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Abstract 
 

The Wnt signaling pathway is known to be involved in vertebrate embryonic 

development. Constitutive activation of this pathway has been associated to several forms of 

cancer. The action of Wnt proteins leads to the transcriptional activation of target genes 

mediated by interactions between β−catenin and members of the Lef/Tcf family of transcription 

factors. The aim of this project was to gain new insight into the role of T-cell factors during 

zebrafish development. The expression patterns of zebrafish Tcf-1, Tcf-3 and Tcf-4 were 

determined at 3 dpf and 5 dpf, revealing possible new roles for Tcf-3 in intestine and liver 

development and for Tcf-1 in vasculogenesis. Also, this study shows that Tcf-1 doesn’t seem to 

have the same role in zebrafish development as in mouse. The analysis of zebrafish tcf-1 

mutants suggested that this transcription factor is not involved in thymus development as 

described in mouse. Also, zebrafish tcf-1 and tcf-4 compound null mutants don’t seem to 

resemble the tcf-1-/-/tcf-4-/- mouse phenotype as they don’t present caudal truncations. The 

analysis of apc-1 mutants and apc-1/tcf-4 double mutants demonstrated that, in the intestine and 

exocrine pancreas, Tcf-4 seems to be the most prominent factor mediating Wnt signaling during 

development. apc-1 mutants showed absence of differentiation in the intestine, liver and 

exocrine pancreas.Tcf-4 loss rescued the Apc-1 phenotype in the intestine and exocrine 

pancreas. This reveals Tcf-4 specificity in these tissues. These studies consequently reveal an 

unknown role for Tcf-4 in zebrafish exocrine pancreas development.  
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Resumo 
 

A via Wnt é conhecida por estar envolvida no densenvolvimento embrionário de 

vertebrados. A continuada activação desta via tem sido associada a várias formas de cancro. A 

acção das proteínas Wnt leva à activação transcricional de genes alvo, mediada por interações 

entre a β−catenina e membros da família de factores de transcrição Lef/Tcf. O objectivo deste 

projecto é aprofundar o conhecimento acerca do papel dos factores de transcrição Tcf durante o 

desenvolvimento do peixe-zebra. Para tal determinaram-se os padrões de expressão dos 

factores zfTcf-1, zfTcf-3 e zfTcf-4, ao 3º e ao 5º dpf, o que revelou novas possíveis funções para 

o Tcf-3 no desenvolvimento do intestino e do fígado e para o Tcf-1 na vascularização. A análise 

de peixes mutantes para tcf-1 sugere que este factor de transcrição não está envolvido no 

desenvolvimento do timo, contrariamente ao que se encontra descrito em rato. Peixes-zebra 

duplos mutantes para tcf-1 e tcf-4 também não demonstram um fenótipo semelhante ao 

observado em ratos tcf-1-/-/tcf-4-/-, que se caracteriza pela existência de truncamentos na cauda. 

A análise de peixes-zebra apc-1-/- e apc-1-/-/tcf-4-/- demonstrou que, durante o desenvolvimento 

do intestino e do pâncreas exócrino, o factor Tcf-4 parece ser o mais proeminente na mediação 

de sinais da via Wnt. Peixes mutantes para apc-1 revelaram ausência de diferenciação no 

intestino, figado e pâncreas exócrino. A perda do factor Tcf-4 recuperou o fenótipo descrito para 

os mutantes no gene apc-1 nestes órgãos, revelando um papel específico para o Tcf-4 nos 

mesmos e até então desconhecido no pâncreas exócrino.  

 

Palavras-chave:  Sinalização Wnt, cancro, Tcf-1, Tcf-4, Apc-1, peixe-zebra, intestino, fígado, 

pâncreas 
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1. Introduction 

1.1. The importance of Wnt signaling 

Development and homeostasis in all multicellular organisms depend on a complex 

interplay between processes involved in cell proliferation, migration, differentiation, adhesion and 

death. This diverse array of cellular responses must be then tightly regulated. Apparently, there 

are a relatively small number of signaling pathways that are responsible for controlling these 

responses, examples of which include the Wnt, Notch, TGFb/BMP and Hedgehog pathways 

(reviewed in Gregorieff and Clevers, 2005). Most of these pathways were first identified in lower 

organisms where they play important roles during embryogenesis and/or organ development and 

later it was discovered that the same pathways are often used in adult organisms to regulate and 

control multiple self-renewing organs. In recent years more and more evidence has been 

accumulated demonstrating that signaling mediated by these pathways is often deregulated in 

pathological situations (reviewed in Gregorieff and Clevers, 2005). Research into the 

mechanisms that control these signaling cascades provides not only a greater understanding of 

organism development, but also offers insight as to how one might influence these signals for 

therapeutic benefit (reviewed in Mikels and Nusse, 2006). 

The Wnts comprise a large family of protein ligands extremely pleiotropic in their activity, 

affecting diverse processes such as developmental patterning, induction of neural tissues, 

generation of cell polarity, cell fate decisions during embryogenesis and stem cell differentiation 

(reviewed in Clevers, 2006; Mikels and Nusse, 2006). In addition to influencing developmental 

processes, recent studies point to a key role for Wnt signaling during adult homeostasis in the 

maintenance of stem cell pluripotency (reviewed in Clevers, 2006). This is achieved by directing 

a specific set of genes that strictly control temporal and spatial regulation of cell growth, 

movement and cell survival, but also determined by the responding cells. Chronic activation of 

these genes resulting from aberrant activation of the Wnt pathway promotes uncontrolled cell 

growth and survival, and can consequently drive cancer formation in a range of tissues including 

colon, skin, liver and ovary and degenerative diseases (reviewed in Barker and Clevers, 2006; 

Nusse, 2005).  

Currently, three different pathways are believed to be activated upon Wnt receptor 

activation: the canonical Wnt/β−catenin cascade, the non-canonical planar cell polarity (PCP) 

pathway and the Wnt/Ca+ pathway. Of these three, the canonical pathway is best understood 

and the subject of study in this thesis. Studies uncovering the importance of the Wnt pathway, in 

particular the central role of β-catenin, historically have been mostly based on genetics in model 

organisms, but is now also supported by biochemical and structural insight.  

In the light of these findings, it is possible to realize that a detailed analysis of Wnt 

signaling will aid in alleviating these diseases and that Wnt proteins can be developed into 

important reagents for cell fate control, including stem cells. 
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1.2. Wnt genes and proteins 

The founding member of the Wnt family, the mouse wnt1 gene, originally named Int-1, 

was discovered in 1982 in a retroviral insertion mutagenesis screen (Nusse and Varmus, 1982). 

Subsequently, Drosophila wingless (wg), which controls segment polarity during larval 

development, was shown to be the fly homolog of wnt1 (Rijsewijk et al, 1987). In 1989, 

McMahon and Moon observed a duplication of the body axis in Drosophila following injection of 

mouse Wnt1 mRNA into ventral blastomeres of embryos at the 4-cell stage (McMahon and 

Moon, 1989). These observations supported the notion that Wnt signaling was shared between 

vertebrates and invertebrates and that it was involved in body patterning. Since then, the 

finished genomes of mammals and invertebrate organisms has led to catalogues of 19 Wnt 

genes in the human and the mouse, 7 in Drosophila, and 5 in C. elegans. Between Drosophila 

and mammals, there is fairly extensive conservation of Wnt genes, so that orthologs can readily 

be recognized (reviewed in Nusse, 2005). 

wnt genes characteristically encode for proteins with a characteristic cysteine pattern 

plus other conserved residues, rather than by functional properties. Wnt glycoproteins are 

produced and secreted by different cell types (Cadigan and Nusse, 1997). Although Wnt proteins 

carry an N-terminal signal peptide and are secreted, they are relatively insoluble. This insolubility 

has been attributed to a particular protein modification, cysteine palmitoylation, which is essential 

for Wnt function (Willert et al, 2003). This as been one of the major reasons why these proteins 

have only recently been characterized (reviewed in Michael and Nusse, 2006).  

Wnt is thought to act as a morphogen (that is, a long range signal whose activity is 

concentration dependent). However, it is unclear how these long-range gradients are generated. 

It is conceivable that the palmitoyl moiety constrains movement away from membranes or lipid 

particles. Thus, Wnts may be tethered to intercellular transport vesicles or lipoprotein particles. 

Alternatively, Wnts may be transported by cytonemes, which are long, thin filopodial processes. 

They act on target cells through a pathway that, compared to other signaling pathways, is 

unusually complex and subject to extensive feed-back control: Wnts act in a paracrine fashion by 

activating diverse signaling cascades inside the target cells (Lustig and Behrens, 2003). 

1.3. Canonical Wnt Signaling 

The defining event in canonical Wnt signaling (Fig 1.3.1) is the cytoplasmic 

accumulation of β-catenin and its subsequent nuclear translocation and activity (reviewed in 

Clevers, 2006, and in Nusse 2005). The Frizzled (Fz) molecules are primary receptors for the 

Wnts. Wnt proteins bind directly to the cysteine rich domain (CRD) of Fz (Bhanot et al, 1996). 

The Wnt-Fz interaction appears promiscuous, in that a single Wnt can bind multiple Frizzled 

proteins and vice versa (Bhanot et al, 1996). Wnt signaling requires not only a functional Fz, but 

also the presence of a long single pass transmembrane molecule of the Low Density Protein 

(LDL) Receptor Related Protein (LRP) class, identified as the gene arrow in Drosophila and as 

LRP5 or 6 in vertebrates. It as been proposed, but not always confirmed, that Wnt molecules can 
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also bind to LRP and form a trimeric complex with Fz (Tamai et al, 2000). The discovery that 

members of the LRP family of single pass transmembrane proteins are also required for signal 

transduction immediately raised the possibility that Fz and LRP function as co-repressors for 

Wnt proteins (Tamai et al, 2000). A model in which Wnt physically mediates an interaction 

between Fz and LRP is therefore appealing. Once bond to their ligands, the Fz/LRP co-receptor 

complex activates the canonical signaling pathway. That happens through physically interaction  

 

 

 

Figure 1.3.1 | An overview of the canonical Wnt signaling pathw ay. a | In the absence of a Wnt signal, 
β-catenin is captured by APC and axin within the destruction complex, facilitating its phosphorylation by the 
kinases CK1α and GSK3β. CK1α and GSK3β then sequentially phosphorylate a conserved set of serine 
and threonine residues at the amino terminus of β-catenin. This facilitates binding of the β-TRCP, which 
subsequently mediates the ubiquitinylation and efficient proteasomal degradation of β-catenin. The 
resulting β-catenin ‘drought’ ensures that nuclear DNA-binding proteins of the Tcf/Lef transcription factor 
family (Tcf-1, Tcf-3, Tcf-4 and Lef-1) actively repress target genes by recruiting transcriptional co-
repressors (Groucho/TLE) to their promoters and/or enhancers. b | Interaction of a Wnt ligand with its 
specific receptor complex containing a Frizzled family member and LRP5 or LRP6 triggers the formation of 
Dvl–Fzd complexes and the phosphorylation of LRP by CK1γ, facilitating relocation of axin to the 
membrane and inactivation of the destruction box. This allows β-catenin to accumulate and enter the 
nucleus, where it interacts with members of the Tcf/Lef family. In the nucleus, β-catenin converts the Tcf 
proteins into potent transcriptional activators by displacing Groucho/TLE proteins and recruiting an array of 
coactivator proteins including CBP, TBP, BRG1, BCL9/PYG, Legless, Mediator and Hyrax. This ensures 
efficient activation of Tcf target genes such as c-MYC, which instruct the cell to actively proliferate and 
remain in an undifferentiated state. Following dissipation of the Wnt signal, β-catenin is evicted from the 
nucleus by the APC protein and Tcf proteins revert to actively repressing the target gene program. β-TRCP, 
β-transducin repeat-containing protein; APC, adenomatous polyposis coli; BCL9, Β−cell lymphoma 9; 
CK1α, casein kinase 1α; CK1γ, casein kinase 1γ; CBP, CREΒ−binding protein; Dvl, Dishevelled; Fzd, 
Frizzled; Lef, lymphoid enhancer factor; LRP, low-density lipoprotein receptor-related protein; PYG, 
Pygopus; Tcf, T-cell factor. Adapted from Barker and Clevers, 2006. 
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between Fz and Dishevelled (Dvl), a cytoplasmic protein (reviewed in Clevers, 2006 and in 

Nusse, 2005). Wnt signaling leads to differential phosphorylation of Dvl, a process that is 

mediated by several protein kinases of which the Par1 and CKII kinases are the most likely 

candidates to be regulated by the signal. However, it remains unclear whether the binding of Wnt 

to Fz regulates a direct Fz-Dvl interaction, nor it is known how Dvl phosphorylation is controlled 

or how phosphorylated Dvl functions in Wnt signal transduction (Clevers, 2006). The LRP may 

also contact a cytoplasmic component of the pathway. Wnts are thought to induce 

phosphorylation of the cytoplasmic tail of LRP by caseine kinase I-γ (CK1γ) and glycogen 

synthase kinase 3β (GSK-3β)  allowing LRP to interact with Axin, one of the downstream 

components in Wnt signaling. This suggests that Wnt signaling can lead to the formation of a 

complex including two receptors, plus Axin and Dvl. Both Axin and Dvl appear to play a key role 

in directly linking receptor activation to inhibition of a cytoplasmic β-catenin destruction complex. 

This complex is formed by the serine/threonine kinases GSK-3 and CK1α and also by the 

proteins Axin and Adenomatous Polyposis Coli (APC). Upon receptor activation by Wnt ligands, 

the intrinsic kinase activity of the destruction complex for β-catenin is inhibited. As a 

consequence, stable, non-phosphorylated β-catenin accumulates and translocates into the 

nucleus, where it binds to the N-terminus of Lef/Tcf (lymphoid enhancer factor/T cell factor) 

transcription factors (Clevers, 2006). There is no consensus on the mechanism by which β-

catenin travels between the cytoplasm and the nucleus. In many cases, cells that undergo Wnt 

signaling may actually display an overall rise in β-catenin protein without a clear nuclear 

preference. The β-catenin interactions with the Tcf/Lef DNA binding proteins lead to the 

transcriptional activation of target genes in the nucleus. 

In the absence of Wnt signaling, the destruction complex keeps cytoplasmic levels of β-

catenin low through phosphorylation by the kinases. Axin and APC function as scaffolding 

proteins, facilitating the interaction between these kinases and β-catenin. Once phosphorylated, 

β-catenin is recognized by the F box/WD repeat protein β−TrCP, a component of a dedicated E3 

ubiquitin ligase complex. As consequence, β-catenin is ubiquitinated and targeted for rapid 

destruction by the proteasome. It should be noticed that Ck1 and GSK3 kinases perform 

paradoxical roles in the Wnt pathway: at the level of LRP co-receptor, they act as agonists, 

whereas in the destruction complex, they act as agonists. In the absence of the Wnt signal, Tcf 

acts as a repressor of Wnt target genes by forming a complex with Groucho/Grg/TLE proteins 

(Clevers, 2006; Nusse, 2005). The repressing effect of Groucho is mediated by interactions with 

Histone Deacetylases (HDAC), which are thought to make DNA refractive to transcriptional 

activation. Once in the nucleus, the interaction of β-catenin with the N terminus of Tcf is thought 

to transiently convert the Tcf repressor complex into a transcriptional activator complex, 

translating the Wnt signal into the transient expression of Tcf target genes. The recruitment of β-

catenin to Tcf target genes affects local chromatin in several ways. This may occur through 

displacement of Groucho from Tcf/Lef and recruitment of co-activators such as the histone 
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acetylase CBP and Brg-1, a component of the SWI/SNF chromatin remodelling complex 

(Clevers, 2006; Nusse, 2005). 

Tcf itself can be regulated by phosphorylation. The MAP kinase-related protein kinase 

NLK/Nemo phosphorylates Tcf, thereby decreasing the DNA-binding affinity of the β-catenin/Tcf 

complex and inhibiting transcriptional regulation of Wnt target genes.  

1.4. Wnt target genes 

The Wnt pathway has numerous transcriptional endpoints. The large majority of these is 

cell type specific, i.e. are only activated in certain cells. This specificity is commonly seen in 

developmental signaling pathways, and reflects the fundamental mechanism of gene control by 

extracellular signals: the cell rather than the signal determines the nature of the response. Thus, 

Wnt signals may promote cell proliferation and tissue expansion but also control fate 

determination or terminal differentiation of post mitotic cells. Sometimes, these disparate events, 

proliferation and terminal differentiation, can be activated by Wnt in different cell types within the 

same structure, such as the hair follicle or the intestinal crypt. But in addition to the cell type 

specific genes, Wnt signaling also controls genes that are more widely induced. Interestingly, 

this set of genes includes many components of the pathway itself, or among them are genes that 

are most likely directly activated by the Wnt-β-catenin-Tcf cascade (Nusse, 2005). 

Loss of components of the Wnt pathway can produce dramatic phenotypes that affect a 

wide variety of organs and tissues. Numerous Tcf target genes have been identified in diverse 

biological systems. These studies tend to focus on target genes involved in cancer, as 

exemplified by the wide interest in the Wnt target genes cMyc and Cyclin D1. For a 

comprehensive, updated overview of Tcf target genes, the reader is referred to the Wnt 

homepage (http://www.stanford.edu/~rnusse/wntwindow.html). The Wnt pathway has distinct 

transcriptional outputs, which are determined by the developmental identity of the responding 

cell, rather than by the nature of the signal. In other words, the majority of Wnt target genes 

appear to be cell type specific. It is not clear whether “universal” Wnt/Tcf target genes exist. The 

best current candidates in vertebrates are Axin2/conductin and SP5. As noted (Logan and 

Nusse, 2004), Wnt signaling is autoregulated at many levels. The expression of a variety of 

positive and negative regulators of the pathway, such as Frizzleds, LRP and HSPG, Axin2, and 

Tcf/Lef are all controlled by the β-catenin/Tcf complex (Clevers, 2006). 

1.5. The apc gene in homeostasis and Cancer 

apc (apc-1) was originally identified as the gene mutated in the familial adenomatous 

polyposis (FAP) syndrome in humans (Groden et al, 1991; Kinzler et al, 1991). Carriers of 

germline truncating mutations in Apc develop multiple colorectal adenomas following somatic 

inactivation of the remaining allele (Kinzler and Vogelstein, 1996). Similarly, mice that are 

heterozygous for a truncating mutation in Apc develop multiple tumours in the small intestine (Su 

et al, 1992). As mentioned previously, Apc is a key inhibitor of the Wnt/β−catenin signaling. In 

sporadic cases of colorectal cancer, Apc mutations cluster in a region proximal to the central 
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Axin-binding motifs, termed the mutation cluster region (MCR). Truncations at or proximal to the 

MCR abolish the inhibitory capacity of Apc, leading to accumulation of β−catenin and constitutive 

activity of the Wnt pathway (Korinek et al, 1997). A small percentage of sporadic colorectal 

cancers without mutated Apc turn out to have mutations in the Apc-binding domain of β−catenin 

that has the same effect (Nagase and Nakamura, 1993). 

Apc is known to function as a negative regulator of β−catenin/Tcf-4 signaling. In Apc 

absence, complexes are formed between β−catenin and Tcf-4. Such complexes are normally 

formed only in response to Wnt signaling and activate transcription of reporter genes and 

presumably of endogenous target genes. Studies provided evidence that the signals transduced 

via Tcf-4 seem to help establish the stem-cell phenotype in nascent crypts of the small intestine 

(Korinek et al, 1998b). In Apc-deficient colon cancer, ectopic activation of Tcf-4 target genes 

represents one of the early steps in cellular transformation. Constitutive activation of Tcf-4 in Apc-

deficient cells leads to maintenance of stem cell characteristics in cells that should normally 

undergo terminal differentiation. Opposite effects are observed in Tcf-4 deficient mice. In these 

mice, an apparently normal transition of intestinal endoderm into epithelium occurs at 

approximately embryonic day (E) 14.5, as with wild-type mice. However, no proliferative 

compartments are maintained in the prospective crypt regions between the villi. As a 

consequence, the neonatal epithelium is composed entirely of differentiated, non-dividing villus 

cells (Korinek et al, 1998b).  

Recent studies indicate that Apc may promote colonocyte differentiation by stimulating 

the production of retinoic acid (RA), a biologically active lipid mediator with important roles 

controlling cell fate and differentiation (Jette et al, 2004). Central to the ability of a cell to respond 

to retinoic acid is the requirement of first converting dietary retinol (vitamin A) into retinoic acid, a 

process that occurs via two enzymatic steps (Duester, 2000). The first step of this process 

converts retinol to retinal and is mediated by alcohol dehydrogenases and short chain 

dehydrogenases. The second step involves conversion of retinal into retinoic acid via aldehyde 

dehydrogenases (Duester, 2000). Given this required biosynthetic conversion, retinoic acid 

production is limited to cells harboring the necessary enzymes for conversion of vitamin A. 

Although colon adenomas and carcinomas have elevated β−catenin target genes, they also 

showed a deficiency of retinoic acid biosynthetic enzymes (Jette et al, 2004). In establishing a 

link between APC and control of retinoic acid biosynthesis, introduction of APC into an APC 

mutant colon carcinoma cell line increased retinoic acid biosynthesis in parallel with the 

transcriptional induction of retinol dehydrogenase L (RDHL) (Jette et al, 2004). Nadauld and 

colleagues (2004 and 2005) also provided genetic evidence confirming a dependence of APC in 

retinoic acid production in regulating zebrafish development and enterocyte differentiation. 

1.6. The Lef/Tcf transcription factors 

In the last decades, much information has been obtained on genes that control the 

phenotype of cells. Many of these genes appear to encode transcription factors what has led to 
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the notion that the control of cellular phenotype principally occurs at the level of transcription. 

Developmental active transcription factors regulate the expression of sets of structural genes, 

and are thus responsible for the induction and maintenance of a particular phenotype. There are 

practical limitations that complicate developmental studies of higher eukaryotes, especially of 

mammals. Such studies are therefore often conducted from a different perspective: rather than 

analysing early embryonic events involved in pattern-formation, attention has focused on the 

terminal differentiation of precursor cells into their functionally mature counterparts. It has 

become feasible to clone genes that are uniquely expressed in those end-stage cells, and to 

identify cis-acting elements that target transcription of such genes to particular differentiation 

stages. These cis-acting elements (promoters, enhancers, silencers) can subsequently be used 

as tools to identify transcription factors that bind to specific sequence motifs within these 

elements. Of particular interest are transcription factors that are uniquely active in the cell type 

where the structural, end-stage gene is expressed (van the Wetering, 1991). 

The family of T-cell factor (Tcf) and lymphoid enhancer factor (Lef) proteins are 

sequence-specific DNA binding transcription factors highly conserved through evolution. 

Experiments in a diverse range of species, including Hydra, nematodes, flies, fish, frogs and 

mice have revealed several critical roles for Tcfs during embryogenesis: Tcfs are required for 

establishing the embryonic body plan, for specifying cell fate and for regulating cell proliferation 

and survival. At subsequent stages of development, Tcfs continue to regulate cell survival, 

proliferation and differentiation, especially in rapidly self-renewing tissues, such as the skin, 

lymphoid compartment and intestinal mucosa (Hurlstone A. and Clevers, 2002).  Intriguingly, 

Tcfs participate in these cellular responses in a bimodal fashion: activating processes in one 

subset of cells, while simultaneous repressing the same function in a different subset. This 

bimodality manifests itself at the level of target gene expression, with Tcfs either activating or 

repressing expression of the same target gene in different subset of cells. However, Tcf 

molecules by themselves are incapable of modulating transcription. Instead, they bind a number 

of auxiliary proteins, thereby recruiting essential functional domains to the regulatory regions of 

target genes, binding more tightly and specifically (Arce et al, 2006; Hurlstone A. and Clevers, 

2002). Tcfs, like other HMG box-containing transcription factors, have the ability to induce 

substantial bends in DNA, potentially facilitating the formation of large nucleoprotein complexes 

and thereby promoting transcription. In the particular case of the Wnt pathway, they function by 

recruiting β-catenin to Wnt target genes. β-catenin has potent transcription activation domains at 

the N- and C termini, but it has no intrinsic ability to bind to DNA. Thus, it relies on interactions 

with DNA-binding factors to regulate gene expression. Nuclear β−catenin binds tightly to Lef/Tcf 

transcription factors and together they alter transcription of target genes. In general, Lef/Tcf 

transcription factors do not have a strong transcription activation domain, but they have a good 

DNA binding/bending domain. When β-catenin binds to a Lef/Tcf protein, a potent transcription 

regulatory complex is formed. When Wnt signals operate properly, the changes in gene 

expression direct cells to adopt specific cell fates and differentiate, or grow and divide. There are 

other transcription factors that bind to β-catenin, but genetic manipulation of Lef/Tcfs closely 
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mimics the effects of similar manipulations of Wnt ligands and receptors demonstrating that this 

family is the most common mediator of Wnt signals (Arce et al, 2006). Understanding how Tcfs 

can either activate or repress transcription has become a central topic of enquiry for 

investigators of Tcf function (Hurlstone A. and Clevers, 2002).  

1.6.1. Family members 

The first tcf/lef gene to be identified was tcf-1 in 1991 (van de Wetering et al, 1991). It 

was originally described as a T cell specific DNA binding protein in gel retardation assays using 

the enhancer of the cd3-e gene. Subsequently, human Tcf-1 was cloned from a Lambda-GT11 

expression library (van de Wetering et al, 1991, Oosterwegel, M. et al, 1993). Since that time, 

several more family members have been identified and found to play central roles in 

development. Nonvertebrate systems such as flies, worms and earlier diverging species such as 

Hydra and Ciona express a single Tcf/Lef ortholog (dTcf/pangolin, POP-1, and hyTcf, ciTcf, 

respectively (Arce et al, 2006). In mammals, chicken and Xenopus, four members of the family 

have been identified: T-cell factor-1 (Tcf-1, which has since been renamed Tcf7 in human), 

Lymphoid Enhancer Factor-1 (Lef-1), Tcf-3 and Tcf-4. Zebrafish has already five members 

described: Tcf-1, Lef-1, Tcf-3 (headless), Tcf-3b and Tcf-4 (Veien et al, 2005, Arce et al, 2006).  

Alternative splicing and promoter usage give rise to multiple Lef and Tcf isoforms, 

possessing diverse functional domains. There are four domains relevant to the Wnt pathway: the 

high mobility group (DNA) binding domain, the β−catenin, the multiple C-termini domain and the 

transcription repression domain. 

1.6.2. Lef/Tcf domains 

Lef/Tcf DNA binding domain 

The Tcf/Lef proteins form a subgroup of the high mobility group (HMG) box-containing 

superfamily of transcription factors. The HMG DNA binding domain (Fig. 1.6.2.1) is an 88 amino 

acid region near the carboxyl terminus, containing an HMG box motif and a nuclear localization 

signal (NLS) (Arce et al, 2006; Waterman, 2004).  

HMG boxes were first recognized in the non-histone, chromatin-associated HMG 

proteins. Whereas classic HMG proteins do not possess binding specificity for specific DNA 

sequences, the Lef/Tcf family differs because it contains a HMG box that mediates sequence-

specific binding to the core consensus sequence CCTTTGWW, through contacts made 

predominantly within the minor groove of the DNA helix. This domain is the most highly 

conserved feature of the Lef/Tcf family (between 93-99% amino-acid sequence identity) which 

means that Lef/Tcfs bind and bend to the same consensus sequences (Waterman, 2004).  

The NLS is recognized directly by importin alpha subunits for nuclear import, and there 

are differences between Lef/Tcfs in their interaction. In the nucleus, the NLS contacts 

thephosphate backbone to elevate DNA binding 100-fold. The cooperation between HMG and 
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NLS results in nanomolar affinity for the DNA sequence, a value that is merely 20- to 40- fold 

above its affinity for any double stranded DNA (Arce et al, 2006). 

 

β−catenin binding domain 

The second most highly conserved feature of the Lef/Tcf family (~60% sequence identity 

among orthologs) is a region at the extreme N-terminus (amino acids 1-50; Fig. 1.6.2.1).  The 

function of that region was discovered when Behrens and colleagues and Molenaar and 

colleagues identified it as a β−catenin binding domain in yeast two hybrid screens (Molenaar et 

al, 1996; Behrens et al, 1996). Genetic experiments in Drosophila and Xenopus confirmed that 

this interaction is necessary for Wnt signaling and normal development, establishing that Lef/Tcf 

proteins are bona fide components of the Wnt signal transduction pathway. Since then, all 

known members of the Lef/Tcf family have been shown to bind to β−catenin or one of its 

orthologues. β−catenin binds along an extended region of the extreme N-terminus of each of 

these Tcfs. Binding is proposed to be a multi-step interaction, inducing the formation of 

alternating β−strand and alpha helix segments between amino-acids 12 and 50 to promote 

extended interactions with several armadillo repeat segments of β−catenin.  

 Importantly, for every Lef/Tcf locus examined thus far this N-terminal region is encoded 

entirely within the first exon of each gene (Arce et al, 2006; Waterman, 2004). 

Lef/Tcfs are largely unfolded proteins in solution and only adopt folded structures when 

engaged in authentic interactions. Such observations emphasize how unfolded Lef/Tcfs might be 

especially prone to weak, biologically irrelevant interactions, and underscore the importance of 

rigorous controls for in vitro and in vivo binding assays. Lef/Tcfs can also bind to a-

catenin/plakoglobin, a highly related but distinct catenin (Zhurinsky et al, 2000). Binding is 

weaker than for β−catenin and occurs through a region C-terminal to the β−catenin-binding 

domain. In fact, the overall role of α-catenin in Wnt activities are not settled; depletion of a-

catenin in Drosophila and mice does not affect Wnt signaling, but a-catenin/Tcf complexes are 

more effective activators of c-MYC expression in immortalized cells, where it has oncogenic 

actions (Kolligs et al, 2000). 

 

Alternative C-terminal tails 

 A third notable feature of Lef/Tcfs is the existence of multiple isoforms (Fig. 1.6.2.1) 

differing at their COOH-terminal ends and generated by alternative splicing (Duval et al, 2000; 

Arce at al, 2006; Waterman et al, 2004). The genomic structure of the Tcf/Lef family consists of 

multiple exons and alternative splicing is common to all members (Duval et al, 2000). This 

alternative splicing mechanism as functional significance because it has been shown that Tcf 

factors were able to interact functionally by COOH-terminal binding domains with CtBP (C-

terminus Binding Protein), a corepressor protein required to mediate transcriptional repression of 

the Tcf family activity (Duval et al, 2000). Different isoforms were first discovered for Tcf-1, but 

they have since been identified in all family members (van de Wetering et al, 1996; Duval et al,  
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Figure 1.6.2.1  Schematic presentation of vertebrate LEF/TCFs shows diversity generated by alternative 
splicing and promoter usage. The β-catenin-binding domain (green) is absent in dominant negative 
isoforms (dnTCF-1, dnLEF-1), which are produced by alternative promoters. A context-dependent 
regulatory domain (CRD; grey/yellow) separates the b-catenin-binding domain from the high-mobility group 
DNA-binding domain and nuclear localization signal (HMG, NLS). An internal exon in the CRD (yellow) is 
alternative in all members except for TCF-3, and the exon is flanked by small amino acid motifs (LVPQ, 
SxxSS; only in TCF-3 and TCF-4) also created by alternative splicing. Part of the LEF-1CRD is alternatively 
spliced in response to TGF-β signalling. Alternative splicing creates different C-termini (blue; only the most 
common tails are shown), and the CRARF domain (dark blue) is a 33 aa motif in the E-tail conserved 
among all non-vertebrate orthologs but not present in vertebrates LEF-1and TCF-3. The E-tail also contains 
two CtBPbinding motifs (purple) in TCF-3 and TCF-4. TCF-4N is an alternatively spliced isoform that 
truncates the protein before the HMG DNA-binding domain. HUGO nomenclature for the mammalian genes 
is indicated in parantheses. Adapted from Arce et al, 2006. 
 

2000; Hovanes et al, 2000). It was estimated for human tcf-1 gene 96 potential different mRNA 

species and the number of different human tcf-4 gene products was in theory estimated to be 

more than 500 (van de Wetering, 1996). Although this may probably be an overestimation of the 

in vivo situation, western blot analysis revealed nevertheless eight isoforms for Tcf-1 (van de 

Wetering et al, 1996). In situ hybridization (ISH) analysis of different zebrafish Tcf-4 isoforms 

revealed that different isoforms with different biochemical properties are expressed at different 

stages of development and at different sites. This indicates that they may have different 

functions in different developmental processes during tissue formation (Young et al, 2002). 

Although each of these alternative C-termini has not been very well studied, two 

important activities have recently been ascribed to the ‘E’ isoform of Tcfs. This E-tail is essential 

for the repression and/or activation of a select subset of Wnt target genes and because it is the 

obligate C-terminus for dTcf, POP-1, hyTcf and ciTcf, it is likely to be the ancestral form. A 

region of the E-tail juxtaposed to the HMG DNA binding domain of Tcfs has been found to 

comprise a β−catenin-dependent transcription activation domain. It is a small, 33 amino acid 

region, variously referred as CRARF or CR motif required for activation from Wnt target sites in 

some promoters but not others. It was recently found that this domain, in the case of Tcf-1, is 
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involved in β−catenin activation of the Lef-1 promoter (Atcha et al, 2003) and, in the case of Tcf-

4, of Cdx-1 promoter (Hecht et al, 2003). The CRARF domain is highly conserved among all Tcf 

orthologs and a single amino-acid mutation is embryonic lethal in Drosophila (van de Wetering et 

al, 1997). This domain is also present in isoform C but only with the first half of the sequence, 

which contains the actual sequence C-R-A-R-F (Broek, 2006). The Lef-1 locus cannot generate 

Lef-1 isoforms with an E tail because the alternative exon needed in the splicing pattern is not 

present in the locus. 

Another motif present in the E-isoforms is the CtBP binding motif in the most 3’ exon 

(Duval et al, 2000; Broek, 2006). Binding of CtBP to these isoforms recruits histone deacytelases 

(HDACs) which prevents chromatin from being transcribed (Winston et al, 1999). While the 

transcription co-repressing activities of CtBP are best studied, new activities have been 

attributed to this protein including transcription activation, enzymatic NAD+ activities and 

modulation of the cytoskeleton (Waterman, 2004). 

Interestingly, Tcf-1 does not have the CtBP binding elements in its E-tail, but it carries a 

potent CR motif for transcription activation. Tcf-3 has CtBP binding elements but is missing key 

residues of the CR motif. Tcf-4 carries both CtBP binding elements and the CR activation 

domain (Waterman, 2004). 

The ‘E’ tail, which is produced from tcf genes but not lef-1, encodes a non-sequence 

specific DNA binding domain and a region that facilitates p300 interactions (Hecht and 

Stemmler, 2003). There is also a B tail that appears in all vertebrate Lef/Tcf with the exception of 

Tcf-3 (in fact, no alternative splicing for Tcf-3 has been reported). Although frequently expressed, 

the B tail has no known function and this is true for other, less common tails. The Lef/Tcf tails are 

one of the least understood features , and part of the reason is that artificial reporter plasmids 

with optimal multimerized Wnt response elements have been the most common ‘target gene’ to 

study Lef/Tcf action. Activation of these reporters is tail independent. As more groups study 

regulation of endogenous genes, differences between Lef/Tcfs and functions of the C-termini 

might be discovered (Arce et al, 2006).  

 

Transcription repression domain 

 Lastly, a context-dependent regulatory domain (CRD; Fig. 1.6.2.1) is located in the 

central region (Arce et al, 2006; Waterman, 2004). All vertebrate Lef/Tcfs have an alternative 

exon in this region (constitutive in lower organisms). The overall function of this domain appears 

to be conserved for each Lef/Tcf even though its sequences are the most varied, with identity 

levels dipping as low as 15-20%. While the most well-known role of Lef/Tcfs is to recruit the 

strong transcription activator β−catenin through direct binding to the N-terminus, the central 

domain of Lef/Tcfs is known to recruit co-repressors of the Groucho family for most of his 

targets. However, the central domain in Lef-1 can also engage in protein-protein contacts with 

the protein ALY or with activating factors that bind to neighbouring sites on the T-cell receptor 

alpha chain (TCRα) enhancer (Giese and Grosschedl, 1993; Carlsson et al, 1993; Mayall et al, 
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1997). Some family members have additional alternative splice donor and receptor sites 

upstream and downstream of the alternative exon such that it can be flanked by small amino 

acid motifs (LPVQ and SxxSS) and here the functional significance has been defined for 

transcription repression. There is also data suggesting that this exon his recognized by an 

antagonist-acting protein (Ghogomu et al, 2006). Thus, it seems that the CRD functions as a 

context-dependent domain, activating or repressing target gene transcription depending on the 

situation it is in.  

 

Target gene recognition 

Lef/Tcf recognition of DNA can occur independently but weakly within a chromatin 

context and with only moderate specificity (Arce et al, 2006). Such features virtually demand that 

Lef/Tcfs cooperate with other factors to bind more tightly and specifically to the correct set of 

target genes. Thus, Lef/Tcf proteins can not be considered to independently activate or repress 

target genes. Rather they are architectural proteins that bend DNA to maximize productive 

interactions between DNA-bound proteins in a larger enhancesosome or repressing complex 

and they recruit co-activators or co-repressors (Arce et al, 2006; Waterman et al, 2004). Lef/Tcfs 

can then be referred as ‘context dependent’ transcription activators/repressors. 

There is also diversity among DNA recognition. In mammalian systems, diversity in 

target gene recognition tracks with the alternative spliced E-tail. At least two target genes, the 

lef-1 and cdx1 genes, are activated by β−catenin only when it is recruited by alternatively spliced 

isoforms of Tcf-1 and Tcf-4 that contain the E-tail. The CR DNA-binding domain in the E-tail is 

important for activation of target genes because it enables stable association with Wnt response 

elements (WREs) that vary from the consensus and mutation of the motif destroys β−catenin 

activation. Only the genes for tcf-1 and tcf-4 code for this second DNA-binding domain, and only 

as an alternatively spliced isoform. Thus, Lef-1 isoforms, Tcf-3 isoforms and other splice variants 

of Tcf-1 and Tcf-4 are unlikely to bind independently to as many variable WREs as Tcf-1E and 

Tcf-4E. This does note necessarily mean that Lef-1 and Tcf-3 do not act broadly; rather, it 

predicts that these family members must rely on cooperative interactions with other factors to 

bind weak Wnt response elements. Wether E-tail isoforms exert broad, more independent 

regulatory effects than other Lef/Tcfs is currently being tested (Arce et al, 2006). The fact that 

the fly, worm, Hydra and Ciona orthologs all carry the E-tail and its DNA binding motif as an 

obligate C-terminus suggests that the primordial form of Lef/Tcfs carries two DNA-binding 

domains and that the more complex organisms have relegated this form to an alternative choice. 

The reason for this may be perhaps that the increased complexity in vertebrates requires that 

Lef/Tcfs rely more on cooperative interactions with other factors and pathways, rather than 

acting as an independent regulator (reviewed in Arce et al, 2006). 

1.6.3. Biological roles in development 

Tcf-1 was the first member of the Tcf/Lef family to be described (Van de Wetering et al, 

1991). The Tcf-1 protein is the first definitive T-cell marker to be expressed during differentiation. 
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Work in mice has revealed a crucial role for Tcf-1 in the development of T-cells (Verbeek et al, 

1995) and a tumour suppressor role in the gut and mammary glands (Roose et al, 1999). 

Indeed, in adult mammals, Tcf-1 is expressed in T-lymphocytes (Staal and Clevers, 2003) and 

tcf-1homozygous mice are viable but have an early blockage in thymocyte differentiation, as well 

as increased susceptibility to form mammary gland and intestinal neoplasms (Verbeek et al, 

1995; Roose et al, 1999). Tcf-1 was also proposed to be a target of Tcf-4 regulation, acting as 

transcriptional repressor through a negative feedback loop involved in inhibiting high levels of β-

catenin/Tcf-4 activity. Histological examinations of mammary gland adenomas and polyplike 

intestinal neoplasms in tcf-1 homozygous mice showed high levels of cytoplasmic and nuclear β-

catenin and absence of APC protein. The formation of epithelial tumours in these mice 

resembles the loss of APC and could be explained by the disruption of the proposed negative 

feedback loop (Roose et al, 1999). 

The Lef-1 transcription expression in adult mammals is observed in T-cells and early 

B−cells (reviewed in Galceran et al, 1999). This transcription factor has been shown to be a 

β−catenin-dependent transcriptional activator. lef1-/- knockout mice have developmental 

abnormalities such as the failure to develop teeth, hair follicles, trigeminal nuclei and mammary 

glands (Gregorieff et al, 2004). A redundancy has been attributed to the role of Lef-1 and Tcf-1 

(Galceran et al, 1999). This is based on the fact that, during mouse development, tcf-1 and lef-1 

genes are expressed in largely overlapping but not identical patterns (Roose and Clevers, 1999). 

Also, Tcf-1 lacks a putative Groucho corepressor binding site, indicating that, like Lef-1, it 

functions as a transcriptional activator. Double knockouts of tcf-1 and lef-1 have much more 

severe developmental disruptions than either tcf-1 or lef-1 single knockouts. These mice form 

excess neural ectoderm at the expense of paraxial mesoderm and have multiple neural tubes, 

defects that mimic the wnt3a-/- phenotype (Galceran et al, 1999). 

The Tcf-4 transcription factor was proved to be essential for maintenance of the 

progenitor compartment of gut epithelium, as demonstrated in Tcf-4-deficient mice (Korinek et al, 

1998b). tcf-4 homozygous mice die at birth due to a loss of epithelial stem cells in the small 

intestine. During mouse embryogenesis, expression of tcf-4 (Tcf7l2) occurs later than the other 

Tcf family members. It is most highly expressed in the midbrain and in intestinal and mammary 

epithelium (Korinek et al, 1998a; Barker et al, 1999). In late embryonic and early neonatal gut, 

Tcf-4 exhibits highly restricted expression in the proliferative intervillus pockets of the intestinal 

epithelium (Barker et al, 1999) and in mammary gland.  

Tcf-3 has been shown to be involved in governing stem cells features and cell fate 

determination in skin (Nguyen et al, 2006) and it seems that is expressed in thymus cells too 

(Popa et al, 2007). 
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1.7. Zebrafish as a biological model to understand the canonical Wnt 

signaling 

1.7.1. Advantages of using zebrafish as a model for  vertebrate development 

In recent years, the teleost fish Danio rerio, commonly known as the zebrafish, has been 

receiving increasing attention as a model for studying vertebrate development. Zebrafish have 

several advantages for study of developmental biology. These fish are small and produce 100-

200 offspring each week, which allows the production of numerous animals for experimentation. 

They have external fertilization and the embryo develops rapidly ex utero. This feature, 

combined with the fact that the embryos are transparent, allows direct visualization of 

developmental processes in early embryos, which is not possible in mice. Indeed, working with 

mice as a model for developmental biology studies has its limitations since it is necessary to 

sacrifice much more biological material in order to obtain the embryos, and the number of 

embryos obtained is much smaller. The techniques for transgenesis and gene misexpression are 

well developed in this model. Furthermore, the generation time is significantly shorter than in 

mice, enabling faster generation of desired mutant combination. Additionally, because zebrafish 

lives in water, they can easily take up chemicals from their environment, which makes these 

aquatic animals ideally suited for carrying out toxicological and chemical studies (reviewed in 

Lieschke and Currie, 2007; Langenau and Zon, 2005; Keller and Murtha, 2004). Another 

important feature of this model is the relative conservation of the genes between zebrafish and 

other vertebrates. Invertebrate genetic models, such as Caenorhabditis elegans and Drosophila 

melanogaster, have provided immense insight into the mechanism that controls developmental 

pathways. However, invertebrates lack many structures and organ systems that are involved in 

human disease pathogenesis, and their role in modelling human disease will therefore be limited 

(Lieschke and Currie, 2007; Langenau and Zon, 2005). In addition, forward-genetics screens in 

zebrafish are much less complicated than in mouse. Although forward-genetic screens and 

random mutagenesis-based reverse genetics are feasible in the mouse and are currently 

underway, they cannot be done on a scale that is possible in invertebrates because they require 

considerable staff and infrastructure support. Hence, such approaches in mice are limited to a 

few large projects, often operating as screening consortia (Lieschke and Currie, 2007). In this 

context, the zebrafish has come to attention recently as a genetically tractable vertebrate model 

system. Zebrafish forward-genetic screens are facilitated by the transparency of embryos and 

larvae attributes that increase the ease of phenotypic screening, allowing this to be done on a 

large scale without sophisticated infrastructure or equipment. The ease of phenotype 

determination is an often overlooked facet of the design of forward-genetic screens, and it is 

here that the zebrafish excels as a model system. There are obvious differences in the 

physiology of fish and humans that might affect the phenotypic outcome of diseases in zebrafish 

models, but still the zebrafish offers several advantages that make it an important complement to 

mouse models of disease. Several zebrafish transgenic approaches have also been used in 

modelling acquired diseases, for example, by marking cell types involved in infection and 
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inflammation to facilitate the study of the processes that underlie disease progression (Lieschke 

and Currie, 2007). 

As a result of the continued use of zebrafish for research studies, considerable genomic 

resources exist for zebrafish, including several high density genetic maps for mapping induced 

mutations and the ongoing sequencing of the zebrafish genome (Keller and Murtha, 2004). For 

example, the formation of a National Zebrafish Stock Centre (University of Oregon) has provided 

a central resource for wild-type stocks, mutant and transgenic lines, and extensive information 

on genetics of zebrafish. A variety of antibodies and cDNA libraries are available, and an 

extensive informatics weβ−based network has been created (Lieschke and Currie, 2007).  

1.7.2. Apc in zebrafish development 

One of the roles described for Apc-1 in zebrafish was as being involved in enterocyte 

differentiation by controlling retinoic acid production (Nadauld et al, 2004). Apc-1 or retinol 

rehydrogenase B (RDHB) knockdown caused intestinal defects. Cells within Apc and zfRDHB 

morphant guts remained cuboidal rather than columnar and failed to express the differentiation 

marker intestinal fatty acid binding protein (I-FABP). Confirmation of the role for retinoic acid in 

gut development and differentiation was provided by the rescue of I-FABP expression following 

treatment of zfRDHB morphants with exogenous retinoic acid. Also, the endodermal cells 

present in the APC and zfRDHB morphant guts at 96 hpf appeared more characteristic of cells 

present in wildtype embryos at 72 hpf. In Apc-1 mutants I-FABP expression was also absent 

(Nadauld et al, 2005). These mutants lack wild-type morphologic characteristic such as 

developing villi and columnar epithelial cells. 

 Apc-1 is also important for zebrafish heart development. apc-1 mutants showed a heart 

phenotype characterize by cardiac malformation, pericardial oedema and blood pooling. This 

embryos dye between 72 hpf and 96 hpf (Hurlstone et al, 2003). 

apc-1 heterozygous fish develop spontaneous tumours, primarily in the liver and in the 

intestine but also in pancreas (Haramis et al, 2006). The cells in these adenomas showed 

nuclear staining for β−catenin, the hallmark of activated Wnt signaling and a high degree of 

proliferation. The intestinal architecture was disorganized and in contrast to the ordered periodic 

arrangement of villi in the wt intestine, large structures with ramifications of the villi, often 

embedded in fibrovascular stroma, were observed (polyps). It is possible to say then that 

zebrafish APC, like its mammalian counterpart, is a bona fide tumour suppressor (Haramis et al, 

2006). Heterozygous loss of APC in the zebrafish appears to phenocopy the cancer phenotype 

in mammals: (i) the morphology and histopathological features of the neoplasias observed 

resemble those found in humans (Haramis et al, 2006; Amatruda et al, 2002) and (ii) the 

spectrum of organs that are affected by neoplastic lesions in APC-mutant fish overlaps with that 

observed in FAP patients and min mice.  
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1.7.3. The Lef/Tcf family members in zebrafish 

The importance of the Lef/Tcf family members in Wnt signaling is known already for a 

long time (van de Wetering, 1991). Over the years, it has been a target of attention of several 

research groups and most extensively characterized in Drsosophila, Xenopus and mouse. 

Recently, a characterization of these transcription factors as been done in zebrafish (Kim et al, 

2000; Young et al, 2002; Veien et al, 2005; Muncan et al, 2007).  

The first member of the Tcf/Lef family described in zebrafish was Tcf-3 (Tcf7l1a). Tcf-3 

transcription factor has been reported as essential in vertebrate head formation and patterning 

(Kim et al, 2000). This transcription factor is expressed essentially in the neurectoderm during 

gastrulation and, by the tail bud, its expression changes to a graded pattern in the anterior 

neurectoderm, with the highest levels at the anterior end of the neural plate (Kim, 2000). The tcf-

3 mutant fish have a complete loss of the eyes, forebrain and part of the midbrain, being called 

headless mutants. Basal repression of Wnt target genes by Tcf-3 during early gastrulation 

seems to be essential for repression the genes responsible for the formation of the midbrain-

hindbrain boundary (MHB) domain and for permitting the expression of genes responsible for the 

formation of the forebrain, eyes and midbrain. Repression of Wnt target genes in prospective 

neurectoderm by Tcf-3 defines a primary condition for function of head inducers. In the absence 

of this basal repression, secreted Wnt signals are ineffective because they operate by preventing 

Wnt signals form de-repressing Wnt target genes in the anterior neurectoderm (Kim et al, 2000) 

Tcf-4 (Tcf7l2) expression is reported in the head and also in the developing zebrafish gut 

at 3 days post fertilization (dpf; Young et al, 2002). The generation of a tcf-4 mutant allowed to 

understand the role of Tcf-4 in the proliferation of the cells located in the base of epithelial folds 

in the intervillus pockets of the zebrafish intestine (Muncan et al, 2007). The Tcf-4 phenotype 

comprises a loss of proliferation at the base of the intestinal folds of the middle and distal parts 

of the intestine. The first phenotypic defect is observed at 4 weeks post fertilization leading to 

death about 6 weeks. 

Tcf-1 (Tcf7) transcription factor was described in zebrafish by Veien and colleagues 

(2005). Its expression overlaps with zebrafish Lef 1 expression maternaly and in the tail bud, fin 

buds and paraxial mesoderm, suggesting redundancy in these areas. Tcf-1 is also expressed in 

nonoverlaping areas such as the prechordal mesoderm, dorsal retina and median fin fold, 

suggesting unique functions of Tcf-1 in these regions. Once, as Lef-1, Tcf-1 lacks a putative 

Groucho binding domain it seems that it functions as a transcriptional activator, instead of 

repressor like Tcf-3 or Tcf-4. The phenotype of tcf-1 homozygous mutant wasn’t yet described. A 

redundancy in Tcf-1 and Lef-1 function is also suggested in zebrafish. 

In zebrafish, Lef-1 is expressed in multiple tissues during embryonic development, 

including the central nervous system (CNS; Dorsky et al., 1999). Removal of maternal and 

zygotic lef1 function using a translation blocking morpholino oligonucleotide (MO) results in tail 

truncations, paraxial mesoderm defects and abnormal brain development (Dorsky et al., 2002), 

suggesting a necessary maternal contribution or a unique role of zygotic lef1 in zebrafish. In later 
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stages of development, Lef-1 was proved to be involved in hypothalamic neurogenesis in 

zebrafish (Lee et al, 2006). 
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2. Aims of the project 

 

The major aim of this project was to understand the role of the different members of the 

Lef/Tcf family of transcription factors in later stages of zebrafish embryonic development. 

Several tasks were established in order to achieve this aim, using the zebrafish lines available in 

the Hubrecht Laboratory. In addition to the zebrafish wild-type line, four other lines were 

available. These included tcf-1 heterozygous, tcf-4 heterozygous, tcf-1/tcf-4 double 

heterozygous and apc-1 heterozygous lines.  

 The first work task consisted in complementing the studies previously made for the 

early expression of Tcf-1, Tcf-3 and Tcf-4 in zebrafish embryos by determining the expression 

pattern of these transcription factors in 3 dpf and 5 dpf embryos.  

Although the Wnt pathway is highly conserved among vertebrates, differences have 

been detected in the role of some components of the pathway between mice and zebrafish. To 

understand the role of Tcf-1 in zebrafish development, the second task of this project, three 

approaches were taken. The first one consisted in characterize the embryonic phenotype of the 

zebrafish tcf-1 mutant embryos. The question of whether the tcf-1 mutant embryos would mimic 

the thymus phenotype observed in mice embryos mentioned in Chapter 1.6.3 was also 

considered. The third approach was to analyse the survival rate of tcf-1 mutants until 4 wpf in 

order to determine if this mutation is essential for the viability of the zebrafish until this 

developmental stage.  

The combined role of Tcf-1 and Tcf-4 was also studied through the analysis of tcf-1/tcf-4 

double mutants, making up the third task. The tcf-1/tcf-4 double mutant mice embryos present 

caudal truncation as a consequence of aberrant hingut expansion. Embryos obtained by 

incrossing tcf-1/tcf-4 double heterozygous fish were then observed for a phenotype definition. 

As a fourth task, experimental evidence for a specific role for Tcf-4 as an important 

effector of Wnt signalling in zebrafish pancreas and liver was was searched by comparing the 

phenotype of zebrafish apc-1 mutant embryos with the phenotype of zebrafish embryos carrying 

mutations for both tcf-4 and apc-1 genes. The intestine was also analysed. For that, a fifth 

zebrafish line was generated by crossing apc-1 and tcf-4 heterozygous fish and the digestive 

system of the embryos obtained by incrossing apc-1/tcf-4 double heterozygous couples was 

analysed using several markers.   

A characterization of the gut, pancreas and liver of zebrafish apc-1 mutant embryos was 

also part of this project, as secondary aim. Some studies had already been performed in this 

direction, although only a few data was published.  

Finally, this study also contributes to the establishment of the zebrafish as a model for 

genetic analysis and vertebrate embryogenesis, organ development and disease, in particular, 

β-catenin driven carcinogenesis. 
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3. Materials and Methods 

3.1. Protocol for making competent cells (RbCl meth od) 

Competent cells were made as described bellow, by using the Escherichia Coli DH5 

strain. The LB medium was prepared by adding the components indicated in Table 3.1.1 followed 

by autoclaving. The composition of the RF1 and RF2 solutions is present in Table 3.1.3. After 

adding the different components, the RF1 and RF2 solutions have to be sterilized by filtration, 

using a 0,22 µ filter.  

 

1) Streak out cells on a LB plate and grow them overnight at 37ºC; 

2) Pick one colony and grow it overnight in 10 ml of SOB medium (Table 3.1.1), at the 

same temperature, in order to obtain the starter culture; 

3) Inoculate 400 ml of SOB medium with 1 ml of the pre-inoculum in a 4 L flask; 

incubate at 37ºC with shaking (200 rpm) and measure the OD55 every 45 min – 1 h; 

when OD550 = 0,3-0,5, remove culture from shaker; 

4) Split the culture in chilled 50 ml tubes and put on ice for 10-15 min; 

5) Spin the culture at 2000-3000 rpm for 12-15 min at 4ºC 

6) Drain the pellet by inverting the tubes on paper towels and rapping to remove the 

liquid; 

7) Ressuspend the cell pellet with moderate vortexing in 1/3 of the original volume of 

RF1 (Table 3.1.3), previously cooled to 4ºC (133 ml if started with 400 ml of SOB) 

8) Incubate on ice for 15 min; 

9) Pellet at 2000-3000 rpm for 12-15 min at 4ºC; 

10) Ressuspend the pellet in 1/12,5 of the original volume of RF2 (Table 3.1.3), 

previously cooled to 4ºC (32 ml if started with 400 ml); 

11) Distribute the aliquots into chilled eppendorf tubes (~100 µl per tube); freeze on dry 

ice/EtOH and put at -70ºC. 

 

Table 1.7.3.1.1: Composition of the LB medium 

Reagent SOB (400ml) 

Bactotryptone 8 g 

Yeats Extract 2 g 

NaCl 0,232 g 

KCl 0,074 g 

Mg2+ (2M) 2 ml 
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Table 1.7.3.1.2: Composition of the Mg2+ solution 

Reagent Mg2+ solution 

MgCl2 10,17 g 

MgSO4 12,32 g 

Water 100 ml 

 

Table 1.7.3.1.3: Composition of the RF1 and RF2 solutions 

Reagent RF1 solution (500 ml) RF2 solution (500 ml) 

RbCl 6 g 0,6 

MnCl2-4H2O 4,95 g - 

KAc (1M, pH 7,5) 15 ml - 

CaCl2-2H2O 0,75 g 5,5 

Glycerol 75 g 75 

Acetic Acid (0,2M) until reach pH 5,8 - 

MOPS (0,5 M, pH 6,8) - 10 ml 

NaOH - until reach pH 6,8 

 

3.2. Heat shock transformation of competent cells 

To transform competent cells, 1 µl of plasmid/5 µl of maxiprep were added in sterile 

eppendorf and placed on ice. A volume of 50-100 µl of competent bacteria was then added to 

the eppendorf immediately after bacteria defrosting. The bacteria were then incubated 45 min on 

ice followed by 5 min in a 37ºC bath. Subsequently, they were cooled for 1 min on ice, plated in 

LA medium supplemented with the appropriated antibiotic and grown overnight in an incubator at  

37ºC, with the plates inverted. 

3.3. Plasmid DNA Isolation 

3.3.1. Miniprep Protocol 

  The bacteria hosting the plasmid were plated in LA medium supplemented with the 

appropriate antibiotic and grown overnight. In the next day, 5 to 10 colonies were picked per plate 

and each colony was grown overnight at 37ºC in a 10 ml Falcon containing 2 ml of LB medium 

supplemented with the appropriate antibiotic. 1,5 ml of culture was transferred to an eppendorf 

and pelleted by centrifuging during 3 min at 14000 rpm. The remaining culture was stored at 4ºC. 

The plasmid was then isolated by using the PureLinkTM Quick Plasmid Miniprep Kit from 

Invitrogen. The pellet was ressuspended in 250 µl of Ressuspension Buffer (R3) with RNase A 

and 250 µl of Lysis Buffer (L7) were added to cells. After gently mixing, the mixture was incubated 

for 5 min at room temperature. 350 µl of Precipitation Buffer (N4) were then added and, once the 

solution was homogeneous, a centrifugation was performed at 10000 rpm during 10 min in order 
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to clarify the lysate from lysis debris. The purification of the plasmid DNA was then performed. 

The supernatant was loaded into a Spin Column and the column was placed into a 2 ml Wash 

Tube.  A centrifugation was carried out at 10000 rpm for 1 min. The flow-through was then 

discharged and 700 µl of Wash Buffer (W9) with ethanol were added to the column. Two 

centrifugations were made at 10000 rpm for 1 min each in order to completely remove the Wash 

Buffer. The purified plasmid DNA held in the column was then eluted to a 1,5 ml eppendorf by 

adding 75 µl of Milli-Q ultrapure water obtain from a Milli-Q® Ultrapure Water Purification System 

and centrifuging at 10000 rpm during 2 min after incubating the column for 1 min at room 

temperature. The desired purified plasmid DNA in the eppendorf was then stored at -20 ºC. 

3.3.2. Maxiprep Protocol 

0,5 ml of bacterial culture were equally distributed in two 50 ml erlenmeyers with LB 

medium supplemented with the appropriate antibiotic and grown overnight at 37ºC in a shaker. In 

the next day, the culture was transferred to 50 ml Falcons and centrifuged at 3000 during 5 

minutes in order to separate the pellet from the LB medium. The plasmid was then isolated by 

using the PureLink™ HiPure Plasmid FP (Filter and Precipitator) Maxiprep Kit (see Table 3.3.2.1 

for information about the buffers). The HiPure Filter Maxi Columns were placed in a 50 ml 

Falcon’s rack. One column was used per each initial bacterial culture. 30 ml of Equilibration 

Buffer (EQ1) were applied into the column and allowed to drain by gravity flow. In the meanwhile, 

the pellet was ressuspended and the cell lysate was prepared. To ressuspend the pellet, 5 ml of 

Ressuspension Buffer (R3) with RNase were added to each 50 ml Falcon. The content of two 

Falcons whose source was the same initial culture was mixed in one Falcon. The cells were then 

lysated by adding 10 ml of Lysis Buffer (L7) to each Falcon and mixing gently. The mixture was 

incubated at room temperature for 5 min. After that, 10 ml Precipitation Buffer (N3) were used to 

precipitate the lysate. The precipitated lysate was filtered and transferred to a column were it 

drained by gravity flow. The flow-through was discharged and the column was washed with 50 ml 

of Wash Buffer (W8). The DNA was then eluted from the column to a 50 ml Falcon tube by 

adding 15 ml of Elution Buffer (E4) to the column. The DNA was the precipitated by adding 10,5 

ml of isopropanol to the elution Falcon. After mixing, a centrifugation was peformed at 4000rpm 

and 4ºC for 30 min. The supernatant was discharged and 5 ml of 70% ethanol were used to 

ressuspend the DNA pellet. Another centrifugation was performed at 4000 rpm and 4ºC for 5 min. 

The supernatant was once more discharges and the pellet was air-dried for ~10 min. The DNA 

pellet was then ressuspendend in 100 ml of Milli-Q ultrapure water obtained from a Milli-Q® 

Ultrapure Water Purification System, transferred to a 1,5 ml eppendorf. The concentration of the 

maxiprep was measured against Milli-Q ultrapure water using the BioPhotometer 6131 from 

Eppendorf®. After labelling the eppendorf, the maxiprep was stored at -20ºC. 
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Table 3.3.2.1: Composition of buffers from the PureLink™ HiPure Plasmid FP (Filter 
and Precipitator) Maxiprep Kit 

Buffer Composition 

50 mM Tris-HCl, pH 8.0 

10 mM EDTA   Resuspension Buffer (R3) with Rnase A 

20 mg/ml Rnase A   

0.2 M NaOH    
Lysis Buffer (L7)  

1% (w/v) SDS   

Precipitation Buffer (N3)  3.1 M Potassium acetate, pH 5.5 

0.1 M Sodium acetate, pH 5.0 

0.6 M NaCl   Equilibration Buffer (EQ1) 

0.15% (v/v) Triton® X-100 

0.1 M Sodium acetate, pH 5.0 
Wash Buffer (W8)  

825 mM NaCl   

100 mM Tris-HCl, pH 8.5 
Elution Buffer (E4)  

1.25 M NaCl   

 

3.4. Generation of Template for In Vitro Transcript ion Reaction 

To generate a template, reagents from Promega® were used. The restriction buffer used 

was the one compatible with the applied enzyme, according with Promega specifications. The 

following steps were performed: 

1) Add the following components in an eppendorf at room temperature: 

Reagent µµµµl 

plasmid DNA (15 µg) * 

Restriction buffer (10x) 10 

Restriction Enzyme (10-12 u/µl) 5-4,2 

Water ** 

Total 100 

 

* volume equivalent to 15 µg of DNA, according with the maxiprep concentration;  

** quantity necessary to achieve the final volume/adjust to final volume 

 
2) Incubate at 37ºC for more than 3 hours 

3) Purify the linearized DNA from the solution using the Illustra GFX™ PCR DNA and Gel 

Band Purification Kit, from Amersham® 

 

After purifying the template, 1µl was run on 1% agarose gel to verify that the DNA is 

completely linearized and the concentration was measure using the BioPhotometer 6131 from 

Eppendorf®. The template was stored at -20ºC. 
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3.5. In vitro Transcription Reaction 

To generate a template, the in vitro transcription Riboprobe® Combination System from 

Promega® was used. This system includes the T3, T7 and Sp6 RNA Polymerases, the 

Recombinant RNasin® Ribonuclease Inhibitor and Dithiothreitol (DTT). The DIG-RNA Labeling 

Mix (10x concentrated) used was supplied by Roche Applied Science. The following steps were 

performed: 

 

1) Add the following components in a RNAse-free eppenddorf at room temperature: 

 
Reagent µµµµl 

Template DNA (2 µg) * 

Transcription buffer (5x) 4 

DTT 2 

DIG-RNA 2 

RNasin 1 

RNA polymerase*** 1,5 

Water ** 

Total 20 
 
* volume equivalent to 2 µg of DNA, according with the template concentration; 
** quantity necessary to achieve the final volume 
*** T3, T7 or Sp6 RNA polymerase, depending on the plasmid used 

 

2) Incubate for more than 2 hours at 37ºC 

3) Purify the probe using RNeasy Columns from Qiagen®  

 

After purifying the probe, 2 µl were run on denaturing agarose gel (0,5 ml of 37% 

Formaldehyde in 50ml of 1% agarose) to confirm the probe and 1 µl was taken to measure the 

concentration using the BioPhotometer 6131 from Eppendorf®. The probe was stored at -20 ºC. 

3.6. Ligation Reaction 

The ligation reactions were performed using the pGEM®-T Vector System from 

Promega® and optimized according with the instructions in the Technical Manual supplied. This 

system is composed by the 2x Rapid Ligation Buffer, the pGEM®-T Vector, a Control Insert DNA 

and the T4 DNA Ligase. Positive control and background control reactions were also made. The 

components of each reaction (see Table 3.6.1) were added to an eppendorf and the reactions 

were incubated for 1 hour at room temperature.  
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Table 3.6.1: Components of the ligation reaction 

Component Standard  
Reaction  

Positive  
Control 

Background  
Control 

2X Rapid Ligation Buffer, T4 DNA Ligase 5µl 5µl 5µl 

pGEM®-T Vector (50ng) 1µl 1µl 1µl 

PCR product Xµl* – – 

Control Insert DNA – 2µl – 

T4 DNA Ligase (3 Weiss units/µl) 1µl 1µl 1µl 

Deionized water to a final volume of 10µl 10µl 10µl 

* optimized value 

3.7. Zebrafish maintenance 

Zebrafish were maintained as described in the Zebrafish Book (see reference in Chapter 

6.2). Embryos were obtained by natural mating. Wild-type embryos were obtained from wild-type 

strains. tcf-1, apc-1 and tcf-4 mutant embryos were obtained from a family of tcf-1 heterozygous 

fish, apc-1 heterozygous fish and tcf-4 heterozygous fish, respectively. tcf-1/tcf-4 double mutants 

were obtained from a family of tcf-1/tcf-4 double heterozygous fish. All these zebrafish lines were 

available in the Hubrecht Laboratory. The apc-1/tcf-4 double mutant embryos were obtained from 

a family of apc-1/tcf-4 heterozygous fish generated in this work.  

In order to block the pigmentation process, 1% phenothiourea (PTU) was added before 

the 24 hpf stage. To facilitate the manipulation of the embryos and fish in vivo, an anaesthetic 

(0,4% of methane sulfonate of meta-aminobenzoic acid ethyl ester-MS222) was added to the 

medium. 

3.8. DNA isolation from zebrafish embryos 

To isolate the DNA from zebrafish embryos, each embryo was collected to an eppendorf 

and digested overnight at 50ºC in 100 µl of lysis buffer. In the next day 100 µl of 98% 

isopropanol were added and mixed vigorously. To facilitate DNA precipitation and isolation, a 

centrifugation was performed during 30 min at 14000 rpm. The supernatant was carefully 

removed and the precipitated DNA at the bottom was washed by adding 50 µl of 98-99.9% 

ethanol. A second centrifugation took place also for 20 min and 14000 rpm and the ethanol was 

carefully removed. The DNA was air-dried for ~20 min and then 6 µl of water were applied to the 

DNA clump. To dissolve the DNA, vigorous vortexing was applied and the eppendorfs were 

placed for 1 hour in bath at 56ºC. 

3.9. Enzymatic Digestion of DNA 

For DNA digestion, Promega® and BioLab® restriction enzymes were used. In order to 

perform the digestion, the components present in Table 3.9.1(digestion using one enzyme) or 

Table 3.9.2 (digestion using two enzymes) were added in an eppendorf. The restriction buffer 

used was the one compatible for both enzymes, according with the supplier’s specifications. 
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When the objective was to confirm an insertion, the volume of miniprep added was 5 µl and the 

volume of water added was adjusted in order to obtain a total volume of 20 µl. After adding the 

different components, the total volume was incubated for 1 hour, in a bath at 37ºC. 

 

Table 3.9.1: Components of the enzymatic digestion (for one 
enzyme) 

Reagent µµµµl 

plasmid DNA 2 

Restriction buffer (10x) 2 

Restriction Enzyme I (12u/µl) 1 

BSA  1 

Water 14 

Total 20 

 
Table 3.9.2: Components of the enzymatic digestion (for two 
enzymes) 

Reagent µµµµl 

plasmid DNA * 

Restriction buffer (10x) 2 

Restriction Enzyme I (12u/µl) 1 

Restriction Enzyme II (12u/µl) 1 

BSA  1 

Water 10 

Total 20 

 

3.10. Sequencing  

The protocol for sequencing was performed as follows. First, the samples were 

submitted to a polymerase chain reaction (PCR) in order to amplify the amount of DNA. The 

PCR reaction mixture per DNA sample was made by adding the components present in Table 

3.10.1 in a PCR tube, at room temperature. When the DNA was originally from a miniprep, 1 µl 

of miniprep was used. If the DNA source was a maxiprep, a 1:10 dilution was first made, and 

then 1 µl was taken from the diluted maxiprep. The primer used was either the Sp6 promoter 

primer, the T7 promoter primer or the T3 promoter primer, all from Promega® depending on the 

plasmid characteristics. The BigDye® Terminator v3.1 and the BigDye® dillution buffer were 

both from Applied Biosystems. The PCR was performed using the 2720 Thermal Cycler from the 

Applied Biosystems. The thermal cycling parameters were: 95ºC for 1 min; 30 cycles of 95ºC for 

10 sec, 50 ºC for 5 sec and 60ºC for 2 min; 60ºC 10 min. After performing this PCR, the samples 

were submitted for sequencing in the Sequencing Facility available in the laboratory. The results 

of the sequencing were analysed using the SeqMan Software.  
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Table 3.10.1: Components of the sequencing reaction 
Reagent µµµµl 

DNA 1 

Primer (10 mM) 0,5 

BigDye Terminator 1 

BigDye Dillution Buffer 3 

Water 4,5 

Total 10 

 

3.11. Genotyping for tcf-1 

The protocol for zebrafish tcf-1 genotyping includes one PCR reaction and one 

sequencing step. For the PCR reaction, reagents from the Promega® GoTaq PCR Core System 

I were used. These included the 5X Colorless GoTaq® Flexi Buffer (Mg-Free), the MgCl2 

reagent and the GoTaq® DNA Polymerase. The primer’s sequences are shown in Table 3.11.2. 

The different components present in Table 3.11.1 were then added in a PCR tube. The PCR was 

performed using the 2720 Thermal Cycler from the Applied Biosystems. The thermal cycling 

parameters are: 94ºC for 3 min; 30 cycles of 94ºC for 20 sec, 62 ºC for 30 sec and 72ºC for 40 

sec; 72ºC 10 min. The PCR product obtained has to be diluted 10 times (1:10 dilution) before 

performing the sequencing step, described in Chapter 3.10. The mutation for tcf-1 was searched 

within the sequences obtained, by using either the SeqMan Software or the NX Client Software. 

The tcf-1 mutation is a stop mutation in the HMG-box of zfTcf-1. It consists on the substitution of 

a cytosine for a thymine (Fig. 3.11.1). The codon CAG, wich encodes a glutamine, becomes 

TAG, which is a stop codon. 

 

 

Table 3.11.1: Components of the Pcr reaction for tcf-1 genotyping 
Reagent µµµµl 

DNA 3 

Primer Forward (10 mM) 1 

Primer Reverse (10 mM) 1 

dNTP’s 0,2 

5X Colorless GoTaq® Flexi Buffer (Mg-Free) 2 

MgCl2 0,6 

GoTaq® DNA Polymerase 0,5 

Water 4,5 

Total 10 
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Table 3.11.2: Primers sequences for tcf-1 genotyping 
 

 

 

 

 

 
Figure 3.11.1 : Identification of a tcf-1 homozygous fish after sequence analysis using 
SeqMan;  in the sequencing step the reverse primer is used; as a consequence, the 
complementary sequence is obtained; the homozygosy is identified by the 
substitution of a cytosine for a thymine; the codon CAG, which encodes a glutamine 
becomes TAG, which is a stop codon (black arrowhead). 
 

 

3.12. Genotyping for apc-1 

The protocol for zebrafish apc-1 genotyping includes one PCR reaction and one 

sequencing step as described in Chapter 3.10. Also in this reaction reagents used were the 5X 

Colorless GoTaq® Flexi Buffer (Mg-Free), the MgCl2 reagent and the GoTaq® DNA Polymerase. 

The PCR was performed using the 2720 Thermal Cycler from the Applied Biosystems. The 

thermal cycling parameters are: 94ºC for 4 min; 25 cycles of 94ºC for 30 sec, 57 ºC for 30 sec 

and 72ºC for 30 min; 72ºC 10 min. In Table 3.12.1 are presented the components of the PCR 

reaction. The primers are shown in Table 3.12.2. 

 

 

 

 

 

 

 Primer sequence (5'-3') 

Primer Forward GTGTTACAGTGGCACGCTCTGACCCGT 

Primer Reverse CCCTCACTCTCAGCGTCAGAC 

Wild -type  

Mutant  
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Table 3.12.1 : Components of the Pcr reaction for apc-1 genotyping 
Reagent µµµµl 

DNA 3 

Primer Forward (10 mM) 1 

Primer Reverse (10 mM) 1 

dNTP’s 0,2 

5X Colorless GoTaq® Flexi Buffer (Mg-Free) 1 

MgCl2  0,6 

GoTaq® DNA Polymerase 0,5 

Water 2,7 

Total 10 

 
 
 
Table 3.12.2 : Primers sequences for apc-1 genotyping 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.21 : Identification of an apc-1 homozygous embryo after 
sequence analysis using SeqMan; in the sequencing step the forward primer 
is used; the homozygosy is identified by the substitution of a cytosine for a 
thymine; the codon CAA, which encodes a glutamine becomes TAA, which 
is a stop codon (black arrowhead).  

 

3.13. Genotyping for tcf-4 

The protocol for zebrafish tcf-4 genotyping includes two PCR reactions and one digestion 

step. After digestion, the product should be run on a 1% agarose gel and the mutations identified. 

The reagents used were the same as for tcf-1 and apc-1 genotyping. The PCR was performed 

using the 2720 Thermal Cycler from the Applied Biosystems.  The thermal cycling parameters 

 Primer sequence (5'-3') T m (ºC) 

Primer Forward CTACCCAACTTTACCTATATCAG 59 

Primer Reverse GACTCTCAAAACTGTCAAGGG 60 

Wild -type  

Mutant  
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are: 94ºC for 2 min; 35 cycles of 94ºC for 30 sec, 58 ºC for 45 sec and 72ºC for 50 min; 72ºC for 

7 min. In Table 3.13.1 and Table 3.13.2 are presented the components of the first and second 

PCR reactions. The components for the digestion step are present in Table 3.13.3. The different 

genotypes are distinguished by the different bands obtained in a gel after the enzymatic digestion 

(see Table 3.13.4). 

 

 

Table 3.13.1: Primers sequences for tcf-4 genotyping 
 

 

 

 

 

 
 

Table 3.13.2 : Components of the first PCR reaction for tcf-4 genotyping 
Reagent µµµµl 

DNA 3 

Primer 1 Forward (10 mM) 1 

Primer 3 Reverse (10 mM) 1 

dNTP’s 0,2 

5X Colorless GoTaq® Flexi Buffer (Mg-Free) 2 

MgCl2 0,6 

GoTaq® DNA Polymerase 0,5 

Water 0,7 

Total  10 
 

 

Table 3.13.3:  Components of the second PCR reaction for tcf-4 genotyping 
Reagent µµµµl 

DNA 1 µl PCR1 

Primer 2 Forward (10 mM) 1 

Primer 2 Reverse (10 mM) 1 

dNTP’s 0,2 

5X Colorless GoTaq® Flexi Buffer (Mg-Free) 2 

MgCl2 0,6 

GoTaq® DNA Polymerase 0,5 

Water 3,7 

Total  10 
 

 

 Primer sequence (5'-3') 

Primer 1 Forward AAAATGCCGCAGCTGAACGG 

Primer 3 Reverse CGGAGAAAGCGATCCGTTCG 

Primer 2 Forward CAAAATTAGCGCTCCTCG 

Primer 2 Reverse GGCCGTCTTTCCTCCTC 
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Table 3.13.4 : Components of the enzymatic digestion for tcf-4 genotyping 
Reagent µµµµl 

DNA all PCR2 

Buffer 2 

Enzyme BsaJI 0,2 

Water 7,8 

Total  10 
 

Table 3.13.5: Bands obtained after digestion with BsaJI enzyme; tcf-4 
mutation deletes BsaJI digestion site 

Genotype Length (bp) 

WT 
400 

200 

Homozygous 612 

Heterozygous 

612 

400 

200 

 

3.14. Cloning tcf-3 from total cDNA 

The protocol for tcf-3 cloning included one nested PCR. This allows the amplification to 

be specific. Total zebrafish cDNA from 15 somites, 4 hpf, 4 dpf and adult intestine was used. 

The information on the gene was obtained from the sequence described in the NCBI database 

(http://www.ncbi.nlm.nih.gov/) for the zebrafish tcf-3 (tcf7l1a) gene (NM_131269). The chosen 

fragment is 517 bp long and belongs to the 3’ untranslated region (UTR) of the gene, because 

this is usually the region of higher specificity. A blast against the zebrafish genome was 

performed using the BLAST facility form NCBI (http://www.ncbi.nlm. nih.gov/BLAST/) in order to 

make sure that the region selected is specific for the tcf-3 gene. This allows for the hybridization 

to be specific for the Tcf-3 mRNA. The primers, presented in Table 3.14.2.2, were chosen 

according with the following criteria: the primers should have a GC content of ~50%; they should 

end with one or two GC pairs; the length of the primers should be between 18 and 24 bp; the 

melting temperature should be between 55ºC and 65ºC. The primers melting temperature was 

calculated using the OligoCalculator software available online 

(http://www.basic.northwestern.edu/biotools/oligocalc.html). Hairpins were searched within the 

primers. To verify the specificity of the chosen primers, an in silico PCR was performed using the 

UCSC Genome Browser (http://genome.ucsc.edu/).  

The reagents used in the nested PCR were the same used in the other genotyping 

protocols. In Table 3.14.1 and Table 3.14.2 are presented the components of the first and 

second PCR reactions. The PCR was performed using the 2720 Thermal Cycler from the 

Applied Biosystems. The thermal cycling parameters for the first PCR are: 95ºC for 5 min; 35 
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cycles of 95ºC for 30 sec, 61 ºC for 45 sec and 72ºC for 50 min; 72ºC for 7 min. For the second 

PCR, the parameters are 95ºC for 5 min; 35 cycles of 95ºC for 30 sec, 61 ºC for 45 sec and 

72ºC for 50 min; 72ºC for 7 min. 5 µl of orange were added to the product of the second PCR 

and the mixture was run on a 1% agarose gel together with the BenchTop DNA ladder from 

Promega®. The desired band was purified from the gel using the Illustra GFX™ PCR DNA and 

Gel Band Purification Kit from Amersham and the concentration measured. 

 

Table 3.14.1 : Components of the first PCR reaction for cloning tcf-3 from 
total cDNA 

Reagent µµµµl 

DNA 1 

Primer 1 Forward (10 mM) 1 

Primer 1 Reverse (10 mM) 1 

dNTP’s 0,2 

5X Colorless GoTaq® Flexi Buffer (Mg-Free) 1 

MgCl2 0,6 

GoTaq® DNA Polymerase 0,3 

Water 14,9 

Total 20 

 

 
Table 3.14.2 : Components of the first PCR reaction for cloning tcf-3 from 
total cDNA 

Reagent µµµµl 

DNA 1 µl PCR1 

Primer 2 Forward (10 mM) 1 

Primer 2 Reverse (10 mM) 1 

dNTP’s 0,2 

5X Colorless GoTaq® Flexi Buffer (Mg-Free) 2 

MgCl2 0,6 

GoTaq® DNA Polymerase 0,2 

Water 13,7 

Total 20 

 

Table 3.14.3 : Primer sequences for cloning tcf-3 from total cDNA and 
melting temperatures (Tm) 

 Primer sequence (5'-3') Tm (ºC) 

F1 CGTGAGGAGCAGGCCAAATAC 63 

R1 ATTTGGTGACGAGGGAGAGCG 63 

F2 AACTGGCCAGGAAAGAGCGG 63 

R2 AGCGGTTGTGTTTGAGCAAAGC 65 
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3.15. Synthesis of the antisense RNA probes 

3.15.1. Tcf-1 probe  

The Tcf-1 antisense RNA probe was generated from a clone offered by the Zivkovic 

Group, Hubrecht Laboratory. It contained an insert with approximately 360 bp. Bacterial 

transformation was performed to amplify the plasmid, as described in Chapter 3.2. The bacteria 

hosting the plasmid were grown overnight in a LA plate supplemented with ampicillin. In the next 

day, colonies were picked and each colony was grown overnight at 37ºC in 2 ml of LB medium 

supplemented with ampicillin. Maxiprep were made, according with the protocol described in 

3.3.2. Based on information yielded by the Zivkovic Group, the template was generated using 

the SpeI restriction enzyme. The probe was synthesised by in vitro transcription reaction as 

described in Chapter 3.5 of Materials and Methods, using reagents from the Riboprobe® In Vitro 

Trancripton System (Promega®). Since the objective was to obtain the antisense probe, the 

RNA polymerase used was the T7 RNA polymerase. 2 µl of the final purified product were run 

on a denaturating agarose gel to confirm that the desired probe was obtained.  

3.15.2. Tcf-3 probe  

The Tcf-3 antisense RNA probe was generated by cloning a fragment of the tcf-3 gene 

from zebrafish total cDNA (see Chapter 3.14 for Protocol). A ligation reaction was then 

performed using the product obtained in the cloning and the pGEM®-T Vector Systems from 

Promega®, as described in Chapter 3.6. The reaction was optimized as indicated in the 

technical manual of the pGEM®-T vector. Bacteria were then transformed with half of the ligation 

product (see Chapter 3.2 for the transformation protocol), plated in LA medium supplemented 

with ampicillin and 60 µl of X-galactose, and grown overnight at 37ºC. In the next day, positive 

clones were picked from the plates. The selection of positive clones is made by the color of the 

colonies. The pGEM-T vector possesses the lacZ gene that codes for β-galactosidase enzyme. 

β-galactosidase cleaves the colorless substrate X-gal present into galactose and a blue insoluble 

product is originated. Successful cloning of an insert into the pGEM®-T vector interrupts the 

coding sequence of β-galactosidase in the vector. As a consequence the lacZ gene is disrupted 

and the colony is white. If no insert is incorporated into the plasmid, the lacZ gene is left intact 

and it is able to produce β−galactosidase and the colony will turn blue. White colonies were then 

picked and put to grow overnight at 37ºC in a 10 ml Falcon tube containing 2 ml of LB medium 

supplemented with ampicillin. To isolate the plasmid DNA, minipreps were made. Enzymatic 

restrictions were performed to confirm the insertion and the specificity of the insert, and also to 

find out the insert orientation in the plasmid. Different sets of enzymes were chosen based on 

the restriction map for the cloned tcf-3 fragment (Fig. 3.15.2.1A) obtained using the NEB Cutter 

facility form BioLabs® available online (http://tools.neb.com/NEBcutter2/ index.php), and the 

restriction map of the pGEM®-T vector (Fig. 3.15.2.1B). Not I and Nco I were used together for 

the first purpose, which is the confirmation of the ligation. Both enzymes cut the vector in 

restriction sites flanking the insert. Once run on gel, the product of digestion should correspond  
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Figure 3.15.2.1: A - restriction map for the cloned tcf-3 insert obtained by the NEB Cutter facility of 
BioLabs®; the enzymes present cut the fragment only once; red line: blunt end cut; blue line: 5’ extension; 
green line: 3’ extension; black line: blunt end; B - pGEM®-T vector circle map and sequence reference 
points, including restriction sites for enzymes cutting only once in the vector; C – promoter and multiple 
cloning sequence for the pGEM-T vector. 
 

 

3’ 5’ 
A 

B 

C 
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Figure 3.15.1.2: Scheme representing the possible orientation of the tcf-3 fragment in the plasmid and the 
sites of enzymatic restrictions used to determine the fragment orientation; the length of the smaller bands 
obtained is also shown in these scheme. 
 

to two DNA bands if the ligation was successful: a ~2984 bp band corresponding to the plasmid 

and a 533 bp band correspondent to the insert. A second group of enzymes, formed by Ava I 

and Spe I, was used to find the orientation of the insert in the plasmid. As it can be seen in 

Figure 3.16.2.3 Ava I cuts the insert at 360 bp from the 3’ end and 57 bp from the 5’ end. Spe I 

cuts the plasmid 5 bp from the site of insertion. If the insert was cloned in the 3’ to 5’ orientation, 

the length of the resulting bands should be 365 bp and 3052 bp; if the orientation of the plasmid 

was from 5’ to 3’ the bands should have 62 bp and 3455 bp. The orientation of the insert in the 

plasmid is important because an antisense probe is desired. The synthesis of mRNA occurs in 

the 5’-3’ direction by reading the template DNA from the 3’ end to the 5’ end. So, for the 

synthesis of antisense RNA probe the template should be read from the 5’ end to the 3’ end, 

being the RNA strand synthesized in the 3’-5’ direction. The plasmid should then be linearized in 

the region flanking the 3’ end of the insert and the RNA polymerase to be used should be the 

one whose promoter sequence in the plasmid flanks the 5’ end of the insert. The digestions were 

run on a 1% agarose gel at 90 V-120 V. One positive colony with the insert in the 3’-5’ was used 

to prepare a maxiprep. A template was then generated using Spe I restriction enzyme. The 

probe was synthesised by in vitro transcription reaction using reagents from the Riboprobe® In 

Vitro Trancripton System (Promega®). Since the objective was to obtain the antisense probe, 

the RNA polymerase used was the T7 RNA polymerase. 2 µl of the final purified product were 

run on a denaturating agarose gel to confirm that the desired probe was obtained.  

3.15.3. I-FABP probe  

The I-FABP antisense probe was generated from a plasmid offered by Adam Hurlstone. 

In the same way as with the generation of the Tcf-3 probe, it was necessary to proceed to 

bacteria transformation, followed by bacteria plating and growth overnight, colonies selection 

and growth in LB medium supplemented with ampicilin. After minipreps preparation, the 

+ tcf-3 insert  

3’ 5’ 

AvaI 

517 bp 

360 bp 57 bp 

tcf-3 insert  3’ 

360 bp 

5’ 

SpeI 

5 bp 

365 bp 

tcf-3 insert  3’ 

AvaI 

5’ 

SpeI 

5 bp 

62 bp 

57 bp 

AvaI 
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presence of the desired insertion was confirmed by digestion with restriction enzymes followed 

by sequencing. To check the insertion, restriction enzymes cutting in the plasmid were used. To 

check if the insert present corresponds to the desired one two other sets of restriction enzymes 

were used. The first enzyme cuts the plasmid and the second cuts within the insert. The 

digestions were then run on a 1% agarose gel at 90 V-120 V. The sequencing was then 

performed using the Sp6 promoter primer (information yielded by Adam Hurlstone). Once having 

the insert sequence, an alignment was searched between this sequence and the sequence 

described for the I-FABP available in the NCBI database (NM_131431) using the NCBI blasting 

facility for aligning two sequences (http://www.ncbi.nlm.nih.gov/BLAST/bl2seq/wblast2.cgi). 

Maxipreps were made using the positive clones. A template was generated using the EcoRV 

restriction enzyme (information yielded by Adam Hurlstone). The in vitro transcription reaction 

was then performed. Since the objective was to obtain the antisense probe, the RNA polymerase 

used was the Sp6 RNA polymerase. 2 µl of the final purified product were run on a denaturating 

agarose gel to confirm that the desired probe was obtained.  

3.15.4. Trypsin probe  

The Trypsin antisense RNA probe was generated from a plasmid ordered to the Image 

Consortium (image clone IMAGp998A0117157) through ImaGenes GmbH (http://www.rzpd.de/). 

The bacteria hosting the plasmid were plated in LA medium supplemented with the ampicilin and 

grown overnight. In the next day, 5 to 10 single colonies were picked per plate and each colony 

was grown overnight at 37ºC in a 10 ml Falcon containing 2 ml of LB medium supplemented with 

ampicilin. To isolate the plasmid DNA, minipreps were made as described in Chapter 3.3.1. 

Enzymatic digestions then followed as described for the Tcf-3 probe. After sequencing, an 

alignment was obtained between this sequence and the sequence described for the zebrafish 

trypsin gene available in the NCBI database (NM_131708) using the NCBI blasting facility for 

aligning two sequences (http://www.ncbi.nlm.nih.gov/BLAST/bl2seq/wblast2.cgi). The positive 

clones were selected. A template was then generated using the EcoRI restriction enzyme. In 

vitro transcription reactions generated the antisense probe by using the T7 RNA polymerase. 

3.15.5. L-FABP probe  

The L-FABP antisense RNA probe was generated from a plasmid ordered to the Image 

Consortium (EST clone IMAGp998A0514508Q) through ImaGenes GmbH (http://www.rzpd.de/). 

The bacteria hosting the plasmid were plated in LA medium supplemented with the ampicilin and 

grown overnight, followed by colonies selection and growth in LB medium supplemented with 

ampicilin. Enzymatic digestions as well as sequencing then followed as described for the Tcf-3 

probe. An alignment was searched between the insert sequence obtained through sequencing 

and the sequence described for the zebrafish L-FABP gene available in the NCBI database 

(NM_152960) using the NCBI blasting facility for aligning two sequences 

(http://www.ncbi.nlm.nih.gov/BLAST/bl2seq/wblast2.cgi). The positive colonies were then used 
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to make maxipreps. A template was then generated using the EcoRI restriction enzyme. The 

transcription reaction was the performed using the T3 RNA polymerase. 

3.15.6. Insulin probe  

The I-FABP antisense RNA probe was generated from a plasmid ordered to the Image 

Consortium (EST clone The L-FABP antisense RNA probe was generated from a plasmid 

ordered to the Image Consortium (EST clone IMAGp998A0514508Q) through ImaGenes GmbH 

(http://www.rzpd.de/). The bacteria hosting the plasmid were plated in LA medium supplemented 

with the ampicilin and grown overnight, followed by colonies selection and growth in LB medium 

supplemented with ampicilin. Enzymatic digestions as well as sequencing then followed as 

described for the Tcf-3 probe. An alignment was searched between the insert sequence 

obtained through sequencing and the sequence described for the zebrafish i-fabp gene available 

in the NCBI database (DR715101) using the NCBI blasting facility for aligning two sequences 

(http://www.ncbi.nlm.nih.gov/BLAST/bl2seq/wblast2.cgi). The positive colonies were then used 

to make maxipreps. A template was then generated using the EcoRI restriction enzyme. The 

transcription reaction was the performed using the T7 RNA polymerase. 

3.15.7. Rag-2 probe 

The Rag-2 antisense RNA probe was generated from a plasmid ordered to the Image 

Consortium (IRAKp961O19260Q) through ImaGenes GmbH (http://www.rzpd.de/). The bacteria 

hosting the plasmid were plated in LA medium supplemented with the ampicilin and grown 

overnight, followed by colonies selection and growth in LB medium supplemented with ampicilin. 

Enzymatic digestions as well as sequencing then followed as described for the Tcf-3 probe. An 

alignment was searched between the insert sequence obtained through sequencing and the 

sequence described for the zebrafish rag-2 gene available in the NCBI database (DR715101) 

using the NCBI blasting facility for aligning two sequences 

(http://www.ncbi.nlm.nih.gov/BLAST/bl2seq/wblast2.cgi). The positive colonies were then used 

to make maxipreps. A template was then generated using the EcoRI restriction enzyme. The 

transcription reaction was the performed using the T7 RNA polymerase. 

3.15.8. Lck probe 

The Lck antisense RNA probe was generated from a plasmid ordered to the Image 

Consortium (IRBOp991D1276D) through ImaGenes GmbH (http://www.rzpd.de/). The bacteria 

hosting the plasmid were plated in LA medium supplemented with the ampicilin and grown 

overnight, followed by colonies selection and growth in LB medium supplemented with ampicilin. 

Enzymatic digestions as well as sequencing then followed as described for the Tcf-3 probe. An 

alignment was searched between the insert sequence obtained through sequencing and the 

sequence described for the zebrafish lck gene available in the NCBI database (NM_001001596) 

using the NCBI blasting facility for aligning two sequences 

(http://www.ncbi.nlm.nih.gov/BLAST/bl2seq/wblast2.cgi). The positive colonies were then used 
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to make maxipreps. A template was then generated using the EcoRV restriction enzyme. The 

transcription reaction was the performed using the T7 RNA polymerase. 
 

3.16. Whole mount in situ hybridization 

The ISH was performed as follows. The solutions used are described after the protocol. 

  

Day 1 

1. Collect embryos 

2. Fix in 4% paraformaldehyde (PFA) overnight at 4ºC 

 

Day 2 

1. Wash 2x in Phosphate Buffered Saline Tween-20 (PBST) during 5 min each 

2. Dehydrate embryos: wash for 5 min at room temperature in 

• 25% methanol/75%PBST 

• 50% methanol/50%PBST 

• 75% methanol/25%PBST 

• 100% methanol 

3. Rehydrate embryos: wash for 5 min at room temperature in 

• 100% methanol 

• 75% methanol/25%PBST 

• 50% methanol/50%PBST 

• 25% methanol/75%PBST 

4. Treat embryos with Proteinase K (20 mg/ml) at 37 ºC 

• 1 dpf: 15 min in 1,25 µl Prot K in 5 ml of PBST 

• 2 dpf: 30 min in 1,25 µl Prot K in 5 ml of PBST 

• 3 dpf: 50 min in 2,5 µl Prot K in 5 ml of PBST 

• 4dpf: 90 min in 2,5 µl Prot K in 5 ml of PBST 

• 5 dpf: 70 min in 3,75 µl Prot K in 5 ml of PBST 

• 6dpf: 80 min in 3,75 µl Prot K in 5 ml of PBST 

5. Wash 2x PBST for 5 min 

6. Incubate 20 min in 4% PFA at room temperature 

7. Wash 5 times in PBST 

8. Incubate with Hybridization buffer for at least 2 h at 70 ºC 

9. Denature probe at 70ºC during 10 min 

10. Dilute probe in pre-warmed hybridization buffer to a final concentration of 

0,1-1,0 µg/µl; incubate mix for more than 10 min at 70 ºC 

11. Incubate embryos in probe mix overnight at 70 ºC in shaker 
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Day 3:  

Stringent washes at 68ºC 

1. Rinse in pre-warmed Hybridization buffer 

2. Wash in 75% Hybridization buffer/25% Saline sodium citrate (SSC) for 15 min 

at 68 ºC 

3. Wash in 50% Hybridization buffer/50%SSC for 15 min at 68 ºC 

4. Wash in 25% Hybridization buffer/75%SSC for 15 min at 68 ºC 

5. Wash with fresh 0,2x SSC for 30 min at 68ºC 

6. Wash again in fresh 0,2x SSC for 30 min at 68 ºC 

Room temperature washes 

1. Wash in 75% 0,2x SSC/25% Maleic Acid-Tween solution (MAT) for 5 min 

2. Wash in 50% 0,2x SSC/50% MAT for 5 min 

3. Wash in 75% 0,2x SSC/25% MAT for 5 min 

4. Wash with fresh MAT for 5 min 

5. Wash with fresh MAT for 5 min 

 

Immunological detection: 

1. Incubate in blocking solution for 4 h at room temperature 

2. Prepare anti-DIG solution (1:2000) using anti-DIG reagent form Roche Applied 

Science; put 500 µl in each tube and incubate overnight at 4 ºC 

 

Day 4:  

1. Remove the antibody solution 

2. Rinse 1x in MAT 

3. Wash 8 times during 5 min in MAT at room temperature 

4. Wash 3 times during 5 min in NTMT at room temperature 

5. Develop signal with BM Purple from Roche Applied Science 

6. Add PBST to stop developing the reaction 

7. Fix embryos in 4% PFA during 1 h at room temperature 

8. Dehydrate embryos: wash for 5 min at room temperature in 

• 25% methanol+75%PBST 

• 50% methanol+50%PBST 

• 75% methanol+25%PBST 

• 100% methanol 

9. Keep at -20ºC at least one overnight. 

 

 

Solutions 

• PBST: 50 ml sterile PBSO; 250 µl of 10% Tween-20 

• Hybridization buffer (for 50 ml total volume): 
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Reagent Volume 

Formamide 50% 25 ml 

20xSSC (pH 7,5) 12,5 ml 

Tween 20 10% 250 µl 

Citric Acid (1M; pH6) 460 µl 

tRNA  0,5 mg/ml 0,5 ml 

Heparyn 100mg/ml 250 µl 

 

• Blocking solution: 0,5 blocking reagent; 50 ml maleic acid 

• Maleic acid: 11,61 g Maleic acid; 30 ml NaCl 5M; 20-30 tablets of NaOH; 

adjust final volume to 1 L with miliQ water; adjust pH to 7,5; autoclave 

• MAT: 50 ml maleic acid; 250 µl 10% Tween 20 

• NTMT: 0,1M TrisHCl pH 9,5; 0,1 M NaCl; 0,05 M MgCl2; 0,1% Tween-20 

 

3.17. Agarose gels 

3.17.1. 1% agarose gel 

The 1% agarose gel was prepared by adding 4 g of agarose of electrophoresis grade to 

400 ml of Tris-acetate-EDTA (TAE) buffer and heated in a microwave until complete dissolution. 

After that, the resulting solution was cooled to approximately 50ºC and 4 µl of ethidium bromide 

were added. The solution was kept at 60 ºC for no more than 3 days. In order to obtain a gel, the 

agarose was transferred to a mold with the number of wells required and cooled down until a gel 

consistency was obtained. 

3.17.2. Denaturing agarose gel 

The denaturing agarose gel was made by adding 0,5 ml of formaldehyde 37% to 50 ml of 

previously made 1% agarose gel. 
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4. Results 

4.1. Expression pattern of Tcf-1, Tcf-3 and Tcf-4 in zebrafish 

The expression pattern of the zebrafish and Tcf-1 and Tcf-3 mRNA is well characterized 

until the second day of zebrafish development (Veien et al 2005; Pelegri et al, 1998). Zebrafish 

Tcf-4 expression is described until 3 dpf (Young et al, 2002). One of the goals proposed in this 

work was to describe the expression pattern of these transcription factors in more advanced 

stages of zebrafish development. To attain this, in situ hybridizations were made in wt embryos 

with 3 dpf and 5 dpf using zebrafish (zf) Tcf-1, Tcf-3 and Tcf-4 antisense mRNA probes. Prior to 

performing the ISH, these probes were synthesised, as described in Chapter 3.15. 

4.1.1. Tcf-1 expression pattern 

As shown in Figure 4.1.1.1, by 3 dpf zfTcf-1 has different localized expression domains. 

Expression of zfTcf-1 in the thymus, branchial arches and pectoral fins is quite demarked. There 

is also expression of zfTcf-1 in the brain, more denoted in the midbrain tegmentum and hindbrain 

as shown in view B (Fig. 4.1.1.1), and in the anterior and mid part of the intestine (Fig. 4.1.1.1 

A). At 5 dpf, zfTcf-1 continues to be expressed in the midbrain and hindbrain, pectoral fins, 

thymus, intestine epithelium and branchial arches (Fig. 4.1.1.2). At this stage, there is also a 

strong expression in the olfactory pit (Fig. 4.1.1.2A), floor plate (Fig. 4.1.1.2B), caudal vein (Fig. 

4.1.1.2B) and mouth (Fig. 4.1.1.2C). The expression in some of these regions is similar to those 

described for mice embryos (Oosterwegel et al, 1993; Galceran et al 1999). Tcf-1 expression 

domains in the mouse embryo include the limbs, the brain and other structures of the CNS, the 

mesenchymal cells of the nose, the lips, the lung bud and the thymus (Oosterwegel et al, 1993; 

Galceran et al 1999). Also, expression of Tcf-1 was detected in the branchial arches and brain at 

tailbud stages in the Xenopus tropicalis embryo (Broek et al, 2003). The expression domain of 

Tcf-1 in the intestine is seen both in mouse (Gregorieff, et al, 2004) and zebrafish embryos (Fig. 

4.1.1.1A), although in zebrafish it is essentially located in the anterior and mid part of the 

intestine, while in the mouse it is located in the hindgut. The apparent expression in the zebrafish 

caudal vein suggests a role for Tcf-1 in zebrafish angiogenesis, consistent with the described 

role in Xenopus in this process (Broek, 2006). When looking to Figure 4.1.1.1A, it seems that 

Tcf-1 is also expressed in the ventral part of the notochord. 

When compared with the expression pattern described for zfTcf-1 until 36 hpf, the 

results obtained in this work seems to reveal new expression patterns for zfTcf-1 in the branchial 

arches and intestine at 72 hpf and 120 hpf, and in the caudal vein, olfactory pict, mouth and floor 

plate at 120 hpf. According with Vein and colleagues (2004), the first localized expression of Tcf-

1 in zebrafish is seen during gastrulation in the prechordal mesoderm. At this stage, transcripts 

are also evident in the tail bud and along the posterior notochord. Early in somitogenesis, zftcf-1 

expression begins to exhibit a more complex pattern. By the five-somite stage (12 hpf), 

expression first appears weakly in the diencephalon/mesencephalon boundary. The expression 
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in the prechordal mesoderm begins to fade by the 8-somite-stage. At the 15-somite stage 

(approximately 16 hpf), zfTcf-1 expression becomes apparent in the presumptive dorsal retina 

and is maintained until at least 36 hpf, the time when zfTcf-1 transcript accumulation in the head 

becomes widespread. By 24 hpf, zfTcf-1 expression is restricted to several regions of the 

developing embryo such as the dorsal retina, brain, and tail bud. In addition, zfTcf-1 transcripts  

 
Figure 4.1.1.1: Whole mount in situ hybridization analysis of Tcf-1 mRNA expression in 3 dpf zebrafish 
embryos; A – dorsal view; B – lateral view; C – ventral view; expression is seen in the thymus (black arrows 
in views B and C), pectoral fins (pf in B), branchial arches (ba in view B; yellow arrowheads in view A), 
midbrain tegmentum (mt in view B), hindbrain (h in view B) and in the intestine (doted line in A); Tcf-1 
seems to be also expressed in the ventral part of the notochord although expression is quite weak in this 
area. 

 

A 

B 

C 
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Figure 4.1.1.2 : Whole mount in situ hybridization analysis of Tcf-1 mRNA expression in 5 dpf zebrafish 
embryos; A – dorsal view; B – lateral view; C – ventral view; expression is seen in the olfactory pit (black 
arrowheads in A), pectoral fin (visible in A and C), tectum (t in B), hindbrain (hb in B), floor plate (fp in B), 
caudal vein (cv in B), thymus (red arrowheads in C), and in the mouth (m in C); it seems that Tcf-1 
expression is also present in the branchial arches (ba in B), although the expression in this area it isn’t 
quite defined; it is also possible to identify Tcf-1 expression in the posterior part of the intestine. 

 
are highly expressed in the outer edges of the dorsal and ventral median fin fold and in the 

spinal cord and this expression is maintained until 36 hpf. So, until 36 hpf, no expression is 

seen in the branchial arches, intestine, caudal vein, olfactory pict, mouth or floor plate. Also, 

according with the results obtained, no zfTcf-1 expression seems to be detected in the eyes, tail 

bud or spinal cord of the 72 hpf and 120 hpf embryos. New expression domains for Tcf-1 in 

zebrafish are then suggested for stages later than 36 hpf and until 120 hpf. 

A 

B 

C 
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4.1.2. Tcf-3 expression pattern 

From the ISH performed in wild-type embryos with 3 dpf using zfTcf-3 mRNA as a probe 

(Fig. 4.1.2.1) it is possible to see that zfTcf-3 is expressed in the pectoral fins, intestine and 

different regions of the brain, such as the tegmentum, ventral tectum and cerebellum. Similar 

expression domains were also described in earlier stages, although the expression in the 

intestinal epithelium is more specific at 3 dpf. Indeed, according with Pelegri and colleagues 

(1998), during early somite stages, zfTcf-3 mRNA is enriched in the ventromedial regions of the 

brain and neural tube. As somitogenesis progresses, zfTcf-3 expression is seen in the midbrain-

hindbrain boundary (MHB). High levels of zfTcf-3 were found in the forebrain, a region with low 

expression at 3 dpf (Fig 4.1.2.1B). At 24–48 hpf zfTcf-3 expression is more generalized, as it is 

seen in most developing tissues, although at lower levels in the posterior trunk and tail. From 

what can be observed in Figure 4.1.2.1 and 4.1.2.2, a more specific expression is acquired in 

later stages of development. The pattern of zfTcf-3 expression is quite similar at 3 dpf and 5 dpf. 

At 5 dpf, expression is also seen in the intestine, cerebellum, tegmentum and ventral tectum 

(Fig. 4.1.2.2). At this stage no expression is detected in the pectoral fins, but expression appears 

in the liver (Fig. 4.1.2.2B). It is also important to notice that there are several domains of zfTcf-3 

expression described until 36 hpf that weren’t identified at 3 dpf and 5 dpf.  These include the 

notochord, the tail bud and otic vesicles. In mouse and Xenopus embryos, Tcf-3 has been 

reported to be expressed ubiquitously (Korinek et al, 1998a). In mouse, this expression gradually 

disappears. By E7.5, expression levels start declining, with highest signals remaining in the 

anterior part of the embryo. The posterior part, including the primitive streak, shows lower 

expression levels. At E8.5, the head region still has Tcf-3 expression, especially in the anterior 

neurectoderm. Expression had almost disappears in the posterior part of the embryo starting on 

the tail until is completely absent at E10.5 (Korinek et al 1998a). 

The expression seen in the brain at 3 dpf is also consistent with the known role of Tcf-3 

in vertebrate head formation (Kim et al, 2000). Basal repression of Wnt targets by Tcf-3 during 

early gastrulation seems to be essential for repressing the genes responsible for the formation of 

the MHB domain and for permitting the expression of genes responsible for formation of the 

forebrain, eyes and the midbrain. Repression of Wnt target genes in the prospective 

neurectoderm by Tcf-3 defines a primary condition for function of head inducers. tcf-3 mutated 

embryos have a head defect that is characterized by complete loss of eyes, forebrain and part of 

the midbrain. These are called zebrafish headless (hdl) mutants. In mice Tcf-3 also acts as 

transcriptional repressors, although loss of murine Tcf-3 results in early gastrulation defects that 

are different from the postgastrulation headless phenotype caused by knockdown of zebrafish 

hdl (Merril et al, 2003). Mice (m) Tcf-3 is directly implicated in anterior-posterior axis induction. 

These experiments reveal new expression domains for Tcf-3 in the intestine and liver. 

The zfTcf-3 expression in the intestine resembles what was recently published for mouse (Kim et 

al, 2007). Indeed, mTcf-3 was detected in the differentiated cells of the perinatal villi, being a 

candidate effector of Wnt signaling in this region.  
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Figure 4.1.2.1 :Whole mount in situ hybridization analysis of Tcf-3 mRNA expression in 3 dpf zebrafish 
embryos; A – dorsal view; B – lateral view; C – ventral view; in the brain, expression is most evident in the 
tegmentum (t; B) ventral tectum (vt; B) and cerebellum (c; B); the forebrain and the dorsal part of the brain 
show lower levels of expression; other domains of Tcf-3 expression are the pectoral fins (pf in A) and the 
intestine (white doted lines in B). 

 
. 

A 

B 

C 
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Figure 4.1.2.2 : Whole mount in situ hybridization analysis of Tcf-3 mRNA expression in 5 dpf zebrafish 
embryos; A – dorsal view; B – lateral view; C – ventral view; Tcf-3 expression is seen  in areas of the brain 
(view B) such as the ventral tectum (vt), cerebellum (c), tegmentum (t); lower expression is seen in the 
dorsal part of the brain and forebrain; Tcf-3 seems to be present also in the liver (li, B) and in the intestine 
(white doted line in A) 
 

 

 

 

 

 

 

 

 

 

 

A 

B 
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4.1.3. Tcf-4 expression pattern 

In 3 dpf embryos, zfTcf-4 expression is demarked in the telencephalon, diencephalon, 

otic tectum and hindbrain (Fig. 4.1.3.1A). These domains of expression were also present in 

early stages. According with Young and colleagues (2002), zfTcf-4 expression is first seen at 

one-somite stage, when zfTcf-4 mRNA is expressed in the presumptive forebrain. In 18 hpf 

embryos, weak expression is seen in the telencephalon and strong expression is seen in the 

diencephalon and by 24 hpf this expression extends to the midbrain. At 48 hpf zfTcf-4 is 

expressed in the dorsal thalamus, pretectum, optic tectum and rhombomeres 4 and 5. In 3 dpf 

embryos, expression is also seen in the retina and pectoral fins (Figure 4.1.3.1 A) and in the 

intestine (Fig 4.1.3.1B). The expression of zfTcf-4 the intestine is expected, as it was described 

to start at 3 dpf (Young et al, 2002). From 3 dpf to 5 dpf, the zfTcf-4 expression doesn’t seem to 

change, as it can be seen in Figure 4.1.3.2. The distribution of Tcf-4 transcripts in zebrafish is 

similar to its distribution in mouse. In mouse Tcf-4 expression occurs first at E10.5 and is 

restricted to di- and mesencephalon and the intestinal epithelium during embryogenesis. 

(Korinek et al, 1998a).  

 

 

 
Figure 4.1.3.1 : Whole mount in situ hybridization analysis of Tcf-4 mRNA expression in 3 dpf zebrafish 
embryos; A – dorsal view; B – lateral view; expression is demarked in the telencephalon (te; B) and 
diencephalon (d; B), optic tectum (ot; A, B), retina (r; A), hindbrain (h; B), pectoral fins (pf; A) and intestine 
(yellow dotline in B). 

 

A 

B 
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Figure 4.1.3.2 Whole mount in situ hybridization analysis of Tcf-4 mRNA expression; lateral view of a 5 dpf 
zebrafish embryo; expression is demarked in the forebrain (fb), optic tectum (ot; A, B), retina (r; A), 
hindbrain (h; A, B), pectoral fins, and intestine (although not perceptible in this picture). 

 

4.2. Analysis of the tcf-1 mutation effect in zebrafish development 

As mentioned previously (Chapter 1.6.3) Tcf-1 in adult mammals is involved in  

thymocyte differentiation, as well as related with the formation of intestinal neoplasms (Verbeek 

et al, 1995; Roose et al, 1999). To determine the role of Tcf-1 in zebrafish development three 

approaches were used. Embryos obtained by incrossing a couple of tcf-1 heterozygous fish were 

observed with the intent to define a phenotype for the tcf-1 mutation. Also, the survival rate of tcf-

1 mutants was monitorized during 4 weeks to determine the viability of these mutants. A third 

approach pretended to analyse in what extend Tcf-1 has the same importance in thymus 

development as in mice. All these studies were possible thanks to the availability of a zebrafish 

tcf-1 heterozygous line in the laboratory, previously generated via N-ethyl-N-nitrosourea (ENU) 

target selected mutagenesis, as described in Olaf van de Broek thesis (2006). The generation of 

a tcf-1+/- zebrafish opened the possibility to study the role of zftcf-1 at later stages of 

development than the ones achievable by loss of function analysis with the use of an injected 

morpholino antisense oligo. Also, the intra-experimental noise of working with morpholinos will 

most likely be less when working with mutants. However, it is necessary to consider that the 

early stages of development probably won’t be disrupted in a homozygous tcf-1 mutant zebrafish 

due to maternal contribution of the phenotypical wild type parents. Maternal protein will only 

have faded out at later stages of development. 

4.2.1. Characterization of the embryonic phenotype of tcf-1 mutants  

In order to access if Tcf-1 plays an important role in the first days of zebrafish 

development, embryos obtained from one lay of tcf-1 heterozygous fish were followed during 

one week by observing them at the microscope. In the different egg lays obtained in different 

crosses it could be observed a large number of embryos that weren’t properly developed, 

presenting multiple defects. These included edemas, inappropriate eye development, small or 
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Figure 4.2.1.1: Views of the different phenotypes observed in one lay of tcf-1 heterozygous zebrafish with 
5 dpf; A – wt embryo; B – embryo presenting several defects, such as edemas and inappropriate eyes 
development C, D – curved embryos; it is also possible to identify the absence of swim bladder (C). 

 
even absent swim bladder, absence of pigmentation and body curvature, (Fig 4.2.1). In some 

cases, the body curvature was so pronounced that resulted in completely circular embryos (Fig. 

4.2.1D). A considerable number of embryos was also not responsive when touched. Usually the 

embryos react when stimulated by touch and swim away in the plate; but, this didn’t happen with 

approximately 50% of the embryos. To find out if the cause of such phenotypes was due to an 

absence of the tcf-1 gene, the embryos were separated according with the defects mentioned 

above and later genotyped for the tcf-1 gene (see Chapter 3.11 for the protocol). A correlation 

was searched between the genotype and the phenotype. It was possible to see that the embryos 

with circular body consist of 20% of the total number of embryos in one lay. However, there was 

no association between any of the phenotypic categories observed and the different genotypes. 

This suggests that the different defects observed in these embryos are a result of background 

mutations originated by the mutagenesis technique, rather than a consequence of tcf-1 

depletion. The ENU-target-selected mutagenesis (Wienholds and Plasterk, 2004; Wienholds, 

2003) method used to obtain the mutants includes random mutagenesis in male zebrafish using 

ENU and the use of these males to generate a large population of F1 animals that harbour many 

random heterozygous mutations on their genomes. DNA from these animals is then analysed for 

the occurrence of mutations in a specific gene of interest. After selecting the animals with the 

desired mutation these are outcrossed with wild-type fish or incrossed with other mutants. The 

mutations are then bred to homozygosity and analysed for the phenotypes and linkage to the 

mutation. However, as a consequence of the random mutagenesis, other mutations can be 

present in the fish. Targeting a gene through this approach implies the mutagenesis of the entire 

genome. A F1 fish will then carry a mutation in the gene of interest but will most likely contain 

multiple other mutations. As a consequence multiple additional phenotypes are seen, many with 

A B 

C D 
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Mendelian segregation patterns but that are not related with the gene being studied. These 

background mutations can be removed by outcrossing a mutant several times before a new 

analysis. Only tightly linked mutations might blur the results after several outcrosses. The tcf-1 

heterozygous fish should then be crossed several times before trying to identify an embryonic 

phenotype. 

4.2.2. Study of the tcf-1 mutation effect in the survival of zebrafish embry os 

In order to determine the viability of tcf-1 mutants with time, the survival rate of these 

mutants was monitored until 4 weeks post fertilization (wpf) by weekly genotyping one offspring 

of heterozygous fish. The offspring of 2 wpf, 3 wpf and 4 wpf had, respectively, 52, 48 and 59 

larvae. The genotyping was successful for 90% of the larvae with 2 wpf, 100% of the larvae with 

3 wpf and 81% of the larvae with 4 wpf. The percentages of larvae per genotype (see Table 

4.2.2.1) are similar to the expected Mendelian ratios in all for weeks of development, although 

the results at 4 wpf have a deviation when compared to these ratios. This may be a 

consequence of the non accomplished genotyping of 19% of the embryos. As can be seen in 

Table 4.2.2.1, homozygous tcf-1 mutants were viable during the first 4 weeks of life. It is then 

possible to conclude that Tcf-1 it’s not essential to zebrafish development until 4 wpf.  In mouse, 

Tcf-1 was also proved not to be essential in the development (Verbeek et al, 1995). 

 

Table 4.2.2.1 : Percentage of larvae per genotype at 2 
wpf, 3 wpf and 4 wpf in tcf-1 heterozygous incrosses; 
tcf-1 mutation is not lethal until 4 wpf. 

Genotype 2 weeks 3 weeks 4 weeks 

wild-type 23% 31% 21% 

heterozygous 55% 48% 40% 

homozygous 21% 21% 40% 
 

4.2.3. Study of the role of Tcf-1 in thymus develop ment 

As mentioned previously, work in mice has revealed a crucial role for Tcf-1 in the 

development of T-cells (Verbeek et al, 1995). tcf-1 homozygous mice are viable but have an 

early blockage in thymocyte differentiation. This blockage occurs at the transition from the 

immature single-positive cell state to the double positive state. Most of the immature single-

positive cells in mutant mice are not in the cell cycle and the number of immunocompetent T 

cells in the peripheral lymphoid organs is reduced. Heterozygous mice had the wild type 

phenotype (Verbeek et al 1995). To determine in what extend Tcf-1 is involved in thymus 

development in zebrafish, in situ hybridizations were performed using two markers specific for 

the thymus, the lymphocyte-specific protein tyrosine kinase (Lck) and recombination activating 

gene 2 (Rag-2). The lck gene is a member of the Src family of protein tyrosine kinases (PTKs). It 

encodes a protein that is a key signaling molecule in the selection and maturation of developing 

T-cells. The rag-2 gene catalyzes the rearrangement of immunoglobulin genes in immature B 
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lymphocytes and of T cell receptor genes in immature T lymphocytes. In wild-type embryos, 

Rag-2 expression is first detected at 92 h in two symmetric regions in the head, just ventral to 

the ear and anterior to the pectoral fin. This is the position of the thymus in teleost fish. Rag-2 

expression persists for more than one month (Willet et al 1997). Lck expression parallels the 

temporal and spatial expression of Rag-2 (Trede and Zon, 1998). Therefore, the use of Rag-2 

and Lck in whole mount in situ hybridization of embryos provides an assay for identifying 

mutations that affect T cell lineage maturation and/or development of the thymus. The Lck and 

Rag-2 probes were generated as described in Chapter 3.16.7 and 3.16.8. After performing the 

ISH with these two markers, as described in Chapter 3.15, the embryos were observed one by 

one in the microscope, classified and divided into categories according with the differences 

observed in the expression domain. The staining observed in the embryos was compared with 

the expression domain described in zebrafish wild-type embryos (denominated “normal 

expression domain” in this document) for the markers used in the ISH1. The embryos were 

divided into categories according with the differences observed in the expression domain of the 

markers. After classifying the embryos, these were digested overnight in lysis buffer and total 

genomic DNA was isolated in the next day (see Chapter 3.8 for the Protocol). Genotyping for the 

tcf-1 mutation was then performed through a PCR reaction followed by a sequencing step and 

location of the mutation within the sequence (Chapter 3.11). A relation was then searched within 

the data obtained.  

One lay with 4 dpf from one tcf-1 heterozygous couple containing 136 embryos was 

used for the staining with the Rag-2 probe. Differences in the expression domain were observed 

between these embryos. Within the lay observed, there could be detected embryos with the 

expression domain described for Rag-2 in the thymus of wild-type embryos (Willet et al 1997). 

Indeed, as it is possible to see in Figure 4.2.3.1, there is expression of this probe in bilaterally 

symmetric spherical regions posterior to the eye, consistent with the location of the thymus in 

zebrafish. However, there were also embryos with a reduced Rag-2 expression domain (45%) 

and even without Rag-2 expression (11%). The embryos were then separated into three 

categories: normal expression domain, reduced expression domain and without expression. 

Although the percentage of embryos displaying differences didn’t respect the Mendelian ratios, 

these embryos were genotyped. The genotyping worked for 86% of the embryos, from which 

27% were wt, 49% were heterozygous and 24% were homozygous. From what can be seen in 

Fig. 4.2.3.2, it is not possible to associate one genotype to a staining category. The three 

genotypes were present in each staining category with significant values (Fig 4.2.3.2). 

Considering what was observed, no relation could be established between the genotype and the 

phenotype.  

A second probe used to access the maturation of thymic cells was Lck. The lay obtained 

for this ISH experiment had 70 embryos with 5 dpf. For this probe, two categories where 

                                                 
1 The expression domain seen in the wt embryos for the markers used in this work will be refered in this 
thesis as the “normal expression domain”. The staining in the embryos will be compared to the normal 
expression domain described for the marker in use. 
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established based on the differences seen in the staining of the embryos. These categories 

were: normal expression domain and reduced expression domain (Fig. 4.2.3.3). As for the Rag-2 

probe, the classification “normal expression domain” should be understood as the expression  

 

 
Figure 4.2.3.1 : Whole mount in situ hybridization analysis of Rag-2 mRNA expression in 4 dpf zebrafish 
embryos; lateral (B, C, F) and ventral (A, C, E) views are shown; within one lay of tcf-1 heterozygous fish 
there could be found embryos without Rag-2 expression (A and B), with a reduced Rag-2 expression 
domain (C and D) and with the expression domain described for Rag-2 in wild-type embryos (normal 
expression domain; E and F)  
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Figure 4.2.3.2 : Percentage of genotypes per category of embryos stained with the Rag-2 probe; there is no 
characteristic genotype per category; the three genotypes were present in each staining category with 
significant values; wt - wild type embryos; het – heterozygous embryos; homo – homozygous embryos; 
number of embryos within the lay used: 136.  

 

A B 

C D 

E F 



53 
 

domain for Lck described in the thymus of wild-type embryos, and the “reduced expression 

domain” comprehends the embryos that show a reduction in that expression domain. Also in this 

case, the number of embryos per category didn’t match the Mendelian ratios. 43% of the 

embryos showed a reduced expression domain and 57% presented the same Lck expression 

domain seen in wild type embryos. The genotyping worked for 62% of the embryos. From this 

percentage, 25% were wt, 55% were heterozygous and 20% were homozygous. Although the 

percentage of successful genotyping was low, it is still possible to understand that the reduction 

in the expression domain of Lck does not correlate with a homozygosity of the embryos (Fig. 

4.2.3.4). Indeed, the percentage of either wt, heterozygous or homozygous embryos is quite high 

among the ones that had a reduced Lck expression domain (11,4% and 22,7%, respectively). 

Even if all the embryos whose genotyping wasn’t successful were homozygous, which is 

improbable, the percentage of wt and heterozygous embryos with a reduced expression domain 

is still considerable. Also, the percentage of homozygous embryos that showed the normal 

expression domain is elevated.  

 

 
Figure 4.2.3.3 : Whole mount in situ hybridization analysis of Lck 
mRNA expression in 5 dpf zebrafish embryos; lateral (A, C) and 
ventral (B, D) views are shown; within one lay of tcf-1 heterozygous 
fish there could be found embryos with a reduced Lck expression 
domain (A and B) and with the expression domain described for 
Lck in wild-type embryos (normal expression domain; C and D)  
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Figure 4.2.3.4: Percentage of genotypes per category of embryos stained with the Lck probe; there is no 
characteristic genotype per category; as with the Rag-2 probe, the three genotypes were present in each 
staining category with significant values; wt - wild type embryos; het – heterozygous embryos; homo – 
homozygous embryos; number of embryos within the lay used: 70.  

 

Taken together, the results obtained for the ISH with Lck and Rag-2 probes suggest that 

in zebrafish Tcf-1 is not involved thymus development. Although there is a decrease in the size 

of the thymus shown by the reduced expression domain of Lck and Rag-2, it was not possible to 

correlate this phenotype with the tcf-1 mutation. The variations seen in the staining for both 

probes may then be a result of background mutations that originate this phenotype, or reflect 

some variability in development among the embryos from the same lay, or even be a 

consequence of the differences in ISH efficiency in each embryo. To overcome the problem 

associated with background mutations, the tcf-1 heterozygous parents should be outcrossed 

several times before repeating this analysis. Once the background mutations have been 

cleaned, the ISH should then be repeated.  

4.3. Analysis of tcf-1/tcf-4 double mutant embryos 

tcf-1/tcf-4 double mutant mice display profound caudal truncations (Gregorieff et al, 

2004) similar to Wnt3a homozygous embryos and lef-1/tcf-1 double mutant embryos (Galceran 

et al, 1999). Wnt3a-/- and lef-1-/-/tcf-1-/- mice form excess neural ectoderm at the expense of 

paraxial mesoderm and have multiple neural tubes. However, unlike the later, tcf-1-/-/tcf-4-/- 

embryos retain paraxial mesoderm. The primary patterning defect in tcf-1-/-/tcf-4-/- appears to 

result from aberrant hindgut expansion, ultimately leading to patterning anomalies consistent 

with homeotic shifts of the fetal gastro-intestinal tract (Gregorieff et al, 2004). Indeed, studies 

suggest that posterior endoderm may produce signals required for proper development not only 

of the hindgut but also adjacent structures (Santa and Roberts, 2002; Kanai-Azuma, 2002).  
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Therefore, in tcf-1/tcf-4 double homozygous embryos, the basis of severe posterior 

truncations may be the result of arrested gut development (Gregorieff et al, 2004).  

In zebrafish, Tcf-4 as a role in the proliferation of the cells located in the base of 

epithelial folds in the intervillus pockets of the zebrafish intestine (Muncan et al, 2007), similarly 

to the role described for neonatal mouse, and Tcf-1 seems to be expressed in the intestine 

(Chapter 4.1.1). In order to gain further insight into the function and possible redundancy of 

zebrafish tcf-1 and tcf-4 genes and to understand their combined role, the offspring of zebrafish 

tcf-1/tcf-4 double heterozygous were analysed. To characterize tcf-1/tcf-4 double mutants, the 

development of embryos obtained by incross of tcf-1/tcf-4 double heterozygous fish was 

observed during the first week of life and after that the embryos were genotyped. These embryos 

presented multiple defects such as blood pool, edemas, heart problems, smaller head, smaller 

eyes and deformed tail (Fig. 4.3.1). Each embryo was observed and the defects annotated. The 

embryos were divided into categories according with their defects, as depicted in Table 4.3.2. 

Subsequently, the embryos were genotyped for the tcf-1 and tcf-4 genes in order to establish a 

connexion between the phenotype and the genotype. However, no relation could be established. 

There was no phenotype that could be attributed to only one genotype. These may be once 

more the result of background mutations present in the Tcf-2 line and originated by the ENU-

target-selected-mutagenesis. These mutations should be removed by outcrossing the tcf-1/tcf-4 

double heterozygous fish with wild-type fish until obtaining a reproducible phenotype that  

 

 
Figure 4.2.3.1 : Phenotypic defects observed in offspring of tcf-1/tcf-4 double mutants; no relation could be 
established between the different phenotypic deffects and the double mutants for tcf-1 and tcf-4 genes. 
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Table 4.3.2:  Categories defined according with the phenotypic defects seen in offspring of tcf-
1/tcf-4 double heterozygous; no relation could be established between the different phenotypic 
categories and the double mutants for tcf-1 and tcf-4 genes. 

Category Phenotypic deffects 

#1 big edema, truncated tail, small head, small eyes 

#2 twisted tale, body spiral-shaped and swim in a circle 

#3 tale twisted up 

#4 edema, twisted tale to the side 

#5 completely twisted body in zig-zag shape 

#6 tale twisted down 

#7 edema, blood pool 

 

can be related with the double mutations in tcf-1 and tcf-4 genes. These results suggest that 

zftcf-1/tcf-4 double mutants don’t have a phenotype that resembles the one observed in tcf-1/tcf-

4 double mutant mouse. Consistent with this hypothesis is the fact that the expression domains 

of SRY-box containing gene 2 (Sox2) and BarH-like homeobox 1 (Barx 1), two stomach markers, 

don’t seem to be affected in tcf-1-/-/tcf-4-/- embryos (Ana Faro, personal communication) as they 

are in mouse (Gregorieff et al, 2004).  

4.4. Analysis of the apc-1 mutation effect in zebrafish development 

In zebrafish, the intestine and the digestive accessory organs, such as pancreas and 

liver, arise from a common ribbon of definitive endoderm (Ng et al, 2005; Wallace and Pack, 

2003; Ober et al, 2003). This leads to the question if Apc-1, known to have a role in intestine 

differentiation (Haramis et al, 2006; Nadauld et al, 2004; Nadauld et al, 2005), plays the same 

role in pancreas and liver. Indeed, previous studies had demonstrated that apc-1 mutants lacked 

wt characteristics like developing villi, I-FABP expression and columnar epithelial cells31,49  Also, 

mutations in the tumour suppressor apc gene result in an inherited colon cancer predisposition. 

A model was established where APC plays a critical role in controlling colonocyte proliferation by 

regulating the Wnt signaling pathway (Fodde et al, 2001; Bienz, 2002). In cells lacking functional 

APC, β−catenin accumulates and translocates into the nucleus where it serves as a co-activator 

for Lef/Tcf transcription factors in inducing a program of cell proliferation. Previous studies had 

demonstrated that apc-1 heterozygous adult fish have intestinal adenomas where most of the 

cells have high levels of β−catenin in the nucleus and cytoplasm and are proliferating, contrary to 

what is seen in wild-type fish (Haramis et al, 2006). The same studies also detected tumours in 

liver and pancreas of apc-1 heterozygous fish. Both hepatic and pancreatic neoplasias showed 

nuclear staining for β−catenin and a high degree of proliferation. This work pretends to analyse 

the effect of apc-1 mutation in the the liver and pancreas of zebrafish embryos. The analysis of 

the intestine was also made. To accomplish these goals, in situ hybridizations (see Chapter 

3,16) where made using specific differentiation markers. The same approach used for the study 



57 
 

the role of Tcf-1 in the thymus was used in this experiment. After performing the ISH, the 

embryos were observed one by one in the microscope. Differences in the expression domain 

were observed between these embryos, and a classification and division of the embryos into 

categories was made accordingly. As the proportion of embryos within the different categories 

respected the Mendelian ratios, the embryos were genotyped. For that, the embryos were 

digested overnight in lysis buffer and the total genomic DNA was isolated in the next day (see 

Chapter 3.8). Genotyping for the apc-1 mutation was then performed through PCR followed by 

sequencing and location of the mutation within the sequence (Chapter 3.12). A relation was then 

searched within the data obtained. 

4.4.1. Characterization of the gut phenotype in apc-1 mutants 

To access the effect of Apc-1 depletion in the development of the zebrafish endoderm, in 

situ hybridizations where performed on one lay of 174 embryos with 3 dpf obtained by crossing 

apc-1 heterozygous fish, using intestinal fatty acid binding protein (I-FABP) as a differentiation 

marker. I-FABP is a member of a family of small intracellular lipid-binding proteins. It is thought 

to play a role in intracellular transport of long chain fatty acids, thus being important in the gut 

absorptive process (Mudumana et al, 2004; André et al, 2000). I-FABP mRNA expression 

domain in zebrafish is known to be restricted to the intestine (Mudumana et al, 2004). It is clearly  

 

 
Figure 4.4.1.1 : Dorsal (A, C and E) and lateral (B, D and F) views of 3 days old embryos after whole mount 
in situ hybridization with I-FABP; A, B – embryos without I-FABP expression; C, D – embryos with reduced 
I-FABP expression domain; E, F- embryos with normal I-FABP expression domain.  
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visible at 36 hpf, when the zebrafish intestinal development starts, demonstrating that I-FABP 

might be one of the earliest cell-differentiation markers for intestinal development in zebrafish. 

The regional difference of i-fabp expression sharply demarcates the anterior to posterior parts of 

the intestine (André et al, 2000). In fish as in mammals the proximal one-third of the intestine is 

the major site of fat absorption. The second intestinal segment, or posterior intestine, is 

responsible for the macromolecular absorption of proteins and the most caudal part of the gut, or 

rectum shows indications of a function in osmoregulation. The cephalocaudal expression pattern 

of I-FABP defines early during zebrafish gut morphogenesis the anterior fat absorbing to 

posterior cells of the intestine (André et al, 2000). From previous studies it is known that in wt 

fish with 3 dpf, I-FABP is expressed in the intestinal tube that has begun to differentiate (André 

et al, 2000); by day 4, i-fabp is strongly expressed in the midgut while a low level of transcript is 

observed in the hindgut; from day 5 onwards, i-fabp is strongly expressed in the anterior 

intestine and its rostral expansion, slightly expressed in the esophagus mucosa and rectum, 

while no mRNA is detected in the posterior intestine (André et al, 2000).  

Among the embryos analysed, the normal expression pattern was found, but also a 

reduction in the expression domain and even an absence of expression was observed in some 

embryos (Figure 4.4.1.1). The embryos were genotyped to determine if the absence or reduction 

in the expression domain was due to Apc-1 depletion. To facilitate the establishment of a relation 

between the characteristics observed and the following genotyping, the embryos where divided 

in three categories: normal expression domain, reduced expression domain and without 

expression. From the 174 embryos analyzed, the genotyping worked for 132 embryos where 

27% were wt, 56% were heterozygous and 17% were homozygous.  

The data obtained from these two approaches (ISH and genotyping, see Fig 4.4.1.2A) 

was represented in a graphic were it is possible to see that a large percentage of fish without 

staining where homozygous. The embryos that showed expression of I-FABP were either wt or 

heterozygous. There was no clear evidence of a relation between the different expression 

domains verified among the embryos and the different genotypes. Reorganizing the data by 

putting together the two categories of stained embryos (Fig 4.4.1.2B), these observations are 

even more evident. Once it is quite obvious that the great majority of homozygous fish falls into 

the classification ‘without expression’ (83% of the total number of homozygous fish), it is possible 

to say that the fish were I-FABP mRNA expression is absent are apc-1 homozygous,. This 

absence of I-FABP expression suggests that Apc-1 depletion causes an impairment in intestine 

differentiation. In what concerns to the stained embryos, it is also quite obvious that both 

heterozygous and wt embryos express I-FABP mRNA. To understand if indeed the wt and 

heterozygous siblings express I-FABP mRNA equally or if there is a difference between its 

expression, it would be necessary to carry out more experiments, such as quantitative RT-

PCR’s, time-course whole mount in situ hybridization in different days of development followed 

by plastic sections, both sagital and transversal. This will allow to assay if there is any delay in 

development of heterozygous embryoswhen compared with wild-type embryos. 
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The genotyping of the 173 embryos was expected to result in 25% of apc-1 

homozygous, 50% apc-1 heterozygous and 25% of homozygous embryos since they were 

obtained by incrossing apc-1 heterozygous fish. However, the percentages obtained were 

slightly different, especially in what concerns to the homozygous fish. Such result can be 

explained by the fact that the genotyping didn’t work for 24% of the embryos. In addition, most of 

the embryos not genotyped were classified as embryos without staining. Considering this and 

the fact that the embryos that don’t express the marker used are the homozygous ones, it is then 

possible to explain the lower percentage of homozygous embryos. This also affects the relative 

percentage obtained for the other genotypes. 
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Figure 4.4.1.2 : Distribution of the genotypes obtained for the embryos stained with I-FABP, per category, 
considering three categories (normal expression domain, reduced expression domain and without 
expression; A) or two categories (with expression and without expression; B); apc-1 homozygous embryos 
don’t show expression of I-FABP mRNA; number of embryos within the lay used: 174. 
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The results obtained for the apc-1 mutants are in accordance with what was described  

previously for the same mutants (Nadauld et al, 2005) and for Apc-1 morphants (Nadauld et al, 

2004). Zebrafish Apc-1 morphants and mutants developed intestinal tubes normally; however, 

the endodermal cells remained cuboidal rather than columnar and failed to express I-FABP.  

4.4.2. Characterization of the pancreas phenotype i n apc-1 mutants 

In zebrafish, pancreas progenitors arise from the same tissue as intestine progenitors 

(Ng et al, 2004; Fiedl et al, 2003). To analyse in what extend the depletion of the apc-1 gene is 

involved in the development of the pancreas, as it was already shown to be in the intestine, ISH 

were made using the Trypsin and Insulin differentiation markers. From previous studies it is 

known that Trypsin exocrine expressing cells can be first detected at 48 hpf in the cells 

surrounding the zebrafish single pancreatic islet. By 72 hpf, Trypsin expression domain is 

located on the right side of the zebrafish embryo, dorsal to the gut tube, coinciding with the 

exocrine pancreas position (Biemar et al, 2001). Insulin expression in zebrafish becomes 

apparent at 16 hpf (Biemar et al, 2001). The insulin-positive cells actively migrate posteriorly and 

converge medially (Kim et al, 2005). By the 24 h post fertilization (hpf) stage, all insulin-positive 

cells have coalesced into a single islet in the midline above the yolk. 

In this case, the lay obtained from the cross of one couple of apc-1 heterouzygous fish 

and submitted to the in situ hybridization technique using Trypsin as a probe was composed by 

89 embryos. After performing the ISH, the same approach was used as for the analysis of the 

intestine in apc-1 heterozygous fish offspring. The embryos were observed one by one in the 

microscope. There were no embryos without staining. All embryos showed Trypsin expression. 

There were, however, three distinct differences between the stained embryos, which lead to a 

first division in three categories: normal expression domain, reduced expression domain and 

residual expression (Fig. 4.4.2.1). The embryos with residual Trypsin expression showed only a 

pointy staining in the midline above the yolk. The embryos in the second category showed a 

reduction in the expression domain when compared with the normal domain expected for 3 dpf 

embryos. As with the I-FABP, the embryos were also classified and divided according with the 

differences in the expression domain. Genotyping for the apc-1 mutation was then performed 

through PCR followed by sequencing and location of the mutation within the sequence as 

referred previously. The genotyping worked for 86 of the embryos, what correspond to 97% of 

the total embryos. Among these 96%, 26% were wt, 56% heterozygous and 21% homozygous. 

In the case of this marker, the percentages of embryos per genotype are similar to the ones 

expected (25% wt, 50% heterozygous and 25% homozygous). From the statistical analysis (Fig. 

4.4.2.2A), and similarly to the non-I-FABP-stained the embryos, the embryos with a weaker and 

almost absent Trypsin mRNA expression were clearly homozygous ones. There was no 

particular genotype associated to the other categories. Both wt and heterozygous siblings 

express the Trypsin marker and they are present in similar percentages among the two other 

categories (reduced and normal expression domain). It is then more realistic to consider only two 

types of stained embryos: normal expression domain or with residual Trypsin expression (Fig. 
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4.4.2.2). It is then possible to conclude that the embryos homozygous for the apc-1 gene don’t 

express Trypsin mRNA as their siblings, wt and heterozygous embryos, suggesting that the loss 

of apc-1 causes an impairment in exocrine pancreas differentiation. It is also important to notice 

that the homozygous embryos appeared different from the wild type. They seem to have their 

development delayed. Their yolk is bigger and their head is smaller. The apparent delay in the 

development and the residual expression of Trypsin as well as absence of I-FABP expression 

seen previously could be thought as a consequence of a generalized delay in the development 

of the embryos caused by apc-1 loss. However, the embryos stained with the Insulin mRNA 

probe didn’t show any evident differences in the Insulin expression domain (Fig. 4.4.2.3). This 

suggests that Apc-1 does not have the same role in the specification of the endocrine pancreas 

and that Apc-1 may be acting in a specific way in the exocrine pancreas.  

 

 

 
Figure 4.4.2.1: Dorsal (A, C, E) and lateral views (B, D, F) of 3 days old embryos after whole mount in situ 
hybridization with Trypsin; A,B – embryos with residual Trypsin expression; C,D – embryos with a reduced 
Trypsin expression domain; E,F- embryos with normal Trypsin expression domain.  
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Figure 4.4.2.2 : Distribution of the genotypes obtained for the embryos stained with Trypsin, per category, 
considering three categories (A) or two categories (B).; the embryos with residual Trypsin expression were 
clearly homozygous for apc-1; number of embryos within the lay: 89. 
 

 
Figure 4.4.2.3: Dorsal (A,) and lateral (B) views of 3 
days old embryos after whole mount in situ hybridization 
with Insulin; there are no differences in the Insulin 
expression domain in apc-1 mutant embryos.  
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4.4.3. Characterization of the liver phenotype in apc-1 mutants 

In order to access the development of the zebrafish liver, the liver fatty acid binding 

protein (L-FABP) differentiation marker was used as probe in the ISH technique. As the name 

indicates, the L-FABP is a specific marker for the liver that, in zebrafish, is located in the left side 

of the embryo, close to the anterior part of the gut. L-FABP is thought to play a pivotal role in the 

intracellular binding and trafficking of fatty acids in the liver. This protein is capable of binding 

free fatty acids and esterified fatty acids in the form of fatty acyl-CoA-thioesters. In addition to the 

plasma membrane, L-FABP is located within the cytosol and nucleus. Thus, L-FABP may play a 

role in the transport of fatty acids into the nucleus to serve as ligands or to regulate transcription 

factors. The L-FABP mRNA is first weakly detected in the liver of zebrafish embryos, that is 

located in the left side of the embryo, close to the anterior part of the gut, between 36 and 48 

hpf, depending on the zebrafish strain (Sharma et al, 2006; Her et al, 2003).  

 
Figure 4.4.3.1 : Dorsal (A, C) and lateral views (B,D) of 3 days old embryos after whole mount in situ 
hybridization with L-FABP; A,B – embryos without L-FABP expression; C,D – embryos with normal L-FABP 
expression domain. 
 

At 48hpf, the approximate time when the liver budding process is complete, L-FABP 

transcripts are easily detected. Abundant transcripts are detected in the liver of 5-day-old larvae 

(Sharma et al, 2006). 

The embryos obtained from one lay of one couple of apc-1 heterozygous fish were then 

stained for this marker. They were also separated in categories according with the expression 

domain. In this case, two categories were established: with a normal expression domain or 

without expression (Fig. 4.4.3.1). A first approach was taken were all the non-stained embryos 

and an approximately equal number of stained embryos were genotyped in order to establish a 

clear correlation between genotype and phenotype. The main reasons for not analysing all the 

embryos from the stained lay were to save time and resources. Indeed, the previous ISH using 

intestine and pancreas markers and the subsequent genotyping showed quite obviously that 

there is a characteristic endoderm phenotype in embryos homozygous for apc-1 and that within 
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wt and heterozygous embryos the expression pattern of the marker is the same, either with I-

FABP marker or Trypsin marker. So, what was proposed was to take a sample of each category 

and see if the same conclusions could be taken using the L-FABP marker. 41 embryos were 

then categorized and genotyped. From this 41 embryos, 24% were wt, 37% were heterozygous 

and 39% homozygous. Representing the percentage of each genotype per category (Fig 

4.4.3.2), it is possible to observe that the prediction made was quite correct. Indeed, and once 

more, the embryos that don’t express the maker are homozygous while the ones that express it 

are either wt or heterozygous. This work suggests an important role for Apc-1 in liver 

differentiation. 
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Figure 4.4.3.2: Distribution of the genotypes obtained for the embryos stained with L-FABP, considering 
two categories of embryos: embryos without L-FABP expression and embryos with normal L-FABP 
expression; the embryos without L-FABP expression are clearly homozygous for apc-1 number of embryos 
analysed: 41. 

 

4.5. Analysis of apc-1/tcf-4 double mutants embryos 

Studies show a conserved role for zebrafish Apc-1 and Tcf-4 as effectors of Wnt 

signaling pathway in zebrafish development (Nadauld et al, 2004; Haramis et al, 2006; Young et 

al, 2002; Muncan et al, 2007). Tcf-4 is the most prominent Tcf factor expressed in zebrafish gut 

(Young et al, 2002; Muncan et al, 2007) and was also shown to be regulated by Apc-1 (korinek et 

al, 1997). The phenotype of tcf-4 mutant fish recapitulates the phenotype of the tcf-4 knockout 

mouse, inducing loss of proliferation at the base of intestinal folds in the mid and posterior 

intestine, although the phenotype becomes obvious only after 4 weeks post fertilization (Muncan 

et al, 2007). c-Myc was identified as being one Tcf-4 target gene (He et al, 1998). c-MYC was 

shown to be repressed by wild-type APC and activated by β−catenin, and these effects were 

mediated through Tcf-4 binding sites in the c-MYC promoter. In colorectal tumors with APC 

mutations or activating β−catenin mutations, increased β−catenin/Tcf-4 activity leads to 

overexpression of c-MYC, which then promotes neoplastic growth (He et al, 1998). Studies in 

Apc-1/Myc deficient mice showed that loss of Myc rescues the phenotypes that occur with Apc-1 
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deletion (Sansom et al, 2007). Given this studies and knowing the role of Apc-1 revealed by the 

experiments presented in Chapters 3.4.2 and 3.4.3, the fact that apc-1 loss seems to be involved 

in the development of neoplasms in intestine, liver and pancreas, the common origin of these 

organs and the availability of both zebrafish apc-1 and tcf-4 mutated lines in the laboratory, an 

apc-1+/-/tcf-4+/- line was generated to study the effect of Tcf-4 depletion in the Apc-1 phenotype in 

the intestine, liver and pancreas. In situ hybridizations where made using specific markers and 

offspring from apc-1+/-/tcf-4+/- incrosses, followed by genotyping of the embryos. A relation was 

then searched within the data obtained. The Trypsin, Insulin, I-FABP and L-FABP probes were 

made from the templates generated previously, as described in Chapter 3.16. 

4.5.1. Characterization of the gut phenotype in apc-1/tcf-4 double mutants  

One lay of 74 embryos with 3 dpf, resulting from the cross of one couple of apc-1/tcf-4 

double heterozygous fish, was stained with the I-FABP marker. According with the results 

obtained for the apc-1 homozygous embryos (Chapter 4.4.1), 25% of the embryos present in the 

lay used in this experiment should show an absence of I-FABP expression. Among the embryos 

analysed, 80% showed the expression domain described for I-FABP in wild type embryos and 

20% and an absence in I-FABP expression. There were then fewer embryos with absence of I-

FABP expression. Two categories were established according with what was observed: embryos 

with normal I-FABP expression domain and embryos without I-FABP expression (Fig. 4.5.1.1). 

The lay was genotyped for apc-1 and tcf-4 mutations. The genotyping for tcf-4 worked for all the 

embryos, but the same didn’t happen with the genotyping for apc-1. The apc-1 genotyping didn’t 

work for 23% embryos. From the 77% successfully genotyped embryos, there was none 

simultaneously wt for apc-1 and homozygous for tcf-4. This can’t be a result of the tcf-4 mutation 

because tcf-4 homozygous embryos are viable and develop normally during the first 4 weeks of 

life (Muncan et al, 2007).  

 
Figure 4.5.1.1: Dorsal (A, C) and lateral (B, D) views of 3 days old embryos after whole mount in situ 
hybridization with I-FABP; A, B – embryos without I-FABP expression; C, D – embryos with normal I-FABP 
expression domain 

A B 

C D 
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Once there could be found embryos homozygous for tcf-4 among the ones whose 

genotyping for apc-1 wasn’t successful, it is possible to suggest that the missing apc-1+/+/tcf-4-/- 

embryos are present within these non genotyped embryos. The same reason can explain the 

low percentage of apc-1+/+/tcf-4+/+ and apc-1+/+/tcf-4+/- embryos (13% in total against the 18,75% 

expected according with the Mendelian ratios). There are wild type and heterozygous embryos 

for the tcf-4 gene among the embryos unsuccessfully genotyped for apc-1. In Table 4.5.1.3 and 

Figure 4.5.1.2 are shown the results for both apc-1 and tcf-4 genotyping.  

To analyse the effect of the tcf-4 mutation in the embryos homozygous for apc-1, a 

graphic was made showing the distribution of the tcf-4 genotype obtained within apc-1-/- embryos 

for the two categories of I-FABP expression (Fig. 4.5.1.4). As it is possible to see through this 
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Figure 4.5.1.2: Distribution of embryos stained for I-FABP within the different genotypes; the absence of 
apc-1+/+/tcf-4-/- embryos and the low percentage of apc-1 wt embryos is probably a result of the 
unsuccessful apc-1 genotyping for 23% of the embryos; number of embryos within the lay: 74. 

 
 
 

Table 4.5.1.3 : Percentage of embryos observed per genotype and 
values that should be obtained according with the Mendelian ratios, for 
the lay used in the ISH with the I-FABP marker; wt - wild-type; het – 
heterozygous; homo - homozygous. 

Genotype Embryos 

apc-1 tcf-4 % observed  
% expected 

according with the 
Mendelian ratios  

wt 2,8 6,25 
het 9,7 12,5 wt 

homo 0,0 6,25 
wt 9,7 12,5 
het 29,2 25 het 

homo 18,1 12,5 
wt 6,9 6,25 
het 15,3 12,5 homo 

homo 8,3 6,25 
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graphic, the percentage of embryos homozygous for apc-1 and simultaneously wild-type for tcf-4 

is low within the embryos that show expression of this marker, as it should be expected 

according with the results obtained in these work for the apc-1 homozygous embryos (see 

Chapter 4.4.1). Also, the percentage of embryos homozygous for both apc-1 and tcf-4 mutations 

is low among the embryos without I-FABP expression but has a significant value in the category 

of embryos showing I-FABP expression. These results suggest that there is a rescue of the Apc-

1 phenotype via the tcf-4 mutation. The 1,4% of apc-1-/-/tcf-4-/- embryos verified in the category 

without staining is most probably a consequence of the limitations of the ISH method. The ISH 

works differently in each embryo and the embryos within one lay have some variability. This 

hypothesis is supported by the existence of 1% of apc-1-/-/tcf-4+/+ embryos with normal expression 

domain when the results from Chapter 4.2.1 suggest that this embryos don’t express the 

differentiation marker I-FABP. Also, as a consequence of the relatively low number of embryos in 

this lay (74 embryos), these effects are magnified. The ISH with I-FABP marker should be 

repeated using lays with a higher number of embryos to eliminate interferences in the results 

and to evaluate the reproducibility of the data.  
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Figure 4.5.1.3 : Distribution of the apc-1-/-/tcf-4+/+, apc-1-/-/tcf-4+/- and apc-1-/-/tcf-4-/- genotypes within the 
embryos showing absence of I-FABP expression or the normal I-FABP expression domain; the low 
percentage of apc-1-/-/tcf-4+/+ embryos within the embryos showing I-FABP expression it is consistent with 
the results obtained in Chapter 4.4.1; the low percentage of apc-1-/-/tcf-4-/- embryos with absence of I-FABP 
expression and it’s higher percentage among the embryos expressing I-FABP suggests that there is rescue 
of the Apc-1 phenotype via the tcf-4 mutation, although the percentage of  apc-1-/-/tcf-4+/- is significant in 
both categories; number of embryos within the lay used: 74. 

 

4.5.2. Characterization of the pancreas phenotype i n apc-1/tcf-4 double mutants 

As with the apc-1 mutant embryos, the development of the pancreas in apc-1/tcf-4 

double mutants was accessed through ISH with the Trypsin probe. One lay of apc-1/tcf-4 double 

heterozygous fish with 58 embryos was used for the Trypsin staining. The expression domain 

described for Trypsin in wild-type embryos was detected among the stained embryos. There  
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Figure 4.5.2.1 : Dorsal (A, C) and lateral (B, D) views of 3 days old embryos after 
whole mount in situ hybridization with Trypsin; A, B – embryos with residual Trypsin 
expression; C, D- embryos with normal Trypsin expression domain.  
 

were also embryos with a residual expression of Trypsin, similar to what was seen in the apc-1 

mutants. The embryos were divided in two groups: embryos having the normal Trypsin 

expression domain and embryos with a residual Trypsin expression (Figure 4.5.2.1). To 

determine the effect of the tcf-4 mutation in the Apc-1 phenotype the embryos showing residual 

Trypsin expression were genotyped for both apc-1 and tcf-4 genes. These embryos consisted of 

24% of the total number of embryos. From these, 6,9% were apc-1-/-/tcf-4+/+ and 17,2% were 

apc-1-/-/tcf-4+/-(Fig 4.5.2.2) There were no embryos homozygous for both apc-1 and tcf-4 genes 

that showed a residual Trypsin expression. The apc-1-/-/tcf-4+/- embryos were present in a higher 

percentage than the one expected according with the Mendelian ratios. This may be a 

consequence of the fact that the ISH works differently in each embryo and that embryos within 

one lay have some variability. The low number of embryos in this lay may cause an amplification 

of this effect. The absence of apc-1-/-/tcf-4-/- embryos classified as having residual Trypsin 

expression suggests that there is rescue of the Apc-1 phenotype mediated by the tcf-4 mutation. 

This suggests specificity for Tcf-4 as a mediator of Apc-1 in exocrine pancreas tissues. 

Nevertheless, the genotype of the other embryos for the apc-1 and tcf-4 genes should also be 

determined.  

 

A B 

C D 
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Figure 4.5.2.2 : Distribution of the apc-1-/-/tcf-4+/+, apc-1-/-/tcf-4+/- and apc-1-/-/tcf-4-/- genotypes within the 
embryos showing residual Trypsin expression; the absence of apc-1-/-/tcf-4-/- embryos with residual Trypsin 
expression suggests that there is rescue of the Apc-1 phenotype via the tcf-4 mutation; number of embryos 
within the lay used: 58. 

 

4.5.3. Characterization of the liver phenotype in apc-1/tcf-4 double mutants 

The development of the liver in apc-1/tcf-4 double mutants was accessed through ISH 

with the L-FABP probe. One lay of apc-1/tcf-4 double heterozygous fish with 49 embryos was 

used. The expression domain described for L-FABP in wild-type embryos was detected among 

the stained embryos. There were also embryos with absence of expression, similar to what was 

seen with the apc-1 mutants (Fig.4.5.3.1). They comprehended 22% of the total number of 

embryos in this lay. Only the embryos without L-FABP expression were genotyped for both tcf-4 

and apc-1 genes. Once more, the tcf-4 genotyping was successful for all the embryos but only 

61% of these were successfully genotyped for the apc-1 gene. From these, 6% were apc-1-/-/tcf-

4+/+, 12,2% were apc-1-/-/tcf-4+/- and 4,1% were apc-1-/-/tcf-4-/- (Fig 4.5.3.2). Considering that it 

was possible to retrieve a significant amount of apc-1-/-/tcf-4-/- embryos within the group of 

embryos without L-FABP expression, it is possible to conclude that, unlike what seems to be the 

case for the intestine and exocrine pancreas, the tcf-4 mutation does not seem to rescue the 

Apc-1 phenotype. This may indicate that the role of Tcf-4 is specific for zebrafish intestine and 

exocrine pancreas. In this case it should be interesting to analyse the apc-1/tcf-3 double 

mutants. As shown in Chapter 4.1.2, Tcf-3 seems to be expressed in the liver, whereas Tcf-4 

expression is absent. By generating a line of apc-1/tcf-3 mutants, it would be possible to 

understand in what extend the Tcf-3 may mediate the Apc-1 action in the liver. 
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Figure 4.5.3.1:  Dorsal (A, C) and lateral views (B,D) of 3 days old embryos after whole mount in situ 
hybridization with L-FABP; A,B – embryos without L-FABP expression; C,D – embryos with normal L-FABP 
expression domain. 
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Figure 4.5.3.2 : Distribution of the apc-1-/-/tcf-4+/+, apc-1-/-/tcf-4+/- and apc-1-/-/tcf-4-/- genotypes within the 
embryos with absent L-FABP expression; Contrary to what has been suggested for the apc-1-/-/tcf-4-/- 
through the ISH using I-FABP and Trypsin, the tcf-4 mutation doesn’t seem to rescue the Apc-1 phenotype 
seen for apc-1 homozygous embryos; number of embryos within the lay: 49. 
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5. Discussion 

During the development of multicellular organisms, evolutionarily conserved signaling 

pathways are activated in a highly coordinated spatial and temporal manner to ensure the proper 

patterning of the embryo. Signaling by Wnt through Tcf/Lef is involved in developmental 

patterning, induction of neural tissues, cell fate decisions during embryogenesis and stem cell 

differentiation. Tcf/Lef proteins act and are regulated through several highly conserved domains, 

including a β-catenin binding domain that functions to activate the transcription of target genes, a 

Groucho (TLE in vertebrates) binding domain that functions to repress the transcription of target 

genes, and a DNA-binding domain. Studies on the role of the Lef/Tcf family members will 

elucidate the action of Wnt signaling in vertebrate development. The aim of this work was to gain 

further insight into the role of the Tcf transcription factors in zebrafish development. 

5.1. Expression pattern of the Tcf transcription fa ctors in zebrafish 

suggests unexplored domains of Wnt/ β−β−β−β−catenin activity 

In order to delineate the functions of Tcf-1, Tcf-3 and Tcf-4 during zebrafish 

development, analyses of the expression domains of these transcription factors were made 

through in situ hybridizations using zfTcf-1, zfTcf-3 and zfTcf-4 mRNA antisense probes. The 

expression of Tcf-1, Tcf-3 and Tcf-4 overlaps in some regions of the zebrafish embryo with 3 dpf 

and 5 dpf. All these three transcription factors are expressed in the brain (although in different 

regions of the brain), pectoral fins and in the intestine. Expression of zfTcf-1 seems to be specific 

for the thymus, olfactory pit, floor plate, caudal vein and mouth. zfTcf-3 is expressed in the liver, 

where no other zebrafish Tcf seems to be expressed. zfTcf-4 expression seems also to be 

specific for the retina. The expression domains of Tcf-1, Tcf-3 and Tcf-4 in zebrafish resemble 

the ones described for this transcription factors in mouse (Oosterwegel et al, 1993; Galceran et 

al 1999; Gregorieff, et al, 2004; Korinek et al 1998). This may constitute an evidence of how 

organogenesis is conserved among vertebrates. In this work, new expression domains were also 

suggested for Tcf-1 in the caudal vein and Tcf-3 in the intestine and liver. This suggests unique 

new roles for Tcf-1 and Tcf-3 in these tissues. Also, it demonstrates the importance of zebrafish 

in complementing work from other model organisms. 

To characterize in more detail the expression of the zebrafish Tcf-1, Tcf-3 and Tcf-4 

transcription factors, histological analysis should be done, such as plastic sections. It would also 

be interesting to analyse the expression of Lef-1 in later stages of embryonic development than 

the ones described, and investigate a possible redundancy with Tcf-1. Also, given the 

expression of Tcf-1, Tcf-3 and Tcf-4 in the intestine and the possibility of creating zebrafish triple 

mutants easily, tcf-1/tcf-3/tcf-4 triple mutants should be analysed in different stages of 

development to understand the combined role of these transcription factors in zebrafish intestine 

development. Also, the intestine of Tcf-1 and Tcf-3 individual mutants should be analysed with 

the same purpose. 
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5.2. zfTcf-1 doesn’t seem have a role in zebrafish thymus development 

nor affect larvae viability until 4 wpf 

In adult mammals Tcf-1 is involved in thymocyte differentiation, as well as related with 

the formation of intestinal neoplasms. In zebrafish, Tcf-1 has it expression described until 36 hpf. 

To characterize the role of zfTcf-1 three analyses were done. The viability of several offspring of 

tcf-1 heterozygous fish was analysed until 4 wpf. It was possible to understand that Tcf-1 is not 

essential for zebrafish development of zebrafish larvae until 4 wpf. At this time point, the 

percentage of zebrafish homozygous larvae is similar to the one expected according with the 

Mendelian ratios. A role for Tcf-1 in thymus development was also searched in zebrafish 

embryos by performing ISH with Rag-2 and Lck mRNA probes in one lay of tcf-1 heterozygous 

fish. Mice homozygous for tcf-1 present a reduction in thymocyte number as a result of a block in 

their development and a reduction in the size of the thymus. In tcf-1 homozygous embryos the 

same phenotype wasn’t observed. The decreased size of the thymus was clear in some 

embryos through the diminished or absent domain of Lck and Rag-2 expression. However, this 

reduction is not linked with the tcf-1 mutation suggesting that Tcf-1 doesn’t have a role in 

zebrafish thymus development at 4 and 5 dpf. It is possible that the differences observed among 

the embryos of the same lay are due to the effect of background mutations and with limitations 

associated with the ISH technique. Although the effect of tcf-1 mutation doesn’t seem to affect 

thymus development at 4dpf and 5 dpf, it can be relevant in later stages of development. The 

analysis of the thymus in the adult should then be done using Rag-2 and lck transgenic lines 

(Chen at al, 2007). Also, the number of thymocyte cells in each stage of thymus development 

should be counted to determine in what extend a reduction on the cell number in the thymus is 

verified. Fluorescence-activated cell sorting (FACS) should be used to determine in what stage 

of thymus development the tcf-1 mutation interferes. Also, other thymus markers could be used.  

The embryos obtained from offsprings of tcf-1 heterozygous fish presented several 

phenotypic defects. However there was no link between either of these phenotypes and tcf-1 

mutation. The phenotypes are most probably a result of other mutations present in the genome 

as a consequence of the ENU target selected mutagenesis method used. These background 

mutations can be removed by crossing the mutated fish with wild-type fish several times. After 

several outcrosses, a phenotype will predominate and the correlation with the mutation in the 

gene of interest will be possible. The analysis performed in this study should then be repeated. 

The embryos obtained from tcf-1 heterozygous outcrosses should be observed for the 

identification of a phenotype and linkage with the tcf-1 mutation. 

5.3. Depletion of tcf-1 and tcf-4 genes doesn’t lead to the same 

embryonic defects observed in mouse 

Given the known role of tcf-4 gene in maintaining the proliferation in the base of epithelial 

folds in the intervillus pockets of the zebrafish intestine (Muncan et al, 2007) similar to what was 

observed in mouse (Gregorieff et al, 2004) and the fact that the tcf-1 gene also seems to be 
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expressed in this intestine (Chapter 4.1.1), tcf-1/tcf-4 double mutant embryos offspring were 

analysed with the intend of revealing a phenotype that would result from the depletion of both 

genes. It was possible to understand that tcf-1-/-/tcf-4-/- zebrafish embryos don’t seem to have a 

phenotype that resembles the one seen in tcf-1-/-/tcf-4-/- mice embryos (Gregorieff et al, 2004). 

This phenotype is characterized by an absence of caudal structures as a result of an arrested gut 

development. Supporting this hypothesis is the fact that, in zftcf-1-/-/tcf-4-/- embryos, the domains 

of Sox2 and Barx 1 stomach markers don’t seem to show significant differences when compared 

to wt embryos (Ana Faro, personal communication). Zebrafish is stomachless. However, the most 

proximal part of the zebrafish intestine is molecularly marked as a mammalian stomach (Muncan 

et al 2007). The absence of differences in Sox2 and Barx2 expression domains within the double 

mutant embryos suggest that there aren’t changes in the domain of the “stomach like” proximal 

part of the intestine. In tcf-1-/-/tcf-4-/- mice embryos Sox2 is present throughout the stomach and 

truncated intestinal tract, implying that the gastro-intestinal tract was anteriorized and leaving the 

embryos with little or no intestine (Gregorieff et al, 2004).  An explanation for such results may 

come from the fact that Tcf-4 starts to be essential in zebrafish at later stages of development 

than the ones analyzed. According with Muncan and colleagues, the phenotypic defect resulting 

from Tcf-4 depletion is seen at 4 wpf in zebrafish, later than in mouse. (Korinek et al, 1998b). 

Another explanation may be the existence of other Tcf-3 relevant in intestine development at 3 

dpf. Tcf-3 is a candidate as it seems that is expressed in the intestine (Chapter 4.1.2)  

In zebrafish tcf-1/tcf-4 homozygous embryos several other defects were found. However, 

no relation could be established between these defects and the mutations in tcf-1 and tcf-4 

genes. There are probably several background mutations in this tcf-1/tcf-4 double heterozygous 

fish, as a consequence of the mutagenesis method used, that originate the observed phenotypes. 

  In the future, it should be interesting to analyse zebrafish triple mutants for tcf-1, tcf-3 

and tcf-4 in order to understand the combined role of these transcription factors in the intestine as 

well as further reveal the role of Tcf-3 in this organ. Also, the background mutations present in the 

tcf-1/tcf-4 double heterozygous fish line should be removed by performing several outcrosses. 

This would enable the analysis of the tcf-1/tcf-4 double mutant embryos and the identification of a 

phenotype. Histological analysis of the intestine of tcf-1/tcf-4 double mutant embryos could also 

be done as well as in situ hybridizations using caudal marker, such as the t-box 6 gene (tbx6) and 

the caudal type homeo box transcription factor genes 1 and 4 (cdx1 and cdx4), and also 

endoderm markers, such as forkhead box a1 (foxa1) to determine if there is a more subtle effect 

of the tcf-1 and tcf-4 mutations in the gut development. 

5.4. Impairment in zebrafish gut, liver and pancrea s development as a 

consequence of apc-1 depletion 

The accessory organs liver and pancreas arise from the endoderm. As they have the 

same origin as the intestine, the question of whether Apc-1 would play a similar role in these 

organs as the one attributed in the intestine was made. To characterize the development of the 

gut, pancreas and liver in apc-1 mutant embryos, in situ hybridizations were performed using 
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differentiation markers specific for these three organs. The homozygous embryos for the apc-1 

gene failed to express I-FABP, Trypsin and L-FABP. Also, these embryos appeared to have 

some problems in their development. Within one cross, the homozygous embryos seemed 

younger than their siblings. These phenotypes lead to the hypothesis that there could be a 

general delay in the development of these embryos. However, apc-1 mutants didn’t show 

differences in the Insulin expression domain, eliminating this hypothesis. This leads to suggest 

that the cells in the intestine, liver and pancreas of apc-1 mutants failed to differentiate. This 

hypothesis is in agreement with the role of Apc-1 as a negative regulator of the Wnt signal 

transduction cascade. Apc-1 promotes cell differentiation by avoiding β−catenin accumulation in 

the cytoplasm and its subsequent translocation to the nucleus where it binds Lef/Tcf transcription 

factors (reviewed by Senda et al, 2007).  The results obtained are also consistent with what was 

observed in previous studies for Apc-1 and retinol dehydrogenase L (RDHL) in zebrafish 

development (Nadauld et al, 2004; Nadauld et al, 2005). In these studies, APC mutants and Apc-

1 and zfRDHL morphants developed intestinal tubes normally. However, these embryos failed to 

express I-FABP. Also, the endodermal cells present in the APC mutants and morphants gut and 

also zfRDHB morphants gut at 96 hpf appeared more characteristic of cells present in wild type 

embryos at 72 hpf. These cells remained cuboidal rather that columnar (Nadauld et al, 2004; 

Nadauld et al, 2005). The phenotype seen for the exocrine pancreas resembles the one seen in 

zfRDHL moprhants. In zfRDHL moprhants, exocrine pancreas failed to differentiate. The results 

obtained in this work suggest that the Wnt pathway mediated by Apc-1 is also essential for the 

differentiation of accessory organs derived from the endoderm, such as liver and exocrine 

pancreas.  

To understand if the apc-1 heterozygous embryos express I-FABP, Trypsin and L-FABP 

mRNA equally to wt embryos or if there is a difference in the differentiation of this organs 

between wt and heterozygous embryos, it would be necessary to carry out other experiments, 

such as quantitative RT-PCR’s, time-course whole mount in situ hybridization in different days of 

development. Histological sections should also be made form liver, intestine and exocrine 

pancreas of apc-1 mutants to further characterize these phenotypes. Other experiments should 

be done, using markers for earlier stages of development in order to determine whether this 

possible specific role of Apc-1 in the liver and exocrine pancreas is seen only after the 

determination of the fate of hepatic and pancreatic cells or if the precursors of the liver and 

endocrine pancreas are also affected by Apc-1 depletion. Examples of such markers are 

hematopoietically expressed homeobox (hhex; liver and pancreas primordium) and pancreatic 

and duodenal homeobox 1 (pdx1; pancreas primordium). Also, somatostatin 1 (sst1) and cdx4 

(personal communication by Ana Faro) should be used in ISH in apc-1 mutants to determine if 

Apc-1 as a role in other cells of the exocrine pancreas rather than the Trypsin-expressing cells. A 

relation between the role of retinoic acid in liver and pancreas development could also be 

searched in future experiments.  
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5.5. Tcf-4 loss seems to rescue the Apc-1 phenotype  in the intestine and 

exocrine pancreas 

Loss of Apc-1 leads to the nuclear accumulation of β−catenin in the cytoplasm, which 

constitutively binds to Tcf-4, leading to uncontrolled proliferation and absence of differentiation. 

apc-1 homozygous embryos failed to express differentiation markers, not only for the intestine, 

but also for pancreas and liver, which suggests that Apc-1 depletion leads to an arrest in cell 

differentiation in these organs. ISH using embryos from apc-1/tcf-4 double heterozygous 

zebrafish incrosses showed that the homozygous embryos for apc-1 and tcf-4 genes express 

both I-FABP and Trypsin. This means that, in these double mutants, the cells of the intestine and 

pancreas are able to differentiate. It seems then that tcf-4 mutation rescued the phenotype 

caused by the loss of Apc-1 in the exocrine pancreas and intestine. These results are in 

agreement with the known role of c-Myc as a target gene of Tcf-4 action. C-Myc rescues the 

Apc-1 phenotype and is a target o Tcf-4 action (Sansom et al, 2007). The rescue of Apc-1 

phenotype through Tcf-4 depletion consist in one more evidence for the role of Tcf-4 as a 

mediator of Apc-1 effects in the Wnt signaling cascade and reveals an unknown role for Tcf-4 in 

exocrine pancreas differentiation in zebrafish. The rescue of Apc-1 phenotype through Tcf-4 

depletion seems to be specific for the intestine and exocrine pancreas, but not for the liver. All 

the homozygous embryos for apc-1 failed to express the L-FABP marker, independently of their 

tcf-4 genotype. A rescue of the Apc-1 phenotype in the liver through tcf-4 loss doesn’t seem to 

occur. A transcription factor rather than Tcf-4 may be involved in liver differentiation. As shown in 

Chapter 4.1.2, Tcf-3 seems to be expressed in the liver, whereas Tcf-4 expression is absent. In 

this case it should be interesting to analyse the apc-1/tcf-3 double mutants to see in what extend 

Tcf-3 may be a mediator of Apc-1 effects in liver differentiation. The rescue of Apc-1 phenotype 

through Tcf-4 depletion consist in one more evidence for the role of Tcf-4 as a mediator of Apc-1 

effects in the Wnt signaling cascade and reveals an unknown role for Tcf-4 in exocrine pancreas 

development in zebrafish. It should be also interesting to analyse zebrafish apc-1/tcf-1 double 

mutants to understand the role of Tcf-1 in zebrafish development. 

In future experiments, histological sections should be made to further characterize the 

apc-1/tcf-4 phenotype in intestine, liver and exocrine pancreas. Also in this case, markers for 

early developmental stages could be used for the same reasons mentioned above, as well as 

markers for other pancreatic cells. 
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5. Conclusions 

 

The major aim of this project was to understand the role of the different members of the 

Tcf family of transcription factors in later stages of zebrafish embryonic development. Also, this 

work intended to contribute for the establishment of the zebrafish as a model to study the 

vertebrate development and disease.  

 

The use of zebrafish to study the importance of Tcf-1, Tcf-3 and Tcf-4 in embryonic 

development revealed new expression domains for Tcf-3 in the intestine and in the liver and for 

Tcf-1 in caudal vein. The facility in generating zebrafish mutants and obtaining progeny allowed 

the use of tcf-1, tcf-4 and apc-1 single mutants as well as tcf-1/tcf-4 and apc-1/tcf-4 double 

mutants to study the role of these transcription factors in early development. An until now 

unknown role for Tcf-4 as a prominent mediator of Wnt signalling in the exocrine pancreas is 

suggested in this work. Also, Tcf-4 revealed to be tissue specific as it is expressed in the intestine 

and pancreas but not in the liver. The possibility and facility of having zebrafish triple mutants will 

allow the study of a combined role of Tcf-1, Tcf-3 and Tcf-4 in the intestine, which is not easily 

done in mouse. 

 

The advances in understanding how deregulation of Wnt signaling occurs provide a solid 

platform from which to launch drug development programmes targeting the inhibition of this 

pathway in cancer. Aberrant Tcf-β−catenin activity is considered to drive cancer formation by 

altering expression of a limited set of target genes controlling cell proliferation, differentiation and 

apoptosis. Drugs could be develop that would block this aberrant activity leading to the 

reestablishment of normal cell proliferation and differentiation. 
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Supplementary Data 
 

Stages of embryonic development of the Zebrafish 

The zebrafish egg is about 0,7mm in diameter with the cytoplasm and nucleus at the 

animal pole, sitting upon a large mass of yolk. The fertilization occurs at the animal pole and the 

newly fertilized egg is I the zygote period until the first cleavage occurs, about 40 min after 

fertilization. The first five cleavages are vertical and the first horizontal cleavage gives rise to the 

64-cell stage about 2 hours after fertilization (hpf). The cleavages are meroblastic, as they don’t 

extend into the yolk, and result in a mound of blastomeres perched above it. They are also 

discoidal, since only the cytoplasm of the blastodisc becomes the embryo. The zebrafish embryo 

develops then as a cup-shaped blastoderm sitting on top of a large yolk cell. During the blastula 

period, the embryo enters the mid blastula transition (MBT). The MBT is characterized by the 

beginning of zygotic gene transcription, the slow down of cell division and the cells become to 

move. There is also the formation of the yolk syncytial layer (YSL) and the enveloping layer 

(EVL) The YSL is an extraembryonic layer formed by the fusion of the cells at the vegetal edge 

of the blastoderm with the underlying yolk cell. It is important for directing some of the cell 

movements of gastrulation. The EVL is made up of the most superficial cells of the blastoderm, 

which form an epithelial sheet a single cell layer thick. The EVL eventually becomes the 

periderm, an extraembryonic protective covering that is sloughed off during later development. 

Between the YSL and the EVL there is a third deep layer of cells which give rise to the embryo. 

At late blastula (4 hpf), the epiboly stage is the thinning and spreading of both the YSL and the 

blastodisc over the yolk cell. Gastrulation then begins with the prospective endodermal and 

mesodermal cells of the deep layer turning inward at the margin of the blastoderm. These cells 

migrate toward the future dorsal side, the tissue converging toward the midline of the embryo 

and extending at the same time as the embryo elongates in an anterior-posterior direction. The 

future mesoderm and endoderm come to lie beneath the ectoderm. By 9 hours, the notochord 

becomes distinct, and gastrulation is complete by 10 hours. Neurulation and somite formation 

then follows. Over the next 12 hours the embryo elongates and the rudiments of the primary 

organ systems become recognizable. Somites appear anteriorly at about 10 hours, and new 

ones are formed at intervals of initially 2 and then 3 hours. By 18 hours, 18 somites are present. 

The nervous system develops rapidly. Optic vesicles, which give rise to the eyes can be 

distinguished at 12 hpf and by 18 hpf, the body starts to twitch. At 48 hours, the embryo hatches 

and the young fish begins to swim and feed. 
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Adapted from Kimmel et al, Stages of Embryonic Development of the Zebrafish, Developmental 
Dynamics, 1995, 203, 255-310 
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Drawings adapted from Hafter e tal, The identification of genes with unique and essential 
functions in the development of the zebrafish, Danio rerio, Development, 1996, 123, 1-36. 
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