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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. 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. Also, it was possible to define a role for Apc-1 liver and exocrine 

pancreas in zebrafish embryos with 3dpf, contrary to a not so specific role in endocrine pancreas differentiation. 
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Introduction :  

The Wnts comprise a large family of highly conserved growth factors that are responsible for important 

developmental and homeostatic processes throughout the animal kingdom. These include developmental patterning, 

induction of neural tissues, generation of cell polarity, cell fate decisions during embryogenesis, stem cell differentiation 

and adult tissue homeostasis1,2. 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 diseases4,5. Research into the mechanisms that control these signalling cascades provides not only a 

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

therapeutic benefit1. Currently, three different pathways are believed to be activated upon Wnt receptor activation. Of 

these three, the canonical pathway is best understood and is the subject of study in this paper. 

Canonical Wnt Signaling : The defining event in canonical Wnt signaling is the cytoplasmic accumulation of β-

catenin and its subsequent nuclear translocation and activity. Wnt proteins activate responding cells by interacting with 

the seven transmembrane receptors Frizzled (Fz) and the single transmembrane protein LRP. The Fz and the LRP 

proteins form a complex that, once bond to their ligands, activates the canonical signaling pathway. Fz interacts with 

the cytoplasmatic protein Dishevelled (Dsh) which blocks the function of a destruction complex composed by the tumor 

suppressor protein Axin, the tumor suppressor protein APC and two kinases, CK1 and GSK3. In the absence of Wnt 

signaling, the scaffolding proteins APC and Axin sequester β-catenin allowing CK1 and GSK3 to sequentially 

phosphorylate this molecule. Phosphorylated β-catenin is then recognized by the F-box-containing protein TrCP, which 

mediates its ubiquitination and subsequently degradation in proteasomes. In the presence of Wnt signaling, the 

destruction complex is blocked and β-catenin accumulates in the cytoplasm and is translocated to the nucleus, where it 

binds to the N-terminus of Lef/Tcf (lymphoid enhancer factor/T cell factor) transcription factors. 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. 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. 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 D11,2. 

Lef/Tcf transcription factors:  The proteins from the of Lef/Tcf family are sequence-specific DNA binding 

transcription factors highly conserved through evolution. The first lef/tcf gene to be identified was tcf-1 in 19915. Since 
then, many other transcription factors have been described. In mammals, chicken and Xenopus, four members of the 

family have been identified: T-cell factor-1 (Tcf-1, which has since been renamed Tcf-7 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 
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and Tcf-46,7. Over the years, these Lef/Tcf family members have been a target of attention of several research groups 

and most extensively characterized in Drosophila, Xenopus and mouse. A crucial role for Tcf-1 in the development of T-

cells8 was revealed as well as a tumour suppressor role in the gut and mammary glands9. The Lef-1 expression in adult 

mammals is observed in T-cells and early B-cells10. 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 glands11. A redundancy has been attributed to the role of 

Lef-1 and Tcf-110. 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 mice12. tcf-4 homozygous mice die at birth due to a 

loss of epithelial stem cells in the small intestine. Tcf-3 was shown to be involved in governing stem cells features and 

cell fate determination in skin13 and it seems that is expressed in thymus cells too14. Recently, a characterization of 

these transcription factors has been done in zebrafish7,15,16,17. zfTcf-3 transcription factor has been reported as essential 

in vertebrate head formation and patterning15. zfTcf-4 as role in the proliferation of the cells located in the base of 

epithelial folds in the intervillus pockets of the zebrafish intestine17. zfLef-1 is expressed in multiple tissues during 

embryonic development, including the central nervous system18 (CNS). Removal of maternal and zygotic zflef1 function 

using a translation blocking morpholino oligonucleotide (MO) results in tail truncations, paraxial mesoderm defects and 

abnormal brain development19, suggesting a necessary maternal contribution or a unique role of zygotic lef1 in 

zebrafish. From zfTcf-1 it is known that its expression overlaps with zfLef 1 expression maternally 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 

regions7. 

Zebrafish as a model for vertebrate development: In recent years, the teleost fish Danio rerio, known as the 

zebrafish, has been receiving increasing attention as a model for studying vertebrate development. Zebrafish offer 

several advantages to the study of developmental biology. These fish are small and produce 100-200 offsprings each 

week (which allows the production of numerous animals for experimentation), they have external fertilization and the 

embryos are transparent (allowing direct visualization of development) and it is easy to administer water-soluble drugs 

and chemicals and to do large-scale forward mutagenesis studies20, 21, 22. 

The major aim of this work was to gain further insight into the role of the different Tcf factors in the development of 

zebrafish intestine, pancreas and liver. For that, the expression patterns of zfTcf-1, zfTcf-3 and zfTcf-4 were determined 

in 3 dpf and 5 dpf wt embryos. Also, experimental evidence for Tcf-4 as the most prominent effector of Wnt signalling in 

pancreas and liver development 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. 
 

Results 

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 

development7, 23. Zebrafish Tcf-4 expression is described until 3 dpf16. 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 Tcf-1, Tcf-3 and Tcf-4 antisense 

mRNA probes.  

Tcf-1 expression pattern:  As shown in Figure 1.i, 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. 1.i), and in the 

anterior and mid part of the intestine (Fig. 1.i.A). At 5 dpf, zfTcf-1 continues to be expressed in the midbrain and 

hindbrain, pectoral fins, thymus, intestine epithelium and branchial arches (Fig. 1.ii). At this stage, there is also a strong 

expression in the olfactory pit (Fig. 1.ii.D), floor plate (Fig. 1.ii.C), caudal vein (Fig. 1.ii.C) and mouth (Fig. 1.ii.D). The 

expression in some of these regions is similar to those described for mice embryos 24, 10 and Xenopus tropicalis 

embryo25. The expression domain of Tcf-1 in the intestine is seen both in mouse11 and zebrafish embryos (Fig. 1.i.A 

and 1.ii.C), although in zebrafish it is essentially located in the anterior and mid part of the intestine, while in 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 for Tcf-1 in Xenopus in this process26. When looking to Figure 1.i.A, 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 hpf7, the results obtained in this work seem 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. Until 36 hpf, no expression is seen in these regions. Also, according with the results obtained, no Tcf-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. 
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Figure 1 : Whole mount in situ hybridization analysis of Tcf-1 mRNA expression in 3 dpf (i) and 5 dpf (ii) zebrafish embryos; i - 
A – dorsal view; B – lateral view; expression is seen in the thymus (black arrows in view B), 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; ii - C – lateral view; D – 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. 
 

 
Figure 2 : Whole mount in situ hybridization analysis of Tcf-3 mRNA expression in 3 dpf (i) and 5 (ii) dpf zebrafish embryos; A – 
dorsal view; B – lateral view; i - 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 ii -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) 
 

 

 

 

 

 

Tcf-3 expression pattern:  From the ISH performed in wild-type embryos with 3 dpf using zfTcf-3 mRNA as a 

probe (Fig. 2.i) 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 dpf23. 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  

Figure  3: Whole mount in situ hybridization analysis of Tcf-4 mRNA expression in 3 dpf (i) and 5 dpf (ii) zebrafish 
embryos; lateral views are shown; i - 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); ii  - 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). 
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reported to be expressed ubiquitously27. In mouse, this expression gradually disappears until it is completely absent at 

E10.5 27. The expression seen in the zebrafish brain at 3 dpf is also consistent with the known role of zfTcf-3 in 

vertebrate head formation15. zftcf-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 repressor, although loss of murine Tcf-3 results in early gastrulation defects that are different from the 

post-gastrulation headless phenotype caused by knockdown of zebrafish hdl28. 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 mouse29. Indeed, mTcf-3 was 

detected in the differentiated cells of the perinatal villi, being a candidate effector of Wnt signaling in this region.   

Tcf-4 expression pattern:  In 3 dpf embryos, zfTcf-4 expression is demarked in the telencephalon, diencephalon, 

otic tectum and hindbrain (Fig. 3.i). 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 and in the intestine (Fig. 3.i). The expression of zfTcf-4 the intestine is expected, as it was 

described to start at 3 dpf16. From 3 dpf to 5 dpf, the zfTcf-4 expression doesn’t seem to change, as it can be seen in 

Figure 3.ii. 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 

embryogenesis27. 
 

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 endoderm32. Previous studies had demonstrated that apc-1 mutants lacked wt characteristics like 

developing villi, I-FABP expression and columnar epithelial cells31,49 , and that apc-1 heterozygous adult fish have 

intestinal, hepatic and pancreatic adenomas where most of the cells are proliferating, contrary to what is seen in wild-

type fish30. These facts lead to the question if Apc-1 plays the same role in pancreas and liver. 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 (ISH) were made using specific differentiation markers 

for these organs. 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 accordingly1. 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. Genotyping for the apc-1 mutation was then performed through PCR 

followed by sequencing and location of the mutation within the sequence. A relation was then searched within the data 

obtained.  

Characterization of the gut phenotype in apc-1 mutants:  In situ hybridizations where performed on one lay of 

174 embryos with 3 dpf, obtained by crossing apc-1 heterozygous fish and 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 

process33,34. I-FABP mRNA expression domain in zebrafish is known to be restricted to the intestine33. It is clearly 

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. At 3 dpf, I-FABP is strongly expressed in the 

intestinal tube that has begun to differentiate as a columnar epithelium34. Among the embryos analysed, the normal 

expression pattern was found, but also an absence of expression was observed in some embryos (Figure 4.i). The 

embryos where divided in two categories: with normal expression domain and without expression. From the 174 

embryos analyzed, the genotyping worked for 132 embryos were 27% were wt, 56% were heterozygous and 17% were 

homozygous. The data obtained from these two approaches (ISH and genotyping, see Fig 4) was represented in a 

graphic where it is possible to see that a large percentage of embryos without staining where homozygous. The 

embryos that showed expression of I-FABP were either wt or heterozygous. Once it is quite obvious that the great 

majority of homozygous embryos falls into the classification ‘without expression’ (83% of the total number of 

homozygous embryos), it is possible to say that the embryos where I-FABP mRNA expression is absent were apc-1 

homozygous. This absence of IFABP expression suggests that the loss of apc-1 leads to an arrest in intestine 

differentiation. To understand if the siblings express I-FABP mRNA equally or if there is a difference between wt and 

heterozygous, it would be necessary to carry out other experiments, such as quantitative RT-PCR’s, time-course whole  

                                                 
1 The expression domain seen in the wt embryos for the markers used in this work will be referred 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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Figure 4 : i - Dorsal (A and C) and lateral (B and 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; ii -  Distribution of 
the genotypes obtained for the embryos stained with I-FABP, per category, considering two categories (normal expression 
domain and without expression); apc-1 homozygous embryos don’t show expression of I-FABP mRNA; number of embryos 
within the lay used: 174.  
 

 

 
 
Figure 5: i - 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; ii - Distribution of the 
genotypes obtained for the embryos stained with Trypsin, per category, considering two categories; the embryos with residual 
Trypsin expression were clearly homozygous for apc-1; number of embryos within the lay used: 89. 
 

mount in situ hybridization in different days of development followed by plastic sections, both sagital and transversal, in 

order to assay if there is any delay in development of heterozygous when compared with wild-type embryos.  

Characterization of the pancreas phenotype in apc-1 mutants:  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 single pancreatic islet. By 72 hpf, 

Trypsinexpression domain is located on the right side of the zebrafish embryo, dorsal to the gut tube, coinciding with 

exocrine pancreas position35. Insulin expression becomes apparent at 16 hpf35. The insulin-positive cells actively 

migrate posteriorly and converge medially36. 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. There were no embryos without staining within this lay. All embryos showed Trypsin expression. There 

were two distinct differences between the stained embryos, which lead to a division in two categories: normal 

expression domain and residual expression (Fig. 5.i). The embryos with residual Trypsin expression showed only a 

pointy staining in the midline above the yolk. 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. From the statistical 

analysis (Fig. 4.ii), and similarly to the non-I-FABP-stained embryos, it is possible to see that the embryos with a 

weaker and almost absent Trypsin mRNA expression were clearly the homozygous ones. Both wt and heterozygous 

siblings express the Trypsin marker and they are present in similar percentages among the other category (normal 

expression domain). It is 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. 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 (data not shown). This  
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Figure 6 : 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; ii  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. 
 

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.  

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. L-

FABP is thought to play a pivotal role in the intracellular binding and trafficking of fatty acids in this organ. 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. The L-FABP mRNA is first weakly detected in the liver of zebrafish embryos between 36 and 

48 hpf, depending on the zebrafish strain37,38. At 48hpf, the approximate time when the liver budding process is 

complete, L-FABP transcripts are easily detected and become abundant in the liver of 5-day-old larvae37. The embryos 

obtained from one lay of one couple of apc-1 heterozygous fish were then stained for this marker. Two categories were 

established: normal expression domain or without expression (Fig. 6.i). 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 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 6.ii), 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.  
 

 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 

development30,31,16,17. Tcf-4 is the most prominent Tcf factor expressed in zebrafish gut16,17 and was also shown to be 

regulated by Apc-144. 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 fertilization17. c-Myc, identified as being one Tcf-4 target gene39, 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 growth39. Studies in Apc-

1/Myc deficient mice showed that loss of Myc rescues the phenotypes that occur with Apc-1 deletion40. Given this 

studies and knowing the role of Apc-1 revealed by the results presented previously, 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.  

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. 

Among the embryos analysed, 80% showed the expression domain described for I-FABP in wild type embryos and  
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Figure 7: i - 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; ii - 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. 

 

 
Figure 8: i - 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. ii  - 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. 

 

 
 
Figure 9:  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; ii - 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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compared with the apc-1 homozygous embryos. Two categories were established according with what was observed: 

embryos with normal I-FABP expression domain and embryos without I-FABP expression (Fig. 7.i). 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 
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embryos are viable and develop normally during the first 4 weeks of life17. As it is possible to see through Figure 7.ii, 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. 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 are 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 presented above 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, 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.  

Characterization of the pancreas phenotype in apc-1/tcf-4 double mutants:  The development of the exocrine 

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 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 8.i). 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 8.ii). 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. This experiment should be 

repeated to account for the reproducibility of the results.  

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 from 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. 9.i). 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. 9.ii). 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 can be 

suggested 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 in the liver. 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 previously, 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. 
 

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. 

Expression pattern of the Tcf transcription factors  in zebrafish suggests unexplored domains of Wnt/ ββββ-

catenin activity In order to delineate functions for Tcf-1, Tcf-3 and Tcf-4 during zebrafish development, analyses of the 
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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 Tcf-1 seems to be specific for the thymus, 

olfactory pit, floor plate, caudal vein and mouth. Tcf-3 is expressed in the liver, where no other zebrafish Tcf seems to 

be expressed. Tcf-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 these transcription factors in mouse24,10,11,12. 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. 

Impairment in zebrafish gut, liver and exocrine pan creas 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 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. Indeed, 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 

development31,43. 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 columnar31,43. 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.  
Tcf-4 loss seems to rescue the Apc-1 phenotype in t he 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 exocrine 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 exocrine pancreas are able to differentiate. It seems then that tcf-4 
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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 phenotype40 and 

is a target of Tcf-4 action. 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. Another transcription factor rather than Tcf-4 may be involved in liver differentiation. 

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.  

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. 
 

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 in obtaining 

progeny allowed the use zfapc-1 single mutants as well as and zfapc-1/zftcf-4 double mutants to study the role of the 

Tcf-4 transcription factor during 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 rescued the 

Apc-1 phenotype seen in the intestine and the exocrine pancreas but not in the liver. 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. 
 

Materials and Methods 
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Fish maintenance: 
The fish were maintained as described in The Zebrafish Book. 
 
Whole-mount in situ hybridization : 
Embryos were fixed overnight in 4% paraformaldehyde in phosphate 
buffer. Whole-mount in situ hybridizations were performed on embryos 
as described previously (Diks et al, 2006) using antisense mRNA 
probes. 
 
Genotyping : 
The genotyping for the apc-1, tcf-1 and tcf-4 genes was performed as  

described previously (Hurlstone et al, 2003; Muncan et al 2007). 
 
Antisense mRNA probes: 
The Tcf-1 was generated form a clone offered by the Zivkovic Group 
(Hubrecht Laboratory). The Tcf-4 and the IFABP probes were a gift 
from Vanesa Muncan and Adam Hurlstone, respectively (Hubrecht 
Laboratory). The Tcf-3 probe was generated by cloning from total 
cDNA. The Lck, Rag-2, LFABP, Trypsin and Insulin probes were 
generated from clones ordered to the Image Consortium, having the 
following ID numbers, respectively: IRBOp991D1276D, 
IRAKp961O19260Q, IMAGp998A0514508Q, IMAGp998A0117157 
and IMAGp998A0514508Q. 
 


