Ceanorhabditis ortholog (Lin, R. et al., 1995)), whereas vertebrates possess four, more 

specialized and partly redundant, homologs: Tcf1 (Tcf7) (van de Wetering et al., 1991), 

Lef1 (Tcf7L3 or Tcf-1) (Waterman et al., 1991), Tcf3 (Tcf7L1) (Castrop et al., 1992), and 

Tcf4 (Tcf7L2) (Castrop et al., 1992). However, alternative splicing and promoters give rise 

to multiple isoforms which explain the differences in DNA-binding affinity and 

repression/activation potentials of the single Tcf/Lef proteins (reviewed by Mao et al., 

2011). Although Tcf3 is in general reported as a unique protein, recently alternative exon 

cassettes that regulate stem cell pluripotency and differentiation were found in mouse 

(Salomonis et al., 2010) and in zebrafish two different Tcf3 isoforms were identified (Kim, 

C. H. et al., 2000; Dorsky et al., 2003). 

 

 

Figure 10| Schematic structure of human Tcf/Lef proteins and their splice variants. All Tcf/Lef proteins 

contain the conserved -catenin binding domain (green), GBS (pink) and HMG domain (puple). Short Tcf1 and 

Lef1 splice variants have an alternative amino-terminal start, lacking the -catenin binding domain (green). A 
carboxy-terminal CtBP binding domain (yellow) is present in Tcf3 and the long Tcf4 isoforms. Short LVPQ 
(orange) and SxxSS (brown) motifs are found in Tcf3 and Tcf4. The long splice variants of Tcf1 and Tcf4 contain 

DNA stabilizing C-Clamps with CARF (blue) and RKKKCIRY (light green) motifs. Abbreviations: -cat, -catenin; 
HMG, high mobility group; CtBP, C-terminal binding protein; NLS, Nuclear localization signal; GBS, Groucho 
binding sequence; C-Clamp, cysteine clamp. 

 

In principle Tcf/Lef proteins contain an amino-terminal -catenin binding domain, 

followed by the Gro/TLE binding domain, the HMG domain and a carboxy-terminal end. 

However, alternative splicing in Tcf1 and Lef1 results in short forms that lack the amino-

terminal -catenin domain or parts of the Gro/TLE binding domain (reviewed by Mao et 

al., 2011) (Figure 10). Nervertheless, all four Tcf/Lef proteins, as well as their Drosophila 

and C. elegans orthologs, contain a groucho binding sequence (GBS), FS/TxxxI/L/V, 

which is similar to the eh1 motif (Arce et al., 2009). The HGM domain contains two 

conserved sequences. On one side the HGM box which recognizes specific sequences in 

the minor groove of the DNA. These so called Wnt response elements (WRE) contain a 

core element (YCTTTGWW with Y representing either G or C and W representing either A 

or T) (van Beest et al., 2000). Binding of Tcf/Lef to WREs causes a bend of the DNA up to 

130° away from the protein (Giese et al., 1992). The second sequence of the HGM domain 

is an NLS which is separated from the HMG box by a nine residue linker sequence (Figure 

10). Bending of the DNA places this region underneath the major groove where it 



INTRODUCTION 

21 

interacts with the phosphate backbone and enhances the binding affinity of Tcf/Lef (Love 

et al., 1995). The carboxy-terminus is the most divergent region of Tcf/Lef proteins. In 

long proteins Tcf3 and Tcf4 isoform a CtBP binding domain is located at the most 

carboxy-terminal end (Figure 10) (reviewed by Mao et al., 2011). Experiments in Xenopus 

showed that removal of this region was sufficient to turn Tcf3 from a repressor into a 

strong transcriptional activator (Gradl et al., 2002). Tcf1, on the other hand contains 

instead a cysteine clamp (c-clamp) which is also found in Tcf4 in addition to the CtBP 

domain (Figure 10) (reviewed by Mao et al., 2011). C-clamps bind to GC-rich sequences 

adjacent to the WRE which stabilizes the Tcf/Lef-DNA complex (Atcha et al., 2007).  

 

1.3.1 TCF3 

Tcf/Lef proteins show differences in function due to the large number of isoforms. While 

Tcf1 and Tcf4 play a role in both activation and repression, Lef1 shows primarily 

activator abilities (Kengaku et al., 1998). Tcf3, on the other hand, seems to function 

exclusively as a repressor (Houston et al., 2002). For example, Tcf3 knockout experiments 

in mice resulted in gastrulation defects that resemble ectopic Wnt expression, followed by 

anterior-posterior axis duplication, abundant neuroectodermal cells and defective neural 

patterning at later stages (Merrill et al., 2004). Furthermore, Tcf3 seems to be a negative 

regulator of pluripotency. Under standard conditions embryonic stem (ES) cells remain in 

a balanced state between pluripotency and differentiation, due to high levels of Tcf3 and 

only low Wnt pathway activation. If either Tcf3 is knocked down or Wnt overexpressed, 

the balance will tip towards pluripotency because the ES cells do not undergo efficient 

differentiation anymore (Pereira et al., 2006; Cole et al., 2008). 

In zebrafish two Tcf3 isoforms were identified, headless (hdl)/ztcf3 (Kim, C. H. et al., 

2000) and ztcf3b (Dorsky et al., 2003), both acting as repressors. Whereas hdl is broadly 

expressed in the epiblast during shield stage, tcf3b shows only weak expression. In late 

gastrula, both genes are expressed in the rostral neuroectoderm. The expression then 

spreads throughout the brain. However, the expression pattern of tcf3b is interrupted at 

the MHB (Dorsky et al., 2003). In zebrafish hdl mutants forebrain development is 

disturbed, while the expression of characteristic MHB genes is expanded (Kim, C. H. et 

al., 2000). Both tcf3b overexpression and Wnt signalling are able to rescue this 

phenotype. Zebrafish embryos with a knock down of the hdl gene developed an eye-less 

phenotype, whereas knock down of tcf3b resulted in smaller heads but with otherwise 

normal brain patterning. Knock down of tcf3b in hdl mutants, however, led to further 

caudalization (Dorsky et al., 2003). In contrast to zebrafish, the medaka genome contains 

only a single tcf3 gene (Wang, D. et al., 2011). However, except for the sequence, little is 

known about medaka tcf3. 

 

1.3.2 THE WNT/β-CATENIN PATHWAY, TCF/LEF AND GRO/TLE 

Tcf/Lef proteins are the most downstream components of the Wnt/-catenin pathway. 

Wnt genes encode secretory glycoproteins that are crucial for many developmental and 

homeostatic processes in animals (reviewed by Logan et al., 2004). The name “Wnt” 
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derives from a combination of two genes. In 1982, Nusse et al. identified an oncogene in 

mouse mammary tumors, which they called Int1 (Nusse et al., 1982; van Ooyen et al., 

1984). The second gene is the Drosophila homologe wingless (wg), which controls 

segment polarity during larval development (Sharma et al., 1976; Baker, 1987). Due to 

their similarity in sequence, both names were combined and Int1 was renamed to Wnt1 

(Rijsewijk et al., 1987). Since then, conserved members of the Wnt family were identified 

in all metazoan animals. In mammals, for example, 19 Wnt genes are known (reviewed by 

MacDonald et al., 2009). 

Currently, three different Wnt signaling pathways are known: the canonical Wnt/β-

catenin pathway, the non-canonical or planar cell polarity pathway (PCP), and the 

Wnt/Ca2+ pathway (reviewed by Croce et al., 2008). Out of these three, the first pathway 

is the best known and the one where β-catenin and Tcf are major downstream 

components (Figure 11) (Behrens et al., 1996; Arce et al., 2006).  

In the absence of Wnt ligand (Figure 11), cytosolic β-catenin is constantly phosphorylated 

by a so called degradation complex, which is composed of the scaffolding protein Axin, 

the tumor suppressor adenomatous polyposis coli gene product (APC), Casein kinase 1α 

(CK1α), and Glycogen synthase kinase 3β (GSK3-β) (Aberle et al., 1997; Behrens et al., 

1998; Kishida et al., 1998; Liu et al., 2002; Kimelman et al., 2006). This phosphorylation 

creates binding sites for the E3 ubiqitine ligase F-box/WD repeat-containing protein β-

TrCP (-Transducin repeat containing protein), which in turn leads to ubiquination and 

proteosomal degradation of β-catenin (reviewed by Cadigan et al., 2009; MacDonald et al., 

2009; Kim, W. et al., 2013; Stamos et al., 2013). The role of APC in this complex has been 

enigmatic and several functions have been suggested. It protects β-catenin from 

dephosphorylation, which in turn enhances β-catenin phosphorylation and degradation 

(Su et al., 2008). On the other hand, APC and Axin use the same binding interface, which 

led to the conclusion, that APC removes phosphorylated β-catenin from Axin, thereby 

making Axin available for another round of β-catenin phosphorylation (Xing et al., 2003). 

Additionally, APC promotes Axin degradation, which could be a mechanism to buffer β-

catenin fluctuations at varying APC levels (Takacs et al., 2008). APC facilitates β-catenin 

nuclear export (reviewed by Henderson et al., 2002) and acts as chromatin-associated 

suppressor for β-catenin target genes (Sierra et al., 2006). 

As long as -catenin is degraded, the Q-domain of Gro/TLE proteins bind to the central 

domain of Tcf/Lef (Roose et al., 1998; Brantjes et al., 2001; Daniels et al., 2005; Arce et 

al., 2009). Two interaction domains were identified within the Gro/TLE binding domain. 

The short GBS (Figure 10), and a second region within the highly conserved HGM box. 

Whether this interaction is mediated by a single Gro/TLE tetramer or results from higher 

order complexes is yet not known (Arce et al., 2009). Once the Wnt/ β-catenin pathway is 

activated (Figure 11B), β-catenin is no longer phosphorylated and free to translocate to the 

nucleus (reviewed by Cadigan et al., 2009; MacDonald et al., 2009; Kim, W. et al., 2013; 

Stamos et al., 2013). There it binds to the amino-terminal -catenin domain of Tcf/Lef. In 

principle, the -catenin and the Gro/TLE binding domains are not located in close 

vicinity. Nevertheless it seems that both proteins compete for an overlapping binding 

domain in the central region of Lef1 (Daniels et al., 2005) and cannot be present on the 

chromatin simultaneously (Sierra et al., 2006). 

 



INTRODUCTION 

23 

 

Figure 11| The canonical Wnt/-catenin signaling pathway. (A) In the absence of Wnt, -catenin is 

phosphorylated by the degradation complex (Axin, GSK3, CK1, APC). Phosphorylated -catenin interacts with 

-TrCP, leading to its ubiquitination and proteosomal degration. This enables binding of Gro/TLE to Tcf/Lef and 
the repression of Wnt target gene expression. (B) Activation of the Wnt signaling pathway protects -catenin 

from degradation. It translocates to the nucleus where it displaces Gro/TLE from Tcf/Lef. Abbreviations: APC, 

adenomatous polyposis coli; CK1, Casein kinase 1α (CK1α); Dvl, Dishevelled; GSK3, Glycogen synthase kinase 
3β; LRP, lipoprotein receptor-related protein; β-TrCP, β-Transducin repeat containing protein; WRE, Wnt 
response elements. 
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2 MATERIALS AND METHODS 

2.1 MATERIALS 

2.1.1 LABORATORY EQUIPMENT 

Equipment Company 

VacuSafe pump Integra 

AlphaImager ® Cell Biosciences 

Centrifuge Eppendorf 

Cooling centrifuge Eppendorf 

Electrode WTW 

Glass pipettes 10 + 5 ml Roth 

Heating block Eppendorf 

Laminar Flow Hood danLAF VFB 1206 GS Heraeus 

Horizontal needle puller Sutter Instruments 

Incubator 27°C MEMMERT 

Incubator 37°C Sanyo 

Injector Eppendorf 

Inkubator 17°C Binder 

Luminoskan Ascent ®  Thermo Scientific 

Magnetic stirrer VWR 

Neubauer counting chamber Roth 

pH meter Hanna 

Pipetten Labmate 

Pistill Roth 

Quarz cuvette Hellma 

Shaker VWR 

Waterbath Grant 

Table 1| List of consumables and companies they were purchased from. 

 

2.1.2 CONSUMABLES 

Consumable Company 

1.5 ml tubes Sarstedt 

1.5 ml tubes with screw caps Sarstedt 

1-20 µl filter tips Greiner 

1-20 µl tips Greiner 
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Consumable Company 

2 ml tubes Sarstedt 

200 - 1000 µl filter tips Greiner 

200-1000 µl tips Greiner 

20-200 µl filter tips Greiner 

20-200 µl tips Sarstedt 

6-well plates PAA 

96-well plates PAA 

Borosilicate glass capillaries Clark Electromedical Instruments 

Cell culture flask 75 cm2  PAA 

CO2 Air Liquid 

Culture dishes 10 cm Greiner 

Culture dishes 3.5 cm Greiner 

Falcons 15 ml Sarstedt 

Falcons 50 ml Sarstedt 

Filtropur S 0.2 µM Sarstedt 

Gene Pulser® disposable Cuvettes, 0.4 cm gap width BioRad 

Glasware Schott 

Gloves, nitril Hygiene Products 

Inoculating loops Roth 

Microloader Eppendorf 

Pasteur pipettes, glass 240 cm Roth 

Pasteur pipettes, plastic 3 ml small tip Sarstedt 

Pasteur pipettes, plastic 3ml Roth 

PCR caps, 8-strips Sarstedt 

PCR tubes, 8-strips Sarstedt 

Syringes 3 ml Roth 

Tweezers Roth 

Table 2| List of consumables and companies they were purchased from. 

 

2.1.3 CHEMICALS AND REAGENTS 

Reagent Name Company 

Agar-agar  Roth 

Agarose  Biozym 

BCIP 5-bromo-4-chloro-3-indolyl phosphate, p-toluidine 

salt 

Fermentas 

Boric acid  Roth 

Bromphenol blue  Sigma 

Coelenterazine  Synchen 

OHG 

DCTA Titreplex IV Merck 

DEPC Diethylpyrocarbonate Roth 

DMEM high  PAA 
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Reagent Name Company 

glucose 

DMF N,N-Dimethylformamide Roth 

EDTA Ethylenediaminetetraacetic acid Roth 

EtBr Ethidiumbromide Roth 

Ethanol  Roth 

Ficoll  Sigma 

FITC Dextran  Sigma 

Formamide  Roth 

Glycerin 86%  Roth 

Glycin  Roth 

HCl Hydrogen chloride Roth 

Heparin  Sigma 

HEPES  Roth 

IPTG Isopropyl β-D-1-thiogalactopyranoside Fermentas 

KCl Potassium chloride Roth 

KH2PO4 Potassium dihydrogen phosphate Roth 

LiCl Lithium chloride Sigma 

Luciferin  Synchen 

OHG 
Methanol  Roth 

MgCl2 Magnesium chloride Roth 

MgSO4 Magnesium sulfate Roth 

Na2HPO4 Disodium hydrogen phosphate Roth 

NaCl Sodium chloride Roth 

NaHCO3 Sodium bicarbonate Roth 

NaOH Sodium hydroxide Roth 

NBT Nitro blue tetrazolium Fermentas 

PEG 6000 Polyethylene glycol Roth 

PEI Polyethyleneimine Sigma 

Pepton  Roth 

PFA Paraformaldehyde Roth 

RNA (torula yeast)  Sigma 

SDS  Roth 

sheep serum  Sigma 

Tris  Roth 

Trypsin  PAA 

TurboFect  Fermentas 

Tween20  Roth 

X-gal 5-bromo-4-chloro-indolyl-β-D-galactopyranoside Fermentas 

Yeast exctract  Roth 

Table 3| List of chemicals and companies they were purchased from. 
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2.1.4 BUFFERS AND SOLUTIONS 

Buffers and solutions that are not otherwise mentioned in the chapter “Methods” and 

used in several methods and various concentrations. 

 

10x PBS:1.37 M NaCl; 27 mM KCl; 43 mM Na2HPO4; 14 mM KH2PO4; pH 7.4 

PTW: PBS dilution + 0.1% tween20 

20x SSC: 3 M NaCl; 0.3 M trisodium citrate; pH 7 

SSCT: SSC dilution + 0.1% tween20 

10x ERM: 170 mM NaCl; 4mM KCl; 270 mM CaCl2 x 2H2O; 65 mM MgSO4 x 7H2O;  

pH 7.0 

10x Yamamoto’s: 1.28 M NaCl; 27 mM KCl; 14 mM CaCl2; 2.4 mM NaHCO3; pH 7.3 

NBT: 50 mg/ml in 100% DMF 

BCIP: 75 mg/ml in 70% DMF/DEPC-H2O 

16% PFA: 16% PFA in 1x PTW; pH 7.5 

LB agar: for 500 ml: 7.5 g agar-agar 

 

2.1.5 ENZYMES 

Enzyme Company 

Proteinase K Fermentas 

T4 DNA ligase Fermentas 

T7 polymerase Fermentas 

T3 polymerase Fermentas 

SP6 polymerase Fermentas 

Phusion polymerase Finnzymes 

Taq polymerase Apogene 

RNase inhibitor Fermentas 

DNase I Fermentas 

I-Sce I Meganuclease New England Biolabs 

FastAP Thermosensitive Alkaline Phosphastase  Fermentas 

Restriction enzymes Fermentas 

Table 4| List of enzymes. 

 

  



MATERIALS AND METHODS 

29 

2.1.6 ANTIBIOTICS 

Penicillin/Streptomycin (PAA) 

Ampicillin (Roth) 

 

2.1.7 OLIGONUCLEOTIDES 

Name Sequence 5'-3' 

Morpholinos: 
 

 
Tcf3 GCATGTTTGCACACCAGTCGATCAG 

 
Tle1 CGCGTCTTGTCCTGAAACCCCGCTA 

 
Tle 2b GGCAGTGCGTCCTCGTGGCTCTTTC 

 
Tle 3b CGGCCTTGTGGATACATGTCTCGTC 

   
PCR primers: 

 

 
Tcf3 Fw CGGATCCATGGCTCAACTGAACGGAGGC 

 
Tcf3 Rev CGAAGACGGCTGGACATGGATGCATTCA 

 
WRPW Fw CGCGTGACTCCGTGTGGAGGCCGTGGTA 

 
WRPW Rev AGCTTACCACGGCCTCCACACGGAGTCA 

 Gbx1 Fw TTAGAAAATACAGCCACAA 

 Gbx1 Rev TCACTGTAAAAAGTACCTG 

   
Sequencing primers: 

 

 
SP6 GGATTTAGGTGACACTATAG 

 
T7 TAATACGACTCACTATAGGG 

  pMC TCCATTCGGGTGTTCTT 

Table 5| Oligonucleotides and their sequences. 

 

2.1.8 PLASMIDS 

For cell culture experiments pMC (Fink et al., 2006) and pKC (polylinker modification of 

pKW) (Adams et al., 1992) were used (both vectors contain cytomegalovirus promoters). 

DNA constructs for microinjection were under the control of a bi-directional heat-

inducible promoter (Bajoghli et al., 2004). pLucF24ZF; luciferase reporter under the 

control of a Fos minimal promoter and 24 zinc finger binding sites. The resulting vectors 

were analysed by restriction enzyme digestion. Insert orientation was verified by 

sequencing. 
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Plasmid Vector Insert 

pLucF24ZF pLucF 24 zinc-finger binding sites 

pKC Aes pKC Medaka Aes 

pMC hSix3(85-203)mZFb6 pMC Human Six3 domain myc-linked to a zinc-

finger; base (acid-base interaction) 

pMC Tle1VP16 pMC Medaka Tle1; herpes simplex virus VP16 

domain  

pMC Grg4VP16 pMC Mouse Grg4; herpes simplex virus VP16 

domain 

pMC amVP16 pMC Herpes simplex virus VP16 domain; myc-linked 

acid (acid-base interaction) 

pSGH3 Tle1 pSGH3 Medaka Tle1 

pSGH3 Tle1 R534A pSGH3 Mutated medaka Tle1 

pSGH3 WRPW pSGH3 WRPW motif 

pSGH3 Aes ATG pSGH3 Mouse Aes 

pSGH3 Tle 4 pSGH3 Mouse Tle4 

pSGH3 Tle 4 Q pSGH3 Mouse Tle4 Q domain 

pSGH3 Tle Q2 pSGH3 2x Q domain 

pSGH3 Tle Q3 pSGH3 3x Q domain 

pSGH3 Tle Q4 pSGH3 4x Q domain 

pSGH3 Tle 4 D494C pSGH3 C-terminally truncated Mouse Tle4 

pSGH3 Tle 4 WD40 pSGH3 Mouse Tle4 WD40 repeat domain 

pSGH3 Tcf3 pSGH3 Xenopus Tcf3 

pSGH3 Tcf3 Gro pSGH3 Xenopus Tcf3 lacking the groucho binding 

domain 

pSGH3 Tcf3 (1-434) pSGH3 Xenopus Tcf3 lacking the CtBP domain 

pSGH3 Tcf3 (1-434)Gro pSGH3 Xenopus Tcf3 lacking the CtBP domain and the 

groucho binding domain 

Table 6| Vectors and inserts. 

 

 Plasmid/Vector Origin 

 pGEM® T Easy Promega 

 pMC (Fink et al., 2006) 

 pKC (Adams et al., 1992) 

1) pLucF24ZF Sub-clone: pLucF 12ZF and pLucF 12ZF 

1) pKC Aes Sub-clone: pKW2TGrg5 

1) pMC hSix3(85-203)mZFb6 Sub-clone: pGemT hSix3(85-203) 

1) pMC Tle1VP16 Sub-clone: pMC ZFVP16 and pMC maFK 

1) pMC Grg4VP16 Sub-clone: pMC Grg4 and pMC ZFVP16 

1) pMC amVP16 Sub-clone:  pMC VP16 and pGemT Tle1 

 pSGH3  Modified from (Bajoghli et al., 2004) 

2) pSGH3 Tle1 Sub-clone (Aghaallaei et al., 2005) 

2) pSGH3 Tle1 R534A Sub-clone provided by Stefano Stifani 

2) pSGH3 WRPW PCR amplified, medaka embryonic cDNA 

2) pSGH3 Aes ATG Sub-clone (Aghaallaei et al., 2005) 
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 Plasmid/Vector Origin 

 pSGH3 Tle 4 Sub-clone (Bajoghli et al., 2005) 

2) pSGH3 Tle 4 Q Sub-clone (Heimbucher et al., 2007) 

2) pSGH3 Tle Q2 Sub-clone: pMC (Qg)2maFK 

2) pSGH3 Tle Q3 Sub-clone: pMC (Qg)3maFK 

2) pSGH3 Tle Q4 Sub-clone: pMC (Qg)4maFK 

2) pSGH3 Tle 4 D494C Sub-clone (Heimbucher et al., 2007) 

2) pSGH3 Tle 4 WD40 Sub-clone (Heimbucher et al., 2007) 

2) pSGH3 Tcf3 Sub-clone: pHA XTcf3 

2) pSGH3 Tcf3 Gro Sub-clone: pHA XTcf3 

2) pSGH3 Tcf3 (1-434) Sub-clone: pHA XTcf3 

2) pSGH3 Tcf3 (1-434)Gro Sub-clone: pHA XTcf3 

3) pGemT OlTcf3C PCR amplified, medaka embryonic cDNA 

3) pGemT Gbx1 PCR amplified, medaka embryonic cDNA 

3) pOL Pax6 Partial medaka Pax6 cDNA provided by Felix 

Loosli and Jochen Wittbrodt 
3) pOl Pax2-20 Medaka Pax2 cDNA provided by Reinhard 

Koester and Jochen Wittbrodt 
3) pOl goosecoid Medaka goosecoid cDNA provided by Keiji 

Inohaya and Jochen Wittbrodt 
3) pOl Rx2 Medaka Rx2 cDNA provided by Jochen 

Wittbrodt 
3) pCG OlBf1 Partial medaka Bf1 cDNA provided by 

Clemens Grabher and Jochen Wittbrodt 
3) pOl Wnt1 Medaka Wnt1 cDNA provided by Mathias Carl 

and Jochen Wittbrodt 
3) pOl Six3 Medaka Six3 cDNA provided by Jochen 

Wittbrodt 
3) pOl Otx2 Medaka Otx2 cDNA provided by Felix Loosli 

and Jochen Wittbrodt 

Table 7| Plasmids and their origin. 1) used for cell culture experiments; 2) used for microinjection, 3) used for 
in situ hybridization. All plasmids are commonly used in the laboratory. PCR amplified vectors were prepared 

with the indicated primers. 

 

2.1.9 CELL LINES 

For all cell culture experiments, the human epithelial cervix adenocarcinoma cell line 

(HeLa), ATCC name: CCL-2, was used. Cells were grown in DMEM high glucose medium 

supplemented with 10% FCS and 1x penicillin/streptomycin (100 U/ml) in a humidified 

atmosphere and the standard conditions of 37°C and 5% CO2. The cells were propagated 

twice a week with an average sub-culturing rate of 1/10. For cell detachment, 1x trypsin 

was used. 
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2.1.11 MEDAKA STOCKS 

Wild type medaka from the Cab strain and the transgenic lines were kept under an 

artificial 14/10 hours day/night light cycle. For optimal egg-laying efficiencies, the fish 

were fed 3x per day (2x with commercially available fish flakes and 1x with newly 

hatched brine shrimp). Male and female fish (1 male and 3 females) were only separated 

when embryos at the 1-cell stage were needed. 

 

2.1.12 SOFTWARE 

Name Company/Developer 

AxioVision Carl Zeiss Microscopy 

CorelDraw Graphics Suite X6 Corel 

EndNote X5 Thomson Reuters 

ImageJ Wayne Rasband (NIH) 

Microsoft Office 2010 Microsoft 

VectorNTI Advance10 Invitrogen 

Table 8| Software and its origin/developer. 

 

2.2 METHODS 

2.2.1 DNA AND RNA METHODS 

Polymerase chain reaction (PCR) 

For a PCR from plasmid DNA or medaka cDNA the following components were mixed in a 

PCR tube and kept on ice until amplification: 

 

 

 

 

 

PCR reactions were performed in standard PCR cyclers with heated lids. The number of 

cycles varied depending on the template. For plasmid DNA 25 cycles were used, for 

medaka cDNA usually a higher number of cycles were required. 

  

10 ng DNA 

25 pmol forward primer 

25 pmol reverse primer 

1 µl dNTPs (10 mM) 

0.5-1 U Phusion polymerase 

10 µl 5x HF buffer 

ad 50 µl with autoclaved dH2O 
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98°C 98°C 
       

30 sec 10 sec 

  

      

        

    
72°C 72°C 

  

     

15 
sec/kb 

5 min 

  

 

  
55°C 

   

   
30 sec 

    

 
          

  

 25 cycles for plasmid DNA and 35 cycles 
for genomic DNA or cDNA 

  

  
4°C 

        
∞ 

 

Figure 12| Standard PCR program using Phusion polymerase. 

 

DNA/RNA gel electrophoresis 

DNA and RNA were visualized by agarose gel electrophoresis. For separation of the 

fragments agarose gels (Biozym LE Agarose, Biozym), with different percentages (0.5%, 

1%, or 2%) of agarose depending on the size of the fragment, were prepared in SB 

running buffer (2 M NaOH; 7.3 M boric acid). To visualize DNA or RNA under ultraviolet 

light, 0.01% ethidium bromide was added to the gel prior casting. The samples were 

mixed with 5x loading buffer (20% Ficoll 400; 0.1 M EDTA; 1% SDS; 0.1% bromphenol 

blue; pH 8.0) (final concentration is 1x), loaded into the wells, and the gels were run at 

120 V in 1x SB running buffer. As size standards the O’Gene Ruler 100 bp ladder 

(Fermentas) mixed with λ BstEII (Fermentas) was used for DNA separation and the Ribo 

Ruler High Range Ladder 200 to 6,000 bases (Fermentas) for RNA separation. 

 

DNA gel purification 

To extract and purify DNA fragments from 1% agarose gels, the Invisorb® Spin DNA 

Extraction Kit (Invitek) was used. All centrifugation steps were carried out in a bench-top 

centrifuge. After every spinning step the centrifuge was discarded, except after elution. 

DNA fragments were excised from the gel with a clean scalpel and 500 µl Gel Solubilizer S 

were added. To enhance dissolving, the gel pieces were incubated at 50°C for 10 minutes 

while shaking and additionally mixed several times.  Before adding the samples to the 

spin columns, 250 µl Binding Enhancer were added. The columns were centrifuged for 1 

minute at 10,000 rpm and washed twice with 500 µl Wash Buffer, using the same 

spinning conditions. To remove all traces of ethanol from the Washing Buffer, an 

additional centrifugation step was carried out at maximum speed (~ 13,400 rpm) for 4 

minutes. For elution, the spin columns were placed into a sterile 1.5 ml tube, 10 µl H2O, 

pre-warmed to 70°C, were added and the samples were spun for 1 minute at maximum 

speed. Another 10 µl H2O were added and centrifugation was repeated. The purified DNA 

was kept at -20°C until further use. 
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Calf intestinal phosphatase (CIP) dephosphorylation 

CIP dephosphorylation was used for plasmid DNA after restriction enzyme digest to 

prevent recirculating of the cut ends during the ligation step. 

The linearized plasmid DNA was incubated for 10 minutes at 37°C with 1 µl FastAP 

Thermosensitive Alkaline Phosphastase. The reaction was stopped by adding 1µl 0.5 M 

EDTA and 20 minutes incubation at 80°C. To purify the DNA, 100 µl Binding Enhancer 

were added and the samples were applied to the spin columns of the Invisorb® Spin DNA 

Extraction Kit (Invitek). Further purification was performed as described in the chapter 

“DNA gel purification” and reviewed on an agarose gel. 

 

A-tailing 

For further cloning into a pGEM® T-Easy (Promega) vector a 3’-terminal A-overhang was 

amplified: 

 

 

 

 

The 3’-terminal A-overhang was amplified in a standard PCR cycler with heated lid for 20 

minutes at 72°C. 

 

Ligation 

Ligation with pGEM® T-Easy was performed according to the Promega Technical Manual 

“pGEM®-T and pGEM®-T Easy Vector Systems” using a modified reaction mix: 

 

 

 

 

 

Ligation was performed at room temperature overnight. If a shorter incubation time was 

necessary, the ligase had to be inactivated for 20 minutes at 65°C. 

 

Transformation 

To 100 µl TOP10F’ cells (Invitrogen), thawed on ice, the whole ligation reaction was added 

and gently mixed by tapping the tube. The cell were incubated on ice for 10 minutes, 

heat-shocked for 90 sec at 42°C and immediately chilled on ice for 2 minutes. 1 ml LB 

broth (1% bacto trypton, 0.5% yeast extract, 0.5% NaCl, 1 ml 5 M NaOH) was added and 

the tubes were incubated at 37°C for 30 minutes while shaking. Subsequently, the cells 

6 µl purified DNA 

1 µl Buffer (-MgSO4) 

2 µl dATP (0.1 µM) 

0.5 µl MgSO4 

0.5 µl Taq polymerase 

ad 10 µl with autoclaved dH2O 

x µl Insert (3:1 insert:vector molar ratio) 

50 ng pGEM® T-Easy vector 

1 µl T4 DNA Ligase 

1 µl T4 DNA Ligase buffer 

ad 10 µl with autoclaved dH2O 
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were centrifuged for 4 minutes at 5,000 rpm and the supernatant was discarded. The 

pellet was resuspended with the remaining supernatant and spread on a pre-warmed LB-

Ampicillin agar plate which was then incubated over night at 37°C. 

For blue/white screening 10 µl IPTG (1 M) and 10 µl X-gal (20 mg/ml DMF) were added 

prior plating. 

 

Mini-preparation of plasmid DNA 

For a standard mini-preparation 2 ml of LB Broth containing 0.1% ampicillin were 

inoculated with a single colony of transformed bacteria. The culture was incubated 

overnight at 37°C with vigorous shaking. All centrifugation steps were carried out in a 

bench-top centrifuge. 

The culture was transferred to a 2 ml tube and centrifuged for 2 minutes at 6,000 rpm. 

The bacterial pellet was resuspended in 100 µl buffer P1 (50 mM Tris, 10 mM EDTA, 100 

μg/ml RNase A) and lysis was performed for 5 minutes with 200 µl lysis buffer P2 (0.2 M 

NaOH, 1 % SDS). To pellet cell debris, 200 µl neutralization buffer P3 (3 M KAc, 11.5 % 

Glacial acetic acid) were added and the mix was centrifuged for 20 minutes at full speed. 

The supernatant was transferred to a new 2 ml tube and the DNA was precipitated in 0.5 

ml 24% PEG for 15 minutes at 37°C with shaking and centrifuged for 15 minutes at 4°C 

with max. speed. Washing was performed in 500 µl 70% ethanol, followed by a 5 minutes 

centrifugation step at full speed. The air-dried pellet was resuspended in 20 µl dH2O and 

the DNA was controlled by agarose gel electrophoresis. 

 

Midi-preparation of plasmid DNA 

For a standard midi-preparation 75 ml of LB broth containing 0.1% ampicillin were 

inoculated with a single colony of transformed bacteria or 10 µl of mini-preparation 

culture. The culture was incubated overnight at 37°C with vigorous shaking. For DNA 

extraction 50 ml of the bacterial culture were centrifuged 6 minutes at 4,000 g and 

processed using the JETSTAR 2.0 Midi Kit (Genomed). All steps were carried out 

according to the manufacturers’ protocol except for cell lysis and washing steps, where 

only half of the recommended volume was used. The concentration of the DNA was 

quantified by OD260 measurement and the DNA quality was controlled with a restriction 

enzyme digest and agarose gel electrophoresis. 

 

RNA probe synthesis for in situ hybridization 

For the in vitro transcription plasmid DNA was linearized with an enzyme that generates 

a 5’ overhang for 2 hours at 37°C: 

 

 

 

10-15 µg Plasmid DNA 

10 µl Enzyme buffer 

5 µl Enzyme 

ad 100 µl with DEPC-H2O 
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To clean up the digestion mix, the Invisorb® Spin DNA Extraction Kit (Invitek) was used 

as described before except for the amount of Binding Enhancer used, 400 µl in this case, 

and elution was carried out with DEPC-H2O. The linearized DNA was controlled and 

quantified with agarose gel electrophoresis. 

Depending on the construct orientation in the plasmid, T3, T7 or SP6 polymerase were 

used for the in vitro transcription. 

 

In vitro transcription reaction mix:  rNTP-Dig-mix for 1 reaction: 

1 µg Linearized DNA  2 µl 10 mM rATP 

4 µl 5x transcription buffer   2 µl 10 mM rCTP  

8 µl rNTP-Dig-mix  2 µl 10 mM rGTP  

0.1 µl RNAse inhibitor   1.3 µl 10 mM rUTP  

1 µl RNA polymerase   0.7 µl Dig-rUTP  

ad 20 µl with DEPC-H2O  8 µl  

 

In vitro transcription was performed for 2 hours at 37°C. Remaining DNA was removed 

by adding 2 µl DNAse I and another 15 minutes incubation at 37°C and DNAse activity 

was stopped with 1 µl 0.5 M EDTA pH 8. The RNA was precipitated with 2.5 µl 4 M LiCl 

and 75 µl ethanol for 30 minutes at -80°C and centrifuged 30 minutes at 4°C and 14,000 

rpm. The pellet was washed with 100 µl 70% ethanol/DEPC-H2O and centrifugation was 

repeated. The resulting pellet was resuspended in 20 µl DEPC-H2O and controlled and 

quantified with agarose gel electrophoresis. 

 

2.2.2 PROTEIN METHODS 

Antibody pre-adsorbtion for in situ hybridization 

For antibody pre-adsorbtion, wild type embryos shortly prior hatching were fixed as 

described before. Dechorionation is not necessary in this case. Approximately 200 µl 

embryos were stored at -20°C for at least 24 hours. 

The embryos were rehydrated by washing them 3x 5 minutes in 1x PTW and then 

homogenized with a pestle and the volume was adjusted to 200 µl with 1x PTW. 2 µl Anti-

Digoxigenin-AP Fab fragments (Roche) (final antibody dilution 1:100) were added and the 

solution was incubated over night at 4°C on a shaker. 

The pre-adsorbed antibody was spun for 10 minutes at 4°C and 14,000 rpm and the 

supernatant was sterile filtered using a Filtropur S 0.2 (Sarstedt) filter. The embryonic 

debris was resuspended in 1x PTW and spun with the same conditions as described 

before and filtered again. The two antibody solutions were combined and the volume was 

adjusted to 4 ml with 1x PTW (final dilution 1:2,000). Stored at 4°C the pre-adsorbed 

antibody was stable for 3-4 months. 
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Dual luciferase assay 

For luciferase measurement, the cells in each well of the 96-well plate were first washed 

with 40 µl 1x PBS and then lysed in 25 µl lysis buffer (0.1 M Tris pH 7.5; 1% Triton X) for 

10 minutes and vigorous shaking. Firefly and Gaussia luciferase were detected using the 

Luminoskan Ascent® (Thermo Scientific) luminometer. 

 

Firefly luciferase substrate solution for one 96-well plate: 

50 µl 10 mM Luciferin 

62.5 µl 0.2 M ATP  

31.25 µl 1 M Tris pH 7.5 

46.88 µl 1 M MgCl2  

4.8 ml dH2O  

 

 
Gaussia luciferase substrate solution for one 96-well plate: 

3.125 µl Coelentherazine 

25 µl 0.5 M EDTA  

31.25 µl 1 M Tris pH 7.5 

4.9 ml dH2O 

   

 

2.2.3 CELL CULTURE METHODS 

Coating 

96-well plates were coated with 50µl PEI (2.5 µg/ml; pH 7.4 adjusted with 5 mM HEPES) 

per well. The plates were incubated for at least 30 minutes at 37°C and subsequently 

washed with 50 µl 1x PBS per well. The plates were kept at 4°C for at least 15 minutes or 

until further use, but not longer than one week. 

 

Transfection 

For transfection, 0.3 x 104 cells per well were seeded in 100 µl DMEM high glucose 

medium supplemented with 10% FCS and 1x Penicillin/Streptomycin in 

polyethylenimine coated 96-well plate and incubated for 24 hours. DNA mixes (see 

below), containing approximately 90 ng of DNA per well, were incubated with 0.14 µl 

TurboFect Transfection Reagent per well for 30 minutes at room temperature. 40 µl of 

transfection mix were added to each well and the plate was incubated for 2 hours at 

standard conditions. To stop the reaction, 100 µl DMEM high glucose medium containing 

supplements were added to the cells. Luciferase was measured after 24 hours incubation 

at standard conditions.  



MATERIALS AND METHODS 

38 

  
Control Tle4 vs. Aes Tle1 vs. Aes 

Reporter 70 ng pLucF 24ZF 

Internal control 2 ng pMCGlucS 

Bait 20 ng pMC hSix3 (85-203)mZFb6 

Pray 20 ng pMC am VP16 pMC Grg4 VP16 pMC Tle1 VP16 

Repressor 0-20 ng pKC Aes 
Table 9| Transfection mix for 2-hybrid transfection. 

 

2.2.4 FISH METHODS 

Fixation and dechorionation of medaka embryos 

Medaka embryos were fixed in 4% paraformaldehyde (PFA) in 2x PTW at 4°C overnight or 

at least 4 hours at RT on a shaker. Instead of 2x PTW, 1x PTW can be used for fixation. 

This avoids deformation of the yolk but makes chorion removal more difficult. 

For dechorionation, the embryos were transferred into a larger plate containing 1x PTW 

and the chorion was removed with tweezers. Dechorionated embryos were washed 4x 5 

minutes with 1x PTW and 1x 5 minutes at RT on a shaker. The methanol was replaced 

and the embryos were stored at -20°C at least over night or until further use. Longer 

storage than overnight is recommended, thus methanol treatment enhances probe 

penetration. 

 

Microinjection of medaka embryos 

Medaka embryos were collected 30 minutes. after mating and kept in pre-cooled 1x ERM, 

to slow down development. For injection the eggs were cleaned and separated, and placed 

into an injection dish containing 1.5% agarose and pre-cooled 1x Yamamoto. Injection 

was performed using a microinjector and borosilicate glass capillaries. 

The glass capillaries were prepared with a horizontal needle puller (Sutter Instruments) 

in two heating steps using the following settings: pressure 800, heat 560, pull 50, 

velocity 80, time 200. 

Injection mix for transient expression or transgenic lines: 

 

 

 

 

 

  

5-80 ng Plasmid DNA 

1 µl 10x meganuclease buffer 

1 µl 10x Yamamoto 

1 µl I-SceI 

ad 20 µl with H2O 
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Injection mix for knockdown experiments: 

 

 

 

Whole mount in situ hybridization in medaka 

Unless otherwise mentioned all steps of the in situ hybridization were performed on a 

shaker at RT using fixed and dechorionated embryos. 

Prior to Proteinase K treatment, the embryos were re-hydrated for 5 minutes each in 75% 

MeOH/1x PTW, 50% MeOH/1x PTW, 25% MeOH/1x PTW and 2x 5 minutes with 1x 

PTW. Digestion with Proteinase K, 10 µg/ml in 1x PTW, was performed depending on the 

developmental stage of the embryos. 

 

Stage Proteinase K digestion time 

1-13 1-2 min 

14-16 3-4 min 

17-20 5 min 

21-24 7 min 

25-30 10-15 min 

>30 >15 min 

Table 10| Time of Proteinase K digestion. 

 

To avoid unwanted damage of the fragile embryos, the digestion step is not performed on 

the shaker. Digestion was stopped by rinsing 2x in 2mg/ml Glycine/1x PTW. The 

embryos were re-fixed for 20 minutes in 4% PFA/2x PTW and washed 5x 5minutes in 1x 

PTW. 

For hybridization, all subsequent steps were performed in a water bath pre-heated to 

65°C. The embryos were transferred to 2 ml tubes and pre-hybridized for at least 1 hour. 

The probe was diluted in the hybridization-mix (10-20 ng/150 µl) and denatured for 10 

minutes at 80°C. After pre-hybridization the embryos were incubated overnight in the 

probe/hybridization-mix.  

All post-hybridization washes were performed using pre-heated washing solutions in the 

65°C water bath. The embryos were washed 2x 30 minutes in 50% Formamide/2x SSCT, 

1x 15 minutes in 2x SSCT and 2x 30 minutes in 0.2x SSCT. 

Prior antibody incubation the embryos were blocked for 1 hour in 5% sheep serum/1x 

PTW.  The embryos were incubated in 200 µl pre-adsorbed antibody for 1.5 hours and 

the washed 6x 10 minutes in 1x PTW. The last washing step was performed overnight at 

4°C. 

For the staining reaction the embryos were equilibrated 2x 5 minutes in SB staining 

buffer (100 mM Tris pH 9.5; 100 mM NaCl; 50 mM MgCl2; 0.1% tween20) and then 

0.5 µl 10x Yamamoto 

x µl morpholino 

ad 5 µl with H2O 
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incubated in the NBT/BCIP/SB staining solution (337.5 µg/ml NBT; 175 µg/ml BCIP in 

SB staining buffer) until stained. As this reaction is light sensitive, staining was 

performed in the dark and without shaking. To stop the reaction, the embryos were 

washed 3x 5 minutes in 1xPTW, fixed in 4% PFA/2x PTW and washed again 3x 5 

minutes in 1x PTW. To remove excess staining, the embryos were de-stained in MeOH 

until the yolk was transparent. De-staining was stopped by adding 1x PTW and the 

MeOH was removed by 2x 5 minutes washing in 1x PTW. 86% Glycerol was used for 

documentation under a light microscope and storage at 4°C. 

 

Heat shock 

Heat induction was performed in a standard PCR cycler tube, filled with 100 µl 1x ERM. 

To ensure fast and equal heat distribution, only one embryo was used per tube. The 

tubes were placed into a PCR cycler and pre-incubated for 30 minutes at 27°C. The 

actual heat treatment was performed for 10 minutes at 43.5°C, followed by a recovery 

phase of 30 minutes at 27°C. For Gfp selection (earliest 4 hours after induction), the 

embryos were placed into the furrows of an agarose coated plate. 

    43.5°C     

  
  

10 min 
  

  

27°C   27°C 

30 min       30 min 

 

Figure 13| PCR cycler program for standard heat treatment. 

 

Diffusion and electroporation 

Four embryos at 40% epiboly were incubated with 100 µl 0.4 M lithium chloride (LiCl) for 

10 minutes at 27°C. To remove excess LiCl, the embryos were then washed 3x with 1x 

ERM. For embryos that were further used for electroporation the diffusion was performed 

in cuvettes, followed by immediate electroporation using the standard settings:  pulse 

frequency 330 Hz; voltage 15 V; burst time 100 ms; 1 burst. Subsequent washing steps 

were performed as described before. 
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3 RESULTS 

Part I 

3.1 ANALYSIS OF GRO/TLE IN MEDAKA EMBRYONIC DEVELOPMENT 

The structure and function of Gro/TLE proteins has been studied intensively in many 

organisms during the last years. Whereas the genomes of Drosophila and C. elegans 

contain only a single Groucho gene, four full length TLE genes were identified in chicken 

and mammals (reviewed by Li, S. S., 2000), and six homologes were found in the genome 

of teleost fish (Aghaallaei et al., 2005). Aghaallaei et al. showed that in medaka the two 

additional genes resulted from duplications of tle2 and tle3. Expression pattern analysis 

revealed a considerable overlap especially in the CNS and sensory organs (Aghaallaei et 

al., 2005). In gain of function experiments with tle1 mRNA the embryos showed 

enlargement of the optic vesicles. This was often accompanied by bulging of the midbrain 

(Lopez-Rios et al., 2003). Misexpression of an inducible tle4 construct led to enlarged otic 

vesicles and in rare cases to anophthalmia (Bajoghli et al., 2005). Injection of the 

truncated family member aes, on the other hand, resulted in the opposite phenotype: 

reduced size of both the eyes (Lopez-Rios et al., 2003) and the otic vesicles (Bajoghli et al., 

2005). Moreover, co-injection with Aes and Tle1 or Tle4 could rescue the phenotypes 

(Lopez-Rios et al., 2003; Bajoghli et al., 2005). To learn more about the function of 

Gro/TLEs during medaka embryonic development we decided to analyze Gro/TLE loss of 

function phenotypes. 

 

3.1.1 LOSS OF FUNCTION THROUGH A DOMINANT-NEGATIVE APPROACH 

In an initial attempt to interrupt Gro/TLE function, we started with a dominant-negative 

approach (Figure 14) using the HSE-inducible misexpression system (Bajoghli et al., 2004).  

The principle idea was, to misexpress truncated forms of Gro/TLE proteins (Figure 14B), 

single domains (Figure 14A,D), mutated forms (Figure 14C) and interaction motifs (Figure 14E) 

that hinder Gro/TLE-mediated repression. Excess of these truncated or mutated proteins 

would then either displace the endogenous Gro/TLEs in the tetramers, thereby forming 

heterotetramers with reduced repressing ability (Figure 14A-C,E), or tether away its 

interaction partners (Figure 14D).  
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Figure 14| Gro/TLE loss of function through a dominant-negative approach. Schematic presentation of a 

successive loss of function of Gro/TLE tetramers by an excess of proteins/domains (A-D) and interaction motifs 
(E). An excess of the Q domain (green) (A) or Aes (B) expression leads to loss of WD40-repeat domains (red) 

within the tetramer. This reduces the number of potential binding sites of Gro/TLE interaction partners and 
thereby Gro/TLE-mediated repression. However, Aes might induce phenotypes on its own (B). (C) 
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Heterotetramers with full length Gro/TLE proteins harboring a mutation within the WD-repeat domain (yellow). 
(D) Excess of WD40-repeat domains tethers potential Gro/TLE interaction partners (purple) away from the 
tetramers. (E) Excess WRPW motifs (light blue) block the WD40-repeat domains, thereby hindering Gro/TLE 

interaction partners from binding. The Gro/TLE non-conserved domains GP (pink), CcN (dark blue) and SP 
(grey) are indicated between the Q domain (green) and the WD40-repeat domain (red) in full length Gro/TLE 
proteins. 

 

To prevent protein-protein interaction, removal of the domain primarily responsible for 

this, the WD40-repeat domain, seems to be an obvious approach (Figure 14A). For this, C-

terminally truncated Gro/TLE proteins (Figure 15), such as the Q domain (as described in 

Figure 14A), or the naturally occurring truncated Aes/Grg5 can be used. Indeed, it was 

shown that misexpression of aes in medaka blocked the repressive function of Tle 

proteins in the otic vesicles (Bajoghli et al., 2005) and eye development (Lopez-Rios et al., 

2003). These truncated proteins are incorporated into Gro/TLE tetramers, thereby 

preventing binding to interaction partners. On the other hand, an excess of small 

peptides with the sequence of typical interaction motifs, such as WRPW (Figure 15), would 

block Gro/TLE’s protein-protein interaction sites, displacing endogenous interaction 

partners (Figure 14D). Vice versa, an excess of the WD40-repeat domain (Figure 15) would 

bind to Gro/TLE’s interaction partners leaving only low numbers of unbound proteins for 

full length Gro/TLE (Figure 14C). 

 

 

Figure 15| Schematic protein structure of Gro/TLE deletion mutants. For Tle1 R534A, arginine at position 

534 was changed to alanine. Aes represents the full-length Aes protein. Truncation of Tle4 at the C-terminus 

resulted in either the Q-domain (Q) or a Tle4 lacking the WD40 repeat domain (494C). Truncation at the N-

terminus of Tle4, on the other hand, resulted in the WD40 repeat domain alone. WRPW represents the WRPW 
peptide motif that binds to the WD40 repeat domain of Gro/TLEs. All constructs were cloned into a heat-
inducible plasmid vector. 

 

In a first attempt to disrupt Tle function, we used a point mutation within the WD40-

repeat domain of the C-terminal end of Tle1 (kindly provided by Stefano Stifani) (Figure 

14B and Figure 15) (Buscarlet et al., 2008). In Drosophila, several missense mutations 

within the WD40-repeat domain were identified, which resulted in cuticle phenotypes 

(Delidakis et al., 1991; Jennings et al., 2006). One of these mutants affects arginine at 

position 483 (R483) which contributes to the binding of WRPW peptides and the eh1 

motif of the interaction partners (Jennings et al., 2006; Buscarlet et al., 2008). In the 

GroMB41 mutant (R483H) this binding is interrupted by a substitution of arginine to 
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histidine at position 483, which results in excessive neural tissue formation and reduced 

cuticles (Jennings et al., 2006). We used a Tle1 and introduced an arginine to alanine 

mutation at position 534 (Figure 15). This R534A substitution corresponds to the R483H 

change in Drosophila (Jennings et al., 2006). 

For our experiments we used the mutated form tle1(R534A) under the control of a bi-

directional heat-inducible promoter with gfp being expressed as a control simultaneously 

(Bajoghli et al., 2004). The embryos were co-injected with HSE-inducible tle1(R534A) and 

meganuclease at the 1-cell stage and heat induction was performed at early gastrula. 

Phenotype evaluation at stage 30-32 revealed that 30% of the embryos developed 

enlarged eyes and 15% had a bulging midbrain (Table 11). However, in control embryos 

misexpressing wild type tle1 the number of large eye phenotypes was with 32% 

comparable to the mutated form, as was the number of embryos with a bulging midbrain 

(15%) (Table 11). Comparable results for tle1 misexpression were also observed by López-

Ríos et al. They connected the observed phenotype with Six3 and showed that Six3 not 

only binds to the Q domain of Tle1 but also weakly to the WD40 repeat domain (Lopez-

Rios et al., 2003) through an eh1-like motif in the Six-domain (Zhu et al., 2002). 

 

  control dominant negative empty vector 

Embryos 27 73 107 

Dead 5 12 4 

Mortality 19% 16% 4% 

    

Enlarged eyes 7 18 0 

Bulging midbrain 4 9 0 

unspecific phenotypes 1 2 4 

Eye phenotypes in surviving 32% 30% 0% 

 
Table 11| Dominant-negative effects of Tle1 containing C-terminal amino acid substitutions. Embryos 

at the 1-cell stage were co-injected with meganuclease and 80 ng/µl of tle1(R534A) under the control of a heat-

inducible promoter (HSE:Tle1R534A) (Bajoghli et al., 2004). Heat induction was performed at early gastrulation 
(43.5°C, 10 minutes) and the phenotypes of Gfp positive embryos were observed at stage 30-32. As a control 
HSE:Tle1 was used. As an injection control the embryos were injected with the empty vector but otherwise 
treated the same. 
 

Since the single point mutation in the WD40-repeat domain was not effective we decided 

to block the WD40-repeat domains of endogenous TLEs by an excess of WRPW peptides 

(Figure 15 and Table 12). Induction at early gastrula, however, resulted in no phenotypes at 

all and compared to the group of control embryos only a slight increase in mortality was 

observed (Table 12). Also the vice versa approach, excess expression of the WD40 repeat 

domain (Figure 15) to hinder proteins with a WRPW or an eh1 motif from binding 

endogenous TLEs, resulted in no significant number of morphological phenotypes (Table 

12). Only one out of 29 embryos had slightly smaller eyes than heat-induced control 

embryos injected with the empty vector or the wild type control. 

We then decided to concentrate on the N-terminal end of TLE proteins. We chose Tle4 as 

a suitable candidate due to the fact that it is expressed in the eye at late stages 

(Aghaallaei et al., 2005). From full length Tle4 we created three truncated forms (Figure 15 

and Table 13): “Q” contains only the N-terminal Q-domain; in “494C” the WD40 repeat 
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domain was removed; and in “WD40” only the C-terminal part of Tle4 remained. The 

results of the “WD40” truncated form of Tle4 were described in the previous section. 

Additionally to the tle4 mutations, we misexpressed aes (Figure 15 and Table 13), which is 

the naturally truncated form of Gro/TLE proteins. Interaction via the Q domain seems to 

repress the function of full length Gro/TLE proteins in a dominant negative manner 

(Pinto et al., 1996; Brantjes et al., 2001; Lopez-Rios et al., 2003; Swingler et al., 2004; 

Bajoghli et al., 2005; Allen et al., 2006; Bajoghli, 2007; Bajoghli et al., 2007; Zhang, X. et 

al., 2008). The phenotypes observed for Aes and Q misexpression are shown in Figure 16 

and were categorized according to the severity of the observed eye phenotype into weak 

and strong. Embryos with a weak phenotype developed slightly smaller eyes pointing 

toward the midline (Figure 16B,F,J), whereas embryos with a strong phenotype showed 

cyclopic eyes (Figure 16D,H,L). At first, we also introduced a class of moderate phenotypes. 

Here, additionally to the weak phenotype, the lenses were shifted anteriorly and 

beginning cyclopia anterior to the forebrain could be observed (Figure 16C,G,K). However, to 

simplify the overview of the different phenotypes, weak and moderate phenotypes were 

combined into a single group of weak phenotypes and cyclopic embryos constitute the 

strong phenotype group (Table 13). 

 

  WRPW WD40 empty vector 

Embryos 113 29 107 

Dead 13 1 4 

Mortality 12% 3% 4% 

    

Small eyes 0 1 0 

unspecific phenotypes 4 1 4 

Eye phenotypes in surviving 0% 4% 0% 

 
Table 12| Misexpression of the WRPW motif and the WD40-repeat domain have no effect on medaka 
embryonic development. Embryos at the 1-cell stage were co-injected with meganuclease and 80 ng/µl of DNA 
under the control of a heat-inducible promoter (Bajoghli et al., 2004). Heat induction was performed at early 

gastrulation (43.5°C, 10 minutes) and the phenotypes of Gfp positive embryos were observed at stage 30-32. 
Control embryos were injected with the empty vector but otherwise treated the same. 

 

Initial transient injection experiments (co-injection of 80 ng/µl DNA with meganuclease, 

heat induction at mid-gastrula) showed that both Aes and the C-terminally truncated 

forms of Tle4 (Q and 494C) developed the same eye phenotypes as described in Figure 16. 

We therefore created three heat-inducible transgenic lines. In the F1 generation (Table 13), 

Q showed the best results with 34% overall phenotypes. However, only 5% of the embryos 

developed a strong phenotype. In Aes embryos, on the other hand, a total of 24% 

developed a phenotype, equally distributed between weak (12%) and strong (11%), 

whereas 494C only had weak phenotypes, which corresponded to Figure 16B,F,J. 

Observation of these transgenic lines over several generations, however, showed a change 

in the ability to induce phenotypes. The morphological phenotype stayed the same as 

described in Figure 16, but in the F5 generation of the Q transgenic line only 4% of the Gfp 

positive embryos developed a weak phenotype, whereas the number of eye phenotypes in 

the F5 generation of Aes transgenic embryos increased to almost 90% (Table 13). 

Unfortunately, the 494C transgenic line had lost the ability to induce phenotypes after 

the second generation and was therefore not included into further experiments. 
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Figure 16| Overview of Aes/Q 
misexpression phenotypes. F2 generation 

embryos of the Aes and Q transgenic lines 
were heat induced at mid-gastrulation 
(43.5°C, 10 minutes). Gfp positive embryos 
were categorized in the indicated groups 

according to their eye development. (B,F,J) 
weak phenotype, smaller eyes tilted towards 
the midline; (C,G,K) moderate phenotype, 
upwards shift of the lens and beginning 

cyclopia anterior of the forebrain; (D,H,L) 
strong phenotype, cyclopic eyes. Control 
embryos (A,E,I) were normal wild type 
embryos heat-induced as described above. 

Dorsal view of all embryos at the indicated 
stages, anterior to the top. Scale bar 100 µm. 

 

 

 

 

  Aes F1 Aes F5 Q F1 Q F5 494C 

GFP positive 97 73 79 50 96 

Weak 12 21 23 2 25 

Strong 11 43 4 0 0 

Eye phenotypes 24% 88% 34% 4% 26% 

 
Table 13| Medaka heat-inducible transgenic lines. Embryos were co-injected with meganuclease and either 

full-length Aes, the Q domain of Tle4, or a truncated form of Tle4 that misses the C-terminus (494C). For the 

generation of transgenic lines 10 ng/µl DNA were used, transient injections were performed with 80 ng/µl. The 
embryos were heat induced at mid-gastrula (43.5°C, 10 minutes) and the phenotypes of Gfp positive embryos 
were evaluated at stage 30-32. 

 

A single Q-Domain Represses Gro/TLE Function 

Formation of the Gro/TLE tetramers depends on protein-protein interaction between the 

Q domains. To enrich complexes with a reduced number of full length proteins we tested 

multimerized versions of the Q domain. Here the Q domains are separated by a long 

flexible linker. Due to the presence of more than on Q domain the proteins have a strong 

tendency to form intramolecular interactions. A version containing 4 Q domains therefore 

will form complete complexes with almost no tendency to include other molecules. 

Contrary to this 3 Q domain proteins and 2 Q domain proteins should strongly bind one 

or two additional Q-domains, respectively. We performed co-injections with heat-

inducible single or multimerized Q domains (40 ng/µl DNA) (Figure 17): Expression was 

induced at mid-gastrula and the embryos were Gfp-selected 24 hours later. The Q-

monomer showed with 26% the highest rate of eye phenotypes. Misexpression of Q-

tetramers resulted in 10% less phenotypes, although the ratio of strong phenotypes (8%) 

was twice as high. With a phenotype rate of 6% and 13%, Q-dimers and Q-trimers were 

considerably lower. Surprisingly, the Q tetramer, which should not participate in 

complexes with wild type proteins, showed similar numbers of phenotypes (16%). This 
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suggests that a considerable part of the phenotypes are caused by Q domain-mediated 

interactions which are also blocked by Q tetramers. 

 

Figure 17| Q-domain multimerization. 
Embryos at the 1-cell stage were co-
injected with 40 ng/µl heat-inducible 
vectors containing 1, 2, 3, or 4 Q-domains 

(gfp:HSE:Tle4Q1; gfp:HSE:Tle4Q2; 
gfp:HSE:Tle4Q3; gfp:HSE:Tle4Q4) and 
meganuclease. The embryos were Gfp-
selected 24 hours after injection and 

phenotypes were categorized after eye 
pigmentation (stage 30). Embryos with a 
weak (blue) phenotype developed smaller 
eyes tilted towards the midline and 

moderate (purple) phenotypes showed a 
weak phenotype with beginning cyclopia. 
Embryos with cyclopic eyes were 
categorized as strong (red). Total number 
(N) of heat-induced embryos: 1xQ, N=38, 
2xQ, N=278, 3xQ, N=36, 4xQ, N=25. 

 

 

Aes Mediates the Repression of Tle1 and Tle4 

The interaction of Six3 with Gro/TLEs and Aes has been studied intensively (Zhu et al., 

2002; Lopez-Rios et al., 2003). Nevertheless, we wanted to test the ability of Aes to 

compete with a natural interaction partner of Gro/TLE proteins performing mammalian 

two-hybrid experiments in HeLa cells. Figure 18 depicts the basic experimental setup: We 

used a luciferase reporter under the control of a Fos minimal promoter and 24 zinc finger 

binding sites (pLucF24ZF). To ensure an optimal Six3-Gro/TLE interaction, the six 

domain of human Six3 (pMC hSix3(85-203)mZFb6) served as a bait for Tle1 (pMC 

Tle1VP16) and Tle4 (pMC Grg4VP16). A zinc finger protein fusion (Pomerantz et al., 1995) 

enabled binding of the six domain to the luc-reporter. The prey, represented by Tle1 or 

Tle4, was fused to the transcriptional activation domain of the herpes simplex virus 

protein VP16. In the absence of Aes (pKC Aes), either Tle1 or Tle4 bind to the six domain, 

which brings VP16 in close proximity to the Fos minimal promoter (Figure 18B). On the 

other hand, the addition of Aes blocks the Six3-Tle-interaction in two possible ways. It 

can either directly inhibit Gro/TLE complexes by binding to Six3 (Figure 18D) (Lopez-Rios 

et al., 2003) or tether them away from Six3 (Figure 18C). In both cases Gro/TLE’s binding 

affinity to Six3 is reduced (Figure 18B). 

As a reference we used a vector that contained the VP16 transcriptional activation 

domain linked to an artificial leucine zipper domain (O'Shea et al., 1993) (Figure 18A). The 

counterpart for this leucine zipper was fused to Six3. Furthermore, we used secreted 

Gaussia luciferase as transfection control. The measured luciferase values of the 

reference were normalized to the transfection control and set to 100%. Addition of Aes did 

not influence the reference; only at very high concentrations the relative luciferase levels 

were reduced to almost 70% (Figure 19; blue bars). Both Tle1 (Figure 19; red bars) and Tle4 

(Figure 19; green bars) reached 100% binding efficiency in the absence of Aes. However, co-

transfection of only 2 ng of Aes expression construct already decreased the luciferase 

levels of Tle4 and Tle1 to 58% and 45%, respectively. 
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Figure 18| Schematic picture of the mammalian two-hybrid setup. (A-D) A firefly luciferase reporter 

(orange helix) under the control of a minimal Fos promoter (grey arrow). Six (purple) binds to 24 zinc-finger 

binding sites (dark grey) on the reporter via a myc-linked (black line) zinc-finger (yellow box). (B) Luciferase 

expression: Gro/TLE (blue) binds to Six, thereby bringing a fused transcriptional activation domain of VP16 

(green hexagon) in proximity of the Fos promoter. (A) The reference contains of the VP16 domain and a myc-

linked acid (red circle). Binding of the acid to a base (blue cup) connected to Six activates luciferase expression 

via the same principle as described for Gro/TLE. (C,D) Decreased luciferase expression: (C) Aes interaction with 

Gro/TLE tethers Gro/TLE away from Six; (D) Aes (pink) directly binds to Six (Lopez-Rios et al., 2003), thereby 

blocking an interaction of Gro/TLE with Six. 

 

Higher amounts of Aes further inhibited the binding of Gro/TLE to the Six domain and 

reduced the relative luciferase levels of Tle4 to 35% and 18%. The effect on Tle1 was even 

more significant. With 18% and 9% it reached half the activity of Tle4. Even if a decrease 

of the reference was observed at high levels of Aes, the values (68% relative luciferase 

activity) were still considerably higher than those of Tle1 and Tle4. Nevertheless, at these 

high protein concentrations, the cells were in general already affected, which might 

explain the lower activity compared to assays in which lower amounts of Aes were used. 
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Figure 19| Two-hybrid analysis of Tle1 and Tle4 with Aes. Tle proteins (20 ng of either pMC Grg4 VP16 or 

pMC Tle1 VP16) were co-transfected with the six-domain of human Six3 (20 ng of pMC hSix3 (85-203)mZFb6) 
and full length Aes (pKC Aes at the indicated concentrations) into HeLa cells. The expression level of the 

luciferase reporter (70 ng of pLucF24ZF) was reduced for the interaction of both Tle1 (green) and Tle4 (red) with 
Aes compared to the control (20 ng of pMC am VP16; blue). Luciferase levels were normalized to the control and 
the internal Gaussia luciferase reference (2 ng of pMC GlucS). Both Tle1 and Tle4 are repressed by Aes, 

whereas the control is unaffected. 

 

Characterization of the Aes/Q Phenotype 

After having characterized the morphologic phenotype of our inducible transgenic 

medaka lines, we further analyzed the effects of the Aes/Q-mediated loss of function of 

Gro/TLE in whole mount in situ hybridization experiments (Figure 20). To be able to 

roughly distinguish between weak and strong phenotypes, we selected embryos at stage 

21, a stage were eye development had already begun. First, we used a probe against 

Retinal homeobox 2 (rx2) (Figure 20A-C), a retina marker, to ensure that the categorization 

in weak and strong matched to the phenotype groups described in Figure 16. In embryos 

with a weak phenotype (Figure 20B) the eyes were smaller compared to the wild type 

control (Figure 20A) and tilted towards the midline. In strong phenotypes, an additional 

faint stripe of rx2 expression, that connects the two optic vesicles, can be observed in the 

forebrain (Figure 20C). These results are in good agreement with the morphologic 

phenotype observed in older embryos (Figure 16J-L). Due to the fact that the connection of 

the cyclopic eye was observed in the most anterior part of the telencephalon (Figure 16K 

and Figure 20C), we then wanted to analyze if forebrain development was also affected. 

Indeed, the expression of Brain factor 1 (bf1) was reduced in both weak (Figure 20E) and 

strong (Figure 20F) phenotypes. Furthermore, the expression surrounding the otic vesicles 

was shifted anteriorly (Figure 20E,F), resulting from a 2/3 reduction of the midbrain, as 

indicated by wnt1 expression (Figure 20H,I). Instead of a defined expression at the midline 

(Figure 20G), here an indistinct expression pattern throughout the midbrain was observed 

(Figure 20H,I). 
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Figure 20| Genotypic characterization of the Aes/Q-
induced Gro/TLE loss of function phenotype. Whole 

mount in situ hybridization of aes transgenic embryos 

(B,C,E,F,H,I) and wild type controls (A,D,G) using 
digoxigenin-labeled RNA probes against rx2 (A-C), bf1 (D-F) 
and wnt1 (G-H). The F1 generation was heat-induced (10 

min, 43.5°C) at stage 15/16. Phenotypes were categorized 
according to their eye phenotype into: (B,E,H) weak, smaller 
eyes tilted towards the midline; (C,F,I) strong), cyclopic eye. 
Fixation was performed at stage 21. (B,C) rx2 expression 

indicates a reduction in eye size, the eye are tilted at the 
anterior end towards the midline (B, double arrow) or fused 
to a cyclopic eye in strong phenotypes (C, arrow). (E,F) bf1 
expression is reduced. (H,I) wnt1 expression indicates a 

reduction in midbrain size and shows an indistinct 
expression pattern throughout the midbrain (arrowheads). 
(A,D,G) Control embryos were heat-treated wild type 
embryos. Embryos are shown in dorsal view, anterior to the 

top. Scale bar 100 µm. 

 

 

 

 

As mentioned before, the Q transgenic line lost its ability to develop reasonable numbers 

of phenotypes at later generations. However, we wanted to eliminate the possibility of 

injection-based phenotypes. Whole mount in situ hybridization experiments performed 

with transiently injected embryos overexpressing the Q domain (Table 14) were consistent 

with the experiments shown in Figure 20. The overall number of phenotypes ranged from 

29% (rx2) and 38% (bf1) to slightly elevated 50% for wnt1 (Table 14). Strong phenotypes 

were rarely observed which is again in good agreement with the phenotypes observed in 

older embryos of the transgenic line (Table 13). For the aes transgenic line, the observed 

phenotypes (Table 14) were in the range of 44% (rx2) to 50% (for both bf1 and wnt1) and 

thereby slightly lower than in older embryos (Table 13). However, determination of the 

exact phenotype, especially in weak mutations, is rather imprecise at these early stages, 

which could explain the variations of the statistics in Table 13 and Table 14. 

 

    Aes   Q   

    bf1 rx2 wnt1   bf1 rx2 wnt1   

Embryos 
 

38 36 28 
 

16 17 18 
 

Weak phenotype 
 

13 9 12 
 

6 3 9 
 

Strong Phenotype 
 

6 7 2 
 

0 2 0 
 

Total eye phenotypes   50% 44% 50%   38% 29% 50%   

 
Table 14| Statistical overview of marker gene expression in Aes/Q-induced Gro/TLE loss of function 

phenotypes. Embryos of the Aes overexpressing transgenic line (F5 generation) and embryos transiently 

overexpressing the Q domain (co-injection of meganuclease and 40 ng/µl gfp:HSE:Q) were heat induced at stage 
15-16. Gfp positive embryos were selected for whole mount in situ hybridization experiments using the 

indicated RNA probes. Embryos at stage 21 were categorized into weak and strong phenotypes according to 
their eye development. Embryos of the respective groups showed the genotypic phenotypes indicated in Figure 
20. 
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3.1.2 KNOCK DOWN WITH ANTISENSE MORPHOLINO OLIGONUCLEOTIDES 

The previous section showed that misexpression of aes and the Q-domain can both 

induce a phenotype in medaka embryos. Indeed, the expression of the Q-domain alone 

resulted in a considerable number of embryos with phenotypes, however, the amount of 

strong phenotypes increased with aes misexpression (Table 13). From the experiments 

performed so far, we could not exclude the fact that the observed phenotypes might 

result from a gain of function phenotype of aes instead of a Gro/TLE loss of function 

strategy. We therefore replaced this dominant-negative approach by an actual loss of 

function by knock down. For this, we designed antisense morpholino oligonucleotides 

directed against Tle1, Tle2b, and Tle3b.  Due to the fact that our transgenic lines were 

induced during mid-gastrulation we selected genes that are expressed at the same stage. 

Tle1 (Lopez-Rios et al., 2003), as well as Tle2b and Tle3b (Aghaallaei et al., 2005) roughly 

fulfill this requirement.  

According to the established protocols (Summerton, J. et al., 1997), a 25 base target 

sequence at the 5’ untranslated region (UTR) of an mRNA is optimal to specifically inhibit 

translation. We first used the National Center for Biotechnology Information (NCBI) server 

to obtain coding sequences for all three genes. However, this database search revealed 

only partial coding sequences: a 1965 bp long fragment for Tle1 (GenBank accession 

number AY158892) (Lopez-Rios et al., 2003), a 939 bp long fragment for Tle2b (GenBank 

accession number EF201813) (Aghaallaei et al., 2005), and a 787 bp long fragment for 

Tle3b (GenBank accession number EF201814) (Aghaallaei et al., 2005). Comparison with 

the medaka genome, using the basic local alignment search tool (BLAST) at the Ensembl 

Genome Browser (Birney et al., 2004a), identified three genes: Tle1 on chromosome 9 

(GeneID ENSORLG00000005051), Tle2b on chromosome 4 (GeneID 

ENSORLG00000016856), and Tle3b on chromosome 3 (GeneID ENSORLG00000001969).  

In order to obtain high quality N-terminal sequences, we performed a Genewise search 

(Birney et al., 2004b) against the identified regions of the medaka genome. Based on 

phylogenetic analysis (Bajoghli, 2007), amino acid sequences of human Tle1 (GenBank 

accession number NM_2205007), Tle2 (GenBank accession number NM_003260), and 

Tle3 (GenBank accession number NM_005078) served as a reference. Clustal analysis 

(Sievers et al., 2011) of the obtained sequences showed high sequence homology in the 

first 76 amino acids of Tle1 and the first 297 amino acids of Tle3b. However, the correct 

N-terminus of Tle2b remained unclear. We therefore used the first known exon to 

perform an expressed sequence tag (EST) search. The sequence of EST clone TC132252 

in the EST library of “The Computational Biology and Functional Genomics Laboratory” 

at the Dana-Faber Cancer Institute and Harvard School of Public Health (Quackenbush 

et al., 2001) showed a 100% match with the query sequence. The putative eleven missing 

N-terminal amino acids MFPQNRPPAPL could be deduced from the upstream sequences 

and they fit very well to the sequence of zebrafish Tle2 (Strausberg et al., 2002). Using the 

Tle2 EST sequence together with the Genewise search sequences, specific 25 bases 

morpholino target sequences were designed from the amended sequences for Tle1 

(Appendix I, page 103), Tle2b (Appendix I, page 103), and Tle3b (Appendix I, page 104) 

mRNA, as indicated in Figure 21. Additional end modifications were not included in the 

design; instead, FITC-Dextran was used as a co-injected control. 
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Figure 21| Gro/TLE antisense morpholino oligonucleotide design. Medaka mRNA sequences for Tle1, 

Tle2b and Tle3b; including the partial 5’ UTR (red) and the partial amino acid coding region (black). The AUG 
translational start site is underlined. Morpholino Sequences (yellow box) were designed according to established 
protocols (Summerton, J. et al., 1997). 

 

Embryos at the 1-cell stage were co-injected with either single Tle antisense morpholino 

oligonucleotides (Figure 21) or combinations of morpholinos and 1 µg/ml of FITC Dextran. 

Tests with several different concentrations showed that the embryos tolerated 

concentrations up to 1 mM before they showed unspecific phenotypes. Best results were 

obtained with a concentration of 600 µM and a minimum of 300 µM was necessary to 

induce phenotypes. We therefore used 600 µM to test the individual morpholinos and 

300 µM per morpholino for injections of morpholino combinations (Table 15). The most 

prominent phenotypes of all three morpholino oligonucleotides affected eye development, 

similar to the Aes/Q injected embryos. They (Table 15) were therefore categorized into 

weak and strong phenotypes according to the same criteria as described for Aes/Q-

mediated loss of function. Comparable to Figure 16, embryos with a weak phenotype 

developed smaller eyes, slightly shifted towards the midline (Figure 22C,D,I,J), whereas 

strong phenotypes showed cyclopic eyes (Figure 22B,G,H). In rare cases, the embryos lost 

their eyes entirely (Figure 22E). However, whereas the Aes/Q-mediated phenotypes 

strongly resembled a six3 inactivation phenotype (Carl et al., 2002; Dorn et al., 2012), the 

tle knock down phenotypes looked different. Instead of tilting to the midline at the most 

anterior part of the eye (Figure 16J), here it seems that the inner edges of the eyes moved 

together (Figure 22C,D,I,J). Therefore, cyclopic eye connections appear in the middle of the 

eyes, underneath the forebrain, (Figure 22B,G,H) and not anterior of it (Figure 16K,L). Both 

weak and strong phenotypes were observed in all morpholino oligonucleotide injected 

embryos, independent of single or combinatorial injections. However, the overall 

phenotype rate was higher in double knock downs (Table 15). 

The overall phenotype rate was with 16% observed phenotypes in the surviving FITC 

Dextran positive embryos the highest in tle2b inactivated embryos (Table 15 and Figure 22C), 

followed by 12% for tle3b (Table 15 and Figure 22D) and 10%  for tle1 (Table 15 and Figure 22B). 

Also in the number of strong phenotypes, tle2b morpholino oligonucleotide injected 

embryos showed the best results. Of all phenotypes recorded, 2/3 developed strong 

phenotypes (with almost half of them being eye-less), compared to 1/3 in tle1 inactivated 

embryos and only 18% in tle3b. In double morpholino injection experiments, combining 

either tle1 and tle2b or tle1 and tle3b, the number of phenotypes roughly added up to 

27% and 21%, respectively, whereas with 15% it remained the same for the combination 

of tle2b with tle3b. The latter even failed to induce strong phenotypes. Addition of tle1 

morpholino oligonucleotide only elevated this number to 17%, however, 50% of the 

embryos developed cyclopic eyes. 

 

Tle1 mRNA:  5’- cccucgcuagcgggguuucaggacaagacgcguuugcagucuccccggagauaacaAUGUUUCCCCAG -3’ 

Tle2b mRNA: 5’- gaaagagccacgaggacgcacugccagacccccuccuccucccccgguaacaAUGUUUCCCCAGAACC -3’  

Tle3b mRNA: 5’- cccccgugugaaagacgagacAUGUAUCCACAAGGCCGGCAUCCG -3’                                                  
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Figure 22| Gro/TLE antisense morpholino-induced loss of function phenotypes. Embryos at the 1-cell 

stage were co-injected with morpholino oligonucleotides and 1 µg/ml FITC Dextran. Injections were performed 
using either a single morpholino directed against tle1 (B), tle2b (C,E), and tle3b (D), or combinations directed 
against tle1+2b (G), tle1+3b (H), tle2b+3b (I), and tle1+2b+3b (J). Single morpholino oligonucleotides were 

injected at a concentration of 600 µM (B-E) and combinatorial injections (G-J) were performed using 300 µM per 

morpholino. Phenotypes of FITC Dextran positive embryos were observed after the beginning of eye 
pigmentation at stage 32 (A-E) and stage 28 (F-J). Wild type control embryos were injected with 1x Yamamoto’s 
and FITC Dextran. All embryos are shown in dorsal view with anterior at the top. Compared to the wild type 
controls (A,F), morpholino injected embryos developed smaller eyes that were shifted towards the midline 

(C,D,I,J) or cyclopic eyes (B,G,H). In rare cases the eyes were lost entirely (E). Scale bar 100 µm. Abbreviations: 
MO, morpholino oligonucleotide; st, stage; WT wild type.  

 

 

Concentration 600 µM   300 µM for each morpholino 

Morpholino tle1 tle2b tle3b   tle1+2b tle1+3b tle2b+3b tle1+2b+3b 

Embryos 95 267 117   55 115 45 58 

Dead 11 30 6   11 16 5 4 

Mortality 12% 11% 5%   20% 14% 11% 7% 

                  

Weak 6 23 11   7 17 6 6 

Strong 2 16 2   5 4 0  3 

Eye-less*) 0  7 1   3 3 0   0 

Eye phenotypes in 
surviving embryos 

10% 16% 12%   27% 21% 15% 17% 

*) included in the group "strong" phenotype 

 

Table 15| Statistical overview of the Gro/TLE antisense morpholino-induced loss of function 

phenotypes. Embryos at the 1-cell stage were co-injected with 1 µg/ml FITC Dextran and either 600 µM (for a 

single morpholino) or 300 µM (for combinatorial injections) morpholino oligonucleotides. Phenotypes of FITC-

positive embryos were categorized at stage 28-32 into weak and strong phenotypes. Weak phenotypes developed 

smaller eyes that were shifted towards the midline, whereas strong phenotypes showed cyclopic eyes. Eye-less 

phenotypes were included into the group of strong phenotypes. 
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Expression of the retinal marker rx2 was reduced in weak embryos (Figure 23B) and lost 

entirely in eye-less embryos (Figure 23C). Similar results were observed in embryos 

hybridized with six3 (Figure 23K,L). However, here residual expression in the strong 

embryos (Figure 23L) indicated that the eyes were not lost completely. Additionally, pax6 

(Figure 23E,F) expression confirmed the above seen eye phenotypes. In embryos developing 

a weak phenotype, the size of the eyes were again reduced and the expression domain of 

pax6 was expanded into the anterior forebrain (Figure 23E, arrow). Whether the embryo 

with a strong phenotype (Figure 23F) was eye-less as in Figure 23C or had rudimentary eyes 

(compare Figure 23L) was not evident, due to the fact that pax6 is expressed in both the 

eyes and the forebrain (Figure 23D,E). However, a clear size reduction of the midbrain 

could be observed in both the weak and, even severer, in the strong phenotypes (Figure 

23E,F; bars).  

 

Figure 23| Whole mount in situ hybridization 
experiments with Gro/TLE knock down 
embryos. Medaka embryos at the 1-cell stage were 

co-injected with the indicated antisense morpholino 
oligonucleotides (600 µM) and FITC Dextran. FITC 
positive embryos at the indicated stages were 
selected for hybridization experiments using 
digoxigenin-labeled RNA probes against rx2 (A-C), 
pax6 (D-F), otx2 (G-I), and six3 (J-L), and 

categorized into weak and strong, according to their 

morphologic appearance: (B,E,H,K) weak, smaller 
eyes; (C,F,I,L) strong, very small eye or eye-less. 
Embryos are shown in dorsal view, anterior to the 
top. (B,C) In strong phenotypes eye markers are 

expressed very weak (L) or lost entirely (C). 
Expression of otx2 (G-I) shows an anterior shift of 

the mid hindbrain boundary in injected embryos 
(black arrowhead). Pax6 expression indicates a size 

reduction of the midbrain (E,F; bars) and an 
enlarged expression domain at the anterior 
forebrain (E, arrow). (A,D,G,J) Wild type control; 
(B,H,L) tle2b MO; (C,E,F,I,K) tle3b MO. Scale bar 

100 µm. Abbreviations: MO, morpholino 
oligonucleotide.  

 

 

 

 

 

 

 

 

 

The embryos were staged according to the age of the wild type control (Figure 23A,D,G,J). 

Morpholino oligonucleotide injected embryos developed somewhat slower. At the time of 

fixation, most of the knock down embryos showed the same number of somites as the 
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control embryos, however, the anterior development seemed slightly retarded. Therefore, 

we concluded that the strong staining of the anterior rhombomere region in Figure 23E is 

an artifact, due to the fact that wild type embryos at stage 20 show the same expression 

pattern. We further analyzed this anterior shift of the fore- and midbrain using otx2 as a 

marker (Figure 23G,H,I). In medaka development, the neural plate is divided into an 

anterior otx-expressing domain and a posterior gbx-expressing domain (Heimbucher et 

al., 2007). Both domains are separated by the MHB and its spatial position depends on 

the mutual interaction between these two genes (Millet et al., 1999; Tour et al., 2002). 

Embryos with a weak phenotype showed a mild upwards shift of the posterior end of the 

otx2-expressing domain (Figure 23H; arrowhead), whereas in embryos developing a strong 

phenotype, otx2 expression was only found in the very anterior part of the embryo (Figure 

23I; arrowhead), indicating a drastic anterior shift. 

In principle, both the morphologic and the gene expression phenotypes of the different 

morpholino oligonucleotides were comparable amongst each other. However, the 

frequency with which they occurred differed, as already described in Table 15. 

Furthermore, the number of embryos with gene expression phenotypes (Table 16) differed 

from the number of morphologic phenotypes (Table 15). We explained this deviation due to 

the fact that morphologic phenotypes were categorized at older stages and older embryos, 

predominantly those with a weak phenotype, often recover into a normal state. With 11% 

and 10% phenotypes in rx2 and pax6 hybridization experiments (Table 16), respectively, 

tle1 morpholino oligonucleotide injected embryos showed comparable phenotypes as 

described in Table 15. However, both otx2 and six3 showed normal expression patterns in 

all embryos. On the other hand, embryos injected with morpholino oligonucleotides 

against tle2b and tle3b developed comparable numbers of phenotypes (Table 16). With 

33% and 25% the percentage of phenotypes were even exactly the same for otx2 and six3 

expression, whereas in pax6 expression the numbers varied from 42% in tle2b 

inactivated embryos and 46% for tle3b loss of function. With 22% and 40% the biggest 

difference was observed in rx2 expression. Here tle3b morpholino oligonucleotide injected 

embryos showed nearly twice the number of phenotypes compared to tle2b injected 

embryos (Table 16). 

 

Probe   Otx2   Rx2   Pax6   Six3   

Morpholino   tle1 tle2b tle3b   tle1 tle2b tle3b   tle1 tle2b tle3b   tle1 tle2b tle3b   

Embryos 
 

8 18 15 
 

9 9 15 
 

10 12 13 
 

7 16 12 
 

                  
Weak 
phenotype  

0 2 3 
 

0 1 4 
 

0 4 3 
 

0 2 3 
 

Strong 
phenotype  

0 4 2 
 

1 1 2 
 

1 1 3 
 

0 2 0 
 

Total eye 
phenotypes 

  0% 33% 33%   11% 22% 40%   10% 42% 46%   0% 25% 25%   

 
Table 16| Statistical overview of whole mount in situ hybridization experiments with Gro/TLE 

morpholino oligonucleotide injected embryos. Embryos at the 1-cell stage were co-injected with 600µM 

antisense morpholino oligonucleotides and FITC-Dextran. FITC-positive embryos at stage 20-21 were selected 
for hybridization experiments using digoxigenin-labeled RNA probes against otx2, rx2, pax6, and six3. 

Phenotypes were categorized into weak and strong, according to the morphologic eye phenotype. 
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A more detailed analysis of the Gro/TLE knock-down phenotype was performed on 

embryos at late gastrulation. To carefully investigate the anterior shift, observed in Figure 

23, whole mount in situ hybridization experiments were performed using probes against 

pax2 and goosecoid (Figure 24A-D). In 15%-33% of the embryos (Table 17), a significant 

anterior shift of the MHB was observed for Pax2 expression (Figure 24B). As an additional 

marker, we used goosecoid, which is mainly expressed in the anterior embryonic body of 

the wild type control group (Figure 24C). In hyper-dorsalized zebrafish embryos, due to 

lithium induction, goosecoid expression was stronger and expanded posteriorly (Stachel 

et al., 1993). Lithium induction activates the Wnt pathway (Kao et al., 1998) and similar 

effects were shown for medaka Wnt1 overexpression experiments (Bajoghli et al., 2009). 

Interestingly, we observed quite the opposite phenotype in Gro/TLE inactivated embryos. 

In 22%-38% of the injected embryos, Goosecoid expression was weaker and shortened to 

approximately half of its original size (Figure 24D). Together with the results for otx2 (Figure 

24H,I) and pax2 (Figure 24B) this indicates an anteriorization of Gro/TLE morpholino 

oligonucleotide-induced loss of function. 

 

Figure 24| Analysis of the Gro/TLE knock-down 

phenotype at late gastrula. Embryos at the 1-cell stage 

were co-injected with antisense morpholino oligonucleotides 

(600 µm) and FITC Dextran. Whole mount in situ 

hybridization experiments were performed with digoxigenin-

labeled RNA probes against pax2 (A,B), goosecoid (C,D), and 

pax6 (E,F). Embryos at stage 16 are shown in dorsal view 

with anterior to the top. The broken line indicates the 

anterior end of the embryo. Pax2 (A,B) expression reveals an 

anterior shift of the mid hindbrain boundary (B, bar). In late 

gastrula, goosecoid is expressed in the prechordal plate and 

the anterior embryonic body of the control embryos (C). 

Gro/TLE knock-down causes an anterior shift of the 

expression domain (D), indicated by the arrow. In wild type 

embryos pax6 (C) is expressed in two separate expression 

domains on both sides of the embryonic body. Gro/TLE 

knock-down shows an expansion of pax6 expression (D, 

arrowheads), thereby closing this gap. (A,C,E) Wild type 

control; (B) tle2b MO; (D,F) tle3b MO. Scale bar 100 µm. 

Abbreviations: MO, morpholino oligonucleotide.  

 

 

 

 

 

 

 

Expression of pax6 in older stages showed enlargement of the anterior expression domain 

(Figure 23E,F). To get more insight, we analyzed the expression of pax6 in younger stages. 

At late gastrulation, pax6 is expressed in two distinct domains, lateral of the prospective 
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head region (Figure 24E). However, in morpholino oligonucleotide injected embryos the 

expression domain was fused at both the most anterior top as well as at the posterior 

end. Taken together, instead of two distinct domains, a triangle-shaped expression 

domain was formed (Figure 24F) in 20% to 44% of all morpholino oligonucleotide injected 

embryos (Table 17). Comparable results were also observed in embryos injected with 

different combinations of morpholino oligonucleotides (Table 17). 

 

Morpholino tle1   tle2b   tle3b   tle1+2b   tle1+3b   tle2b+3b   tle1+2b+3b   

    N PT   N PT   N PT   N PT   N PT   N PT   N PT   

pax2 
 

26 4 
 

12 4 
 

9 3 
 

21 6 
 

17 4 
 

12 2 
 

8 2 
 

goosecoid 
 

13 5 
 

8 2 
 

3 1 
 

3 1 
 

9 2 
 

20 6 
 

9 2 
 

pax6   10 3   9 4   15 5   10 4   7 3   10 2   9 3   

 
Table 17| Statistical overview of the Gro/TLE kock-down phenotype at late gastrula. Whole mount in 
situ hybridization experiments were performed on Gro/TLE inactivated embryos using the indicated RNA 
probes. Anterior shifts of the expression domains were observed for pax2 and goosecoid. The two lateral 

expression domains of pax6 were fused into a single domain.  Abbreviations: N, total number of embryos; PT, 

phenotype.  
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Part II 

3.2 CHARACTERIZATION OF MEDAKA TCF3 

So far we showed that loss of function of Gro/TLE, caused either by a dominant-negative 

approach or by morpholino knock down, resulted in cyclopic eyes or an eye-less 

phenotype in very severe cases (Figure 22E). Comparison of these observed morphological 

phenotypes with phenotypes caused by loss of function of Gro/TLE interaction partners 

revealed a strong resemblance to those seen for six3 knock down in medaka (Carl et al., 

2002). Additionally to anophthalmia, knock down of six3 also resulted in deletion of the 

forebrain (Carl et al., 2002), a phenotype that we could confirm in recent studies, where 

we tested modified peptide nucleic acids (PNAs) (Dorn et al., 2012). However, Tcf3 is 

another interaction partner that has a strong connection to anterior-posterior 

development (Roose et al., 1998; Merrill et al., 2004; Arce et al., 2009). Members of the 

Tcf/LEF transcription factor family are the most downstream interaction partners of the 

Wnt signaling pathway. In the absence of Wnt signaling, Tcf/LEFs interact with Gro/TLE 

proteins through a groucho binding site (Arce et al., 2009) and together they repress Wnt 

target gene expression (Cavallo et al., 1998; Levanon et al., 1998; Roose et al., 1998). 

Experiments in zebrafish have shown, that knock down of the hdl gene resulted in an 

eye-less phenotype (Dorsky et al., 2003), similar to the one that we observed for Gro/TLE 

loss of function. In contrast to zebrafish, the medaka genome contains only a single tcf3 

gene (Wang, D. et al., 2011). However, except for the sequence, little is known about 

medaka tcf3. We, therefore, decided to analyze its expression and function in early 

embryonic development. Based on the observations of Dorsky et al., we further 

hypothesized that our Gro/TLE inactivation phenotype caused by antisense morpholino 

oligonucleotides (Figure 22) might be connected to tcf3 loss of function. 

 

3.2.1 ISOLATION AND EXPRESSION OF THE MEDAKA TCF3 GENE 

As a starting point we used the published sequence of the medaka tcf3 gene (GenBank 

accession number HQ705658), which is located on chromosome 9 and encodes for a 

1728 bp long mRNA (Wang, D. et al., 2011), and the two known zebrafish sequences for 

the hdl gene (GenBank accession number BC053135) (Artinger et al., 1999) and tcf3b 

(GenBank accession number AY221031) (Dorsky et al., 2003). Clustal analysis (Sievers et 

al., 2011) of the amino acid sequences (Figure 25) of the medaka Tcf3 protein and the two 

zebrafish orthologs showed 65% and 69% sequence identity for Tcf3b and Hdl, 

respectively. Highest similarities were found in the conserved domains (Figure 25; colored 

boxes), whereas the most divergent regions were observed shortly before the C-terminal 

end. 
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Figure 25| Clustal alignment of 
medaka and zebrafish Tcf3 protein 
sequences. The amino acid sequences of 

medaka and zebrafish (tcf3b and hdl) show 
high similarity, being most divergent near 
the C-terminus. (asterisk) identical amino 
acids in all sequences; (colon) highly 

conserved amino acids; (dot) different but 
very similar amino acids; gaps indicates 
dissimilar amino acids or gaps. Green box, 

-catenin binding domain; pink box, 

groucho binding sequence; purple box, 
high mobility group; red box, nuclear 
localization sequence, yellow boxes CtBP 

interaction domain. 

 

 

 

 

 

 

 

 

 

To analyze the expression pattern of tcf3, we performed whole mount in situ hybridization 

experiments using a digoxigenin-labeled RNA probe against the 5’ end of tcf3. The 

sequence for the RNA probe was PCR amplified from medaka embryonic cDNA and cloned 

into a pGem®-T Easy (Promega) vector.  

During gastrulation, tcf3 is broadly expressed throughout the embryonic shield (Figure 

26A) at 40% epiboly, followed by an anterior shift towards the prospective head region 

(Figure 26C) and into the embryonic body (Figure 26B,C) at late gastrula. The expression 

becomes further restricted to the head region during neurula (Figure 26D,D’) from where it 

slowly expands posteriorly (Figure 26E-I’). As soon as the three different parts of the brain 

can be distinguished, tcf3 expression is segmented into distinctive stripes (Figure 26E).  

However, the expression is still enhanced in the telencephalic region and the midbrain, 

whereas only a faint stripe can be observed in the hindbrain. Comparable to zebrafish 

tcf3b, a gap of expression is clearly visible in the MHB (Figure 26E-G) (Dorsky et al., 2003). 

Furthermore, weak expression was also detected in the eyes and the otic placodes (Figure 

26E). During somitogenesis, tcf3 expression extends further caudally (Figure 26F’-I’), where 

it is then found in the pectoral fins and the somites in late stages (Figure 26I,I’). Taken 

together, the expression of medaka tcf3 overlaps with both the expression domains 

described for the zebrafish orthologs tcf3b and hdl (Dorsky et al., 2003). 
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Figure 26| Expression pattern of tcf3 
during medaka embryonic 
development. Whole mount in situ 

hybridization experiments were performed 
in wild type embryos at the indicated 
stages, using a digoxigenin-labeled RNA 
probe against tcf3. Embryos are shown in 

dorsal view, anterior at the top. (F-I) Flat 
mounts; (F’-I’) tail view. During 
gastrulation (A-C) Tcf3 is expressed 

throughout the epiblast and the embryonic 
body (C-D). In neurula the expression 
becomes restricted to the head (D,D’) from 
where it spreads caudal and divides into a 

forebrain, midbrain, and hindbrain section 
(E;E’). Black arrow head indicates a gap in 
expression at the mid-hindbrain boundary 
(F-H) which is slowly closed at stage 26 

(H). In later stages, expression is observed 
throughout the entire body (G-I’). Scale 
bars 100 µm. Abbreviations: st, stage. 

 

 

 

 

3.2.2 MORPHOLINO KNOCK DOWN OF THE MEDAKA TCF3 GENE 

After having identified the expression pattern of tcf3 and monitored it during many stages 

of early medaka development, we next wanted to investigate its function. For this, we 

used antisense morpholino oligonucleotides directed against tcf3. They were designed 

from the predicted sequence of tcf3 (TCF7L1, transcription factor 7-like 1, GeneID 

ENSORLG00000011813) and its 5’ UTR in the Ensembl Genome Browser (Birney et al., 

2004a) according to the established protocols (Summerton, J. et al., 1997). To specifically 

inhibit mRNA translation a 25 bases target sequence, which overlaps the AUG 

translational start site at the 5’ end, was selected as antisense morpholino sequence 

(Figure 27). Additional end modifications were not included in the design; instead, FITC-

Dextran was used as an injection control. 

 

 

Figure 27| Tcf3 antisense morpholino oligonucleotide design. Medaka Tcf3 mRNA sequence; including the 

partial 5’ UTR (red) and the partial amino acid coding region (black). The AUG translational start site is 
underlined. Morpholino Sequences (yellow box) were designed according to the guidelines of the Gene-Tools 
homepage (Sievers et al., 2011).  

 

Wild type embryos at the 1-cell stage were co-injected with tcf3 antisense morpholino and 

1 µg/ml FITC-Dextran (Figure 28). Embryos, which contained an evenly distributed 

fluorescent signal throughout the entire body, were observed under the microscope. 

During young stages, until neurulation, no significant changes in development were 

observed between the injected and the control embryos (Figure 28A-D). Only after the 

Tcf3 mRNA:  5’- auuuuuggucuuguugagcugaucgacuggugugcaaacAUGCCUCAACUGAACGGAGGCGGCGGGG -3’ 
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beginning eye development, phenotypic alterations became visible (Figure 28 columns weak – 

strong).  

 

 

Figure 28| Overview of tcf3 loss of function phenotypes during early medaka development. Embryos at 

the 1-cell stage were co-injected with 300 µM tcf3 morpholino and 1 µg/ml FITC-Dextran (columns weak – 

strong). Control embryos (A,E,I,M,Q,U) were co-injected with 1x Yamamoto’s and FITC-Dextran. Pictures of 
embryos with a fluorescent signal were taken at several developmental stages, which were defined according to 
the control embryo: (A-D) stage 17; (E-H) stage 21; (I-L) stage 22; (M-P) stage 23; (Q-T) stage 25; (U-X) stage 30. 

Embryos are shown in dorsal view, anterior to the top. Classification was performed after the onset of eye 
pigmentation, according to the size of the eye: weak, slightly reduced size; moderate, severe size reduction; 
strong, anophthalmia. Scale bar 100 µm. 

 

The phenotype concentrated on the eye region, leaving the trunk and tail unharmed. 

However, a distinct classification into groups was still not possible. We therefore followed 

the development of the embryos over several stages until the eyes of the control embryos 

were clearly pigmented (Figure 28U) and three main groups of phenotypes (weak, 
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moderate, and strong) were distinguishable (Figure 28V-X and Figure 29). Embryos, which 

developed a weak phenotype (Figure 28V), had slightly smaller eyes than the control group, 

whereas in embryos with a moderate phenotype (Figure 28W) the size reduction was 

severe. As a strong phenotype (Figure 28X), we classified eye-less embryos that looked 

otherwise normal and resembled the extreme anophthalmic phenotypes observed in tle 

loss of function experiments (Figure 22). Interestingly, compared to zebrafish morpholino 

injections, the strong phenotype resembles more the phenotype seen for morpholinos 

against hdl than for morpholinos against tcf3b. This is in contrast to the observed 

expression pattern of the whole mount in situ experiments in wild type (Figure 26), where 

the expression overlaps more with zebrafish tcf3b in earlier stages (Dorsky et al., 2003). 

Best results were obtained using a morpholino concentration of 300 µM. In 64% of the 

embryos we observed eye phenotypes with more than half of them being eye-less. The 

rest was divided into moderate and weak phenotypes with 17% and 12%, respectively. 

However, at lower concentrations the phenotype rate decreased to less than 30% with 9% 

developing a moderate phenotype and only 3% being anophthalmic (Figure 29).  

 

Figure 29| Tcf3 antisense 

morpholino induced phenotypes. 
Embryos at the 1-cell stage were co-

injected with different concentrations 

(100 µM and 300 µM) of tcf3 

morpholino and 1 µg/ml FITC-

Dextran. Control embryos were co-

injected with buffer (1x Yamamoto’s) 

and FITC Dextran. Embryos, 

containing a positive fluorescent 

signal, were categorized according to 

their phenotypes: green, normal 

development; blue, weak phenotype 

(smaller eyes); purple, moderate 

phenotype (very small eyes); red, strong phenotype (anophthalmia). Number (N) of surviving embryos: control, 

N=119, 100 µM, N=32, 300 µM, N=204. 

 

In Figure 30A-C the tcf3 loss of function phenotype is depicted in more detail. The extreme 

size reduction of the eyes is indicated by black dotted lines, which represent the average 

outlines of normal wild type eyes in comparable stages (Figure 30A-D). Comparison to the 

eye-less phenotype of tle inactivated embryos (Figure 30D) showed a remarkable 

resemblance of these two loss of function phenotypes. However, the phenotype of Aes/Q-

induced embryos (Figure 30E) does not fit into this picture. Figure 30E shows an embryo 

with an almost eye-less phenotype. Instead of a severe size reduction, lateral of the 

forebrain, the eyes shifted anteriorly and towards the midline, thereby overlaying the 

forebrain. Cyclopia is indicated by the streak of pigmented retinal epithelium (Figure 30E, 

arrowhead). 
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Figure 30| Comparison of tcf3 loss of function with Gro/TLE morpholino and Aes/Q-induced 
phenotypes. Antisense morpholino oligonucleotides against either tcf3 (A-C; 300µM) or tle2b (D; 600µM) were 

co-injected with FITC Dextran. (E) Aes/Q embryos of theF2 generation were heat-induced at stage 15. Embryos 
are shown in dorsal view with anterior to the top. (A-C) stage 28, (D,E) stage 30. (A-D) dotted line indicates the 
position of the eyes in a wild type embryo. (E, arrowhead) pigmented retinal epithelium of the remaining 

cyclopic eye. Scale bar 100 µm. 

 

Next we analyzed the phenotype with whole mount in situ hybridization using 

digoxigenin-labeled RNA probes against pax2, pax6, and gbx1. Dorsky et al. tested the 

zebrafish equivalents in hdl inactivated embryos and hdl/tcf3 double knockdowns. In 

zebrafish, hdl mutants showed a decrease in pax6 expression in the presumptive head 

region and pax2.1 expression was expanded rostrally. The expression of gbx1 remained 

unchanged. However, if both hdl and tcf3b were inactivated, gbx1 also expanded 

anteriorly, thereby encircling the expression domain of pax2.1. Furthermore, the anterior 

expression of pax6 was completely lost (Dorsky et al., 2003). In medaka, only a single tcf3 

gene was found (Wang, D. et al., 2011). However, its expression (Figure 26) overlaps that of 

both hdl and tcf3b (Dorsky et al., 2003). Furthermore, the observed loss of function 

phenotypes (Figure 28), resemble those of hdl inactivated zebrafish embryos (Dorsky et al., 

2003). We used similar probes as described by Dorsky et al. for our in situ hybridization 

experiments, to see if the zebrafish results are also true for medaka embryonic 

development. Indeed, the expression domains of all three genes were shifted anteriorly 

(Figure 31A-D) compared to the wild type control (Figure 31E-H). The caudal borders of this 

shift are indicated with white lines in Figure 31H. Embryos that showed expression 

patterns comparable to those of the zebrafish embryos injected with hdl antisense 

morpholino oligonucleotides (Dorsky et al., 2003) were categorized as weak (Table 18) and 

those comparable to the hdl/tcf3b combinatorial knockdown of Dorsky et al. as strong 

(Table 18). In 48% of the embryos (Table 18) the expression domain of pax6 was smaller 

(Figure 31E,H). Instead of two separate domains on either side of the prospective head 

(Figure 31A,D), only a single cap-like structure was observed at the most anterior part of 

the head (Figure 31E,H). However, we failed to see a complete loss of anterior pax6 

expression (Table 18). Also 56% of the embryos, hybridized with the MHB marker pax2, 

showed the same upwards shift (Table 18). Additionally, the expression of pax2 was 

expanded anteriorly, thereby overlapping with pax6 (Figure 31F,H), which was again in 

good agreement with the expression in zebrafish hdl loss of function embryos (Dorsky et 

al., 2003). However, only 14% were categorized as strong (Table 18), resembling more an 

intermediate state between the two injection variants described by Dorsky et al. and none 

developed the severe horseshoe-like phenotypes. In 37% of the embryos an altered 

expression of gbx1 was observed (Table 18). Again, the expression domain was shifted 

anteriorly (Figure 31G,H). Additionally to the upward shift of the entire expression domain, 
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the lateral edges of less severely caudalized embryos pointed anteriorly and in more 

severe phenotypes, the expression expanded into an arc-like shape, thereby overlapping 

the expression domains of both pax6 and pax2 (Figure 31G,H). 

 

 

Figure 31| Genotypic analysis of the tcf3 loss of function phenotype. Embryos at the 1-cell stage were co-
injected with 300 µM antisense morpholino oligonucleotides against tcf3 and 1 µg/ml FITC Dextran (E-G). 

Control embryos (A-C) were co-injected with 1x Yamamoto’s and FITC Dextran. FITC-positive embryos were 
selected at stage 16.  Whole mount in situ hybridization experiments were performed using digoxigenin-labeled 
RNA probes against pax6 (A,E), pax2 (B,F), and gbx1 (C,G). (D), Figures A-C were merged, the outlines of the 
wild type expression of all three genes is indicated by broken lines; pax2 (yellow) served as background; the 

colors of pax6 (brown) and gbx1 (yellow) were altered using the transparency tool of CorelDRAW (intensity for 
pax6 and inversion for gbx1). (H), pictures (E-G) were treated the same way as described for (A-C) in (D); the 

altered caudal borders of the expression are indicated with white lines. All embryos are shown in dorsal view 
with anterior to the top. Tcf3 inactivation (E-G) caused an anterior shift in the expression domains of all three 
genes (A-C). Expression of gbx1 (G) and pax2 (F) expands anterior and overlaps with pax6 expression (E). Scale 

bar 100 µM. 

 

 

  pax6 pax2 gbx1 

Embryos 61 36 43 

    

Weak phenotype 29 15 0 

Strong Phenotype 0 5 16 

Total phenotypes 48% 56% 37% 

 
Table 18| Statistical overview of the genotypic analysis of tcf3 loss of function. Whole mount in situ 
hybridization experiments were performed on tcf3 inactivated embryos. Stage 16 embryos were hybridized with 

the indicated RNA probes. Phenotypes were categorized according to the expression pattern shifts similar to 
zebrafish embryos (Dorsky et al., 2003): weak, zebrafish hdl mutant; strong, hdl mutant injected with tcf3 

morpholino oligonucleotide. Abbreviations: hdl, headless. 
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3.2.3 MEDAKA TCF3 GAIN OF FUNCTION 

So far we analyzed tcf3 loss of function phenotypes and their consequences. We then 

focused on our initial hypothesis, the connection between Gro/TLE genes and tcf3 (Figure 

22). For this, wild type embryos at the 1-cell stage were injected with full length tcf3 

(Figure 32; Tcf3) under the control of the heat-inducible HSE-promoter, which allowed 

stage-dependent ectopic gene expression (Bajoghli et al., 2004). Stage 14 embryos were 

heat-induced for 10 minutes at 43.5°C and Gfp-selected 24 hours later. Phenotypes were 

categorized at stage 30, when the onset of eye pigmentation allowed distinct 

differentiation between normal development and weak alterations. Initially we expected 

that misexpression of Tcf3 would not result in an eye phenotype. However, Table 19 shows 

that gain of function of full length Tcf3 resulted in 31% of the embryos showing smaller 

eyes, comparable to the weak phenotype of the tcf3 morpholino injections. Neither 

elevated DNA concentrations nor variations of the heat-induction time did change this 

result. 

 

 

Figure 32| Schematic protein structure of Tcf3 and Tcf3 mutants. Green, -catenin binding domain; 

purple, high mobility group (HMG) domain; red, nuclear localization sequence (NLS); yellow, CtBP-binding 
domain. The black triangle indicates the deletion of the Gro/TLE interaction domain. 

 

We next concentrated on functional domains of Tcf3 that mediate transcriptional 

repression. Misexpression experiments in Xenopus showed that the C-terminus of Tcf3 

mediates repression upon interaction with CtBP (Brannon et al., 1999). To test whether 

an interaction with CtBP is responsible for the observed eye phenotypes we designed a 

truncated Tcf3 version (Figure 32; Tcf3(1-434)). With 49% the number of embryos developing 

smaller eyes was even higher in the truncated form without the CtBP-binding domain 

(Table 19). In addition to the C-terminus, the N-terminal region of Tcf/Lef proteins was 

also assigned with a repressing function. Experiments in Xenopus embryos showed that 

siamois is repressed by the N-terminal half of Tcf3 (Brannon et al., 1997) and that this 

repression is mediated by interaction with Gro/TLE (Roose et al., 1998). To specifically 

asses Tcf3-Gro/TLE-mediated repression, we then generated deletion versions for both 

full length Tcf3 and the C-terminally truncated Tcf3. These deletion spanned from amino 

acids 62 to 236 (Figure 32; Tcf3Gro and Tcf3 (1-434)Gro), including the Gro/TLE interaction 

domain but retaining the N-terminal -catenin domain and the central HMG domain 

(Arce et al., 2009). Loss of the GBS slightly decreased the number of eye phenotypes to 

27% (Table 19), which indicates a strong effect of Gro/TLE corepressors on Tcf3, in 

particular during eye development. 
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  Tcf3 Tcf3 Gro Tcf3(1-434) Tcf3(1-434) Gro 

Embryos 27 23 85 66 

Dead 1 1 16 14 

Mortality 4% 4% 19% 21% 

          

weak 2 4 9 5 

moderate 4 1 7 4 

strong 2 1 18 5 

Ectopic otic vesicles *) 0 7 0 14 

Small eye phenotype in surviving embryos 31% 27% 49% 27% 

*) The development of ectopic otic vesicles can overlap with the eye phenotype. 

 
Table 19| Gain of function phenotypes of the medaka tcf3 gene. Embryos at the 1-cell stage were co-

injected with 40 ng/µl heat-inducible DNA construct (gfp:HSE:Tcf3; gfp:HSE:Tcf3Gro; gfp:HSE:Tcf3(1-434); 

gfp:HSE:Tcf3(1-434)Gro) and meganuclease. Heat treatment was applied at stage 14. Phenotypes of gfp-

positive embryos were categorized at stage 30. Abbreviations: HSE, heat shock element. 

 

Interestingly, in 31% of the embryos overexpressing Tcf3 mutants lacking the GBS, 

ectopic otic vesicles were observed. All of them formed in the trunk and tail region of the 

developing embryo, hence, posterior to the endogenous vesicles (Figure 33B). These results 

strongly resemble misexpression experiments of sox3. Koster et al. performed mRNA 

injections into 1-cell stage medaka embryos and observed ectopic otic vesicle formation at 

the dorso-lateral trunk (Koster et al., 2000). The numbers in Table 19 refer to the number 

of embryos that developed ectopic otic vesicles. However, as shown in Figure 33, several 

embryos developed multiple otic vesicles. 

 

Figure 33| Ectopic otic vesicle formation 
in Tcf3 mutants lacking the GBS. Embryos 

at the 1-cell stage were co-injected with 

40ng/µl gfp:HSE:Tcf3(434)Gro and 
meganuclease. Heat treatment was applied at 

stage 14 and pictures of gfp-positive embryos 
were taken at stage 31. (A) dorsal view with 
anterior at the top, (B) lateral view with 
anterior at the left. Arrow heads indicate 

ectopic otic vesicles, the arrow points to the 
endogenous otic vesicle. Scale bar 100 µm. 

 

For further characterization of the gain of function phenotype, we selected the truncated 

mutants of Tcf3 due to their higher eye phenotype rate compared to full length Tcf3 (Table 

19). While following the embryos during their development until final categorization, we 

noticed that the percentages of embryos showing phenotypes were considerably higher in 

younger embryos, suggesting rescue mechanisms. However, morphologic evaluation of 

phenotypes in stages without eye pigmentation is rather inaccurate. Using the retinal 

marker rx2, in in situ hybridization experiments, it was, however, possible to quantify eye 

development during early stages (Figure 34). At stage 21-22, 90% of the embryos developed 

eye defects, if injected with C-terminally truncated Tcf3 (Figure 34A,C-E). On the other 

hand the number of phenotypes in Tcf3Gro was again lower (50%) (Figure 34A). At these 

young stages, embryos were categorized as weak (Figure 34C) if the size of the eyes was 
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considerably smaller, but the intensity of the in situ hybridization staining was 

comparable to the wild type control (Figure 34B), whereas moderate (Figure 34D) and strong 

(Figure 34E) phenotypes showed a clear reduction or loss of staining, respectively. 

 

 

Figure 34| The tcf3 gain of function phenotype is enhanced in younger developmental stages. Embryos 

at the 1-cell stage were co-injected with meganuclease and either heat-inducible truncated Tcf3 

(Gfp:HSE:Tcf3(1-434); 40 ng/µ) or Gro-depleted Tcf3 (Gfp:HSE:Tcf3(1-434)Gro; 40 ng/µl). Heat induction was 
performed at stage 14-15. Gfp positive embryos were selected at stage 22  for subsequent whole mount in situ 

hybridization experiments using digoxigenin-labeled RNA probes against rx2. (B) wild type controls were heat-
induced at stage 14. (A) Statistical overview of the phenotype distribution. (B-E) whole mount in situ 
hybridization against rx2, embryos are shown in dorsal view, anterior at the top. Phenotypes were categorized 

according to their eye size and the expression intensity compared to the control: (C) weak, small eyes, normal 
expression intensity; (D) small eyes, weak expression; (E), missing eyes and expression. Total number (N) of 
embryos used for in situ hybridization experiments: Tcf3(1-434), N=10, Tcf3(1-434)Gro, N=10. Scale bar 100 

µM. 

 

We also directly compared the phenotypes of tcf3 loss of function phenotypes with the 

gain of function phenotypes (Figure 35). For this, whole mount in situ hybridization 

experiments with digoxigenin-labeled RNA probes against tcf3, rx2, bf1, and wnt1 were 

performed and compared with heat-induced wild type control embryos (Figure 35). Due to 

the observed small-eye phenotype, rx2 expression was reduced in morpholino injected 

(Figure 35F) as well as in the tcf3 injected embryos (Figure 35J). However, the latter showed 

a somewhat weaker expression compared to the control (Figure 35Figure 35B). The 

observed staining for tcf3 was comparable to the control and the morpholino injected 

embryos but showed a blurred outline surrounding the embryo (Figure 35K,P). The most 

distinct differences between the morpholino injected embryos and the Tcf3 mutants were 

observed with bf1 (Figure 35G,K) and wnt1 (Figure 35H,L) probes. Using morpholino 

oligonucleotides, the forebrain and midbrain seemed relatively unaffected (Figure 35G,H) 

compared to control embryos (Figure 35C,D). However, looking at the expression of bf1, it 

rather seemed that the anterior part of the eyes was missing, leaving only the posterior 

part as a remaining small eye (Figure 35G). In the tcf3 misexpressing embryos, on the 

other hand, the eyes developed more anteriorly; resulting in a more line-shaped (Figure 

35K) and not a cascaded staining. A clear difference was observed in wnt1 expression, 

which was wide and blurred in the midbrain and weak in the trunk and tail region. 

Furthermore, the size of the midbrain was reduced in tcf3 gain of function (Figure 35L). 
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Figure 35| Comparison of tcf3 loss of 
function with tcf3 gain of function 
phenotypes. Embryos at the 1-cell stage 

were injected with either 300 µM antisense 
morpholino against tcf3 (E-H) or co-injected 

with 40 ng/µl gfp:HSE:Tcf3(1-434) and 
meganuclease (I-L). Injected and wild type 

control embryos were heat-induced at stage 
14 at 43.5°C for 10 minutes (I-L). Whole 
mount in situ hybridization experiments were 

performed using digoxigenin-labeled RNA 
probes against tcf3 (A,E,I), rx2 (B.F,J), bf1 
(C,G,K), and wnt1 (D,H,L). Reduced 
expression of rx2 (F,J) and bf1 (G,K) in the 

eyes. Diffused Wnt1 expression in the Tcf3 

mutants (L) shows a small smaller midbrain 
and only weak expression in the hindbrain. 
Tcf3 expression was unchanged (E,I). Scale 

bar 100 µm. 
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Part III 

3.3 ELECTROPORATION OF SMALL MOLECULES  

In fish developmental biology, microinjection is a standard technique to introduce DNA or 

RNA into an embryo. However, to obtain reproducible results, good training and long 

experience is necessary and still the outcome may vary. One of the critical factors during 

microinjection is the droplet size. An injection solution has a defined concentration but 

the final amount of DNA/RNA inside the embryo depends on the injected volume. In 

gain-of-function experiments, the generation of transgenic lines eliminates this problem. 

However, for loss-of-function experiments (e.g. morpholino knock down), transient 

injections are inevitable. More than twenty years ago Japanese scientists addressed this 

problem and introduced electroporation as an alternative to classical microinjection to 

produce transgenic medaka fish (Inoue et al., 1990). Finally, Hostetler et al. improved this 

technique, by using direct current-shift radio pulses, to generate large numbers of stable 

transgenic fish (Hostetler et al., 2003). 

Based on their results we wanted to use electroporation for our loss-of-function 

experiments. In an attempt to adapt their protocols, we used the same conditions as a 

starting point (modulation frequency, 35 kHz; voltage, 25 V; pulse duration, 10 ms; using 

3 pulses with 1 second pulse interval) as Hostetler et al. to electroporate a vector which 

constitutively expresses gfp into 1-cell stage embryos (Fargas Madriles, 2011). However, 

no gfp expression could be detected within the embryo, even after modulating the original 

settings. We then used smaller FAM-labeled oligonucleotides (Friesenhengst, 2012) and 

again failed to detect fluorescence. Only dechorionation slightly improved the uptake of 

both the vector and the oligonucleotides. 

We reasoned that the rigid chorion, surrounding the medaka embryo, might be a barrier 

for the uptake of molecules and, therefore, started analyzing its characteristics.  

 

3.3.1 DIFFUSION INTO MEDAKA EMBRYOS 

To analyze the diffusion properties of the medaka chorion we chose fluorescing 

substances as small and easily quantifiable tracer molecules. For this, several tracer dyes 

were tested: fluorescein, rhodamine B, acridine orange, acriflavine, alizarine red, fuchsine 

acid, and neutral red. Depending on their molecular properties, they were distributed 

differently within the egg (including the embryo and the yolk) and were detectable at 

variable concentrations. We finally selected fluorescein as a representative small 

molecule for most experiments. 

To determine the optimal conditions for medaka embryos, we incubated the embryos with 

fluorescein at 27°C for variable durations and at various concentrations. Best 

quantifiable results were obtained after 40 minutes incubation with a concentration of 10 



RESULTS 

70 

mg/ml and 30 minutes washing time. However, the embryos tolerated even higher 

concentrations (100 mg/ml) without any phenotypic alterations. To quantify the uptake 

of fluorescein by the embryo, we mainly used fluorescence microscopy (measurement of 

pixel intensities from microscopic pictures) but we also tested fluorescent spectroscopic 

determination (Thaler, 2010). Although the latter method is more sensitive, we preferred 

microscopic measurement. This allowed us to follow the same embryos during 

development and to qualify tissue distribution of the tracer substance, survival, and 

possible phenotypic alterations.  

 

Fluorescein Reference 

To be able to quantify the amount of fluorescein within the egg we prepared a reference. 

The volume of an average egg (embryo and yolk) was determined by measuring its 

diameter. This resulted in an average volume of 0.8 µl. Fluorescein droplets with variable 

concentrations and a volume comparable to an average egg were measured in mineral oil. 

However, the spherical-shape of the droplet was lost, once it touched the bottom of a 

plate. Therefore, cellulose sulfate beads (Ortner et al., 2012) were soaked in different 

concentrations of fluorescein for several days and the pixel intensity of the microscopic 

pictures was determined (Dorn et al., 2012; Jung et al., 2013). Measurement of the beads 

resulted in an average diameter of 730 nm and consequently a volume of 0.2 µl. 

Concentrations between 100 µg/ml and 1 µg/ml were linear over a broad range of 

exposures (Figure 36). Taking the differences in the volume into account, a fluorescein 

reference was calculated from these values (Figure 37). 

 

 

Figure 36| Fluorescein in beads. Microscopic pixel measurement of cellulose sulfate beads, soaked in 

fluorescein staining solution with different concentrations: blue, 100 mg/ml; red, 10 µg/ml; green, 1 µg/ml; 
purple, 100 ng/ml. Pixel intensities were quantified for several exposure times, using ImageJ (Schneider et al.), 

and a linear range (black box) with a pixel intensity around 1,000,000 was determined. 
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Figure 37| Fluorescein reference. To quantify the amount of fluorescein within the embryos, a reference was 

calculated from the pixel intensities measured in the cellulose sulfate beads in Figure 36. 

 

Fluorescein Uptake and Distribution in Medaka Embryos 

Initial experiments, using a concentration of 10 mg/ml fluorescein, showed that if 

incubated at the 1-cell stage, fluorescein was internalized by the zygote (Appendix (Jung 

et al., 2013) Figure 1A). Extensive washing with ERM over several days removed the 

excess fluorescence and only a weak signal remained in the liver/gallbladder (Appendix 

(Jung et al., 2013) Additional File 1A). Also during blastula (Appendix (Jung et al., 2013) 

Figure 1B) and in later stages of development (Appendix (Jung et al., 2013) Figure 1C), 

fluorescein was preferably localized within the embryo. Only shortly before hatching, the 

signal was enriched in the liver and the gallbladder (Appendix (Jung et al., 2013) Figure 

1D). This distribution made fluorescein a well suited model for small substances diffusing 

into the embryo.  

 

 

Figure 38| Fluorescein uptake during early medaka development. Embryos at several stages were 

incubated with 10 mg/ml fluorescein for 40 minutes at 27°C. Pictures were taken after 30 minutes washing 
and fluorescence intensities were measured. Fluorescein uptake into fertilized embryos is slightly reduced. 
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Measurements of the fluorescence intensity showed a slight decrease in the uptake of 

fluorescein during early embryonic development (Figure 38). However, following fluorescein 

uptake during most developmental stages, the pixel intensities remained relatively 

constant, except from the 4-cell stage to early morula and shortly before hatching, where 

the signal slightly increased (Appendix (Jung et al., 2013) Figure 1E).  

 

Diffusion Kinetics 

As described in the previous section, the embryos were incubated with a concentration of 

10 mg/ml. However, after 40 minutes of in-diffusion and 30 minutes washing time only 

3-9 µg/ml of fluorescein were detected within the embryo (Appendix (Jung et al., 2013) 

Figure 1E) which represents less than 0.1% of the supernatant. We therefore decided to 

investigate the diffusion kinetics through the chorion. Due to a quantification limit of 

approximately 100 µg/ml (Figure 36) and an external concentration that exceeds this 

value, we could not analyze the kinetics of in-diffusion and therefore concentrated on the 

out-diffusion. 

To remove excess material on the surface of the chorion, several fast washing steps, 

including a 3- fold exchange of ERM within the first 5 minutes, were introduced directly 

after incubation and first reproducible results were obtained after 7 minutes washing 

time. Further survey points after 10, 20, 30, 60, 90, and 120 minutes identified two 

phases. The first phase describes a fast decrease of the signal within 30 minutes of 

washing, whereas during the second phase this process is considerably slower (Appendix 

(Jung et al., 2013) Figure 2A). The calculated diffusion half-times for fluorescein resulted 

in 4 minutes for the first phase and 2.4 hours for the second phase. 

 

Diffusion Barriers within the Medaka Egg 

Initially we considered the rigid chorion surrounding the medaka embryo and yolk as the 

main diffusion barrier. However, this bi-phasic out-diffusion made us reconsider and 

question which structures of the egg are responsible for the observed kinetics. 

Additionally to the outer acellular chorion, the embryo and yolk are covered by extra-

embryonic membrane systems, another potential barrier. In order to distinguish these 

possibilities, we manipulated the eggs to create two different experimental models 

(Appendix (Jung et al., 2013) Figure 2B). To mimic chorion diffusion, dead embryos were 

used. Since the chorion still had to be intact in these embryos, they were prepared by 

applying high voltage pulses (60 V, 0.5 A, 35 kHz, 60 ms, 3 pulses with 200 ms interval). 

Upon this treatment, the embryo, the yolk, and all membranes shrink to a ball-like 

structure that remains within the chorion barrier but is relatively small compared to the 

volume of the chorion. To mimic the extra-embryonic membrane systems, the embryos 

were dechorionated using natural hatching enzyme. 

Quite unexpectedly, dead embryos showed strong fluorescence after 40 minutes of 

incubation (Appendix (Jung et al., 2013) Figure 2C’ and (Hug, in preparation)), indicating 

that the chorion is easily passed by fluorescein and hence not the limiting barrier. 

Quantification of the signal (Appendix (Jung et al., 2013) Figure 2E and (Hug, in 

preparation)) revealed that fluorescein is taken up relatively fast during the first 40 

minutes. It then reaches a saturated phase with approximately 90% of the supernatants 
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concentration. On the other hand, dechorionated embryos showed only weak 

fluorescence (Appendix (Jung et al., 2013) Figure 2D and (Hug, in preparation)) and the 

concentration of internalized fluorescein was at basal levels, comparable to intact 

eggs(Appendix (Jung et al., 2013) Figure 2E and (Hug, in preparation)). Some of the 

dechorionated embryos had spike levels of pixel intensities. Microscopic controls, 

however, showed that these embryos were not stained uniformly but rather showed 

patches of fluorescence. Closer inspection revealed lesions in the membranes of such 

embryos (Figure 39). Disruption of theses membranes is a common side effect observed in 

dechorionated embryos and they were excluded from evaluation. 

 

Figure 39| Disrupted membrane systems of a dechorionated 

embryo. Lateral view of a dechorionated embryo at stage 17, anterior 

at the left. Black arrow head indicates the embryo. White arrow head 
indicates the disrupted membrane system surrounding the embryo 

and yolk. The black arrow points to the yolk bulging from the covering 
membrane systems. Scale bars 250 µm. 

 

 

 

 

We therefore concluded that not the chorion of medaka eggs is the diffusion barrier for 

small molecules but the membrane systems surrounding the embryo and the yolk. This 

would predict that small molecules diffuse relatively fast through the chorion of intact 

eggs into the perivitelline space where they are stopped at the inner membranes. Based 

on this hypothesis, we tested the in-diffusion into the perivitelline space. For this, intact 

eggs at the 2-cell stage were shortly exposed (10 minutes) to low concentrations of 

fluorescein (100 µg/ml), which should be sufficient to reach high fluorescence with still 

quantifiable pixel intensities inside the perivitelline space but not the embryo. Indeed, the 

expected distribution of fluorescein was observed after a few washing steps (3-fold 

medium exchange in 2 minutes) (Appendix (Jung et al., 2013) Figure 2F’’). We also 

assumed that if the incubation time would be prolonged (40 minutes), as in the 

experiments shown previously (Appendix (Jung et al., 2013) Figure 1), fluorescein would 

not only be enriched in the perivitelline space but have further diffused into the embryo. 

Hence, after short washing (3-fold medium exchange in 2 minutes), fluorescence could be 

detected both in the perivitelline space and the embryo (Appendix (Jung et al., 2013) 

Figure 2G’’). On the other hand, after additional washing steps fluorescein in the 

perivitelline space rapidly disappeared, due to fast out-diffusion through the chorion, and 

only remained within the embryo (Appendix (Jung et al., 2013) Figure 2H’’). As a second 

small molecule methylene blue was tested using the same procedure. It rapidly 

accumulated within the perivitelline space (Appendix (Jung et al., 2013) Additional File 2) 

but did not diffuse further into the embryo or yolk and comparable to fluorescein it was 

quickly removed from the perivitelline space. 
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Triton X-100 Affects the Membrane Behavior 

One possible attempt to overcome the diffusion barriers is microinjection. For early 

stages this is a well-established method. However, during later stages the injection mix 

needs to be applied into larger internal cavities, for example the neural tube. In zebrafish, 

yolk-injections are often performed to accomplish uniform distribution. Indeed, in 

medaka yolk-injected fluorescein was distributed evenly throughout the yolk after 30 

minutes (Appendix (Jung et al., 2013) Additional File 3). However, detection of fluorescent 

signal within the embryo was only possible after 4 hours and in very low concentrations. 

Moreover, medaka embryos have a very sticky yolk which leads to rapid clogging of the 

injection needle and hence to low reproducibility. 

In an initial attempt to overcome the diffusion barriers, we incubated the embryos with 

de-ionized water, due to the fact that chorion permeability is decreased in the presence of 

cations (Cameron et al., 1984). The idea of using de-ionized water resulted from a time 

when we were not yet aware of the membrane system as actual barrier and still assumed 

that the chorion is the main barrier for diffusion. To be able to clearly see changes in 

diffusion, we chose 3-days old embryos which have previously shown the lowest uptake 

of fluorescein (Appendix (Jung et al., 2013) Figure 1C). Intact eggs were pre-incubated 

with de-ionized water for 0 (no treatment), 3, and 24 hours. The embryos tolerated both 

incubation times very well (100% survival for both pre-incubations), without developing 

phenotypes. Measurement of pixel intensities was performed after 30, 60, and 24 hours. 

Compared to the untreated control (0 hours pre-incubation), 3 hours pre-incubation 

resulted in an almost 3-fold increase of fluorescence within the egg after 30 minutes of 

washing (Figure 40, red bar). Prolonged washing showed a slow decrease of the internalized 

signal which reaches almost basal levels after 24 hours. However, pre-incubation for 24 

hours resulted only in a small increase of fluorescence (Figure 40, green bar). 

 

 

Figure 40| Fluorescein uptake into medaka embryos after pre-incubation with de-ionized water. Intact 

3 days old embryos were incubated with de-ionized water for 3 (red bars) and 24 (green bars) hours prior 

staining with fluorescein (10 mg/ml, 40 minutes, at 27°C). Fluorescence intensities were measured after 30 and 
60 minutes and 24 hours washing. Control embryos (blue bars) were incubated with fluorescein but otherwise 
untreated. Pre-treatment with de-ionized water for 3 hours enhances the uptake of fluorescein into the embryo, 
whereas with 24 hours pre-incubation only a slight increase was observed. Abbreviations: hrs, hours; min, 

minutes. 
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Pre-incubation with de-ionized water clearly improved the uptake of small molecules. 

However, the increase in fluorescent signal was only small. To further improve diffusion 

into the embryo, we decided to use detergents. In contrast to SDS which is an ionic 

detergent and appears to be highly toxic, we chose Triton X-100, which the embryos 

tolerated well. Concentrations up to 0.01% showed no phenotypes. Only at higher 

concentrations the survival was reduced (69% for 0.03% Triton and 25% for a 

concentration of 0.1%). Compared to the untreated control (0% Triton), co-incubation 

with fluorescein and 0.01% Triton had almost no effect on the uptake (Figure 41, red bar). 

However, co-incubation with higher concentrations resulted in a 10-fold increase of 

fluorescence measured within the egg after 30 and 60 minutes of washing (Figure 41, green 

and purple bars). The difference was even higher after 24 hours washing time, where the 

signal showed a more than 100-fold increase of fluorescein concentration compared to 

the control. 

 

 

Figure 41| Fluorescein uptake into medaka embryos after co-incubation with Triton X-100. Intact 3 

days old embryos were co-incubated with fluorescein (10 mg/ml) and Triton X-100 at various concentrations 
(0.01%, red bars; 0.03%, green bars; 0.1% purple bars) for 40 minutes at 27°C. Control embryos (blue bars) 
were stained normally without Triton treatment. Fluorescence intensity was measured after 30 and 60 minutes 
and 24 hours washing. Triton concentrations higher than 0.01% facilitated the uptake of fluorescein into the 

embryo. Abbreviations: hrs, hours; min, minutes. 

 

Taken together, pre-incubation with de-ionized water increased the uptake of small 

molecules through the chorion. During the first 60 minutes of washing the signal was 

clearly higher than compared to the control (Figure 42D,E). However, most of the 

internalized fluorescein diffused out of the chorion after 24 hours of washing, remaining 

only fluorescence in the  gallbladder/liver (Figure 42F). Triton X-100, on the other hand, 

showed a tremendous effect on the uptake of fluorescein into the embryo and yolk (Figure 

42G-H). It seems to trap the molecules inside, even after 24 hours of washing (Figure 42H). 

Whereas, after 60 minutes of washing, fluorescein can be seen in the perivitellin space 

and on the chorion  in control embryos (Figure 42B) and also in embryos pre-incubated 

with de-ionized water (Figure 42E), all of the marker molecules were inernalized into the 

embryo and yolk if co-incubated with Triton (Figure 42H) (note that different exposure 

times were used for the pictures of Triton-treated embryos). 
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Figure 42| Improvement of fluorescein 
uptake. Embryos were either pre-incubated 

with de-ionized water (D-F) or co-incubated 
with Triton X-100 (G-I). Control embryos (A-C) 

were incubated in 10 mg/ml fluorescein for 40 
minutes at 27°C. Normal washing steps were 
performed and pictures were taken after 30 and 
60 minutes and after 24 hours of washing with 

ERM. (A-F) exposure time set to 100 ms, (G-I) 
due to a higher fluorescent signal the exposure 
time was reduced to 10 ms. Abbreviations: min, 
minutes; ms, milliseconds; dH2O, de-ionized 

water. Scale bar 250 µM. 

 

 

 

 

 

 

3.3.2 ELECTROPORATION OF SMALL MOLECULES INTO MEDAKA EMBRYOS 

As shown in the previous section, the addition of Triton X-100 strongly improved the 

uptake of small molecules into the embryo and yolk. However, it also affected the 

distribution between single compartments (Figure 42G-H), making the assessment of other 

substances and their pharmacological or toxicological properties difficult. We also 

showed that not the acellular chorion, but a membrane system surrounding the embryo 

and yolk is the main barrier for the uptake of small molecules. Therefore, we tested 

electroporation, a technique that is known to provide transport across cellular 

membranes. 

 

Electroporation Improves the Uptake of Small Molecules into Medaka Embryos 

To enhance the uptake of fluorescein into embryos at stage 17 by electroporation, we 

again used the settings described by Hostetler et al. (Hostetler et al., 2003). Due to the 

fact that the chorion is easily passed by fluorescein and that the concentration in the 

perivitelline space is almost saturated after 40 minutes (Appendix (Jung et al., 2013) 

Figure 2E and (Hug, in preparation)), we pre-incubated the eggs. We then varied the 

pulse duration and voltage over a wide range and finally obtained optimal conditions (a 

compromise between good fluorescence intensity and survival) at 15 V and 5 seconds 

pulse duration (Appendix (Jung et al., 2013) Figure 4A and (Hug, in preparation)). 

Additional pulses, as used by Hostetler et al., did not improve the uptake of fluorescein. 

Furthermore, the same conditions were applicable for both younger (Appendix (Jung et 

al., 2013) Figure 4B’ and (Hug, in preparation)) and older (Appendix (Jung et al., 2013) 

Figure 4C’ and (Hug, in preparation)) stages.  
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In order to verify our assumption that electroporation improves the uptake of small 

molecules through the rate limiting inner membrane system, we performed the same 

experiments with dead (diffusion through the chorion) and dechorionated (diffusion 

through the membrane) embryos (Appendix (Jung et al., 2013) Figure 5 and (Hug, in 

preparation)). Indeed, electroporation improved the uptake in intact (Appendix (Jung et 

al., 2013) Figure 5A,E and (Hug, in preparation)) and in dechorionated (Appendix (Jung 

et al., 2013) Figure 5A,G and (Hug, in preparation)) embryos, whereas the signal in dead 

embryos did not change (Appendix (Jung et al., 2013) Figure 5A,F and (Hug, in 

preparation)). 

So far we used fluorescein as a representative substance for small molecules. In order to 

verify this method for other small molecules we selected two additional dyes (rhodamine 

B and acridine orange) with a different distribution than fluorescein. Electroporation 

resulted in an increase of both molecules compared to diffusion alone. Rhodamine B was 

strongly enriched in the yolk throughout all stages (Appendix (Jung et al., 2013) Figure 

6B-D) and was only partially removed by washing. Acridine orange, on the other hand, 

was taken up by the yolk and the embryo (Appendix (Jung et al., 2013) Figure 6E-G). 

Similar to fluorescein, at later stages strong fluorescence was visible in the 

gallbladder/liver (Appendix (Jung et al., 2013) Figure 6G). 

Until now, all electroporation experiments were performed using the modified settings 

from Hostetler et al., thereby changing the voltage, pulse duration, and number of pulses 

to our optimum. However, we never altered the modulation frequency of 35 kHz. To 

finally optimize all parameters, we next varied the frequencies from 1 to 100,000 Hz and 

found the highest fluorescein uptake at 330 Hz (Appendix (Jung et al., 2013) Figure 6A 

and (Hug, in preparation)). 

 

Lithium Induces Deficiencies in Anterior-Posterior Development 

After having analyzed the diffusion properties of medaka embryos and after having 

established electroporation as a method to improve the uptake of fluorescent dyes into 

the egg, we tested a combination of these two procedures with a substance known to 

induce phenotypic alterations when applied during early embryonic development. For 

this we selected lithium chloride, a GSK-3 inhibitor that activates the Wnt signaling 

pathway (Kao et al., 1998). Lithium induction in zebrafish induces clear dorsalization of 

the embryo when applied during early gastrulation (Stachel et al., 1993). For our 

experiments we used comparable concentrations (0.4 M lithium chloride), incubation 

times (10 minutes), and stages (stage 14, 40% epiboly).  

Diffusion alone resulted in normal development of the embryos, but with the addition of 

electroporation (15 V, 330 Hz, 100 ms, 1 pulse) 63% developed deficiencies in anterior-

posterior development (Appendix (Jung et al., 2013) Figure 7A). Almost 40% of the 

observed phenotypes were classified as strong. They showed severe axis truncation 

anterior to the midbrain, thereby lacking both eyes and forebrain (Appendix (Jung et al., 

2013) Figure 7D,G). Furthermore, one quarter of the embryos with a strong phenotype 

developed multiple ectopic otic vesicles anterior to the natural ones (Appendix (Jung et 

al., 2013) Additional File 6). As a weak phenotype we classified 24% of the surviving 

embryos where only the eyes were affected (Appendix (Jung et al., 2013) Figure 7C,F). 

Untreated control embryos that were electroporated developed normally; however, 



RESULTS 

78 

compared to non-electroporated embryos they showed an elevated mortality rate 

(Appendix (Jung et al., 2013) Figure 7A). 

Taken together, we characterized the diffusion of small molecules into the medaka 

embryo and showed that the chorion is not the limiting barrier but a membrane system 

surrounding the embryo. We were able to overcome this second barrier using 

electroporation. This method allowed us to improve the uptake of small molecules into 

the embryo. To show the relevance of this method for developmental biology, we selected 

the GSK-3 inhibitor lithium as a representative substance. Embryos that were induced 

with lithium and subsequently electroporated, obtained the expected deficiencies in 

anterior-posterior development. 
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4 DISCUSSION 

The main part of this thesis deals with the analysis of Gro/TLE loss of function and its 

interaction with Tcf3 during early medaka development. In addition the diffusion 

properties of the medaka chorion were analyzed and the uptake of small molecules into 

the embryo could be improved by electroporation. The discussion is therefore divided into 

the three main topics, corresponding to the three main parts in the Results section. 

4.1 ANALYSIS OF GRO/TLE LOSS OF FUNCTION IN MEDAKA 

In developmental biology the study of mutants is a standard method to analyze and 

understand the function of genes. However, many gene families, such as the Gro/TLE 

family, contain several members that largely overlap in sequence and thereby in function. 

Medaka, for example contains six tle genes and the proteins associated are highly 

conserved in both their N-terminal Q domain and the C-terminal WD40-repeat domain 

(Lopez-Rios et al., 2003; Aghaallaei et al., 2005). Especially the WD40-repeat domain, 

which mainly mediates protein-protein interaction, shows high sequence similarity 

(Fisher et al., 1998; Li, S. S., 2000) and therefore often binds to the same transcription 

factors (Choi et al., 1999; Ren et al., 1999; Eberhard et al., 2000). This complicates the 

analysis of mutants and knockdown experiments because changes in single genes will 

only hamper partly Gro/TLE function. We addressed this problem by different 

approaches. On one side we used morpholino oligonucleotides to specifically knock down 

early expressed tle genes (Figure 22 and Table 15). Alternatively, we used a dominant-

negative approach to obtain a more general loss of function. The principle idea was that 

excess of mutated Tle proteins, interaction motifs or simply truncated protein versions 

would displace endogenous Tle from the repressing complexes and thereby inhibit its 

function. Using the inducible HSE-promoter for this approach allowed stage-specific 

expression (Bajoghli et al., 2004). 

We started with an amino acid substitution within the highly conserved WD40-repeat 

domain of Tle1. This R534A substitution affects the interaction with both the WRPW and 

the Eh1 motif (Jennings et al., 2006; Buscarlet et al., 2008). In Drosophila, the 

corresponding MB41 mutation resulted in the formation of excessive neural tissue and 

reduced cuticles (Jennings et al., 2006). However, in contrast to medaka the Drosophila 

genome contains only one gro gene (Lindsley et al., 1968). Cell culture experiments 

showed that the anti-neurogenic activity of Gro/TLE1 was lost in R534A mutants. 

However, loss of function does not result from general misfolding of the WD40-repeat 

domain, since mutated proteins were able to translocate to the nucleus and interact with 

Tcf/Lef (Buscarlet et al., 2008). Mutated Gro/TLE1 could still mediate repression via the 

N-terminus (Brantjes et al., 2001). By disrupting the ability of WRPW and Eh1 motifs to 

bind to the WD40 repeat domain of Tle1, we expected specific loss of function 

phenotypes. In contrast, we rather observed gain of function phenotypes (Table 11) with 

enlarged eyes and a bulging midbrain (Lopez-Rios et al., 2003). López-Ríos et al. strongly 
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connected the observed eye phenotype to Six3. As Tle1 and Six3 interact via the Q 

domain, which is intact in the R534A mutant, this could explain the observed gain of 

function phenotype. Therefore, we generated version without the Q domain (Figure 15). 

Contrary to our expectations, embryos misexpressing just the WRPW motif or the WD40-

repeat domain developed no phenotypes (Table 12). We expected that an excess of WD40-

repeat domain would tether away potential Gro/TLE interaction partners. The truncated 

Gro/TLE version containing only the WD40-repeat domain lacks the NLS, which is 

located within the CcN domain of full length Gro/TLE proteins (Stifani et al., 1992). One 

reason for the failure might therefore be a wrong localization within the cell. Small WRPW 

peptides, on the other hand, could block the interaction with other proteins and 

translocate to the nucleus by binding to the WD40-repeat domain of endogenous 

Gro/TLE. However, the lack of phenotypes leaves room for speculations. One possibility 

would be that the interaction is not strong enough and the WRPW peptides are replaced 

by full length proteins. On the other hand, similar experiments in Xenopus caused 

abnormal brain development and eye defects (Tsuji et al., 2005). 

The previous paragraph suggests that interference with the WD40-repeat domain is not 

enough to disrupt Gro/TLE-mediated repression in medaka. We therefore concentrated 

on Aes/Grg5 (Figure 15), a naturally occurring truncated family member of full length 

Gro/TLE proteins that consists of only the Q and the GP domain (Mallo et al., 1993; 

Miyasaka et al., 1993; Schmidt et al., 1993). The conserved Q domain allows Aes/Grg5 to 

oligomerize with other full length Gro/TLE proteins and interaction with non-WD-repeat 

domain-dependent transcription factors (Pinto et al., 1996; Chen et al., 1998; Choi et al., 

1999; Eberhard et al., 2000; Brantjes et al., 2001; Yao et al., 2001; Lopez-Rios et al., 

2003). The GP domain, however, is functionally different from full length Gro/TLE 

proteins because it does not interact with HDACs (Yu et al., 2001; Bajoghli et al., 2007; 

Zhang, X. et al., 2008; Arce et al., 2009). It is suggested that by this interaction Aes/Grg5 

turns Gro/TLE oligomers into non-functional complexes [(Pinto et al., 1996; Palaparti et 

al., 1997; Chen et al., 1998; Choi et al., 1999; Brantjes et al., 2001) and reviewed by 

Beagle et al., 2010a]. Indeed, ectopic expression of aes in medaka resulted in 

considerably smaller eyes and otic vesicles and reduced expression of the optic and otic 

marker genes, suggesting a block of Tle1 and Tle4 activity (Lopez-Rios et al., 2003; 

Bajoghli et al., 2005). We therefore selected Aes as a candidate to generally block the 

function of all six medaka Tle proteins simultaneously. In mammalian two-hybrid 

experiments we confirmed that Aes is capable of mediating the repression of both Tle1 

and Tle4 (Figure 19). To eliminate the possibility of injection-based phenotypes in our in 

vivo experiments, we generated heat-inducible transgenic lines and concentrated 

primarily on the most prominent phenotype, the reduction in eye size (Figure 16 and Table 

13). 

However, Aes exhibits additional repressing function on its own (Tetsuka et al., 2000; Yu 

et al., 2001; Zhang, Y. et al., 2010). We therefore compared the Aes-induced phenotypes 

with C-terminally truncated versions of full length Gro/TLE proteins (Figure 15). Indeed, 

the observed phenotypes were comparable to those of the Aes transgenic line (Figure 16 

and Table 13). Closer inspection revealed that the Q domain is mainly responsible for the 

observed eye phenotypes (Figure 17). We selected Tle4 for the truncations which has been 

reported to interact with Six3 during eye development (Zhu et al., 2002). Also, the 

morphological phenotypes were already visible at early stages, before the onset of tle4 

expression (Figure 16) which is relatively late in medaka (Lopez-Rios et al., 2003; Bajoghli 

et al., 2005). In situ hybridization experiments using rx2 confirmed these early effects 
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(Figure 20A-C). Additional experiments showed a severe reduction in size of both the 

forebrain and the midbrain, as indicated by the expression patterns of bf1 and wnt1 

(Figure 20D-I). Similar results have been reported for bf1 in WRPW-induced Gro/TLE loss 

of function in Xenopus (Tsuji et al., 2005). On the other hand, compared to the wild type 

control, the expression of wnt1 seems diffuse and slightly stronger in the Aes/Q-induced 

Gro/TLE loss of function embryos (Figure 20G-I). Ectopic wnt1 expression during early 

medaka development also causes anterior truncations (Appendix: (Bajoghli et al., 2009)) 

which can be interpreted by a dose-dependent AP gradient (Kiecker et al., 2001). 

Interestingly, ectopic expression of wnt8 repressed the expression of bf1 and high doses 

of the Wnt inhibitor Dickkopf had the opposite effect in Xenopus (Kiecker et al., 2001). 

Anterior truncations have also been observed for tcf3 loss of function in zebrafish, which 

is the most distal player in the Wnt/-catenin signaling pathway (Behrens et al., 1996; 

Kim, C. H. et al., 2000; Dorsky et al., 2003; Arce et al., 2006). In addition, a rostral 

expansion of the MHB was observed in hdl mutants (Kim, C. H. et al., 2000). A possible 

explanation could be that upon Aes/Q-induced Gro/TLE loss of function Tcf/Lef no 

longer acts as a repressor but instead switches to an activator, thereby promoting the 

expression of Wnt target genes. 

We assumed that this dominant negative approach of Aes/Q-mediated loss of function 

targeted most or all Gro/TLE proteins expressed at the time. Therefore, the observed 

phenotypes may very well result from a combination of distinct effects. To be able to 

address individual Gro/TLE genes we applied morpholino oligonucleotides against tle1, 

tle2b, and tle3b. All three genes are expressed early in medaka development (Lopez-Rios 

et al., 2003; Aghaallaei et al., 2005), which is in agreement with the Aes/Q induction 

time. Careful comparison between the distinct tle genes revealed that the anterior 

expression pattern of tle1 mainly overlaps with that of six3 throughout the entire 

development. At stage 20 strong expression is detected in the fore- and midbrain, as well 

as in the optic vesicles and the MHB (Lopez-Rios et al., 2003). Tle2b is first detected in 

the embryonic body during gastrulation. It then spreads into the optic vesicles, the 

midbrain and the MHB (Aghaallaei et al., 2005). Tle3b is also detected in the embryonic 

body during late gastrulation (Aghaallaei et al., 2005). However, compared to the two 

previous tle genes, at stage 21 it shows clearly defined stripes of expression in the 

midbrain, the MHB and the prospective neural retina (Lopez-Rios et al., 2003; Aghaallaei 

et al., 2005). We ignored the expression patterns posterior of the MHB because the 

phenotypes of the Aes/Q misexpression experiments were restricted to the anterior 

region. We therefore ruled out tle2a as a suitable candidate which is first expressed in 

the tailbud. Only at later stages anterior expression is detectable (Aghaallaei et al., 2005). 

The late onset of tle4 expression was discussed earlier in this chapter. Even if tle3a is 

expressed at early stages, the expression starts in the midbrain from where its spreads 

posteriorly (Lopez-Rios et al., 2003). 

The morphologic phenotype of the individual tle genes but also of the combinatorial 

knock downs was comparable. Differences occurred mainly in frequency and severity 

(Figure 22 and Table 15). At first glance the phenotypes resembled those of the dominant 

negative experiments. We observed a clear reduction in eye size, cyclopic eyes as well as 

eye-less embryos (Figure 22). Closer inspection, however, showed differences. In Aes/Q-

mediated loss of function the eyes tilted towards the midline at the anterior top where 

they fused to a cyclopic eye (Figure 16). In the knock down experiments, on the other 

hand, they fused ventrally of the forebrain at their anterior and posterior end, whereas 

the size reduction started anteriorly (Figure 22). Similar phenotypes were reported for 
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zebrafish silberblick mutants (Heisenberg et al., 1997). The zebrafish silberblick locus 

encodes Wnt11 which mediates correct convergent extension movements during 

gastrulation (Heisenberg et al., 1997; Heisenberg et al., 2000). Cyclopia is caused by an 

impaired extension of the axial mesoderm and the overlying ventral CNS (Heisenberg et 

al., 1997). Indeed, staging of the morpholino oligonucleotide injected embryos during 

gastrulation and neurulation turned out a rather challenging task. We considered the 

observed phenotype as an injection side effect. 

However, regional specification of the anterior neural plate is in general strongly 

regulated by Wnt signaling. The canonical and non-canonical pathways are necessary to 

establish the forebrain and the eyes and they are regulated by different Wnt antagonists, 

such as Secreted Frizzled Related Proteins (SFRPs) (Esteve et al., 2006). One member of 

the family, sfrp1, is broadly expressed throughout the anterior neural plate. Knock down 

of sfrp1 in medaka embryos disrupted anterior neural plate patterning, followed by an 

abnormal morphology of the forebrain and a severe size reduction of the optic vesicles 

(Esteve et al., 2004). Expression analysis of goosecoid, a marker that demarcates the 

anterior axial mesoderm (Schulte-Merker et al., 1994), showed a shorter but wider 

domain (Esteve et al., 2004). Interestingly, a reduction in eye size was also observed in 

Gro/TLE knock down phenotypes (Figure 22) and the expression domain of goosecoid was 

shortened (Figure 24D). The impaired extension of the axial mesoderm agrees with the 

phenotypes observed in silberblick mutants (Heisenberg et al., 1997). Esteve et al. also 

noticed differences in length of the axial mesoderm which was not associated with an 

increase in apoptotic cell death. However, the expression of wnt11 was unaffected by 

sfrp1 knock down. Furthermore, they observed a strong decrease in the expression of 

optic markers, which is comparable to our results for rx2 and six3 and agrees with the 

reduction in eye size. In sfrp1 loss of function embryos the telencephalic domain of pax6 

expression was expanded at the expenses of the eye domains (Esteve et al., 2004). This 

clearly differed from our results. Although it seemed that the telencephalic domain is 

expanded as well, this might very well result from a cyclopic eye (Figure 23D-F). Also both 

the forebrain and especially the midbrain were clearly reduced in size (Figure 23D-I) which 

was not observed for the sfrp1 knockdown (Esteve et al., 2004). Furthermore, the 

expression patterns of otx2 and pax2 revealed a clear loss of anterior neural domains and 

an anterior shift of the MHB (Figure 23G-I). In contrast, Esteve et al. observed a possible 

anterior expansion of otx2 but the position of the posterior expression did not change 

(Esteve et al., 2004).  

Taken together, the results show that the Q domain is mainly responsible for the 

observed eye phenotypes (Figure 17) and both Six3 and Tcf/Lef interact with it (Brantjes et 

al., 2001; Zhu et al., 2002; Lopez-Rios et al., 2003; Daniels et al., 2005). In our 

experiments we observed a morphologic phenotype that resembles six3 loss of function 

(Carl et al., 2002 and (Appendix: Dorn et al., 2012). This is in good agreement with the 

findings that both Aes and Tle4 interact with Six3 (Zhu et al., 2002; Lopez-Rios et al., 

2003). On the other hand, gene expression analysis showed a clear decrease in bf1 and a 

possible increase in wnt1 expression (Figure 20D-I) which may indicate a shift of the AP 

Wnt gradient. 

The morphological phenotypes of actual medaka tle loss of function resemble that of 

zebrafish silberblick mutants. However, impaired extension of the axial mesoderm is also 

associated with sfpr1 knock down. Indeed, we observed similar expression of marker 

genes in Gro/TLE loss of function in most cases (Figure 23 and Figure 24). In Xenopus, 
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SFRP1 was shown to both bind and antagonize Wnt1 and Wnt8 but not Wnt11 (Leyns et 

al., 1997; Lin, K. et al., 1997; Wang, S. et al., 1997a; Wang, S. et al., 1997b). A loss of 

sfrp1 function would therefore explain an expanded posterior neural fate. Also, the 

activity of the -catenin-Tcf/Lef complex was associated with SFRP1 induction (Caldwell 

et al., 2006). It therefore will be interesting to investigate if SFRP1 is connected to 

Gro/TLE in further experiments, as Gro/TLE proteins compete with -catenin about 

Tcf/Lef binding (Daniels et al., 2005). 

 

4.2 CHARACTERIZATION AND ANALYSIS OF MEDAKA TCF3  

The second part of this thesis developed primarily from the previous topic. Tcf3 is the 

most downstream interaction partner of Gro/TLEs in the Wnt/-catenin signaling 

pathway (Brantjes et al., 2001; Daniels et al., 2005; Arce et al., 2009). Knock down 

experiments in zebrafish showed eye phenotypes that had remarkable resemblance to 

those of tle knock down in medaka (Dorsky et al., 2003). We therefore performed tcf3 

knock down experiments in medaka using both common morpholino oligonucleotides 

and novel pePNAs (Appendix, Paper Manuscript). In pePNAs phosphonic ester side chains 

are linked to an otherwise unmodified backbone which improves their properties 

considerably (Appendix: (Dorn et al., 2012)). We tested both translational and splice 

pePNAs against medaka tcf3 with further modified side chains (Appendix, Paper 

Manuscript). However, besides the sequence, little is known about medaka tcf3 (Wang, D. 

et al., 2011). An analysis of its morphologic and genotypic phenotype was therefore 

necessary. 

In a database search, Wang et al. identified tcf3 as one of seven pluripotency genes in the 

medaka genome. They showed that medaka has only a single tcf3 gene, which is a 

homologe of the mammalian tcf3/tcf7l1 gene.  In phylogenetic analysis, Tcf3 clusters with 

the two known zebrafish proteins (Wang, D. et al., 2011). Both the expression pattern 

and the loss of function phenotypes of hdl and tcf3b, the two zebrafish orthologs, have 

been studied extensively (Kim, C. H. et al., 2000; Dorsky et al., 2003) and we used their 

findings to compare them with medaka. 

We used the sequence of Wang et al. to generate an in situ hybridization probe and 

monitored its expression pattern through several developmental stages (Figure 26). 

Comparison with the two zebrafish orthologs hdl and tcf3b (Dorsky et al., 2003) showed 

an overlapping expression first in the embryonic shield and later on in the brain (Figure 

26). This suggests that a single medaka tcf3 gene undertakes the function of both hdl and 

tcf3b. Knock down experiments resulted in embryos with reduced eye size or complete 

loss of eyes (Figure 28). Resemblance with the zebrafish morphants seemed to be dose-

dependent (Figure 29). We categorized embryos with smaller eyes as weak or moderate, 

which compares to the zebrafish tcf3b knockdown. Embryos with hdl loss of function 

were eye-less and resembled our strong phenotype (Dorsky et al., 2003). Finally, we 

ensured the tcf3 loss of function phenotype by analyzing marker gene expression in tcf3 

knock down medaka embryos (Figure 31) and comparing it to the results in zebrafish 

(Dorsky et al., 2003).  



DISCUSSION 

84 

Interestingly, as observed for tle loss of function (Figure 24), the expression domain of 

pax6 was connected at the anterior top and there seemed to be more expression in the 

telecephalic region. Also the MHB was shifted anterior, which was indicated by the 

expression pattern of pax2 and gbx1 (Figure 31B-D and Figure 31F-H). In addition to the 

anterior shift, both pax2 and gbx1 showed an anterior expansion into the presumptive 

forebrain region (Figure 31F-H). Similar expression patterns for gbx1 and pax2 were 

observed in zebrafish embryos misexpressing either wnt8 or gbx1 respectively (Rhinn et 

al., 2009) and for nemo-like kinase (nlk) gain of function (Thorpe et al., 2004). Like in hdl 

knock down, nlk gain of function embryos have small or missing eyes and display 

forebrain defects. It seems that downregulation of Hdl increases Nlk levels, which in turn 

may negatively regulate the repression of posterior neural genes (Thorpe et al., 2004). 

Under the influence of Wnt8, Nlk phosphorylates Tcf proteins of a Tcf/-catenin complex 

and thereby inhibits their DNA-binding ability (Ishitani et al., 1999; Thorpe et al., 2004). 

Interestingly, hdl/tcf3b double morphants have elevated levels of Lef1. In contrast to 

Tcf3, Lef1 seems to have predominantly an activating function (Kengaku et al., 1998; 

Merrill et al., 2001). Dorsky et al. therefore suggested that tcf genes negatively regulate 

lef1 expression (Dorsky et al., 2003). Thorpe et al. complemented this theory by proposing 

a model where nlk is required for normal lef1 expression and subsequent ventro-lateral 

mesoderm formation (Thorpe et al., 2004). Interestingly, changes in Nkl levels had severe 

effects on the silberblick mutant. These changes were associated with a wnt8 ORF2 (open 

reading frame) interaction of Nlk and non-canonical Wnt signaling. However, loss of 

function of wnt8 ORF2 and a double knock down of wnt11 and nlk enhanced the 

silberblick phenotype (Thorpe et al., 2004). 

To complete our analysis of medaka tcf3, we also performed gain of function experiments 

(Figure 34). Interestingly, the morphological phenotypes seemed to match those of loss of 

function experiments (Figure 28) and were greatly enhanced by loss of the GBS (Figure 34). 

However, gene expression analysis showed that the small eye phenotype in tcf3 gain of 

function resembled more that of Aes/Q-induced loss of function phenotypes. The eyes 

seemed to shrink starting at the posterior end (Figure 35I-L), whereas the situation was 

vice versa in morpholino injected embryos (Figure 35F-H). Differences were also seen in the 

expression of bf1, which seemed to be normal in tcf3 loss of function but was reduced in 

gain of function (Figure 35G,K) and in Aes/Q experiments (Figure 20E,F). Again, it will be 

interesting to see in further experiments if this correlates with an increase in posterior 

markers additionally to wnt1 (Figure 35L). Interestingly, knock down of tcf3 had no effect 

on the expression of wnt1 in older embryos (Figure 35H), although the MHB was clearly 

shifted anteriorly during gastrulation (Figure 31). 

Interestingly, several embryos misexpressing Tcf3 developed ectopic vesicles in the 

hindbrain and tail (Figure 33). However, multiple otic vesicles were only observed if Tcf3-

Tle interaction was inhibited and seemed to be independent of CtBP binding. At first, this 

result seems to be in good agreement with our previous results. Given that Tcf3 has 

predominantly a repressing function and knockout experiments resulted in phenotypes 

that resembled ectopic wnt expression (Houston et al., 2002; Merrill et al., 2004), this 

would correlate with the observed anterior shift of the MHB and the possible increase in 

wnt1 expression in tcf3 inactivation and loss of Tcf3-Gro/TLE interaction ability, 

respectively (Figure 20G-I, Figure 23D-I, Figure 24A-D, Figure 31, 22L). Furthermore, in medaka 

the formation of ectopic vesicles has been shown in wnt1 misexpression experiments 

(Appendix: (Bajoghli et al., 2009)) and upon lithium induction (Appendix: (Jung et al., 

2013)). Additionally, both in zebrafish and medaka the induction of otic vesicles requires 
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a tight regulation of Pax8/2, Foxi1 and Dlx3/4 by Fgf and Bmp signaling (Aghaallaei et 

al., 2007; Hans et al., 2007). However, all these factors induce otic vesicles at the upper 

margin of the anterior neural plate, whereas our results show ectopic formation in the 

trunk (Figure 33), similar to those reported for sox3 misexpression (Koster et al., 2000). It 

will be interesting to analyze the connection between Tcf3, Gro/TLE and the different 

signaling pathways during otic development. 

Taken together, in contrast to zebrafish, the medaka genome harbors only a single tcf3 

gene (Wang, D. et al., 2011) that combines the function of both zebrafish orthologs. 

Interestingly, both knock down as well as gain of function experiments result in similar 

phenotypes which strongly resemble that of Gro/TLE loss of function (Figure 30A-D). In 

contrast, the Aes/Q-induced loss of function phenotype is slightly different (Figure 30E). It 

therefore seems to play an important role if Gro/TLE proteins are still present in the cell, 

only inhibited in their function or binding ability, or if they are not translated. 

 

4.3 ELECTROPORATION IMPROVES THE UPTAKE OF SMALL MOLECULES 

INTO MEDAKA EMBRYOS 

The third part of this thesis originally started as a small side project but then developed 

into a complex subject. As a starting point, we wanted to introduce electroporation of 

nucleic acids as an alternative to microinjection for our laboratory on the basis of already 

established protocols (Hostetler et al., 2003). Electroporation has a long history in the 

generation of transgenic fish (Inoue et al., 1990; Hostetler et al., 2003) and was recently 

improved by the technique of nanosecond pulsed electric fields (Tominaga et al., 2010). In 

medaka developmental biology, however, microinjection is the standard technique to 

apply small molecules, such as DNA and RNA, into embryos. Reproducible experimental 

conditions are essential because phenotypes can only be qualified and statistically 

evaluated if the morphologic alterations are distinct and not caused by injection side 

effects. Generation of transgenic lines is one possibility to bypass this problem. 

Especially our heat-inducible HSE promoter allows misexpression of genes in a time-

dependent manner (Bajoghli et al., 2004). However, the generation of transgenic lines is 

time consuming before reasonable amounts of embryos can be used. Furthermore, as of 

today it is only applicable for gain of function experiments. In fish, the standard 

technique for loss of function experiments is the transient injection of morpholino 

oligonucleotides or PNAs. Both are synthetic antisense oligonucleotides that specifically 

bind complementary regions on a target mRNA (Nielsen et al., 1991; Summerton, J., 

1999; Summerton, James, 2003) and we recently tested modified PNAs against six3 

(Appendix: (Jung et al., 2013)) and tcf3 (Appendix, Paper Manuscript) in medaka 

embryonic development. However, in any case the amount of injected DNA, RNA or 

inhibitor molecule is important for the outcome of the experiments. Hence, reproducible 

results strongly depend on the amount of injected volume. Therefore, microinjection 

requires good training and long experience to acquire good skills and even then the 

outcome may vary. Taken together, electroporation would allow large scale transient 

experiments with defined conditions that could be performed by less experienced 

scientists and independent of the embryos developmental stage. 
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Already more than 20 years ago, electroporation was introduced as an alternative method 

to classical microinjection in medaka (Inoue et al., 1990). Hostetler et al. adapted this 

approach and used a commercially available device that produced direct current-shifted 

radio frequency pulses. In our initial experiments we used a comparable electroporation 

device (Appendix: (Jung et al., 2013), Methods) and the same settings and buffers for our 

experiments (Hostetler et al., 2003). However, we failed to reproduce their results with 

both DNA (Fargas Madriles, 2011) and small FAM-labeled oligonucleotides (MW 6,000) 

(Friesenhengst, 2012). Due to the fact that only dechorionation improved the uptake, we 

reasoned that the chorion might be the main barrier that hinders the uptake into the 

embryo (Fargas Madriles, 2011). We therefore concentrated on the analysis of its 

characteristics. 

Little is known about the diffusion properties of the rigid chorion and the membrane 

systems covering the embryo and the yolk. Nonetheless, fish embryos are getting more 

and more important as a model organism in common animal toxicology tests and the FET 

is discussed as an alternative to experiments with adult animals (Strahle et al., 2012). 

Recently several ecotoxicological studies were performed on fish embryos that qualified 

the adverse effects of small molecules (e.g. pesticides, platinum) (Oxendine et al., 2006; 

Osterauer et al., 2008; Osterauer et al., 2009; Scheil et al., 2009; Modra et al., 2011). Our 

experiments focused on the chorion’s diffusion properties in the first place. We therefore 

selected mainly fluorescing substances (fluorescein, rhodamine B, acridine orange) but 

also added lithium chloride which is known to have severe adverse effects on zebrafish 

embryonic development (Stachel et al., 1993). Fluorescing molecules allowed us to follow 

each embryo individually and to observe changes over time by simply using a 

fluorescence microscope. Also, repeated quantification of the signal intensities was 

possible and the internal distribution and metabolism (e.g. accumulation of fluorescein 

and acredine orange in the liver/gallbladder (Appendix (Jung et al., 2013) Figure 1D, 6G) 

of the molecules could be examined. Depending on the physicochemical nature of the 

fluorescing substances and the developmental stage of the embryos, their distribution 

between the embryo and the yolk varied (Appendix (Jung et al., 2013) Figure 1A-D, 6B-

G). In toxicity testing, changes in the specific distribution between the different 

compartments, as seen after the incubation with detergents (Figure 40, Figure 41, Figure 42), 

is highly important to assess the pharmacokinetic properties of drugs. 

We selected small molecules that cover a wide spectrum of different characteristics: from 

ionic lithium chloride to non-charged acridine orange. Microscopic analysis suggested 

differences in their hydrophobic properties, indicated by varying distributions within the 

egg. Rhodamine B, for example, was strongly enriched in the yolk (Appendix (Jung et al., 

2013) Figure 6B-D), whereas fluorescein was mainly detected in the embryo (Appendix 

(Jung et al., 2013) Figure 1A-D). Nevertheless, they all share low diffusion rates into 

medaka embryos. Our fist hypothesis that the chorion is a diffusion barrier which 

protects the embryo from chemicals in their environment was strongly supported by 

suggestions from literature. Villalobos et al. tested the effects of an herbicide strongly 

associated with fish deaths in agricultural drains. They showed that toxicity was stage 

specific and that the chorion played a role in protecting the embryo (Villalobos et al., 

2000). The observed stage specificity was also in agreement with the changes in chorion 

hardness during early embryonic development. Upon sperm entry, a calcium wave moves 

along the surface and the chorion matures into a rigid structure (Gilkey et al., 1978). 

Maximum rigidity is reached approximately six hours after fertilization (Yamagami, K. et 

al., 1992). We therefore expected a dramatic drop of diffusion, and thereby fluorescein 
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uptake into the egg, after chorion hardening and an increase shortly before hatching. 

Although we could see a mild decrease in diffusion after six hours, the reduction was not 

as severe as expected (Figure 38 and Appendix (Jung et al., 2013) Figure 1). Observation 

throughout the entire embryonic development showed only small fluctuations in diffusion 

properties (Appendix (Jung et al., 2013) Figure 1). 

Changes in environmental factors have been reported to have an influence on chorion 

permeability. For example, calcium ions (Masuda et al., 1991; Masuda et al., 1992) and 

changes in the pH value (Iwamatsu, 1984) seem to affect the chorion permeability. 

However, incubation of the embryos with calcium-free medium right after fertilization 

(Iwamatsu et al., 1995) had no effect on the uptake of small molecules (Friesenhengst, 

2012). Neither had changing of pH values (Friesenhengst, 2012) or incubation in distilled 

water (Figure 40 and Figure 42D-F). We therefore concluded that conditions affecting the 

chorion hardening process had no influence on the diffusion rates into the embryo and 

next tried dechorionation. However, dechorionation of living embryos is rather tricky and 

relatively time consuming. First hatching enzyme has to be purified from numerous 

embryos and then the chorion has to be digested in a couple of steps, which makes 

diffusion experiments at younger stages impossible. Moreover, dechorionated embryos 

are very fragile and susceptible to various bacterial and fungal infections. This makes 

pre-preparations, longer incubation times, changing between plates and cuvettes, and 

repeated washing steps a challenging task that needs long experience and steady hands. 

Anyway, dechorionation did not enhance the uptake of small molecules into the egg 

except for some experiments (Appendix (Jung et al., 2013) Figure 2D-D’,E), which most 

probably resulted from lesions in the membrane system surrounding the embryo (Figure 

39). Instead we observed a rapid diffusion through the chorion into dead embryos where 

the embryo, including the surrounding membranes, shrinks to a small ball within the 

chorion (Appendix (Jung et al., 2013) Figure 2C-C’,E). It therefore rather seems that not 

the outer chorion but inner membrane systems surrounding the embryo and the yolk are 

the main diffusion barrier in medaka eggs. The first cell lineages of the embryo contain 

the pluripotent deep layer blastomeres (DEL), which produce the future embryo proper. 

The second domain is composed of a syncytium of multiple nuclei, called the yolk 

syncytial layer (YSL). The envelope layer (EVL) is the third domain. It is a thin cell layer 

which covers the DEL and will eventually form the periderm. Both the second and the 

third domain are extra-embryonic. According to our results, the EVL/periderm would be 

a candidate to block the diffusion into the embryo (Kimmel et al., 1990). This theory was 

supported by the observation that the chorion allows both a fast in-diffusion, where the 

fluorescing molecules accumulated in the perivitelline space (Appendix (Jung et al., 2013) 

Figure 2F-F’’), and a fast out-diffusion (Appendix (Jung et al., 2013) Figure 2G-H’’). In 

contrast, in-diffusion of fluorescent signals from the perivitelline space into the embryo 

needed extensive time compared to the accumulation within the perivitelline space, but 

once achieved it stayed considerably longer (Appendix (Jung et al., 2013) Figure 2F-H’’). 

Hence, these results propose that diffusion into medaka embryos is a bi-phasic process; 

a fast step through the chorion and second slow step through embryonic membrane 

systems. 

Assuming that the main diffusion barrier is not the acellular chorion but a membrane 

system, it should be possible to enhance the eggs permeability by adding detergents 

(reviewed by le Maire et al., 2000). Indeed, addition of Triton X-100 considerably 

improved the uptake of fluorescein into the embryo (Figure 41 and Figure 42G-I). However, 

this severely affected the embryo’s membrane systems and thereby the internal 
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distribution between compartments (Figure 42G-I). Also injections directly into the yolk, a 

technique often used in zebrafish, turned out to be ineffective. Although fluorescein was 

evenly distributed in the yolk within 30 minutes, it took almost 4 hours until a relatively 

weak fluorescing signal became detectable in the embryo (Appendix (Jung et al., 2013) 

Additional File 3). Furthermore, the rather sticky yolk of medaka embryos leads to rapid 

clogging of the injection needle which again reduces reproducibility. 

Another possibility to transiently enhance the permeability of membranes is 

electroporation (Neumann, Eberhard et al., 1972; Turnbull et al., 1973; Neumann, E. et 

al., 1982). We used current shifted radio frequency pulses (Hostetler et al., 2003) and 

optimized the conditions for our medaka fish which derive from the Cab strain (Ishikawa, 

Yuji, 2000). Indeed, this method worked effectively for small molecules (Appendix (Jung 

et al., 2013) Figure 5, (Hug, in preparation) and Figure 7), however, we failed to transfer 

DNA (Fargas Madriles, 2011). To increases the sensitivity of this assay, we used DNA 

expression constructs that contain both gfp and luciferase (Fargas Madriles, 2011). 

Closer inspection showed that not even FAM-labeled oligonucleotides (MW 6,000) could 

pass the chorion (Friesenhengst, 2012), which suggests a size exclusion of the chorion’s 

pores in that range. Only after dechotionation we could detect fluorescent signals within 

the embryo. However, dechorionated embryos are very fragile and their survival is very 

low during electroporation, which makes this method inapplicable for routine 

experiments. Alternatively, the DNA could be injected first into the perivitelline space and 

subsequent electroporation would enable the transfer into the embryo. This is again time 

consuming and for younger stages direct injection into the zygote represents a simple 

and well established method. 

Taken together, these results show that diffusion into the medaka embryo is a bi-phasic 

process (Appendix (Jung et al., 2013) Figure 2A). Substances are enriched in the 

perivitelline space within a few minutes, followed by a slow diffusion step into the embryo 

that takes several hours. Electroporation can overcome this barrier and enhance the 

uptake of small molecules. Our observation of the bi-phasic diffusion process could have 

consequences for the future use of FET. They implicate that extended exposure to test 

substances is necessary to be able to evaluate the adverse effects on medaka embryonic 

development. Therefore, pharmacological and toxicologic effects will not be detectable in 

the first few hours of development without enhanced transfer. As an example that 

electroporation can enhance the uptake of chemicals we selected lithium chloride. The 

effects of lithium on embryonic development have been shown in several organisms. It 

inhibits GSK-3, a key component of the Wnt signaling pathway (Klein et al., 1996; 

Stambolic et al., 1996) and upon exposure during gastrulation, embryos develop severe 

anterior truncations (reviewed by Kao et al., 1998). Diffusion and subsequent 

electroporation of lithium induced similar deficiencies in AP development of medaka 

embryos and comparable phenotypes as observed for ectopic wnt1 expression (Appendix 

(Bajoghli et al., 2009) Figure 6B-D).  
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APPENDIX I: TLE PROTEIN SEQUENCES 

TLE1 

Genewise predicted protein sequences for medaka Tle1. Input sequences were human 

Tle1 protein (NP_005068.2) and the medaka genome sequence from the Ensembl genome 

browser (9 dna:chromosome chromosome:MEDAKA1:9:9839951:9958436:1). 
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AVIGQQHLSHNHGGAPVPLTPHPAGLHPSQLGGSAGLLALSGALGAIPPHLVGKDGDKKP 

HLSGPDSHPAAAELLREREPGTSNSLLPESLRNSDKRRNGPDYQNDNKKRKVDDKDSSHY 

LDGYKRHNHNEKTSGKxxxxFCGCSVGSCFAAWDTSSLPRENGLDKARLLKKDPSSPAST 

ASSASSSSLKSKEMAMRDKAGTPGLKSSTPTPRGDSTPGPSSTPGIRPSLSKPSSMDIPH 

PPTAGLRTPLAVPGPYPGAFGMLPHAAGMNGELAGAAGAAAYAAGLHNMSPQMSAAAAAA 

VAAYGRSPMVGFDPHPHMRVPGMPPSLTGIPGGKPAYSFHVAADGQMQPVPFPPDALVGP 

GIPRHARQINTLNHGEVVCAVTISNPTRHVYTGGKGCVKVWDISHPGNKSPVSQLDCLNR 

DNYIRSCRLLPDGRTLIVGGEASTLSIWDLATPTPRIKAELTSSAPACYALAISPDSKVC 

FSCCSDGNIAVWDLHNQTLVRQFQGHTDGASCIDISNDGTKLWTGGLDNTVRSWDLREGR 

QLQQHDFTSQIFSLGYCPTGEWLAVGMESSNVEVLHVTKPDKYQLHLHESCVLSLQFAYC 

GKWFVSTGKDNLLNAWRTPYGASIFQSKESSSVLSCDISVDDKYIVTGSGDKKATVYEVI 

Y 

 

 

TLE2b 

Genewise predicted protein sequences for medaka Tle2b. Input sequences were human 

Tle2 protein (NP_003251.2) and the medaka genome sequence from the Ensembl genome 

browser (4 dna:chromosome chromosome:MEDAKA1:4:32247497:32372245:1). 

 

QMRLASGTPQSLKLTYPETLDRIKEEFQFLQTQYHSLKLECEKLATEKTEIQRHYVMYYE 

MSYGLNIEMHKQTEIAKRLNVICAQLIPFLSQEVGGRTQFMCLLAQHLSQHAQGLPMGPH 

PSGLPHPSLALGGGSGLLALSGALGAQLAAKDERAHLEAAAAAAAAASAAEHHRDSLRFC 

LQDPSSPHSVQSYSSRENGLDKMPPSRKEGPPQASPTSLASSSSAASPSRGKEPPQVDRN 

EVFHLLSRLPLQR*FVSILLDRFSSDTEDTPLFNHLPLDLFQREKSSTPGMKPGTPMSQD 

SSTPGPSGPPQFRPVPGKPGVDPLALGLRNPLAVQGAYPPGAFGLPPPGVNGDLPGAAGY 

GAGLHLVSPQMNGAAAAAAAAAAGYGRSPVVSLCRSLLCVPASLFEFSPPRLLLSAYSFH 

VSADGQMQPVPFPPDALLGPGIPRHARQIHTLSHGEVVCAVTISTSTRHVYTGGKGCVKV 

WDISQPGSKSPMAQLDCLNRDNYIRSCKLLSDGRTLIVGGEASTLSIWDLATPTPRIKAE 

LTSSAPACYALAISPDNKVCFSCCSDGNIVVWDLHNQTLVRQFQGHTDGASCIDISNDGT 

KLWTGGLDNTVRCWDLREGRQLQQHDFTSQIFSLGYCPTGEWLAVGMESSNVEVLHVSKP 

DKYQLHLHESCVLSLKFAYCGKWFVSTGKDNLLNAWRTPYGSSIFQSKESSSVLSCDISP 

DDQFIVTGSGDKKATVYEVIY 
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Genewise predicted protein sequences for medaka Tle2b N-terminus. Input sequences 

were human Tle2 protein (NP_003251.2) and the medaka genome sequence from EST 

clone TC132252 in the EST library of “The Computational Biology and Functional 

Genomics Laboratory” at the Dana-Faber Cancer Institute and Harvard School of Public 

Health (Quackenbush et al., 2001). Matching amino acids are indicated in green. 

 

MFPQNRPPAPLQPPPGSSASVVAAAAAAAAAASGTPQSLKLTYPETLDRIKEEFQFLQTQ 

YHSLKLECEKLATEKTEIQRHYVMYYEMSYGLNIEMHK 

 

 

TLE3a 

Genewise predicted protein sequences for medaka Tle3b. Input sequences were human 

Tle3 protein (NP_005069.2) and the medaka genome sequence from the Ensembl genome 

browser (3 dna:chromosome chromosome:MEDAKA1:3:10658143:10786884:-1). 

 

MYPQGRHPAPHQPGQPGFKFTVAESCDRIKDEFQFLQAQYHSLKVEYDKLANEKTEMQRH 

YVMYYEMSYGLNIEMHKQTEIAKRLNAILAQIMPFLSQEHQQQVAQAVERAKQVTMTELN 

AIIGQQQLQAQHLSHAAHGPPVQLPPHPSGLQPPGLPPVTGAGSGLLALGALGSQAHLPV 

KDEKNHHDLEHRASRVCCSRQNNSVSPSDSLRAASEKHRSSSDYGLDSKKRKVDDKDSMS 

RYDSDGDKSDDLVVDVSNEDPATPRVSPAHSPPENGLDKSRVLKKDAAPNSPASVASSGS 

TPSSKAKDHAHNEKSSTPSLKSNTPTPRNEVPTPGTSTTPGLRPLTMGKPPGMEALTAPA 

LRTPLSYASPFAMMGPHEMNGSLTSPGVYPGLISPQMSAAAAAAYGRSPIFPFIFPQAGF 

DPHPHMRAPGLPAGLTSISGGKPAYSFHVSADGQMQPVPFPPDALIGPGIPRHARQINTL 

SHGEVVCAVTISNPTRHVYTGGKGCVKIWDISQPGSKSPVSQLDCLNRDNYIRSCKLLPD 

GRTLIVGGEASTLTIWDLASQTPRIKAELTSSAPACYALAISPDAKVCFSCCSDGNIAVW 

DLHNQTLVRQFQGHTDGASCIDISHDGTKLWTGGLDNTVRSWDLREGRQLQQHDFTSQIF 

SLGYCPTGEWLAVGMESSNVEVLHHTKPDKYQLHLHESCVLSLKFAYCGKWFVSTGKDNL 

LNAWRTPYGASIFQSKESSSVLSCDISADDKYIVTGSGDKKATVYEVIY 
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ABSTRACT 

Background: 

The application of antisense molecules, such as morpholino oligonucleotides, is an 

efficient way of gene inactivation in vivo. We recently introduced phosphonic ester 

modified peptide nucleic acids (PNA) for in vivo loss-of-function experiments in medaka 

embryos. Here we tested novel modifications of the PNA backbone for knock down of the 

medaka tcf3 gene. 

Results: 

Unmodified PNAs bind RNA with high affinity and specificity, however, their knock down 

efficiency in vivo is below that of morpholino oligonucleotides. Introduction of side chains 

like phosphonic esters is a possible way to improve their properties. Here we show that k-

side chains further enhance the efficiency of PNAs. As a target we selected the medaka 

tcf3 gene. In silico analysis together with gene expression and loss-of-function 

experiments demonstrate that a single tcf3 gene in medaka combines the function of two 

genes in zebrafish (hdl and tcf3b). Inactivation of tcf3 in medaka strongly affected eye 

development, leading to size reduction and anophthalmia in severe cases. Additional 

gain-of-function experiments allowed us to analyse the co-repressor dependency of this 

transcription factor. For eye development we found Gro/Tle proteins to be important. 

Overexpression of Tcf3 variants lacking the Gro/Tle interaction domain developed 

considerably lower numbers of eye phenotypes. The importance of Gro/Tle proteins was 

further supported by different gro/tle loss-of-function experiments which all resulted in 

eye phenotypes. For this we used a dominant negative approach for combined 

inactivation of all gro/tle genes or we performed knockdown experiments with individual, 

early expressed, tle genes.  

Conclusion: 

Our results show that side chain modified PNAs reach the knock down efficiency of 

morpholino oligonucleotides in vivo. A single medaka tcf3 combines the function of two 

zebrafish tcf3 genes. In combination with Gro/Tle corepressor proteins Tcf3 acts in 

anterior development and is critical for eye formation. 

 

KEY WORDS 

PNA, knock down, medaka, Tcf3, Groucho, Tle 

 

INTRODUCTION 

Antisense molecules which inhibit mRNA activity through a Watson-Crick base pair 

mechanism have been studied for several decades. Blocker molecules, such as 

morpholino oligonucleotides and Peptide Nucleic Acids (PNAs), show high specificity and 

low toxic effects (reviewed by Summerton et al. [1]). The morpholino backbone consists of 

6-membered morpholine rings connected by non-ionic phosphorodiamidate linker-units 

[2]. In PNAs the phosphate ribose ring of DNA is replaced with repeating N-[2-

aminoethyl]-glycine (aeg) units linked by amide bonds which provides a neutral backbone 



APPENDIX II: Manuscript Jung et al. 
 

107 

and results in stronger binding affinity of complementary PNA/DNA strands than 

DNA/DNA [3]. In addition, introduction of mismatches destabilizes the PNA/DNA duplex 

more than that of DNA/DNA. PNAs are highly stable against enzymatic degradation and 

changes in temperature and pH. Due to their short length (13-18 bases) the likelihood of 

secondary structures is reduced which results in stable and sequence specific probes [4-

6]. Nevertheless, unmodified aegPNAs show low efficiency in vivo, therefore various 

terminal- and internal modifications have been tested. For example, addition of lysine 

residues improves the solubility [7]. The introduction of negative charges in mixed 

sequence HypNA-PNAs allowed specific down regulation of target genes in zebrafish 

embryos [8]. Recently pePNAs, which contain phosphonic ester (pe) side chains in an 

otherwise non-modified aegPNA backbone, could be applied for successful targeting of 

six3 in medaka embryos. In particular combined versions containing both aeg non-

modified- and pe modified PNA blocks worked best. In a direct comparison morpholino 

oligonucleotides were active at lower concentrations, but also showed higher toxicity [9].  

Tcf/Lef (T-cell factor/ lymphoid enhancer factor) proteins belong to the high mobility 

group (HMG) box-containing family of transcription factors [10]. They are the most distal 

players of the Wnt pathway and the main partner for β-catenin in gene regulation [11, 

12]. In the absence of Wnt ligands, β-catenin is degraded in the cytosol and Tcf/Lef 

interacts with transcriptional repressors such as Gro/Tle (Groucho/Transducin-like 

enhancer) and CtBP (C-terminus Binding Protein), thereby repressing target gene 

expression. Upon Wnt stimulation, β-catenin is stabilized and translocated to the 

nucleus. Nuclear accumulation leads to an interaction of β-catenin with Tcf/Lef which 

promotes specific gene expression [11]. 

In non-vertebrates transcriptional activation and repression is regulated by only a single 

tcf gene, for example pangolin for Drosophila and POP-1 for C. elegans, whereas 

vertebrates have four, more specialized and partly redundant homologues [11].  While 

Tcf1 and Tcf4 play a role in both activation and repression, Lef1 shows primarily 

activator abilities [13] and Tcf3 seems to function exclusively as a repressor [14]. In mice, 

tcf3 knockout experiments resulted in gastrulation defects that resemble ectopic Wnt 

expression like duplication of the AP axis. At later stages abundant neuroectodermal cells 

and defective neural patterning were observed [15]. In addition, Tcf3 seems to be a 

regulator of pluripotency. Under standard conditions embryonic stem (ES) cells show 

high levels of Tcf3 and only low Wnt pathway activity, thereby remaining in a balanced 

state between pluripotency and differentiation. If tcf3 is knocked down or Wnt genes are 

overexpressed the ES cells do not undergo efficient differentiation and the balance is 

tipped towards pluripotency [16, 17]. In zebrafish two tcf3 genes have been reported, 

headless hdl/tcf3 [18] and tcf3b [19], which both act as repressors. At shield stage hdl is 

broadly expressed in the epiblast while tcf3b shows only weak expression, whereas in 

late gastrulation both genes are expressed in the rostral neuroectoderm and later on 

throughout the brain with a gap of expression in the mid-hindbrain boundary (MHB) 

[19]. In hdl mutants the forebrain is lost while the expression of genes that characterize 

the MHB is expanded [18]. This phenotype can be rescued by tcf3b overexpression. tcf3b 

knock down results in smaller heads but otherwise normal brain patterning, whereas 

interference with both tcf3 genes leads to strong caudalization [19]. 

One mechanism of Tcf3-mediated repression, results from its interaction with Gro/Tle 

proteins [20-22]. The latter are transcriptional co-repressors that lack direct DNA binding 

ability. Instead they bind to DNA bound proteins and assist in repression (reviewed by 
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Turki-Judeh et al. [23]). In the case of Tcf3, Gro/Tle tetramers bind to an N-terminally 

located groucho interaction domain [24]. This interaction is disrupted by the Gro/Tle 

repressor Aes [21]. Aes is a truncated form of Gro/Tle consisting only of the N-terminal 

Q- and GP-domains [25, 26]. 

Here we analysed the function of tcf3 in medaka embryos using both gain- and loss-of-

function experiments. For the knock down we used pePNAs and morpholino oligos. Novel 

side chain modifications further improved the activity of the PNAs, resulting in knock 

down efficiencies directly comparable to those of morpholino oligonucleotides. 

Furthermore, we analysed the effect of Gro/Tle proteins on the repressive function of Tcf3 

by using a dominant negative approach and antisense oligonucleotides. 

 

MATERIALS AND METHODS 

PNA and morpholino oligonucleotide synthesis 

PNA monomer building blocks are commercially available. Optical pure (R-configuration 

according to CIP rules) Ugi-PNA monomer building blocks were synthesized according to 

a route reported previously [7, 27, 28]. N2-Boc-N6, N6, N6-trimethyl-(L)-lysine iodide 

(TML) as building block was prepared as published by Chen and Benoiton [29]. All PNAs 

were synthesized on a fully automated solid phase synthesizer (Multisynthec Syro) 

according to a protocol developed by Koch [30]. The PNAs were dissolved in nuclease free 

water by repeatedly shaking and vortexting. Finally they were gently sonicated for 2 

minutes with repeated pulses. Subsequently the PNAs were divided into aliquots of 100 

μl (2 mM final concentration) and kept at -80°C. 

Morpholino oligonucleotides were designed according to the manufacturer’s protocol and 

synthesized by Gene Tools, LLC. Morpholino sequences for the tle genes in 5’-3’ direction: 

Tle1, CGCGTCTTGTCCTGAAACCCCGCTA; Tle2b, GGCAGTGCGTCCTCGTGGCTCTTTC; 

Tle3a, CGGCCTTGTGGATACATGTCTCGTC. 

 

DNA constructs 

For cell culture experiments pMC [31] and pKC (polylinker modification of pKW) [32] were 

used (both vectors contain cytomegalovirus promoters). DNA constructs for 

microinjection were under the control of a bi-directional heat-inducible HSE promoter 

[33] and contain the mouse Aes/Grg5 cDNA, the mouse Tle4 Q domain, or various 

deletion fragments of human Tcf3 (see Figure 5 for details). pLucF24ZF; luciferase 

reporter under the control of a Fos minimal promoter and zinc finger binding sites. 

pMChSix3(85-203)mZFb6; the human Six3 fragment (positions of amino acids in 

brackets) fused to a zinc-finger DNA binding domain [34] and the “base” leucine-zipper 

[35]. pMCTle1VP16 and pMCGrg4VP16; human Tle1 and mouse Tle4 were fused to the 

transcriptional activation domain of the herpes simplex virus protein VP16, respectively. 

pMCamVP16 contains the “acid” leucine-zipper fused to VP16, pKCAes the mouse 

Aes/Grg5 cDNA.  
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Microinjection into medaka embryos 

Embryos of the medaka Cab strain were used for all experiments. Adult fish were 

maintained at 26°C with an artificial 14 hours light and 10 hours dark cycle. Stages were 

determined according to Iwamatsu [36]. Loss of function injections with tcf3 and tle 

antisense molecules were performed using concentrations between 50 and 1200 μM 

PNAs or morpholino oligonucleotides. DNA injections were performed at the 1-cell stage 

together with meganuclease. For transient injections (HSE:Tcf3 constructs) the embryos 

were injected with 40ng/µl and for transgenic lines (HSE:AesATG and HSE:Q) with 10 

ng/µl heat inducible promoter [33], respectively. Heat induction (10 minutes at 43.5°C) 

was performed at stage 14 (except if otherwise indicated). After injection the embryos 

were incubated at normal conditions (1x ERM buffer at 27°C). 

 

Whole-mount in situ hybridization 

Whole-mount in situ hybridization using DIG-labelled RNA probes was performed as 

described previously [37]. Probes against tcf3 and gbx1 were PCR amplified from medaka 

embryonic cDNA using specific primers for tcf3 (5’-

CGGATCCATGGCTCAACTGAACGGAGGC-3‘ and 5’-

CGAAGACGGCTGGACATGGATGCATTCA-3’) and gbx1 (5’-TTAGAAAATACAGCCACAA-3‘ 

and 5’-TCACTGTAAAAAGTACCTG-3’).  

 

Cell culture 

HeLa cells were transfected in polyethylenimine (2.5 µg/ml) coated 96-well plates [38] 

using TurboFect transfection reagent according to the instructions of the manufacturer 

(Thermo Scientific). For luciferase reporter assays, additional transfection of 2ng Gaussia 

luciferase expression vector pMCGlucS served as an internal reference. Luciferase 

activities were measured 24 hours after transfection.  

 

RESULTS 

Isolation and expression of the medaka tcf3 gene 

In zebrafish two tcf3 genes exist (tcf3a or hdl and tcf3b), which fulfil overlapping 

functions [19]. We screened the medaka genome [39, 40] in silico for tcf3 genes using the 

mouse Tcf3 amino acid sequence. In this search several members of the Tcf/Lef family 

appeared, but only a single tcf3 gene (corresponding GenBank accession number 

HQ705658 located on chromosome 9 and encoding for a 575 amino acid protein). The 

presence of a single tcf3 gene in medaka is also supported by a study of Wang et al. [41]. 

We isolated a cDNA fragment of this tcf3 gene by PCR and performed whole mount in situ 

hybridization with medaka embryos (Figure 1). During gastrulation, tcf3 is broadly 

expressed throughout the embryonic shield (Figure 1A; at 40% epiboly), followed by an 

anterior shift towards the prospective head region (Figure 1C) and into the embryonic 

body (Figure 1B,C) at late gastrula. The expression becomes restricted to the head region 

during neurula (Figure 1D,D’), but subsequently also appears in posterior regions of the 

embryo (Figure 1E-H’). When the first subdivisions of the brain can be distinguished, tcf3 
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expression becomes segmented into distinctive stripes (Figure 1E,E’). However, the 

expression is still enhanced in the telencephalic region and the midbrain, whereas only a 

faint stripe can be observed in the hindbrain. Comparable to the zebrafish tcf3 genes 

[19], a gap of expression is clearly visible in the MHB (Figure 1E-G). Furthermore, weak 

expression was also detected in the eyes and the otic placodes (Figure 1E). During 

somitogenesis, tcf3 expression further extends caudally (Figure 1F-H’), where it is then 

found in the pectoral fins and the somites in late stages (Figure 1H,H’). Taken together 

the expression of medaka tcf3 represents the sum of the expression domains described 

for the two zebrafish genes tcf3b and hdl [19]. 

 

Knock down of the tcf3 gene in medaka embryos with PNAs 

Having established the identity of the tcf3 gene in medaka, we performed knock down 

experiments using both PNAs and morpholino oligonucleotides. To block translation, a 

16mer mixed pePNA (Figure 2A) and a 25mer morpholino oligonucleotide sequence were 

designed against the medaka tcf3 mRNA directly upstream of the AUG (Figure 2B). 

Injection into medaka embryos at the one cell stage resulted in specific phenotypes that 

strongly resembled those of hdl inactivated zebrafish embryos [19]. During young stages, 

no significant changes in development were observed between the injected and the 

control embryos. Only after the beginning of eye development, phenotypic alterations 

became visible (Figure 3B-D). The knock down phenotype concentrated on the eye region, 

leaving the trunk and tail largely unaffected. Weakly affected embryos at stage 22 had 

slightly smaller eyes than the control group, strongly affected embryos showed dramatic 

reduction of eye size or lacked the eyes completely (Figure 3A-D). At stage 30 (3 days and 

10 hours, 35 somites), after the onset of eye pigmentation, a clearer distinction of the 

extent of the eye phenotypes was possible (Figure 3F-H). We separated the embryos into 

three groups (weak, moderate, and strong) depending on a classification of the eye 

phenotypes. Weak embryos (Figure 3B,F) had slightly smaller eyes than the control 

group, whereas in embryos with a moderate phenotype (Figure 3C,G) the size reduction 

was severe. As a strong phenotype (Figure 3D,H), we classified eye-less embryos that 

looked otherwise normal.  

Both PNAs and morpholino oligonucleotides directed against tcf3 resulted in the same 

phenotypes. In zebrafish the phenotypes for the two tcf3 genes differ considerably, 

however, in hdl/tcf3b double morphants they add up to one combined phenotype 

representing the complete absence of Tcf3 proteins. Medaka embryos with a strong 

phenotype correspond to this extreme case, whereas embryos of the weak and moderate 

group are in between the phenotypes for hdl and tcf3b in zebrafish. 

Qualification of the eyes pigmented retinal structures allowed a simple but reliable 

phenotype classification. Based on these results we could compare the knock down 

efficiency of the different antisense molecules. We first used the Tcf3PNA mixed pePNA 

which contains two tri-methyl-lysine (TML) end groups. For each concentration the 

number of phenotypes of the different groups was determined and the total number of 

tcf3 knock down phenotypes among the surviving embryos was calculated (Figure 4A and 

Additional File1). Between 100 µM and 400 µM of Tcf3PNA the total number of 

phenotypes increased from 22 to 51%. At 600 µM and 900 µM the overall frequency of 

phenotypes (both 57%) and also the number of dead embryos (6 and 7%, respectively) did 

not change which indicates a low toxicity. At 1,200 µM the percentage of tcf3 specific 
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phenotypes increased to 86%, however also a death rate of 38% was observed suggesting 

beginning toxicity. As expected, these increasing numbers of phenotypes also resulted in 

a continuous shift from preferentially weak phenotypes at low concentrations to a high 

proportion of strong phenotypes at high concentrations (Additional File 1). The 

morpholino oligonucleotide showed phenotypes indistinguishable from the pePNAs, but 

differed in the efficiency. High rates of tcf3-specific phenotypes, 71% - 92%, appeared 

already at low concentrations, 50 and 100 µM, respectively. However, at 200 µM the 

mortality rate jumped to 44%, indicating toxic effects (Figure 4B and Additional File 1). At 

concentrations with high mortality rates, some embryos with unspecific phenotypes 

appeared which looked similar for both pePNAs and morpholino oligonucleotides. We 

previously described such unspecifically affected medaka embryos, which have smaller 

eyes but in addition show severe defects all over the brain [42]. Such unspecific 

phenotypes were not detected at non-toxic concentrations. Taken together, the 

morpholino oligonucleotide worked more efficiently than the pePNA at low 

concentrations, but also appeared to be more toxic. 

We next tested the pePNAs’ splice blocking efficiency. A sequence overlapping with both 

exon 1 and intron 1 was selected and also synthesized as a mixed PNA with a double 

TML end group (Tcf3spPNA; Figure 2B). PNA injection resulted in the same phenotypes as 

observed for the Tcf3PNA, however, with lower efficiency (Figure 4A and Additional File 

1). With 49%, the highest number of embryos affected specifically was observed at a 

concentration of 900 µM. At 1,200 µM toxicity became dominant, similar as seen for 

Tcf3PNA. We reasoned that a combination of both the translational blocking and the 

splice blocking PNAs might result in an improved knock down efficiency. Indeed, co-

injection of Tcf3PNA and Tcf3spPNA, each at a concentration of 200 µM, resulted in 50% 

of the embryos showing phenotypes (Figure 4A and Additional File 1), which is higher 

than the percentage of affected embryos for both 400 µM Tcf3PNA (39%) and 400 µM 

Tcf3spPNA (30%). Therefore, the combined injection of both PNAs led to a synergistic 

improvement, which was also observed at higher concentrations. At 900 µM (450 µM 

each) 74% of the embryos showed tcf3-specific phenotypes without toxic side effects 

(those first appeared at 1,200 µM). 

We then tested K-side chains as a novel backbone modification of the PNAs (Figure 2A). A 

mixed 16mer PNA with the same target sequence as the Tcf3PNA was synthesized 

(Tcf3kPNA; Figure 2B). Injection of these new PNAs resulted in the same tcf3 specific 

phenotypes, but at considerably higher numbers (Figure 4B and Additional File 1). At 

100 µM the Tcf3kPNA produced 76% tcf3 specific phenotypes, compared to 22% for the 

Tcf3PNA. Similar improvements were also seen for other concentrations. Peak levels of 

92% phenotypes were observed at 400 µM. First toxic effects of these modified PNAs 

appeared at 600 µM. Therefore, the K-side chain modification strongly improved the 

antisense efficiency of PNAs. To test their specificity, an exchange of two nucleotides was 

tested (GT to TG in the middle of the PNA; Tcf3kPNAmut Figure 2B). This resulted in a 

dramatic loss of tcf3 knock down efficiency (Figure 4B and Additional File 1). At 100 µM 

none of the embryos showed tcf3-specific phenotypes and at 600 µM only 11% (compared 

to 93% for the non-mutated version). Therefore, a highly specific antisense function of 

the K-modified PNAs in an in vivo environment could be observed at low concentrations, 

directly comparable to the results for morpholino oligonucleotides. 

The repeated appearance of the same phenotypes with various different antisense 

molecules clearly demonstrated specificity of the tcf3 knock down experiments. To 
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further analyse the tcf3 loss of function phenotype, we next performed whole mount in 

situ hybridization experiments with injected embryos using probes against pax2, pax6, 

and gbx1 (Figure 3I-P). Dorsky et al. analysed the expression of these genes in zebrafish 

upon tcf3 inactivation. hdl mutants showed a decrease in pax6 expression in the 

presumptive head region and pax2.1 expression was expanded rostrally, whereas the 

gbx1 domain remained unchanged. However, if both hdl and tcf3b were inactivated, gbx1 

also expanded anteriorly, thereby encircling the expression domain of pax2.1 and the 

anterior expression of pax6 was completely lost [19]. Taken together, stepwise reduction 

of Tcf3 activity in zebrafish resulted in a progressive anterior shift of the marker genes 

centring around the position of the prechordal plate [43]. In medaka tcf3 morphants, the 

expression domains of all three genes were shifted anteriorly (Figure 3M-O) compared to 

the wild type control (Figure 3I-K). In 48% of the embryos (29/61) the expression domain 

of pax6 was smaller (Figure 3M) and instead of two separate domains on either side of 

the prospective head (Figure 3I), only a single cap-like structure was observed at the 

most anterior part of the prospective neural domain (Figure 3M). However, we failed to 

see a complete loss of anterior pax6 expression. 56% of the embryos (20/36) hybridized 

with the MHB marker pax2, also showed an anterior shift. Moreover, the pax2 expression 

was expanded anteriorly, thereby partially overlapping with the pax6 domain (Figure 3N), 

which was in good agreement with the expression in zebrafish hdl loss of function 

embryos [19]. In 37% of the embryos (16/43) an altered expression of gbx1 was observed. 

Again, the expression domain was shifted anteriorly (Figure 3O). In addition to the 

anterior shift of the entire expression domain, the lateral edges of less severely caudalized 

embryos pointed anteriorly and in more severe phenotypes, the expression expanded into 

an arc-like shape, thereby overlapping the expression domains of both pax6 and pax2. 

We also analysed the MHB marker wnt1 in tcf3 knock down embryos and found 

expression in a more anterior position (Figure 3B). Taken together, the expression of all 

marker genes clearly indicates the expected anterior shift for tcf3 inactivation. 

 

 tcf3 gain-of-function experiments 

So far we had performed tcf3 loss-of-function experiments. Now we focused on the 

consequences of tcf3 overexpression. For this, wild type embryos at the one-cell stage 

were injected with full length tcf3 cDNA (Figure 5A). We used the heat-inducible HSE 

promoter [33], which allowed stage-dependent ectopic gene expression (HSE:Tcf3). When 

heat induction was performed at mid-gastrulation (stage 14/15) preferentially eye 

phenotypes appeared, confirming the importance of tcf3 for eye development. A closer 

inspection of the eye phenotypes after the onset of eye pigmentation revealed that 8% of 

the Gfp positive embryos were eye less. In total, 31% (8/27) showed a reduced eye size, 

thus resembling the phenotype of the tcf3 loss-of-function embryos. Varying DNA 

concentrations did not change the eye phenotypes and neither did a variation of the time 

of heat-induction. 

We next concentrated on the functional domains of Tcf3 mediating transcriptional 

repression. In absence of a Wnt signal the siamois gene in Xenopus is strongly repressed 

by Tcf/Lef proteins [44]. A closer inspection revealed repressing activities both in the C- 

and the N-terminus of Tcf3. For the C-terminal interaction the corepressor CtBP could be 

identified [45]. To test whether the eye phenotypes depend on CtBP, we injected a 

truncated Tcf3 version (Tcf3[1-434]; Figure 5A), lacking the CtBP interaction domain. The 

percentage of eye-less embryos increased to 26% (Figure 5F) compared to 8% for full 
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length Tcf3. CtBP interaction therefore does not promote the eye phenotypes, but instead 

reduces them. We next tested the N-terminal repression function of Tcf3, where Gro/Tle 

corepressors have been identified as corepressors [24]. A deletion version lacking amino 

[24], reduced the appearance of strong eye phenotypes to 5% (Figure 5F). In order to 

better qualify the function of Gro/Tle we concentrated on Tcf3 versions lacking the CtBP 

interaction domain. In addition, we had observed stronger phenotypes in early embryos, 

indicating rescue mechanisms in older embryos. We therefore assessed the phenotypes in 

younger stages. Since eye pigmentation cannot be used as a morphological marker for 

eye development in early embryos, we performed whole mount in situ hybridization 

experiments on stage 21 embryos (1 day, 10 hours, 6 somites) using the retinal marker 

rx2 as a probe (Figure 5B-E). Embryos that developed a weak phenotype (Figure 5C) had 

smaller eyes than the wild type control (Figure 5B), and rx2 expression was significantly 

reduced in embryos with a moderate phenotype (Figure 5D) and completely lost in strong 

phenotypes (Figure 5E). Using these conditions with the CtBP deficient Tcf3(1-434) we 

observed 90% of embryos with small eye phenotypes (Figure 5F and Additional file 2). We 

next tested a Tcf3(1-434) version which is devoid of the Gro/Tle interaction domain but 

still retains the DNA binding and ß-catenin interacting parts of the protein (Tcf3[1-

phenotypes to 50% of the injected embryos, most of which showed a weak phenotype, 

and no eye-less embryos were observed (Figure 5F and Additional File 2). Consequently, 

impairment of the Gro/Tle interaction considerably reduced the appearance of eye 

phenotypes in tcf3 misexpression experiments, indicating a crucial contribution of this 

corepressor. Interestingly, at older stages 21% of the embryos (14/66) overexpressing 

Tcf3(1-

them formed in the trunk and tail region of the developing embryo, hence, posterior to 

the endogenous vesicles (Additional File 2C, arrow). These results strongly resemble 

misexpression experiments of sox3 [46] and Aes can affect sox3 expression within the 

otic vesicles [47]. Instead of an effect on sox3, the induction of ectopic otic vesicles might 

however also be caused by a dominant negative effect of the overexpressed truncated 

Tcf3, thus blocking the repressing function of full length Tcf3. Such an antirepressive 

effect would be equivalent to ectopic Wnt activation, which we previously could show to 

induce ectopic otic vesicles [48, 49]. Taken together, Tcf3 function in eye development is 

modulated by Gro/Tle corepressor interaction. 

 

gro/tle loss-of-function experiments 

The eye phenotypes in the gain-of-function experiments indicated a strong link between 

the Tcf3 repressing function and Gro/Tle proteins. Furthermore, Gro/Tle proteins have 

previously been implicated in eye development [47, 50]. In order to directly analyse the 

modulating effect of these corepressors on Tcf3 we next performed Gro/Tle loss-of-

function experiments. During embryonic development gro/tle genes are expressed in 

largely overlapping domains suggesting redundant functions. In mammals four full 

length genes exist, in fish even six [37]. In order to interfere with the function of all 

Gro/Tle proteins within one experiment, the short family member Aes has repeatedly 

been used [47, 50] The rationale behind this strategy is to overexpress a truncated 

Gro/Tle family member, which then efficiently interacts via its Q-domain with long 

Gro/Tle proteins. The resulting tetramers therefore will partially lack the C-terminal 
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domains which are not present in Aes. Since the major protein-protein interaction 

domain, the WD40 repeats, reside in the C-terminus, inefficient complex formation would 

be the result. A major criticism towards this strategy is, however, that important 

interactions also originate from the Q-domain. Aes contains a Q-domain, it is however 

not clear how efficient this domain can contribute to interactions in mixed complexes. We 

therefore tested the effect of Aes overexpression on an established Q-domain interaction. 

For this we selected the Gro/Tle-Six3 interaction, which has been shown to be critical for 

eye development [50], and performed mammalian two-hybrid experiments. The results 

showed a stepwise reduction of both Tle1- and Tle4-Six3 complex formation upon 

increasing Aes concentrations, whereas a control interaction was not affected (Additional 

File 3). Therefore, Aes overexpression can interfere with both N- and C-terminal 

interactions of Gro/Tle proteins. 

To assess gro/tle loss-of-function phenotypes independent from possible injection-based 

artefacts, we established heat-inducible transgenic lines (Figure 6A) using the HSE 

promoter [33]. In addition to an aes transgenic line (HSE:Aes) we also generated a Tle4-Q-

domain misexpressing transgenic line (HSE:Q). Q-domain misexpression is expected to 

similarly interfere with C-terminal interactions of Gro/Tle proteins, but not with those of 

the Q-domain. Therefore, Aes misexpression could potentially generate more severe 

phenotypes, depending on the preference of the interactions at the N- or C-terminus of 

the Gro/Tle proteins. Heat induction of aes at mid-gastrula resulted in the same eye 

phenotypes as described in previous studies [47, 50]. We categorized these phenotypes 

into weak, moderate and strong. Embryos with a weak phenotype developed slightly 

smaller eyes pointing towards the midline (Figure 6C-C’’), whereas embryos with a strong 

phenotype showed cyclopic eyes (Figure 6E-E’’). As a moderate phenotype we considered 

embryos in-between (Figure 6D-D’’). Here, additionally to the weak phenotype, the lenses 

were shifted anteriorly and beginning cyclopia anterior of the forebrain could be 

observed. In HSE:Aes embryos a total of 24% developed a phenotype (23/97), equally 

distributed between weak and strong. The HSE:Q line showed a total of 34% phenotypes 

among the induced embryos (27/79), however, only 5% of the embryos were categorized 

as strong. Therefore, the interference of the Q-domain was less efficient compared to the 

aes-misexpressing line, but interestingly the phenotypes were identical. This indicates 

that during early embryonic development both Aes and Q-domain interfere with the same 

critical interactions of Gro/Tle proteins, which most probably locate to the C-terminus. 

We further analysed the effects of the Aes/Q-mediated loss-of-function approach on 

gro/tle genes in whole mount in situ hybridization experiments (Figure 6F-K). To be able 

to distinguish between phenotype groups, we selected embryos at stage 21, where eye 

development had already begun. rx2 expression (Figure 6I) matched the phenotypes 

observed in older stages (Figure 6C’’-D’’). In embryos with a weak/moderate phenotype 

(Figure 6I) the eyes were smaller compared to the wild type control (Figure 6F) and tilted 

towards the midline. In strong phenotypes, an additional faint stripe of rx2 expression, 

that connects the two optic vesicles, was observed in the forebrain (data not shown). 

These results are in good agreement with the morphologic phenotype observed in older 

embryos (Figure 6C’’-D’’). Due to the fact that the connection of the cyclopic eye was 

observed in the most anterior part of the embryo (Figure 6E’’), we analysed if anterior 

development is impaired. We used the telencephalon marker brain factor 1 (bf1) and 

found reduced expression in HSE:Aes embryos (Figure 6J). Furthermore, wnt1 

expression (Figure 6K) indicated a reduced size of the midbrain. Instead of a defined 
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expression close to the midline (Figure 6H, arrows), here an indistinct expression pattern 

throughout the midbrain was observed (Figure 6K, arrows). 

Taken together, the aes induced phenotypes show eye defects, which however differ from 

the tcf3 loss-of-function phenotypes in details. An obvious explanation for the deviating 

phenotypes is that blocking of Gro/Tle function not only affects Tcf3 but also other 

Gro/Tle interaction partners important for eye development. One example is Six3, where 

the effects of aes overexpression have been studied in detail [50]. The Aes/Q 

misexpression therefore most probably causes a mixed phenotype affecting functions of 

several Gro/Tle interacting proteins. To test whether they indeed represent loss-of-

function phenotypes for gro/tle genes we applied antisense oligonucleotides. Since the 

combined inactivation of all 6 gro/tle family members is not possible, we concentrated on 

individual genes, which can only show partial phenotypes. The appearance of eye defects 

for blocking of individual gro/tle genes would therefore strongly support the Aes/Q 

results. In order to analyse early expressing family members we selected tle1 [50], tle2b 

and tle3b [37]. Interestingly the injection of morpholino oligonucleotides revealed strong 

eye phenotypes for all 3 tle genes. Using the same criteria for the phenotypes as for 

Aes/Q, 10 to 16% of the embryos showed eye defects (Additional File 4). Highest numbers 

were observed for tle2b, both in overall numbers (16%) as well as in the proportion of 

embryos with strong phenotypes (7%, almost half of which were completely eye-less). 

Combined injection of the morpholino oligonucleotides could further increase the number 

of phenotypes (27% for tle1 and tle2b). The appearance of eye defects is therefore in 

perfect agreement with the Aes/Q results. However, details of the phenotypes differed. 

For example cyclopic eye connections for tle1 morpholinos appeared in the middle of the 

eyes (Additional File 4C), whereas they were preferentially observed anterior to the 

forebrain in Aes/Q embryos (Figure 6D’’). 

 

DISCUSSION 

Novel side chains provide higher antisense efficiency for PNAs 

For the tcf3 knock down experiments in medaka embryos PNAs were applied. We used 

phosphonic ester modified mixed PNAs, which previously were shown to be suitable for 

loss-of-function experiments in medaka [42]. Here again we could demonstrate a specific 

knock down of gene function. We started with pePNAs with two TML end groups and 

obtained almost 60% specific phenotypes (400 to 900 µM) (Figure 4A and Additional File 

1). At higher concentrations the percentage further increased, however also unspecific 

toxicity was observed. The pePNA molecules also worked for a splice blocking approach. 

Although the efficiency was lower compared to the translational blocking experiments, 

the same tcf3 specific phenotypes appeared (Figure 4A and Additional File 1). 

Furthermore, a combined injection of both PNAs synergistically improved the overall 

efficiency of the antisense molecules (74% specific phenotypes).  

In a direct comparison with pePNAs the morpholino oligonucleotides resulted in higher 

efficiency at lower concentrations (71 to 92% phenotypes at 50 and 100 µM, respectively). 

However, toxic effects also started at lower concentrations (200 µM). Otherwise, the 

obtained phenotypes were identical for the two antisense molecules (Figure 4B and 

Additional File 1). However, further modification of the PNA backbone with K-side chains 

(Figure 2A) considerably improved the PNA efficiency (Figure 4B and Additional File 1). 63 
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to 92% of the embryos showed tcf3 specific phenotypes at concentrations of 50 to 400 µM 

(toxicity first appearing at 600 µM). This efficiency is in the same range as that for the 

morpholino oligonucleotides. The high specificity of this 16mer PNA was clearly 

demonstrated by the dramatic drop in phenotypes for a 2-nucleotide exchange in the 

sequence (8 to 16% phenotypes at 100 to 400 µM). Therefore, novel side chain 

modifications efficiently improved the in vivo antisense function of PNAs. 

 

tcf3 function in medaka embryos 

tcf3 genes are of critical importance for the establishment of the antero-posterior (A-P) 

axis of vertebrates [15, 17]. However, little is known about medaka tcf3 genes. Contrary 

to the zebrafish, only a single tcf3 gene appeared in our in silico searches and also in 

previous analyses [41]. Therefore, the prediction for the in situ hybridisation analysis was 

that the expression domains of the medaka tcf3 should cover those of both zebrafish 

genes together [18, 19]. Indeed, we could observe such a combined expression first in the 

embryonic shield (Figure 1A-C) and later in the brain (Figure 1D-H). Also the loss-of-

function phenotypes support the presence of a single tcf3 gene in the medaka genome. In 

zebrafish the hdl mutation results in strong anterior phenotypes, whereas tcf3b 

inactivation shows mild effects [19]. Combined inactivation of both hdl and tcf3b adds up 

to a severe phenotype characterized by complete lack of eyes and brain defects [19]. 

Knock down experiments in medaka resulted either in weakly/moderately affected 

embryos with reduced eye size, covering the range of phenotypes seen for inactivation of 

single tcf3 genes in zebrafish, or in strongly affected eye-less embryos corresponding to 

the complete absence of Tcf3 proteins seen in zebrafish hdl/tcf3b double morphants 

(Figure 3). The analysis of marker gene expression in the tcf3 knock down embryos 

verifies the strong effect on the Tcf3/Wnt gradient along the A-P axis [43, 51]. All marker 

genes tested showed an anterior shift centring around the position of the prechordal 

plate. Therefore, a single tcf3 gene in medaka combines the function of two zebrafish 

genes. 

 

Gro/Tle corepressor proteins are critical for tcf3 function  

To complement the tcf3 loss-of-function experiments we also performed gain-of-function 

experiments (Figure 4). These allowed us to analyse the co-repressor dependence of this 

transcription factor. CtBP has been identified as a critical cofactor during embryonic 

development [45]. However, for eye development we found Gro/Tle proteins to be more 

important. Tcf3 variants lacking the Gro/Tle interaction domain showed considerably 

reduced numbers of eye phenotypes in the gain-of-function experiments (Figure 5F). The 

critical importance of Gro/Tle proteins for eye development was further supported by 

different gro/tle loss-of-function experiments, which all resulted in eye phenotypes. 

In a first attempt, we concentrated on Aes/Grg5 (Figure 6), a naturally occurring 

truncated family member of full length Gro/Tle proteins that consists of only the Q and 

the GP domain [25, 26, 52]. The Q domain allows Aes to oligomerize with full length 

Gro/Tle proteins, thereby reducing the number of C-terminal interaction domains [21, 

29, 50, 53-56]. The GP domain, however, is functionally different from full length Gro/Tle 

proteins because it does not interact with HDACs [20, 57-59]. It was suggested that by 
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this interaction Aes turns Gro/Tle oligomers into non-functional complexes, which 

therefore have a reduced number of C-terminal WD-40 interaction domains and a 

reduced efficiency to cooperate with HDAC corepressors ([21, 53, 55, 60, 61] and 

reviewed by Beagle et al. [62]). Furthermore, our mammalian two-hybrid experiments 

with Six3 indicate that also N-terminal interactions with the Q-domain are blocked by 

Aes misexpression. Indeed, ectopic expression of Aes in medaka resulted in considerably 

smaller eyes and otic vesicles and reduced expression of the optic and otic marker genes, 

suggesting an efficient block of Gro/Tle activity [47, 50]. But in addition to the Gro/Tle 

blocking functions, Aes is known to exhibit specific functions on its own in certain 

cellular contexts [58, 59, 63]. The observed phenotypes could therefore be a mixture 

between gro/tle loss-of-function and aes gain-of-function effects. However, 

misexpresssion of the Tle4 Q-domain resulted in exactly the same phenotypes as 

observed for Aes, although the efficiency was lower. Furthermore, also antisense blocking 

of individual gro/tle genes resulted in reduced eye size of the embryos, indicating that 

eye formation is a major function of gro/tle genes. Therefore, Aes misexpressing embryos 

seem to represent almost pure gro/tle loss-of-function phenotypes. 

The morphological phenotypes were already visible at early stages (Figure 6C-E) and in 

situ hybridisation experiments using rx2 confirmed these early effects (Figure 6I). 

Additional experiments showed a reduction in size of both the forebrain and the 

midbrain, as indicated by the expression patterns of bf1 and wnt1 (Figure 6J,K). Similar 

results have been reported for bf1 in WRPW-induced Gro/Tle loss-of-function 

experiments in Xenopus [64]. Based on the critical importance of Gro/Tle corepressor 

function for Tcf3, blocking Gro/Tle proteins by Aes should result in phenotypes similar to 

those seen in tcf3 antisense experiments. Indeed in both cases a dramatic reduction of 

eye size could be observed. These anterior defects are also in good agreement with the A-

P defects seen in Wnt1 overexpression experiments [48]. A final verification of the 

dominant negative Aes approach was made by knock down of individual medaka gro/tle 

genes. Although 6 gro/tle genes are present in medaka and are thought to function 

largely redundantly, we surprisingly observed highly similar phenotypes for knock down 

of each tle1, tle2b, and tle3b. We observed a clear reduction in eye size, cyclopic eyes as 

well as eye-less embryos (Additional File 4). These phenotypes closely resembled those of 

the dominant negative experiments and thus fully support this approach. Taken together, 

these experiments confirmed the importance of Gro/Tle corepressors for Tcf3 function. 
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FIGURE LEGEND 

Figure 1. tcf3 expression in medaka embryonic development. 

Whole mount in situ hybridization experiments were performed in wild type embryos at 

the indicated stages, using a digoxigenin-labelled RNA probe against tcf3. Embryos are 

shown in dorsal view, anterior at the top. (F-I) Flat mounts; (F’-I’) tail view. During 

gastrulation (A-C) tcf3 is expressed throughout the epiblast and the embryonic body (C-

D). In neurula the expression becomes restricted to the head (D,D’) from where it spreads 

caudally and divides into a forebrain, midbrain, and hindbrain section (E;E’). A gap in 

expression at the mid-hindbrain boundary (F-H, arrowhead) is closed at later stages (H). 

In later stages, expression is observed throughout the entire body (G-I’). Scale bars 100 

µm; A, A-C; F, F-F’;G, G-H’. Abbreviations: st, stage. 

 

Figure 2. Sequences of medaka tcf3 antisense molecules and their targets. 

(A) Schematic chemical structure of aegPNAs, pePNAs and mixed PNAs (containing both 

aeg- and pePNA monomers) is shown. Mixed PNAs contain C3 residues. (B) mRNA targets 

are shown in the 5’-3’ orientation, capital letters indicate the coding region. The AUG 

start codon is underlined. Pre-mRNA represents the unspliced mRNA precursor of the 

medaka tcf3 gene with exon sequences shown in capital letters. Tcf3MO represents a 

morpholino oligonucleotide, all other sequences PNAs. aegPNA components are shown 

with grey overlay, pePNA components with C3 side chains are shown in red letters, 

pePNA-K components are shown in red overlay. Boxed bases represent mismatches. All 

PNA and morpholino oligos are shown in 3’-5’ orientation. L represents a trimethyl-lysine 

group. 

 

Figure 3. Loss of function phenotypes for the tcf3 gene in medaka. 

Embryos at the 1-cell stage were co-injected with 300 µM Tcf3MO and 1 µg/ml FITC-

dextran. The pairs B and F, C and G, D and H each show the same embryo at different 
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stages (stage 22, A-D; stage 30, E-H). Control embryos (A,E) were co-injected with 1x 

Yamamoto’s and FITC-dextran. Pictures of embryos with a fluorescent signal were taken 

at the indicated stages.  Classification was performed after the onset of eye pigmentation, 

according to the size of the eye: (B,F) weak, slightly reduced size; (C,G) moderate, severe 

size reduction; (D,H) strong, eye-less. Embryos at stage 16 (I-K, N-O) are shown in dorsal 

view, anterior to the top; except for (L,P) which are at stage 17 and shown in lateral view. 

For genotypic analysis (I-P), whole mount in situ hybridization experiments were 

performed on MO injected embryos and un-injected wild type controls at stage 16 using 

digoxigenin-labelled RNA probes against Pax6 (I,M), Pax2 (J,N), Gbx1 (K,O), and Wnt1 

(L,P) at stage 17. (I-K, M-O) Broken lines indicate the outlines of the prospective neural 

domain estimated from the merged expression patterns formed by pax6, pax2 and gbx1 

in wild type embryos (I-K). An anterior shift of the expression domains was observed for 

all four genes. (L,P; arrowhead) wnt1 expression in the mid-hindbrain boundary. Scale 

bars 100 µm; A, A-H; I, I-K and M-O; L, L and P. Abbreviations: MO, morpholino 

oligonucleotide. 

 

Figure 4. Knock down efficiencies using modified PNAs. 

Quantitative evaluation of tcf3 knock down experiments. Results for injection of 

antisense molecules at the indicated concentrations. The blue bars represent the 

percentage of embryos with phenotypes among the surviving embryos, the red bars 

represents the mortality rate (see also Additional File 1).  

 

Figure 5. tcf3 gain of function phenotypes. 

(A) Schematic representation of full length Tcf3, Tcf3 lacking the Gro/Tle interaction 

-434]), and a C-terminal 

truncated Tcf3 lacking the Gro/Tle interaction domain (Tcf3[1- -F) Embryos 

at the 1-cell stage were injected with either heat-inducible truncated Tcf3 

(Gfp:HSE:Tcf3(1-434); 40 ng/µl) or Tcf3 lacking the Gro/Tle interaction domain 

(Gfp:HSE:Tcf3(1- -15. Gfp 

positive embryos were selected at stage 22 for subsequent whole mount in situ 

hybridization experiments using digoxigenin-labelled RNA probes against rx2 (C-F). (B-E) 

Flat mounts are shown in dorsal view, anterior at the top. Phenotypes were categorized 

according to their eye size and the expression intensity compared to the control: (C) 

weak, small eyes, normal expression intensity; (D) small eyes, weak expression; (E), 

missing eyes and expression. (B) Heat treated wild type control. (F) Quantitative results of 

the injections using rx2 in situ hybridization. Scale bar 100 µm.  

 

Figure 6. Aes-mediated Gro/Tle loss of function phenotypes. 

(A) Schematized presentation of full length Tle protein, the Q-domain, and Aes. For 

transgenic lines, embryos at the 1-cell stage were injected with 20 ng/µl of DNA 

(Gfp:HSE:Aes and Gfp:HSE:Q). The F1 generation was heat-induced (10 min, 43.5°C) at 

stage 15/16. (B-K) Embryos are shown in dorsal view, anterior to the top. (F-K) Flat 

mounts. (C-D) Phenotypes of the Aes/Q-mediated Gro/Tle loss of function were 
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categorized according to their eye phenotype into: (C-C’’) weak, smaller eyes tilted 

towards the midline; (D-D’’) moderate, beginning cyclopia anterior; strong (E-E’’), cyclopic 

eye. For whole mount in situ hybridization experiments (F-K), using the indicated 

digoxigenin-labelled RNA probes, fixation was performed at stage 21; heat treatment 

occurred as described before. (I) rx2 expression indicates a reduction in eye size, the eyes 

are tilted at the anterior end towards the midline (arrowheads); (J) Bf1 expression is 

reduced; (K) Wnt1 expression indicates a reduction in midbrain size and shows an 

indistinct expression pattern throughout the midbrain (arrows). (B-B’’, F-H) control 

embryos were heat-treated wild type embryos. Scale bars 100 µm; B, B-E’’; F, F-K. 

 

ADDITIONAL FILES 

Additional File 1. Overview of the PNA and MO induced loss of function 

phenotypes. 

Embryos at the 1-cell stage were injected with PNAs or MOs at the indicated 

concentrations. Phenotypes were categorized according to the size of the eyes into: weak, 

slightly smaller eyes; moderate, smaller eyes; strong, eye-less. Abbreviations: PNA, 

peptide nucleic acid; MO, morpholino oligonucleotides. 

 

Additional File 2. Gro/Tle dependence of tcf3 in gain-of-function experiments  

Embryos at the 1-cell stage were co-injected with 40 ng/µl of the indicated gfp:HSE:Tcf3 

constructs. Heat treatment (10 min, 43.5°C) was applied at stage 14. (A) Statistical 

overview of the phenotype distribution. Whole mount in situ hybridization experiments 

for rx2 were performed on embryos at stage 21. (B) dorsal view of a stage 31 embryo with 

anterior at the top, (C) lateral view with anterior at the left. Arrowheads indicate ectopic 

otic vesicles, the arrow points to the endogenous otic vesicle. Scale bar 100 µm; B, B and 

C. 

 

Additional File 3. Mammalian two-hybrid analysis of Aes-mediated Gro/Tle 

repression. 

20 ng of the expression constructs (pMCamVP16, pMCTle4VP16 or pMCTle1VP16) were 

co-transfected with 70 ng of firefly luciferase reporter construct pLucF24ZF, 20 ng of the 

expression construct for the six-domain of human Six3 (pMChSix3(85-203)mZFb6) and 

full length Aes (pKCAes at the indicated concentrations) into HeLa cells. The interaction 

of the artificial leucine zipper domain “acid” and “base” (Zitat) was used as a control. All 

three interactions were set 100% in the absence of Aes (acid/base corresponds to a more 

than 100 fold activation of the luc reporter construct compared to a control without bait, 

similar induction rates were seen for Tle4/Six3 and Tle1/Six3). Addition of the Aes 

expression construct at the indicated concentrations did not affect the acid/base 

interaction (blue bars), but strongly reduced the Tle4/Six3- (red bars) and the Tle1/Six3 

interaction (green bars).  
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Additional File 4. MO-induced gro/tle loss of function phenotypes. 

Embryos at the 1-cell stage were co-injected with morpholino oligonucleotides and 1 

µg/ml FITC-dextran. Injections were performed using either a single morpholino directed 

against tle1 (C), tle2b (D,F), and tle3b (E), or combinations directed against tle1+2b (H), 

tle1+3b (I), tle2b+3b (J), and tle1+2b+3b (K). Single morpholino oligonucleotides were 

injected at a concentration of 600 µM (C-F) and combinatorial injections (H-K) were 

performed using 300 µM of each MO. Phenotypes of FITC-dextran positive embryos were 

observed after the beginning of eye pigmentation at stage 32 (B-F) and stage 28 (G-K). 

(B,G) Wild type control embryos were injected with 1x Yamamoto’s and FITC-dextran. All 

embryos are shown in dorsal view with anterior at the top. Compared to the wild type 

controls (B,G), morpholino injected embryos developed smaller eyes that were shifted 

towards the midline (D,E,J,K) or cyclopic eyes (C,H,I). In rare cases the eyes were lost 

entirely (E). (A) Phenotypes of FITC-positive embryos were categorized at stage 28-32 into 

weak and strong phenotypes. Weak phenotypes developed smaller eyes that were shifted 

towards the midline, whereas strong phenotypes showed cyclopic eyes. Eye-less 

phenotypes were included into the group of strong phenotypes. *) Included in the group 

“stong phenotypes”. Abbreviations: MO, morpholino oligonucleotide; WT, wild type. Scale 

bar 100 µM. 

 

 

Figure 1 
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Figure 2 

 

 

 

Figure 3 
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Figure 4 
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Figure 6 
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Additional File 1 

 

 

concentration [µM] 0 50 100 200 400 600 900 1200 200+200 300+300 400+400 600+600

number of embryos 17 72 72 110 123 52 90
dead 1 5 2 10 8 3 34
death rate 6% 7% 3% 9% 7% 6% 38%

strong phenotype 0 0 2 10 15 3 24
moderate phenotype 0 3 7 12 17 10 12
weak phenotype 0 12 18 29 33 15 12
normal 16 52 43 49 50 21 8
phenotypes in surviv. 0% 22% 39% 51% 57% 57% 86%

number of embryos 45 32 34 59 101 83 55
dead 2 2 2 3 21 7 49
death rate 4% 6% 6% 5% 21% 8% 89%

strong phenotype 0 0 0 2 11 6 1
moderate phenotype 0 0 1 5 8 11 1
weak phenotype 0 2 2 10 20 18 3
normal 43 28 29 39 41 41 1
phenotypes in surviv. 0% 7% 9% 30% 49% 46% 83%

number of embryos 37 45 93 121 42
dead 1 1 15 17 30
death rate 3% 2% 16% 14% 71%

strong phenotype 0 2 20 24 2
moderate phenotype 0 7 18 19 0
weak phenotype 0 13 14 34 9
normal 36 22 26 27 1
phenotypes in surviv. 0% 50% 67% 74% 92%

number of embryos 19 47 48 45 92 78 42
dead 3 7 7 8 18 33 30
death rate 16% 15% 15% 18% 20% 42% 71%

strong phenotype 0 15 6 6 26 21 7
moderate phenotype 0 6 6 11 26 10 0
weak phenotype 0 4 19 12 16 11 0
normal 16 15 10 8 6 3 5
phenotypes in surviv. 0% 63% 76% 78% 92% 93% 58%

number of embryos 25 24 46 49 53
dead 3 2 7 8 17
death rate 12% 8% 15% 16% 32%

strong phenotype 0 0 0 1 0
moderate phenotype 0 0 0 1 1
weak phenotype 0 0 2 3 3
normal 22 22 37 36 32
phenotypes in surviv. 0% 0% 5% 12% 11%

number of embryos 9 171 112 34
dead 1 17 14 15
death rate 11% 10% 13% 44%

strong phenotype 0 65 66 16
moderate phenotype 0 19 19 2
weak phenotype 0 25 5 1
normal 8 45 8 0
phenotypes in surviv. 0% 71% 92% 100%
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Additional File 2 

 

 

 

 

Additional File 3 
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Additional File 4 
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Additional file 1. Figure S1. Building blocks used for the chemical synthesis. 

 

 

Additional file 2. Table S1. Optimisation of the PNA length. 

 

 

Additional file 3. Table S2. Antisense function of mixed PNAs on gfp mRNA. 
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Additional file 4. Figure S2. Distribution of mix-PNAs in the embryo. 
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Additional file 5. Table S3.Six3 knock down by PNAs.  
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Additional file 6. Figure S3. Comparison of mixed PNA and morpholino phenotypes. 

 

 

Additional file 7. Figure S4. Rescue of Six3mix-PNA injected embryos. 
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Supplementary Fig. S1: Experimental strategies used for Fig.4.  

 

 

 

Supplementary Fig. S2: Expression of late otic marker genes in cyclopic ear embryos.  
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Supplementary Fig. S3: Expression of Dlx3b and Fgf8 at late gastrulation in Wnt1-

transgenic lines.  

 

 

 

 

Supplementary Fig. S4: Bias towards otic development in the anterior preplacodal 

region.  
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