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“Pedras no caminho? 
Guardo todas... Um dia vou construir um castelo!”

“Stones on the road?
I save every single one of them... One day I will build a castle!”

- Fernando Pessoa -
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CHAPTER 1
Endoderm development,  

from patterning to organogenesis, 
along the anterior-posterior axis
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Abstract

Specification of regional identities along the primary body axis, demarked by the ex-
pression of specific sets of genes, is a synapomorphy of the animal kingdom. Setting 
up the primary embryonic axis is the starting point of pattern formation and is a pre-
requisite for all successive steps of embryogenesis, including cell lineage allocation 
and tissue differentiation.  
The anterior-posterior (AP) axis is a key feature of the bilaterian body plan and is set 
by discordant molecular signals present in the anterior and the posterior pole of the 
embryo. Despite initial gross architectural differences between early embryos of dif-
ferent vertebrate species, the basic signaling mechanisms that control cell lineage 
allocation and axis patterning during embryogenesis, such as the Wnt, transforming 
growth factor-β (TGFβ) and fibroblast growth factor (Fgf ) pathways, are highly con-
served. 
Over the past 30 years, the zebrafish has become a powerful model system to unravel 
vertebrate development, physiology, and disease mechanisms. The accessibility and 
optical clarity of the embryos, coupled with powerful in vivo imagining techniques 
and elegant cell manipulation and transplantation assays have opened new avenues 
to the understanding of endoderm development in an in vivo context. 
Here we will focus on the molecular events governing the AP patterning, regionaliza-
tion and subsequent organogenesis from endoderm, with a particular regard to the 
zebrafish model. 

1.1. Patterning your way through endoderm development

1.1.1. Establishment of AP asymmetries prior to and during gastrulation
Gastrulation entails a set of morphogenetic processes where the precursors of the 
three primary germ layers – endoderm, mesoderm and ectoderm – are repositioned 
from the surface of the blastula and are molded into a body rudiment with a defin-
able axis of asymmetry.
The endoderm is the most internal primary germ layer and forms the lining of the 
digestive tract and associated glands. Development of the vertebrate endoderm 
derived organs occurs in a complex stepwise process and relies on a timely and spa-
tially ordered integration of several morphogenic and instructive signaling events. In 
a relatively narrow window of time – in the case of zebrafish development, as narrow 
as only a few hours – a fairly indistinctive flat endodermal sheet undergoes major 
regionalization, cell differentiation and morphogenic events to give rise to a variety 
of organs displaying distinctive shapes and functions, such as the pancreas, the liver 
and the intestine. 
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The digestive system of vertebrates displays an obvious anterior to posterior ar-
rangement of organs and cell types, culminating in highly regionalized physiological 
functions. AP patterning of endoderm is initiated at gastrulation when different co-
horts of anterior and posterior endodermal precursor cells ingress at different times 
and activate a different genetic program accordingly. Some patterning events take 
place prior to gastrulation. Fate mapping experiments in frog, chicken, mouse and 
zebrafish help us understand the correlation between organ formation in later stages 
of the development and the position of individual blastomeres prior to the onset of 
gastrulation (Figure 1). 
In frog, chick, mouse and zebrafish the first endoderm precursors to involute during 
gastrulation will form the anterior-most structures, while the last will occupy more 
caudal positions. In zebrafish, dorsal-most cells will give rise to the most anterior 
endodermal structures (such as the pharynx), lateral cells will give rise to the diges-
tive organs and cells located further away from the shield will later arise in posterior 
structures, as the intestine1.
Although individual blastomeres adopt particular fates that are predictable based on 
their positions at the early gastrula stage, the system comports a certain amount of 
plasticity, which is maintained at somite stages and even later, when organ primor-
dial can be delineated.

1.1.2. Gut tube morphogenesis
The metamorphosis of endoderm from a 2-dimensional sheet into a 3-dimensional 
tube occurs after gastrulation. The migratory path of endodermal cells since the on-
set of gastrulation until the formation of a gut tube, as this is likely to influence the 
permissiveness of cells to signaling events in their new environment. The morpho-
genic movements preceding the formation of a gut tube vary amongst vertebrate 

Figure 1. Fate maps of (a) zebrafish,  (b) Xenopus, (c) chick and (d) mouse showing the lo-

calization of the endoderm and mesoderm progenitors in early gastrula stage embryos. 

(Adapted from 153).
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models. Nevertheless, they share many common features, which suggests that as-
pects of gut tube morphogenesis are evolutionarily conserved. 
In amniotes, the gut tube forms from the folding of the two-dimensional endo-
dermal sheet and extension of its two ends – the Anterior Intestinal Portal (AIP)  
and the Caudal Intestinal Portal (CIP). The posterior migration of the AIP and the ante-
rior migration of the CIP close the primitive gut tube. As a consequence, cells initially 
located anteriorly will now form the ventral portion of the gut tube, rostral to the yolk 
stalk. Conversely, those originally located in the posterior end of the endoderm can 
be found populating the caudal portion of the ventral gut tube2,3. 
Gut tube formation in fish is distinct from vertebrates, which might be reflective of 
their evolutionary distances. The most important difference is that endodermal cells 
converge on to the dorsal midline to form a rod and the gut lumen is then formed 
by cavitation4,5. As a result of the morphogenic movements during gastrulation, en-
dodermal progenitors form a sparse layer of cells on the ventral-most side at the 
onset of somitogenesis. These cells then move medially to form a solid rod that will 
be identifiable in the midline by 20 hours post-fertilization (hpf ) 6 (Figure 2). Not only 
their AP coordinates, but also their position in relation to the midline, determinates  
which fate an endodermal cell will later acquire7,8. 

1.1.3. Regional patterning and specification of the primitive gut tube at 
early somitogenesis
Segmentation of the endoderm into the broad territories of organ primordia  occurs 
between gastrulation and somitogenesis, and prefigures the gross anatomy of the 
developed digestive tract. These patterning events are critical to the development 

Figure 2. Early steps of endoderm morphogenesis visualized by endoderm-specific gene 

expression between 50% epiboly and 24 hpf. (A) At 50% epiboly, bon is expressed by the mesen-

doderm in the marginal zone. At this stage, endodermal and mesodermal cells are still intermingled. 

(B) At 90% epiboly (9 hpf ) sox17 is expressed by endodermal cells which display a characteristic 

salt-and-pepper distribution. (C) The endoderm extends along the anterior-posterior axis in a broad 

domain directly overlying the yolk, as visualized by foxA1 expression at the 10-somite stage (14 hpf ). 

(D) By 24 hpf, the posterior endoderm has moved to the midline to form a solid rod. In the anterior 

domain, foxA1 is expressed by the pharyngeal endoderm (arrowheads). (A) Lateral view with dorsal 

to the right. (B–D) Dorsal views with anterior to the top. (Adapted from 6).
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of the adult digestive system, as they provide the scaffolding upon which the elabo-
rate cytoarchitecture of the alimentary tract and associated glands takes shape. Over 
the past years a great body of work has demonstrated that the post-gastrulation 
regionalization of the endoderm along the AP axis is controlled by reciprocal  
inter actions with mesodermal tissues. Organ formation, tissue morphogenesis and 
lineage choices are tightly regulated, both temporally and spatially, by a specific  
cocktails of growth factors such as Fgf, bone morphogenetic protein (BMP), Retinoic 
Acid (RA), Wnt, Hedgehog and Notch. These signaling pathways are used reiteratively 
and play multiple stage-specific roles during endoderm organogenesis. 
Early AP patterning in the gut tube leads to the specification of three major domains: 
foregut, midgut and hindgut. A specific molecular signature of transcription factors, 
crucial for regional distinctiveness, can be attached to each of these domains and 
is conserved amongst vertebrates3. The anterior portion of the gut tube expresses 
Hematopoietically expressed homeobox1 (Hhex1), SRY(Sex determining region Y)-box 2 
(Sox2) and Forkhead box A2 (FoxA2) transcription factors, whereas the posterior gut tube   
ex presses Caudal type homeobox (Cdx) genes. The Pancreatic duodenal homeobox 1 
gene (Pdx1) is expressed in the foregut-midgut boundary that gives rise to the pan-
creas and duodenum (Figure 3)9-14. At presomitic stages there is no intrinsic region-
alization of the endoderm, but the embryonic environment will later impinge it. 
The existence of an instructive gradient of mesoderm-derived signaling along the 
anterior posterior axis was observed in the 1960s by Nicole Le Douarin, when she 
noted that grafting liver primordium to a more posterior region within the endo-
derm would result in impaired liver development. Interestingly, the more posterior 
the graft, the fewer liver epithelial cords developed15, 16.
Gene targeting experiments have elucidated several signaling pathways that are 
important for endoderm regionalization along the rostro-caudal axis. Thus far, they 
appear to be very similar to the mechanisms of AP patterning of the neurectoderm, 
which involve Fgf, Wnt and RA signals from the surrounding tissues17. The presump-
tive gut tube territories are defined as the result of the cross talk between endoderm 
and mesoderm and mirror the regionalization found in mesodermal tissues at the 
same time-point. The mesectoderm seems to have an instructive role in patterning 
the endoderm, rather than acting permissively in reinforcing a pre-existing pattern. 
In the absence of the patterned lateral plate mesoderm the endoderm retains a na-
tive state, which means that endoderm fate is still labile at this time point18-20. During 
gastrulation and early somite stages, mesodermal Fgf4, Wnt, RA and BMP signals pat-
tern the naïve endoderm, imposing upon it hindgut identity and actively repressing 
foregut fate in the posterior-most domains (Figure 3). 

Fgf
In mouse and chick, mesodermal Fgf4 induces posterior fates by promoting the 
expression of Pdx1 and Cdx genes and while suppressing anterior endoderm fates 
(Hex and FoxA2), hereby creating the anterior-posterior dichotomy. Fgf4 patterns the 
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endoderm in a temporal and concentration-dependent manner. Increasing levels 
of Fgf4 correlate with progressively induced posterior fates in endodermal cells21-23. 
Inhibition of Fgf signaling at late gastrulation results in an expansion of the expres-
sion domain of Hex and loss of Pdx1; inhibiting Fgf signaling at somite stages results 
in reduced anterior Pdx1 and Cdx expression and AP gene expression boundaries are 
disrupted23, which is indicative of a stage-specific requirement for Fgf signaling dur-
ing endoderm patterning. Later on, Fgf signals from the cardiomyocytes are essential 
for liver formation24, being required to promote Hex expression while repressing Pdx1 
expression25.

Wnt
The Wnt signaling pathway also acts as a caudalizing factor in this context, with sev-
eral soluble Wnt signals being expressed in the tailbud of developing embryos and a 
gradient of Wnt activity being set caudal-rostrally26, 27. In amphibians and fish, canoni-
cal high Wnt signaling is both necessary and sufficient to promote hindgut develop-
ment while inhibiting a foregut character in the posterior portion of the gut tube28, 29. 
Furthermore, the expression of secreted Wnt-antagonist in the foregut is necessary 
for proper liver and pancreas development30. Cdx genes are direct targets of canoni-
cal Wnt signaling and are expressed in the posterior endoderm at the appropriate 
developmental stage, making them the most likely downstream effectors of Wnt in 
this context, as we will discuss later13, 31-34. 

RA
Retinoic acid also plays an instrumental role in endoderm patterning19, 34-38. Anterior-
most foregut can only form in the absence of retinoic activity34. Conversely, blocking 
the pathway prevents induction of the most posterior fates38. In the endoderm, RA 

RA         Fgf4 / Wnt / BMP

Wnt-antagonists
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r Posterior

FOREGUT HINDGUTMIDGUT
Hex/ Sox2

Pdx1
Cdx

Figure 3. Model of endoderm 

patterning along the AP axis, 

during early somitogenesis 

stages. During gastrulation 

and early somite stages of de-

velopment, differential RA, Wnt, 

Fgf4, and BMP signaling along 

the AP axis patterns the naïve 

endoderm into foregut, mid-

gut, and hindgut progenitor domains that express the transcription factors Hex, Pdx1, and Cdx. RA, 

Wnt, FGF, and BMP ligands, which are expressed in a graded fashion in the mesoderm (black), signal 

to the adjacent endoderm (grey) to repress foregut identity and promote hindgut fate. Secreted 

Wnt-antagonists, such as Sfrp5 in the anterior endoderm, inhibit Wnt ligands to maintain foregut 

identity and proper foregut morphogenesis. (Adapted from 3). 



Chapter 1

16

appears to induce Caudal type homeobox genes in the chick19, but not in zebrafish38. 
Nevertheless, in both models, RA is instrumental in defining the Pdx1 expression do-
main. The boundaries of RA activity at the level of the foregut are kept by the pres-
ence of two opposing gradients of Raldh2, a key enzyme in retinoic acid synthesis 
from it precursor vitamin A, and Cyp26, an enzyme responsible for RA degradation34,35. 
The distinct sites of expression of synthesizing and catabolizing enzymes, combined 
with intrinsically different enzymatic kinetics, assures a gradient of RA activity with 
its pick at the posterior half of the embryo39. Of note, Cyp26 enzymes are down-
stream targets of the RA pathway. In fact, cyp26a1 expression in the anterior trunk 
endoderm is regulated by RA activity in zebrafish embryos35. Kinkel and colleagues 
propose a model in which foregut endoderm is patterned by the combined action 
of mesoderm-derived RA and endodermal factors that restrict its effect, in order to 
promote proper establishment of the pdx1 field. 

BMP
Finally, BMP signaling has also been shown to promote posterior endoderm devel-
opment19, 40, 41. During Xenopus development, triple knockdown of Bmp2, 4, and 7 
selectively inhibits ventral, but not dorso-anterior, endoderm formation41. In chick 
embryos, Bmp2, 4 and 7 lead to anterior expansion of Pdx1 and CdxA, whereas treat-
ment with Noggin and Follistatin blocks the induction of posterior genes in the en-
doderm19. This is concordant with observations made by Tiso and colleagues (2002), 
where they described that the swirl (Bmp2b) mutants have a general reduction in 
posterior endoderm identities40. 

In summary, FGF, Wnt, RA and BMP pathways coordinately promote posterior iden-
tity within naïve endoderm cells at late gastrula/early somitogenesis stages. It is not 
entirely clear how the effects of these different signaling pathways are integrated 
during endoderm patterning. One likely possibility would be by coordinately regu-
lating (directly or indirectly) the levels of transcription of Cdx genes in the endoderm 

– which are determinants of caudal identity in several tissues in the embryo.

1.1.4. Setting the boundaries: the Sox2-Cdx duel
In a recent study by Sherwood and colleagues (2009) scrutinized the transcriptional 
signature of six morphologically distinct regions within the foregut-midg-
ut boundary, from embryonic day 9.5 (E9.5) until E11.5 mouse embryos42. An  
interesting finding arising from this study was that Sox2 and Cdx2 are mutually exclu-
sive and this is a likely mechanism for the establishment of a clear boundary between  
the foregut and the midgut regions (Figure 4). As early as E7.75, Sox2 is expressed in 
the most anterior endoderm cells, while Cdx2 is expressed in all posterior endoderm. 
At E8.5 the expression domains of Sox2 and Cdx2 expand posterior- and anteriorly, re-
spectively, and by E8.75 a narrow stripe of cells co-expresses these two markers, slightly 
posterior to the foregut-midgut junction.  Finally, Sox2 expression slightly recedes. At 
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E9.0 there are still a few cells that co-express Sox2 and Cdx2 but the majority have re-
solved to express either one of these transcription factors and by E9.5 a well-defined 
sharp border is established. While studying the effect of ectopic expression of either 
of these genes in the other gene’s domain, the authors were able to prove that Cdx2 
effectively downsregulates the expression of Sox2, thus inhibiting anterior-fates in 
posterior-most regions of the endoderm. Conversely, Sox2 also inhibits ectopic Cdx2 
expression, but to a fewer extent. This provides a molecular mechanism for the estab-
lishment of a stomach-intestine border formation. In fact, earlier reports described  
ectopic gastric epithelium embedded in the intestine of Cdx2 null mice43. In  
accordance with these observations, endoderm-specific conditional ablation of Cdx2 
in E9.5 mice results in ectopic activation of the foregut/esophageal differentiation 
program in the posterior intestinal epithelium44. Furthermore, since the dynamics of 
foregut-midgut border establishment spatially and temporally overlaps with pancre-
atic and hepatic domain specification, it is possible that the Sox2-Cdx2 dichotomy 
influences these processes.

1.1.5. A dynamic transcriptional map within the endoderm 
Patterning of the gut tube by the surrounding mesoderm results in a sophisticated 
map of transcription factors differentially distributed along the rostrocaudal axis.  It 
has become evident that, rather than a direct correlation between one transcription 
factor and a given cell lineage, organ specification requires a regional finger  print 
consisting of overlapping transcription factors. Fate-maps studies done over the past 
years in different vertebrate reveals that the overall organ promordia-specific tran-
scriptional signature is fairly conserved. Sox2, FoxA2 and Hex are expressed predomi-
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Figure 4. Sox2 and Cdx2 set 

the foregut-midgut boundary 

at E9.5 in mouse, establishing 

the future stomach–intestine 

border. (A) E9.5 embryo whole-

mount immunofluorescence im-

age of Cdx2 antibody staining 

(left). Boxed region is magnified 

in the following panels to its 

right. Whole-mount confocal im-

mufluorescence image of the stomach–intestine border co-stained with Cdx2 and Sox2. Expression 

domain of Cdx2 and Sox2 are complementary. Pdx1 expression arises at the foregut-midgut bor-

der. (figures from 42). (B) Sox2 and Cdx2 are mutually exclusive. Cdx2 effectively downsregulates 

the expression of Sox2, thus inhibiting anterior-fates in posterior-most regions of the endoderm. 

Conversely, Sox2 also inhibits ectopic Cdx2 expression, but to a fewer extent.
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nantly in the foregut, while the mid and hindgut are rich in Cdx and Gata transcripts. 
Recent studies have begun to determine how combinations of transcription factors 
specify distinct lineages. An excellent example of how graded levels of transcription 
factors influence cell fate within neighboring cells can be illustrated by the specifica-
tion of the liver and pancreas primordia. In mouse, liver and pancreas tissues arise 
from common ventral foregut progenitors that are Hex+/Sox17+. It is hypothesized 
that these progenitors undergo a first segregation into two distinct domains, mostly 
due to differential exposure to environmental factors. The hepatic diverticulum is 
Hex positive. The lack of instructive signals from the mesoderm turns on the “Pdx1+” 
default state within the remaining ventral foregut cells, thus generating the pan-
creatobiliary progenitor cells which co-express Sox17/Pdx1  25,45. There were a few cells 
Hex+/Sox17+/Pdx1+ at the boundary of the two domains, which may represent an 
uncommitted population at this stage, but this was not assessed to date. The pancre-
atobiliary progenitor cells will segregate into a Pdx1+ ventral pancreas and a Sox17+ 
biliary primordium. Sox17 is thought to play a relevant role in this cell fate choice, 
possibly in concert with Hnf6, Hnf1β and the Notch effector Hes1  45. These studies in 
mouse showed how the combination of different transcription factors at different 
time points directs cells towards one fate. 
During zebrafish development, it is also possible to indentify a dynamic map of ex-
pression of several transcription factors involved in regionalization of the gut tube, 
such as foxA2 and gata6 (Figure 5)4. hhex and pdx1 are also dynamically regulated 
throughout endoderm patterning4. They are both expressed within the endoderm 
between the pharynx and rostral gut from 18hpf. By 26hpf, cells that express these 
transcription factors have resolved into caudal and rostral groups: the caudal group 
constitutes the endocrine pancreas primordial, while the rostral group of cells are 
liver progenitors. Of note, by 26hpf the expression of these transcription factors seem 
to set an anterior-posterior gradient, with hhex expression having its peak at the an-
terior and the pdx1 being seemingly strongly expressed in the caudal portion, which 
suggests that the relative dosage of each transcript might determine which genetic 
program they will activate.

1.1.6. Foregut identity and foregut organ development
There is evidence suggesting that when endoderm is initially formed it is not commit-
ted to specific organ domains. In E7.5 mouse embryos, explanted anterior endoderm 
can be placed in contact with posterior mesoderm and a posterior endoderm genet-
ic signature is activated22. Nevertheless, as the gut tube is regionalized into the major 
domains mentioned above, it partially looses its original plasticity. During somito-
genesis, the broad foregut, hindgut and midgut territories acquire distinct develop-
mental potentials, predisposing the cells to a more refined regionalization event into 
specific organ primordia. The foregut has a greater intrinsic hepatic potential than 
the hindgut15,16,46,47, which may be due to the presence of foregut-enriched transcrip-
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Figure 5. Overview of endoderm regionalization, highlighting overlapping expression do-

mains of genes involved in patterning along the AP axis of the gut tube. The upper panel 

shows a lateral view of an 18 somites-stage zebrafish embryo with the arising gut tube false-colored 

(green). Since its formation, endoderm-mesoderm signaling regionalize the gut tube into three 

major domains: foregut, midgut and hindgut. By 28 hpf it is already possible to distinguish the liner 

and pancreatic buds (middle panel, showing a 1 day post-fertilization (dpf ) zebrafish embryo with 

developing gut tube false-colered (green)). A schematic representation of the endoderm at 1 dpf, 

subdivided into the progenitor domains of the future organs: liver (orange), pancreas (green) and 

intestine (bright yellow). The lower panels indicate the relative A-P expression boundaries of several 

mesodermal (red) and endodermal (grey) genes, which are determinant for gut tube regionaliza-

tion. The expression of these factors is temporally dynamic, and these expression domains are not 

necessarily maintained throughout development. Sequentially to gut regionalization, markers of 

terminal differentiation are expressed where the organs will later arise (blue). The lower panels in-

corporate data from several studies 4, 6, 8, 13, 35, 38, 60, 63, 90-92, 153, 154.
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tion factors, such as FoxA2, changes in chromatin dynamics and distinct epigenetic 
states48. Conversely, the developing intestinal endoderm very early loses its ability to 
be repatterned when associated with mesenchyme from other regions49,50. Stepwise 
patterning of endoderm, from AP regionalization to organogensis, explains how the 
same signaling pathways act reiteratively throughout endoderm development and 
have distinct effects in the same cells, depending on the developmental stage. Thus, 
it is not surprising that major signaling pathways, such as Fgf, RA, Wnt and Bmp have 
also been implicated in organ primordia specification and morphohenesis. The treat-
ment of diseases that affect endodermal-derived organs could greatly be improved 
by developing cell-replacement therapies based on stem cells. One of the most clini-
cally relevant questions to be answer with studies of endoderm development is to 
identify the mechanisms underlying the specification of the liver and the pancreas in 
the foregut. Despite the high demand for livers and pancreatic islets to treat severe 
liver failure and diabetes, the specific tissue interactions and signaling events that 
commit the multipotent endoderm towards a pancreatic and hepatic fate are poorly 
understood. The study of such mechanisms can prove to be an invaluable lesson for 
the establishment of functional in vitro stem cell differentiation protocols. 
During zebrafish development, the onset of foregut regionalization occurs during 
somitogenesis stages. By 76 hpf it is already possible to distinguish the individual 
organs. Within this relatively narrow window of time, precursors laying in close prox-
imity in the foregut interpret differentially stimuli from the surrounding tissues and 
give rise to the gut tube accessory organs that comprise the gall bladder, the liver 
and the pancreas (Figure 6).

1.1.6. a) Pancreas development
The pancreas plays a crucial function in maintaining nutritional homeostasis, through 

A. 

B. 

ventral view

Figure 6. Foregut development in zebrafish. 

(A) Scheeme showing the anterior (arrow) and 

the posterior (arrowhead) pancreatic buds. The 

developing hepatic region (L) is anterior to the 

pancreatic buds. At 52 hpf, the anterior pancre-

atic bud merged with the posterior bud. The 

swim bladder develops dorsal to, but does not 

have direct contact with, the pancreas. s, swim 

bladder; gb, gall bladder; L, liver. (Adapted from 
60); (B) By 5dpf the zebrafish larvae gut tube is 

functional. The bi-lobed zebrafish liver lies ven-

trally and anterior to the swim bladder (sb) and 

notochord (n). The pancreas lays to the right side 

of the intestine. (Adapted from 155).
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the synthesis and secretion of enzymes and hormones. The vertebrate pancreas ex-
erts its exocrine and endocrine functions through two distinct compartments. The 
exocrine pancreas is composed of acinar glands that produce and release diges-
tive enzymes into the intestine. The endocrine pancreas consists of four distinct 
cell types: Insulin-producing β-cells, Somatostatin-producing δ-cells, Glucagon-
producing α-cells and pancreatic polypetide secreting PP-cells. These cells aggregate 
in a structure denominated the Islet of Langerhans and secrete hormones into the 
blood stream to control glucose homeostasis. Both exocrine and endocrine pancre-
atic tissues are of endodermal origin (reviewed in 51).
During mouse embryogenesis, the pancreas develops at the foregut/midgut junc-
tion, from distinct dorsal and ventral buds. Around E18, the ventral bud rotates and 
merges with its dorsal counterpart to form the pancreas52. The two pancreatic buds 
are induced and specified by distinct signaling networks from different mesodermal 
structures, and develop within different windows in time. Both dorsal and ventral 
pancreatic buds express Pdx1 and Ptf1a and give rise to all cell types found in the 
mouse adult pancreas. The ventral pancreas fate is induced in the ventral foregut, 
immediately adjacent to the hepatic bud. By default, the yet uncommitted ventral 
foregut activates the downstream genetic program for pancreas fate by expressing 
Pdx1. The portion of the ventral foregut that lays in close proximity to the cardiac 
mesoderm and the septum tranversum mesenchyme is exposed to high levels of 
Fgf and BMPs, leading to repression of the default pancreatic fate and allows for he-
patic specification25. In the dorsal foregut, the specification of the dorsal pancreatic 
anlage requires RA signaling from the lateral mesoderm37, while signals from the 
notochord and dorsal aorta (that include Activin and Fgf2) suppress Shh signaling 
within the endoderm and allow the pancreatic program53,54. The dorsal-ventral axis is 
set by the uneven expression of Hlxb9, which is expressed only on the dorsal bud42. 
Cytodifferentiation into the different cell types that form the functional pancreas 
involves a complex network of transcriptional regulation. A key factor capable of 
directing pancreatic precursors towards an endocrine fate is the transcription factor 
Neurogenin-3 (Ngn3)55,56. Upon the initiation of the endocrine program, a set of tran-
scription factors are necessary to convert Ngn3-positive cells into the four endocrine 
cell types (reviewed in 51). Conversely, the transcription factor Ptf1a is required for 
exocrine differentiation57. The Notch-Delta signaling pathway has been implicated 
in the cell fate choice between endocrine vs. exocrine lineages58. Hairy enhancer of 
split 1 (Hes1) is upregulated by Notch and responsible for Ngn3 suppression. Hes1-null 
mutant mice have severe pancreatic hypoplasia due to an inappropriate early com-
mitment of pancreatic precursor towards the endocrine lineage59. Null mutant mice 
for Delta-like1, a bona-fide notch ligand present in the developing pancreas, or for the 
downstream target RBP-Jk, also resulted in an accelerated and over-abundant com-
mitment of the early embryonic pancreatic epithelium to the endocrine lineage58. 
These observations suggest that Notch-Delta signaling is essential to prevent endo-
crine differentiation by these progenitor cells. 
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The zebrafish pancreas shares the basic structure and cellular composition with 
the mammalian pancreas. The molecular events regulating zebrafish and amniotes 
pancreas development are roughly the same indicating that these processes were 
conserved through evolution. Similarly to other vertebrates, zebrafish pancreas origi-
nates from the fusion of two anlagen that are identifiable at 40 hpf: a ventral anterior 
bud and a dorsal posterior bud (Figure 7)60. In teleost, the dorsal pancreatic bud con-
tributes exclusively to the endocrine lineages, whereas the ventral bud contributes 
mostly to the exocrine pancreas – but also to the pancreatic ducts and a small subset 
of endocrine cells60,61. This physical dissociation has allowed great advances in under-
standing how signaling factors affect solely one but not the other cell fate choices. 
By 52 hpf, the posterior bud looses its connection with the alimentary canal and be-
comes engulfed by the anterior bud. In turn, the anterior bud maintains a peduncle 
connect to the gut tube, which will later form the pancreatic duct (Figure 7)60. pdx1 
expression is found in both anterior and posterior buds at all stages. The zebrafish 
embryonic pancreas consists of acinar tissue surrounding a single islet that express-
es the endocrine pancreas hallmarks insulin (ins), glucagon (glu), somatostatin (sst1) 
and islet-1 (isl-1)62-64. As in mouse, pancreatic precursors differentiate into the mature 
cell types in a sequential manner, relaying on a complex transcriptional regulation 
network65. Similarly to what has been observed in higher vertebrates, the Notch -
Delta signaling pathway plays a crucial role in zebrafish pancreas organogenesis66,67. 
Controlled activation of Notch signaling functions to prevent differentiation from 
a common progenitor pool toward one specific cell lineage. During zebrafish pan-

I J K
endocrine pancreas exocrine pancreas

Figure 7. Zebrafish pancreas forms from 

two anlagens. (A–D) Two-dimensional projec-

tions of confocal stacks. (E–H) Whole-mount in 

situ hybridization with pdx1. The posterior an-

lage (arrowhead) is clearly visible at 34 hpf (A), 

and 40 hpf (B), but is obscured by the anterior 

bud (arrow) at 44 hpf (C) and 52 hpf (D). pdx1 

expression is found in both structures before 

(E, F) and after (G, H) they come into contact. 

At 52 hpf, (D, H) the pancreas appears as a sin-

gle structure. (I) At this stage, pdx1 expression 

is found throughout the entire pancreas, in-

cluding the pancreatic duct (bracket), as well 

as in the oesophagus (o) and intestinal bulb 

(ib). By in situ hybridization against trypsin, an 

exocrine pancreas marker, it is possible to see 

that the pancreatic duct and exocrine tissue develop from the anterior bud (K), whereas ins expres-

sion is found in a cluster of cells sitting at the center of the try expression domain (J). Ventral views, 

anterior to the top. L, liver; o, oesophagus; ib, intestinal bulb.. Scale bar, 50  μm. (Adapted from 60).
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creas development, cells are being sequentially recruited from the progenitor pool 
towards a specific cell lineage: first β-, then α-, followed by δ-cells and finally acinar 
cells. Ligand-specific Notch-mediated feedback on precursors limits the number of 
committed cells by inhibiting differentiation, rather than favoring a specific cell fate. 
This way, there are still enough progenitors available in the pool to differentiate and 
seed the subsequent lineage67. Interestingly, Dong and colleagues (2008) have dem-
onstrated that differential levels of Ptf1a influence cell fate choices within the pancre-
atic pool of precursors: high levels of ptf1a correlate with differentiation towards an 
acinar fate, whereas cells with low levels of Ptf1a activity adopt an endocrine fate68. 
Notably, exocrine pancreas precursors co-express ptf1a and hes166. It was demon-
strated in mouse that the Notch signaling pathway, in a process mediated by Hes, 
inhibits the activity of the PTF1 complex. Hes1 binds to Ptf1a, thus delaying exocrine 
pancreatic differentiation69.

1.1.6. b) Liver development 
The liver is found in all vertebrates and is typically the largest visceral organ.  The liver 
is an accessory organ of the digestive system and performs a number of vital activi-
ties in the body, including metabolism, detoxification and homeostasis. Hepatocytes 
make up 70-80% of the of the liver mass and exert most of its physiological functions, 
such as metabolism of a wide range of endogenous and exogenous substances, syn-
thesis of blood protein and clotting factors, storage of glycogen, amino acids, fat, and 
iron, as well as secretion of bile. Cholangiocytes, the epithelial cell type found in the 
biliary ducts, serve primarily as conduits of secreted bile (reviewed in 70). 
Initiation of liver development in the mouse embryo commences at 4 somites-stage. 
The liver progenitors arise from the foregut and are initially specified in three endo-
dermal domains: two domains are paired and located laterally, whereas the third 
domain is found along the ventral midline71,72. By the 10 somites-stage, the two lateral 
domains migrate towards the midline to fuse with the ventral midline domain and 
generate a single prehepatic domain, adjacent to the cardiac mesoderm. This occurs 
in tandem with liver specification and onset of the formation of the liver bud71. It is 
not entirely understood whether these three distinct domains contribute differen-
tially to adult liver cells . 
Classic embryo tissue transplants in chick and later experiments in mice demon-
strated that interactions with the cardiac mesoderm are essential for liver speci-
fication15,16,24,25,47. The cardiac mesoderm is specified at E7.5, prior to the hepatic en-
doderm and expresses several Fgf factors24, 73-75. It is unclear whether only one Fgf 
ligand can account for liver specification. Fgf1 and Fgf2 are expressed in the cardiac 
mesoderm at the time of hepatic initiation in the mouse embryo24. Nevertheless, 
ablation of these is not detrimental to gut organ development76-78. However, the car-
diac mesoderm also expresses Fgf4 74, Fgf17 75 and Fgf8 73,75. Given that a general Fgf 
signaling antagonist is inhibitory to hepatogenesis24, it is plausible that cardiac Fgf 
signaling is highly redundant in liver specification. More recent studies have high-
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lighted the relevance of BMP signals derived from the septum transversum mes-
enchyme in hepatic specification79. The current model for hepatogenesis in mouse 
postulates that induction of the hepatic gene program is dependent on a timely 
controlled exposure to low concentrations of Fgf signals (Figure 8A). At the onset 
of liver specification, the developing heart produces low amounts of Fgf. Later, the 
cardiomyocytes produce higher levels of Fgf, but become physically distant from the 
prehepatic endoderm, pushed by the septum transversum. These morphogenetic 
events move the endoderm away from the source of Fgf, ensuring that hepatic cells 
are not exposed to excessive concentrations of Fgf – which would precipitate the 
naïve endoderm precursors towards a more anterior fate80. Furthermore, convergent 
Fgf and BMP signaling act synergistically in inducing liver fate in the ventral endo-
derm, as early BMP signaling from the septum transversum mesenchyme promotes 
competence within the ventral endoderm cells to respond to the Fgf signals from 
the cardiac mesoderm79. Fgf signals from the cardiac mesoderm promote liver fate 
while repressing the default pancreatic fate in the ventral endoderm25. 
A network of transcription factors, including Hematopoietically expressed homeobox 
factor (Hex) and Prospero-related homeobox 1 (Prox-1), are crucial for the onset of liv-
er development14,81-84. The earliest markers of mammalian hepatic differen tiation are 
Albumin (Alb), Transthyretin (Trt) and α-fetoprotein (Afp)24,85. Cells expressing these 
markers are hepatoblasts, bi-potential precursors that can give rise to hepatocytes 
and bile-duct cells86-88. Hepatoblasts residing close to the portal vein mesenchyme 
are induced by a Notch-mediated process to form biliary epithelial cells, whereas 
those who lie further deeper in the parenchyma become hepatocytes (reviewed in 
72, 89).
The morphogenic events, molecular mechanisms and transcriptional networks  that 
underlie the initiation of liver development are well conserved amongst vertebrates. 
The zebrafish liver develops as an outgrowth from the anterior portion of the endo-
derm rod. The first identifiable hepatocyte progenitors arise at the AP level of somite 
1 and are identifiable by 22 hpf6,90,91. At 48 hpf the liver primordium can be distin-
guished as a prominent bud extending from the gut rod towards the left of the 
midline over the yolk. Hepatic outgrowth begins between 60-72 hpf and continues 
until the liver achieves its appropriate proportional size, by 5 days post-ferilization 
(dpf ). Induction of the liver field in zebrafish bears some differences with mouse, 
but generally relies upon the same primary signaling pathways that are required for 
mammalian hepatogenesis: Fgf, Bmp and the Wnt/ β-catenin pathways90,92. Due to 
differences in the timeline of development and location of the tissues at the relevant 
time-window, it does not seem likely that the cardiomyocytes act as source of Fgfs 
to the prehepatic endoderm in zebrafish (Figure 8B). The relevance of Fgf signaling 
in zebrafish hepatogenesis is unarguable, despite that it is unclear which secreted 
Fgf factor is relevant for liver specification and the source of hepatogenic Fgfs re-
mains elusive. Overexpression of a dominant negative Fgf-receptor in zebrafish em-
bryos, from 18 to 26 hpf, results in a significant decrease in the expression of hhex, 



Endoderm development along the anterior-posterior axis

25

B. Liver field induction differs between zebrafish and amniotes 

A. Liver field specification in mouse

Figure 8. Specification of the liver field in the foregut requires interaction with the sur-

rounding mesodermal tissues. (A) Liver field induction in mouse. Top figure: lateral views of the 

anterior portion of a mouse embryo at 8.25 days gestation, corresponding to about 4 somite pairs. 

Lower figures: fate map of liver and pancreatic progenitor domains in the mouse, prior to induc-

tion (4 somites) and after induction (7 somites).  The orientation is the same as in the top panel. The 

liver field (purple) and the pancreatic field (orange) are specified within the endoderm by the 7S 

stage. This induction is dependt on the instructive Fgf signals from the cardiac mesoderm and BMP 

signals from the septum transversum mesenchime. Arrows indicates the direction of movement of 

cells in designated tissues. (B) Liver induction differs between zebrafish and amniotes. The diagram 

shows transverse sections through the foregut domains of different embryo types; relevant tissues 

and structures are shown. The prospective hepatic region is shown in purple. In the zebrafish, the 

hepatic bud emerges from an endodermal rod, which is adjacent to the notochord and lateral 

plate mesoderm (LPM). The LPM is a source of hepatogenic Wnt signaling. In amniotes, the hepatic 

bud emerges from the ventral– lateral endodermal epithelium, which is adjacent to the septum 

transversum mesenchyme (STM) and cardiogenic mesoderm (CM), which are sources of hepa-

togenic BMP and Fgf, respectively. D, dorsal; V, ventral. (Adapted from 72).
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prox1, gata4, gata6, and ceruloplasmin90. Interestingly, Fgf10 from the mesenchyme 
represses liver fate by setting organ domain boundaries within the foregut93, which 
indicates that Fgf signaling exerts distinct effects in liver development. Bmps are 
essential for zebrafish hepatic specification: mutants with impaired Bmp signaling 
display reduced expression of many hepatic specification genes, as do embryos 
that overexpress a dominant negative Bmp receptor90. Zebrafish lacks the septum 
transverse mesenchyme, but the lateral plate mesoderm expresses several Bmps, at 
the relevant time point for hepatogenesis.  One such soluble factor, that has been 
shown to regulate cell fate choices within the foregut endoderm towards liver fate, 
is Bmp2b8, as discussed in more detail below. The lateral plate mesoderm is also a 
source of Wnts. wnt2bb is expressed here from 18-52 hpf and is required for proper 
liver specification92.
Similar transcriptional networks control hepatogenesis in mice and in zebrafish. The 
earliest transcription factors expressed in the zebrafish hepatic bud are prox1 and 
hhex, and, as in mice, they are essential for proper liver development6,90,94. The earliest 
liver differentiation marker to be expressed in zebrafish is ceruloplasmin (cp), a liver-
specific multi-copper oxidase expressed from 32 hpf95.

1.1.6. c) A common route to liver and pancreas
The liver and pancreas coordinately control the body’s metabolism, including the 
modification of digested nutrients by hepatocytes in the liver and the regulation of 
blood glucose levels by insulin secreted from β-cells in the pancreas. Liver and pan-
creas buds emerge from the gut tube in close temporal and physical proximity. There 
is evidence to show that both the endocrine and exocrine pancreas lineages are de-
rived from a single pancreatic stem cell56,68, and that hepatocytes and bile duct cells 
are derived from a single liver stem cell type87,88, indicating that along the develop-
ment of these organs, a subset of cells displays the intrinsic capacity to differentiate 
into distinct lineages. More interestingly, an increasing amount of data substantiates 
that liver and pancreas lineages can differentiate from a population of multipotent 
progenitors within the foregut8,25,45. 
Deutsch and colleagues (2001) first discovered that, in mouse embryos, the default-
state of the ventral foregut endoderm is Pdx1+, fating cells to become pancreas. The 
presence of Fgf signals released from the cardiac mesoderm and BMPs from the 
septum tranversum mesenchyme coordinately divert the fate of some cells towards 
a hepatic gene program, while suppressing the default pancreas program (Figure 
9A)25,79. These results suggest that the liver and pancreas differ by a single develop-
mental decision. 
In two groundbreaking studies, Chung and Stainier (2008) discovered that the liver, 
pancreas and intestine arise from a common pool of progenitors in zebrafish7,8. These 
multipotent precursors were described in 12 hpf zebrafish embryos, prior to the for-
mation of the endodermal rod at the midline, at the level of somite 1 to somite 4, the 
presumptive AP location of the liver and pancreas progenitors at this stage. Chung 
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A. Liver and pancreas arise from a population of bipotential progenitors in mouse

B. Specification of pancreas and liver from bipotential hepatopancreatic progenitors     
in zebrafish depends on their position regarding the midline

ML1L2 M L1 L2

tg(sox17:GFP)
11 hpf

ML1L2 M L1 L2

*
*
*
*

bmp2b bmp2b
pdx1

Figure 9. A common route to liver and pancreas. (A) Liver and pancreas arise from a popula-

tion of bipotential progenitors in mouse. Competing inductions of neighbouring organs will pre-

cipitate ventral endodermal cells towards either fate. Schematic representation of an E8.5 stage 

mouse embryo during foregut formation. Box zooms in the Anterior Intestinal Portal region; em-

bryo viewed from the side, anterior towards top, ventral to the left. Fgf and BMP signals from the 

cardiac mesoderm adjacent to the ventral foregut endoderm induce expression of liver markers 

(light grey). Ventral endoderm that does not receive signals from cardiac mesoderm expresses pan-

creatic markers by default (black). Not all Pdx1 positive endoderm (dark grey) gives rise to pancreas 

(black). (Adapted from 153). (B) Specification of pancreas and liver from hepatopancreatic progeni-

tors in zebrafish depends on their relative position to the midline. Confocal image of a wild type 

Tg(sox17:GFP) embryo at the 11-somite stage. While the endodermal cells migrate towards forming 

the gut rod, it is possible to identify cohorts of cells that lay at different distances to the midline 

(*): M (medial), L1 (lateral 1), L2 (lateral2). Schematic representation of a 14-somite stage zebrafish 

embryo. Box zooms in the region from somite 1 until somite 4; embryo viewed from dorsal, anterior 

towards top. Endodermal cells located at L1 and L2 can give rise to both liver and pancreas. In con-

trast, endodermal cells closer to the midline give rise to pancreas and intestine, but not liver. Bmp2b 

is expressed in the lateral plate mesoderm at this time point. A decrease in Bmp signaling correlates 

with increased pdx1 expression in the endoderm. (Adapted from 8).
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and Stainier understood that during the migration of endoderm cell towards the 
midline, it is possible to group these in three cohorts based on their distance to the 
midline: medial, lateral 1 and lateral 2 (Figure 9B). Endodermal cells in the same AP 
level give rise to different tissues based on their position in the medio-lateral axis. 
Medial cells exclusively give rise to pancreatic endocrine cells; lateral 1 cells mostly 
give rise to pancreatic exocrine cells, but also to a few pancreatic endocrine cells and 
intestinal cells; lateral 2 cells give rise mostly to liver cells. In the first study, Chung and 
Stainier described that activation of the Shh pathway is required in precursors of lat-
erally located endodermal cells to lead to β-cell fate induction in their most medially 
located neighbors. The source of Shh signals is the axial mesoderm, and the mecha-
nisms by which intra-endodermal interactions lead to pancreatic β-cell induction is 
poorly understood7. In a later study, Chung and colleagues (2008) used single-cell-
lineage tracing with photoactivatable DMNB-caged fluorescein dextran conjugate in 
12 hpf zebrafish embryos to investigate how the hepatic vs. pancreatic fate decisions 
occur within endodermal cells at the same AP level as the ones previously described. 
Common progenitors for liver and ventral pancreas are located in lateral 1 and lat-
eral 2 positions, between somite 1 and somite 3. Bmp signaling is essential for liver 
specification in zebrafish90. A gradient of bmp2b expression in the lateral plate meso-
derm, from lateral to medial positions, correlates with the probability of a cell to give 
rise to the liver. Bmp2b signals via Alk8 to promote liver fate within the multipotent 
endoderm precursors found in position L2 8. Of note, the pdx1 expression domain at 
mid-somitogenesis stages appears to cover the M and L1 cells63. bmp2b overexpres-
sion leads to a severe reduction in pdx1 expression. Conversely, ablation of bmp2b 
results in an expansion of the pdx1 expression domain along the medio-lateral axis8. 
It is plausible that Bmp2b promotes liver fate by maintaining the multipotent cells 
competent to become liver, possibly while repressing pdx1 – which would represent 
the default fate of these cells, similarly to what has been demonstrated in mouse.
Several studies in rodents indicate that the plasticity within this system is kept after 
differentiation has commenced and even through adulthood96-99. Copper depriva-
tion in the rat leads to the transdifferentiation of exocrine cells in the pancreas to 
functional hepatocytes96. Pancreas-to-liver transdifferentiation can also be coaxed by 
ectopic expression of Keratinocyte growth factor (KGF), a member of the FGF family, 
in islets100 – perhaps by triggering the same genetic programs as in the naïve embry-
onic endoderm. Moreover, mice deficient for serine protease plasminogen – an ubiq-
uitous zymogen essential for the clearance of necrotic cells and the reorganization 
of the liver lobule after acute liver injury – leads to ectopic expression of pancreatic 
gene in hepatocytes. The inadvertent activation of a pancreatic genetic program in 
hepatocytes upon liver injury may reflect the persistence of an innate cellular plastic-
ity in some types of fully differentiated cells within the digestive organs throughout 
adulthood101.
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1.1.7. Posterior endoderm identity and intestine development
In mouse, the intestine only becomes morphologically evident during the pattern-
ing phase of the primordial gut, between E9.5 and E14.5. The small and large intestine  
originate from the posterior portion of the embryonic endoderm, the midgut and 
hindgut. Once the basic structure of the intestinal tract is laid out, differentiation 
along the radial axis may take place. The transformation of a simple pseudostratified  
epithelium into a mature intestinal mucosa, with crypt-viilus axis, begins at E14 and 
only ends post-natally. During this process the small intestine epithelium is remo deled 
to form characteristic finger-like projections, the villi, and deep invaginations termed 
crypts. The onset of the remodeling of the intestinal epithelium coincides with the 
compartmentalization and cytodifferentiation into the specialized cell types found  
in the mature tissue. The proliferative cells become confined to the intervillus regions 
of the fetal intestine. Crypts replace this structure in the first weeks after birth. 
Intestinal morphogenesis in zebrafish has some distinctive features, when 
compared to higher vertebrates. One such example is the formation of the intestinal  
lumen. In mouse and chick embryos, the intestinal lumen results from the folding 
of the flat endoderm. Zebrafish lumen formation occurs via cavitation of the endo-
derm, which occurs in a rostrocaudal wave. Initially, small lumens are formed in the 
endodermal rod, which then coalesce to make a larger lumen, in a process exempt-
ed from programmed cell death5,102. The morphogenesis of the intestinal endoderm 
in zebrafish starts with lumen formation, at 26 hpf. Between 26 and 76 hpf, the in-
testinal endoderm consists of highly proliferative cuboidal cells, morphologically 
indis tinguishable (Fig. 10, A-G)102,103. Thereafter, the intestinal progenitors establish 
apicobasal polarity (Fig. 10, H-N) and start expressing differentiation markers for the 
distinct cell lineages found in the mature tissue4,102,104. Simultaneously, the intestinal 
epithelium becomes regionalized into three distinct compartments: the intestinal 
bulb, the mid-intestine and the posterior intestine. In cyprinid fishes, commonly re-
ferred to as stomachless fishes, the intestinal bulb is considered to be orthologous to 
the stomach in other vertebrates and it undertakes mostly digestive functions. The 
mid- and posterior intestine assumes absorptive functions and can be distinguished 
on the basis of their morphological appearance and cellular composition102,103. In the 
end of the fourth day of development, the epithelial lining of the intestinal bulb 
starts to develop invaginations that resemble the villi in mouse intestinal epithelium. 
By 102 hpf, the proliferative cells have become restricted to the intervillus regions. 
The formation of villi and the restriction of proliferation to its basis soon extend to 
the mid and posterior intestine. The length of the villi is much more pronounced in 
the intestinal bulb, and becomes shorter when progressing posteriorly in the diges-
tive tract. In the posterior intestine, the epithelium is almost flat – reminiscent of the 
colon in mice102, 103. The onset of exotrophic nutrition, at 126hpf, marks the end of the 
intestinal development during embryonic stages (Fig. 10, O-U). 
As we mentioned above, the posterior identity of the gut tube is achieved during 
early somitogenesis by the complex interplay of several soluble signals from the sur-
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Figure 10. Zebrafish intestinal epithe-

lium morphogenesis. [54hpf ]: Digestive 

organ morphogenesis and formation of 

the intestinal lumen at 54 hpf. (A) sagit-

tal section stained with H&E. The gut 

endoderm extends from the position of 

the future mouth (white arrowhead) to 

the future anus (black arrowhead). (B-D) 

Endodermal cells adopt a bilayer con-

figuration and separate to form a central 

lumen. Lumen formation progresses 

from the intestinal bulb primordium 

(B) to the middle segment (C) and then 

the caudal segment (D) of the intestinal 

tract. Initially several small cavities are 

formed; these coalesce to create a more 

extensive lumen. (E-G): BrdU incorpora-

tion assays indicate that the intestinal 

tract is an actively proliferating organ 

at this stage of development, with cells 

within S-phase of the cell cycle densely 

scattered throughout the intestinal bulb 

primordium (E), a rostral segment (F) 

and caudal segment (G) of the intestinal 

tract. [76hpf ]: Polarization of the intesti-

nal epithelium at 74–76 hpf. (H) Lumen 

formation is complete and the intestinal 

tract is a hollow tube.At the rostral end, 

the mouth has opened but the anus 

will remain closed until a day later. (I–K) 

Sagittal sections at the regions corresponding to the intestinal bulb primordium (I), a middle seg-

ment of the intestinal tract (J) and a caudal segment of the intestinal tract (K), demonstrate that the 

endodermal cells throughout the length of the intestinal tract are polarizing into columnar epithe-

lium. (L–N) BrdU incorporation into epithelial cells in the intestinal bulb primordium (L), a middle 

segment of the intestinal tract (M) and the caudal end of the intestine (N) demonstrated high 

proliferative activity throughout the intestinal tract. [126hpf ]: The functional intestinal epithelium. 

(O) Sagittal section of the intestine at 126 hpf reveals three compartments. Resorption of the yolk is 

complete and the animal must now survive by exotrophic nutrition. (P-R) Folding of the epithelium 

is extensive in the intestinal bulb (P, arrows) while the epithelium in the mid-intestine and posterior 

intestine remains unfolded (Q, R). 

(Continues on the next page)
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rounding mesoderm. Early somite stage posterior endoderm is no longer compe-
tent to express more anterior markers, suggesting that a determination event has 
occurred. One pathway that has been implicated in conferring posterior – and, thus, 
intestinal – identity to the developing gastrointestinal tract in higher vertebrates is 
Wnt signaling105,106. The downstream effectors of the canonical Wnt pathway, T-cell 
factor 1 (Tcf1, also referred to as Tcf7) and Tcf4 (Tcf7l2), are expressed in the hindgut of 
E8.5 mouse embryos, and simultaneous disruption of these genes results in impaired 
hindgut formation106. This phenotype implies the existence of a Wnt source at the 
posterior end of the embryo, which would promote morphogenesis of the hindgut. 
It is not clear which Wnt soluble factor promotes the posterior identity in the endo-
derm, but Wnt3 is a strong candidate, as in Wnt3-null embryos the expression of both 
mesodermal and definitive endodermal markers is abolished107. Cervantes and co-
workers (2009) have recently described that Wnt5a is essential for the development 
and elongation of the small intestine from the midgut region. Targeted ablation of 
Wnt5a also results in a dramatically shortened and duplicated small intestine, forming 
a bifurcated lumen instead of a single tube108. Furthermore, Tcf1/Tcf4 compound mu-
tants display anterior transformations at the stomach–duodenal junction. Similarly, 
misexpression of constitutively active β-catenin in the embryonic lung endoderm 
activates an intestinal gene program109. Taken together, these studies suggest that 
active Wnt signaling promotes an intestinal fate within the primitive gut, as opposed 
to other endodermal lineages. In the absence of Wnt signals, more anterior regions 
of the gut are expanded. 
The most likely downstream effectors of Wnt in promoting intestinal fate are the 
Cdx genes. Their expression has been detected in the developing gut tube: Cdx1 is 
expressed in a midgut-hingut gradient110; Cdx2 is expressed in the posterior foregut 
down to the hindgut111; Cdx4 is exclusively expressed in the hindgut endoderm112. 
Furthermore, Cdx1 and Cdx2 expression is maintained in the intestinal epithelium 
through adulthood (reviewed in 113) and these transcription factors are important in 
the early processes of intestinal morphogenesis114. In particular, Cdx2 function during 
endoderm development is indispensable for the initiation of the intestinal program, 
whilst suppressing anterior endodermal fates44. Cdx genes are known regulators the 
spatial expression of Hox genes (reviewed in 115), as discussed bellow. Many Hox genes 
have been implicated in intestinal morphogenesis (reviewed in 116) and several 5’ Hox 
genes are exclusively expressed in the intestinal primordium at the time of endo-

Figure 10 (cont.) The mid-intestine is demarcated by the presence of goblet cells (Q, arrows) and 

enterocytes with large supranuclear vesicles (Q, arrowheads). (S-U) Patterns of proliferation in the 

intestinal epithelium resemble those observed at 102 hpf, with proliferation restricted to cells posi-

tioned at the base of the folds in the intestinal bulb (S, arrows) and little or no proliferation in the 

mid-intestine (T). Cells in the posterior intestine also show reduced rates of proliferation (U). a, anus; 

E, esophagus; H, heart; ib, intestinal bulb; it, intestinal tract; L, liver; n, notochord; P, pancreas; Ph, phar-

ynx; pr, pronephric ducts; s, somite; sb, swim bladder; y, yolk. Scale bars, 50  μm. (Adapted from 102).
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derm regionalization and specification42. Additionally to their role during embryonic 
patterning, Cdx genes might directly regulate the maturation of the intestinal epithe-
lium. Both Cdx1 and Cdx2 have been implicated as direct transcriptional regulators of 
intestine-specific genes, such as Sucrase isomaltase117-119. 
Taken together, these observations point to a model where posterior Wnt signals 
promote intestinal identity in the mid- and hindgut through regulation of Cdx ex-
pression. Cdx, in turn, conveys this information into posterior fate by promoting the 
expression of the appropriated Hox code. Additionally, they activate the transcription 
of intestine-specific genes during intestinal epithelium development and possibly 
through life. 

1.2. Cdx genes as major determinant of caudal identity 

The discovery of homeodomain proteins and how they lay out the archite  ctural plan 
of the developing embryo left scientists in awe. In all bilaterian animals the homeo-
domain proteins determine the body plan along the AP axis. The common feature 
of this family of proteins is the presence of a 60 amino-acid DNA-binding motif that 
occurs in proteins that are usually transcription factors. In the 1940’s, Edward B. Lewis 
began studying the homeotic genes that affect segmentation in Drosophila. Mutations 
in these genes lead to dramatic transformations of the axial identity of specific body 
segments, referred to as homeotic transformations. In the late 1970’s, Christiane 
Nüsslein  -Volhard and Eric Wieschaus sequenced the homeotic genes controlling the 
development of the fruit fly’s body and identified the homeobox domain. For their 
combined work Lewis, Nüsslein-Volhard and Wieschaus received the 1995 Nobel 
Prize for physiology or medicine.

The most well studied homeodomain proteins are the Hox family of transcription 
factors. Hox genes occur in highly complex clustered chromosomal organization. 
Drosophila has one Hox cluster with ten genes. In mammals four such clusters exist, 
Hox A-D, encompassing a total of thirty-nine genes that are organized into thirteen 
paralogue groups. The Hox genes are truly unique, for they are activated in a pre-
cise temporal and spatial sequence that follows their chromosomal order – the “Hox 
clock”. 3’ Hox genes are expressed first, whereas more 5’ Hox genes are expressed later 
and sequentially (reviewed in 120). Position identity within the AP axis is laid by the ex-
pression of a specific combination of Hox genes, referred to as the “Hox code”121. This 
means that more anterior segments are enriched in 3’ Hox gene expression, while 
more posterior segments express mostly 5´ Hox genes. 
The Hox cluster arose from the duplication of an ancestral ProtoHox cluster, early in 
Metazoan evolution (reviewed in 122). It is thought that during this process a second 
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cluster of homeobox proteins was also formed: the ParaHox cluster123. The ParaHox 
gene cluster was first discovered in the cephalochordate amphioxus123, and is com-
posed of members of three Hox-related homeobox gene families: Gsx (Gsh1 and Gsh2 
in mouse), Xlox (Pdx1 in mammals), and Cdx (Cdx2 in mouse). The chordates genome 
also contains additional paralogs of the Gsx and Cdx families (Gsh2, Cdx1, Cdx4), each 
on a different chromosome124. The Hox and ParaHox clusters share some features. 
ParaHox genes have been implicated in anterior-posterior patterning and the cluster 
presents some spatial transcriptional colinearity, since Gsx, Pdx and Cdx are expressed 
from anterior to posterior. Thus, Gsx genes are more closely related to Hox anterior 
group genes than to other ParaHox genes; Pdx1 is more similar to Hox Group 3, and 
Cdx is more similar to Hox posterior group genes (reviewed in 125).
The posterior ParaHox Cdx genes are important determinants of caudal identity dur-
ing embryogenesis. The orthologue in Drosophila and C. elegans, the Caudal gene, 
is expressed in posterior regions of the embryo126,127 and in turn regulates posterior 
gene expression programs128-130. Vertebrates have three caudal homeobox genes: 
Cdx1, Cdx2 and Cdx4 in mouse; CdxA, CdxB and CdxC in chick; cdx1a, cdx1b and cdx4 in 
zebrafish. The vertebrate Cdx proteins have conserved the ancestral ability to specify 
the posterior embryo and pattern the AP axis. Similar to their invertebrates’ ortho-
logue, vertebrate Caudal-related genes exhibit a predominantly posterior expression 
during gastrulation and neurulation112,131-134. There is considerable evidence that the 
expression of Cdx genes is regulated by several caudalizing signals, namely the ca-
nonical Wnt pathway31,32,135-138, and that Cdx gene products impact on AP patterning 
by direct regulation of Hox gene expression111,139-142. The transcriptional stimulation 
of  Hox genes by Cdx proteins occurs at Cdx-binding sites, which are often found 
in clusters throughout the Hox complexes. In the absence of a caudalizing signal or 
the expression of a Cdx gene, the most posterior Hox genes fail to be expressed and 
posterior regions in the embryo will assume anterior fates. The model that is gener-
ally accepted postulates that Cdx act like the Rosetta Stone of posterior identity: they 
integrate caudalizing signals into coherent Hox gene expression, that through “pos-
terior dominance” imposes the posterior-most fate related to such Hox code. Indeed, 
this seems to be a recurrent theme during the embryonic development of several 
tissues in distinct animal models,.
Caudal-related genes owe their name to the assigned role of Drosophila caudal gene 
in promoting posterior axial elongation – a role that has been conserved in verte-
brates141,143. Mutations in Cdx genes severely compromise posterior axial growth in 
mice141,143,144 and zebrafish135,145. Cdx2 homozygote mice embryos, when rescued from 
their implantation defect, fail to complete the extension of their body axis and are se-
verely truncated posteriorly141. Analysis of Cdx1/Cdx2 and Cdx2/Cdx4 mutant mice em-
bryos revealed that these genes act synergistically in axial elongation143,144. The same 
was observed for cdx1a and cdx4 in zebrafish135. Some of the axial extension defects 
seen in Cdx2/Cdx4 compound mutant mice could be significantly rescued by gain of 
function of specific Hox genes144, as predicted by the currently accepted model. 
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Cdx genes also act as promoter of caudal identity in patterning of the axial skel-
eton. The vertebral column has its embryonic origin in paraxial mesoderm. Somites 
at different axial levels will differ in their genetic positional information, consequently 
giving rise to distinct vertebrate at the precise AP location. Each pre-vertebrae will 
express a distinct Hox code. Disruptions in the establishment of the appropriate 
Hox code lead to loss of the AP identity of any given segment, what is commonly 
referred to as homeotic shift. Therefore, impairment in Cdx gene expression in the 
paraxial mesoderm will invariably lead to homeotic shifts. In fact, depletion of Cdx1 
leads to anterior transformations affecting the cervical and upper thoracic regions, 
in a dosage-dependent manner143,146. Cdx2 homozygous mutants do not survive 
past E3.5 probably because of a defect in trophectoderm, where it is expressed from 
early stages141. But similarly to what has been observed in Cdx1 null mutants, Cdx2 
heterozygotes also exhibit vertebral homeotic transformations143, 146. To a lower extent, 
Cdx4 also participates in the ontogeny of vertebra and misexpression of this gene 
affects axial development147. Several of the vertebral defects seen in Cdx mutants are 
close phenocopies of certain Hox mutant offspring, and correlate with posteriorized 
expression of these same Hox genes. 
Cdx and Hox genes also play a role in patterning tissues that do not display obvious 
segmentation, such as the central nervous system or the endoderm, but display an 
anterior-posterior arrangement of various tissues. Also in these systems, the basic 
principle holds true: misexpression of Cdx leads to a failure in establishing posterior 
fates and results in posterior shifts of anterior structures. 
An excellent example of how Cdx genes contribute to the caudal identity within 
the neural epithelium by confining the expression of anterior markers genes can be 
found in the study done by Shimizu and colleagues (2006). They observed that inhib-
iting cdx1a and cdx4 in zebrafish embryos caused ectopic expression of genes that 
are normally expressed in the posterior hindbrain and anterior spinal cord, which 
led to the ectopic formation of the hindbrain motor and commissure neurons in the 
posterior-most neural tissue. Lack of cdx expression in these embryos led to a mirror-
image duplication of specific posterior hindbrain and anterior spinal cord markers 
in the posterior neural tube. Nevertheless, expression of the posterior hox genes  
hoxb7a, hoxa9a or hoxb9a suppressed this loss-of function phenotype, which sug-
gests a mode of action for cdx factors in patterning the central nervous system 
through regulation of hox genes148. A different study demonstrated that by prevent-
ing the activation of a hindbrain developmental program within the posterior-most 
region of the neural plate, Cdx factors help determine the size of the prospective 
hindbrain and spinal cord territories in a process that might not depend solely on 
hox gene regulation, but rather on cdx factors actively repressing anterior genes149.
Kinkel and Prince (2008) have also unraveled an endoderm-specific role for cdx4 in 
setting the normal posterior limit of the pancreatic field in zebrafish13. In chimeric 
embryos where cdx4 is specifically abrogated in the endoderm, the pancreas field is 
shifted posteriorly. Conversely, overexpression of cdx4 specifically in the endoderm is 
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sufficient to shift the pancreas anteriorly. Taken together, these observations suggest 
that cdx4 confers posterior identity to the endoderm while specifically repressing 
anterior-most fates. Depletion of cdx1a in a cdx4 null background further aggravates 
the posterior shifts within the endoderm. Caudal factors might function to restrict 
the pancreatic field pancreatic identity by preventing retinoic acid signal transduc-
tion in posterior endoderm13. Another caudal gene in zebrafish, cdx1b, is exclusively 
expressed in the developing intestine from 28 hours onwards, and is required for 
proper intestinal differentiation150-152. 
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In this thesis

In the research described in Chaper 3 of this thesis, we evaluate the role of AP pat-
terning in binary cell fate choices within the foregut of zebrafish. We addressed this 
question by assessing how compromised AP patterning in cdx4 mutants would af-
fect the balance between liver and pancreas fates. Abrogation of cdx4 during em-
bryonic development resulted in an expansion of the endocrine pancreas lineages 
at the expense of the exocrine pancreas and the liver. Depletion of cdx4 resulted in a 
shift of the progenitor population, leading them to be exposed to a distinct embry-
onic environment. We hypothesized that the new environmental conditions where 
the progenitors were now found would be enriched in retinoic acid and low in Fgf, 
mimicking the ideal condition to promote solely endocrine pancreas fates. In fact, 
higher exposures to retinoic acid are incompatible with anterior-most fates in wild-
type embryos. In concordance with our model, treating cdx4 null embryos simulta-
neously with Fgf2/8 and DEAB (an inhibitor of RA signaling) significantly reverted 
the mutant phenotype. We hypothesize that Cdx4 provides the positional cues to 
the system that allow for the proper location of the hepatopancreatic progenitors 
within the AP axis, and therefore expose them to the right RA and FGF gradients. 
Aditionally, mispositioning of the progenitors compromises the expression of Notch 
ligands within the endoderm. This leads to a failure in establishing proper lateral 
inhibitory feedback loops within this population, which culminates in an exhaustion 
of the progenitors towards the β-cell fate. 
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Abstract

Zebrafish has proven to be a highly versatile model for comprehensive studies of 
gene function in development. Given that the molecular pathways involved in epi-
thelial carcinogenesis appear to be conserved across vertebrates, zebrafish is now 
considered as a valid model to study tumor biology. 
Development and homeostasis in multicellular organisms are dependent on a com-
plex interplay between cell proliferation, migration, differentiation, and cell death. 
The Wnt signaling pathway is a major signaling pathway during embryonic devel-
opment and is key regulator of self-renewal homeostasis in several adult tissues. A 
large body of knowledge on adult stem cell biology has arisen from the study of 
the intestinal epithelium over the past 20 years. The Wnt pathway has appeared as 
its principal regulator of homeostatic self-renewal. Moreover, most cancers of the 
intestine are caused by activating mutations in the Wnt pathway. Recently, zebrafish 
models have been developed to study Wnt pathway-induced cancer. 

3.1. Intestinal epithelium homeostasis and adult stem cell biology

Due to its rapid cell turnover and a well-defined compartmentalization into prolifera-
tion and differentiation zones, the murine intestinal epithelium has been extensively 
used as an adult organ system for the study of stem cell maintenance, progenitor 
proliferation as well as the differentiation into specialized cell types.
The mammalian resorptive intestinal tract consists of the small intestine (further sub-
divided into duodenum, jejunum and ileum) and the large intestine or colon (Fig. 1A). 
It is lined by a monolayer of epithelial cells involved in either secretory or absorptive 
functions along its entire length. The epithelium of the small intestine is ordered into 
submucosal invaginations known as the crypts of Lieberkühn and finger-like protru-
sions termed villi. The colon is arranged solely into crypts, which invaginate from 
a flat surface epithelium. The arrangement of the small intestinal epithelium into 
crypts and villi reflects not only an anatomical, but also a functional compartmen-
talization, i.e. into a proliferative zone (the crypt) and a differentiated zone (the villus) 
(Fig. 1B). Throughout the life of the adult animal, the intestinal epithelium undergoes 
continuous regeneration fuelled by a stem cell reservoir located at the base of crypt. 
Studies assessing markers of DNA synthesis and proliferation have indicated that the 
lower two thirds of the murine small intestine crypt contain actively proliferating 
cells (reviewed in 1-3). Studies measuring the kinetics of crypt regeneration upon ir-
radiation or after chemical insults suggests that the average number of stem cells per 
crypt is around six4,5. 
Classically, two stem cells models have been proposed which differ in the exact loca-
tion and kinetics of these intestinal stem cells. The first of these models proposes that 
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the stem cell resides at the +4 position relative to the crypt bottom (denominating a 
cell at the bottom of a given crypt as ‘0’ and the cell above this cell as ‘+1’, and so on). 
The first evidence supporting so-called “+4 model” arose from studies demonstrating 
that long-term BrdU label-retaining cells reside at this +4 position, suggesting that 
the +4 cell would be a slow-cycling cell of the intestinal epithelium6. Infrequent cell 
cycle entry has been taken (albeit with little concrete evidence) as a feature of stem 

Figure 1. Comparison between mouse and zebrafish resorptive intestinal tract. (A) Schematic 

representation of the mouse intestinal tract. The mammalian gastrointestinal tract is compartmen-

talized anterior-posteriorly at a morphological, histological and physiological level.  Most of the 

mechanic and enzymatic breakdown of food takes place in the stomach. Nutrient absorption oc-

curs mostly in the small intestine whereas water is absorbed mainly in the large intestine (colon). 

(B) Schematic representation of the mouse small intestine epithelium. On basis of proliferation vs. 

differentiation, it is possible to distinguish two compartments within the mouse small intestine 

epithelium: the crypt and the villus. The stem cells are here represented as the crypt base columnar 

(CBC) cells, in agreement with the ‘stem cell zone’ model. The CBC cells reside in the bottom of the 

crypt, flanked by Paneth cells. Transit amplifying cells occupy the remaining of the crypt.The crypt-

villus junction is marked by the decrease in proliferation and the commitment towards differentia-

tion of one of the specialized cell types found in the small intestine, in line with loss of proliferation 

markers and concomitant expression of differentiation markers. Enterocytes, Goblet cells and ente-

roendocrine cells migrate upward towards the villus, whereas Paneth cells migrate downward and 

localize at the bottom of the crypt. Localized cell death and shedding occurs at the tip of the villus. 

Immunohistochemistry against Ki-67 (a cellular marker for proliferation, marking all active phases 

of the cell cycle) in a paraffin section of an adult mouse small intestine epithelium shows that 

crypts are the proliferative compartment. (C) Schematic representation the zebrafish intestinal tract. 

Similarly to mouse, the zebrafish gastrointestinal tract is compartmentalized anterior-posteriorly 

and can be subdivided into three main segments, with specific anatomical and physiological char-

acteristics. The rostral-most region of the intestine, the intestinal bulb, is involved in lipid absorption, 

the mid-intestinal segment is involved in protein absorption and the posterior intestinal segment 

is specialized in ion transport and water absorption. (D) Schematic representation of the zebrafish 

intestine epithelium (in the anterior intestinal segment). The intervillus pockets are the proliferative 

compartments of the intestinal epithelium. Progenitors stop proliferating as they migrate upwards 

and in the villus cells express differentiation markers. Enteroendocrine, absorptive, and mucus-pro-

ducing cells migrate upwards. Paneth cells have not been identified in zebrafish. The nature of the 

cells in the proliferative compartment remains elusive and the stem cells of intestinal epithelium 

have not been identified yet. Hematoxylin and Eosin staining of a cryostat section of an adult ze-

brafish intestine reveals the absence of crypts. Immunohistochemistry against PCNA (Proliferating 

Cell Nuclear Antigen; marks cells in the S-phase of the cell cycle) in a paraffin section of an adult 

zebrafish intestinal epithelium shows that proliferation is restricted to the intervillus pockets. In situ 

hybridization in cryostat sections of an adult zebrafish intestinal epithelium with c-myc and i-fabp 

probes identifies undifferentiated and differentiated compartments, respectively.
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cells. For many years this +4 model of long-term label-retaining intestinal stem cells 
model lacked a more forceful functional validation, but a recent lineage tracing study 
has demonstrated that in fact cells at the +4 position can replenish the intestinal 
epithelium7. A model that contrasts with the “+4 model” has been called the “stem 
cell zone model” and this model proposes that so-called crypt base columnar (CBC) 
cells located at (or around) the aforementioned ‘0 position’ constitute the intestinal 
epithelium stem cells5,8-12. These CBC cells are small undifferentiated cells located at 
the base of the crypt; they are flanked by Paneth cells. Lineage tracing studies have 
recently shown that CBC cells can generate all epithelial lineages over very long peri-
ods of time13. Furthermore, Barker and colleagues demonstrated that CBC cells under-
go cell division on average once daily and are able to replenish the whole crypt-villus 
axis within 5 days. These data argue against the notion that intestinal stem cells are 
quiescent or slow-cycling. Moreover, CBC cells have recently been single cell-sorted 
and (in the presence of an appropriate cocktail of growth factors) these single cells 
can give rise to long-lived crypt-villus organoids, which display the full range of cell 
types present in the murine intestinal mucosa14. The “‘+4 model” and the “stem cell 
zone model” are not necessarily mutually exclusive and it is currently felt that the +4 
cells and the CBC cells may represent distinct pools of stem cells within the intestinal 
epithelium, possibly displaying different proliferation kinetics. 
The crypts also harbour the stem cells’ immediate proliferative daughters, the tran-
sit amplifying (TA) cells. Modelling studies predict that stem cells almost exclusively 
divide asymmetrically, giving rise to one stem cell and one transit amplifying cell. 
On rare occasions stem cells are predicted to divide symmetrically, which creates a 
continuous random gene flow across the pool of stem cells as stem cell lineages ex-
pand or contract15. Continuous cell division at the level of the crypt creates a tension 
in the epithelium that keeps pushing the newly produced daughter cells upwards. 
TA cells further contribute to the highly proliferative nature of this tissue, undergoing 
4 to 5 cell divisions with cell division occurring once every 12 hours, prior to terminal 
differentiation. As these cells migrate upwards from the bottom of the crypt towards 
the top of the villi, they differentiate into one of the four specialized cell types found 
in the intestinal epithelium: absorptive enterocytes, hormone-secreting enteroen-
docrine cells, mucus-secreting Goblet cells and defensin-secreting Paneth cells. All 
differentiated cells types can only be found in the villus, with the exception of the 
Paneth cells, which settle at the bottom of the crypt in the small intestine. These cells 
are absent from the crypts in the colon. Finally, the cells located at the tip of the villus 
undergo apoptosis or are shed into the intestinal lumen (reviewed in 3). 
Consequently, intestinal epithelium homeostasis is the result of a tight balance 
between three main mechanisms: proliferation being restricted to the bottom of 
the crypt; upward migration of daughter TA cells and terminally differentiated cells 
along the crypt-villus axis; localized cell loss at the tip of the villus. Deregulation of 
this equilibrium, particularly in the proliferative compartment, the crypt, can lead to 
malignant transformation. Over the years, numerous studies making use of genetic 
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murine models have shown that crypt homeostasis is dependent on a crosstalk be-
tween epithelial and underlying mesenchymal cells in the elusive intestinal stem cell 
niche. This crosstalk is mediated by major signaling pathways, such as Wnt, Notch, 
Hedgehog, PI3K and Bmp pathways16-22. A proper modular organization of the in-
testinal epithelium into proliferative vs. differentiation compartments can only be 
assured by a stringent regulation of these signaling pathways, which are directly or 
indirectly involved in stem cell maintenance and cell lineage specification, and ul-
timately define the architectural shape of the system (reviewed in 23). On the other 
hand, disturbances of these pathways lead to disequilibrium of the system, which is 
at the root of several pathological conditions. 

3.2. Wnt signaling, homeostatic self-renewal and cancer

The Wnt pathway is known to control a myriad of events, not only during embryonic 
development but also as a key regulator of adult tissue homeostasis and regenera-
tion. The canonical Wnt signaling pathway has long been established as crucial dur-
ing embryonic development of the gut tube and on the postnatal regulation of the 
homeostasis of intestinal epithelium16,24-28. While Wnt/β-catenin signaling is pivotal for 
the maintenance of the proliferative nature of crypts in the adult mouse intestinal 
epithelium, activating mutations of this pathway lead to tumor initiation. Adematous 
Polyposis Coli (APC), a central negative effector of the Wnt signal, was identified as 
the gene mutated in a large number of hereditary and sporadic cases of colorectal 
carcinoma (CRC)29-32.  Subsequently, several studies found that inactivation of APC in 
colorectal cancer cells results in constitutively active Wnt signaling33,34. These findings 
have placed Wnt signaling at the center of CRC research.
Wnt proteins and their downstream effectors were first discovered in Drosophila, but 
later work showed that these proteins are highly conserved across metazoans  (re-
viewed in 35). The Wnt proteins are morphogens that can interact with specific recep-
tors present on the cell surface of the responding cells, which leads to an activa-
tion of a signal-transduction pathway that activates a downstream gene-expression 
program. The central event of the canonical Wnt signal-transduction pathway is the 
regulation of the stability of β-catenin in the responding cell. β-catenin itself is con-
stitutively produced, but its levels are tightly regulated depending on Wnt ligand 
binding at the receptor complex. In the absence of Wnt stimulation, stable β-catenin 
levels are kept low due to the action of the so-called destruction complex com-
posed of the scaffolding proteins APC and Axin/Axin2 and the kinases Casein Kinase I 
(CKI) and Glycogen Synthethase Kinase 3 beta (GSK3β). The scaffolding proteins se-
quester β-catenin, facilitating its recognition and subsequent phosphorylation by 
CKI and GSK3β. The phosphorylation of β-catenin ultimately marks it for proteaso-
mal degradation (Fig. 2A). Under physiological circumstances, the levels of β-catenin 
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are dramatically increased upon binding of a Wnt ligand to its membrane receptors, 
Frizzled and Low-density lipoprotein Receptor-related Protein (LRP) – the initiating 
step of the signaling transduction Wnt pathway. The binding of a Wnt ligand to these 
receptors triggers a chain of events within the responding cell that will lead to the 
inactivation of the destruction complex. Although the exact sequence of events re-
mains unclear, recent studies have provided strong evidence for a model whereby 
destruction complex partners bind to the activated receptor complex at the plasma 
membrane, which inactivates the destruction complex and inhibits β-catenin phos-
phorylation36. As a result, β-catenin is no longer targeted for degradation and it trans-
locates to the nucleus, where it interacts with DNA-binding proteins of the T-cell 
factor (Tcf )/Lymphoid enhancer-binding factor (Lef ) family. The formation of this bi-
partite complex activates the transcription of Wnt target genes37,38 (Fig. 2B). Ultimately, 
activation of the Wnt signaling pathway via formation of Wnt-Frizzled-LRP5/6 recep-
tor complexes can be prevented, under physiological conditions, upon binding of 
Dikkopf-1 to LRP5/6 39-43 (Fig. 2C). 
In the adult murine intestinal epithelium, multiple secreted Wnt factors are produced 
by the epithelial cells at the crypt bottom28. This potentially generates a morphogen-
like gradient of Wnt signals that might give important positional cues and might be 
paramount to the maintenance of the crypt-villus compartmentalization. Proliferative 
cells at the bottom of small intestinal24 and colonic25 crypts accumulate nuclear 
β-catenin, a hallmark of Wnt activation, and express bona-fide Wnt-target genes, 
such as c-Myc44 and CD4445. Studies in mouse have convincingly demonstrated that 
crypt homeostasis and maintenance dependents on Wnt stimulation. Constitutive 
deletion of Tcf416 (Fig. 2D) leads to the loss of the proliferative compartments in the 
small intestine. Moreover, ectopic expression of the secreted Wnt-inhibitor Dikkopf-1 
in crypt cells leads to a dramatic reduction of proliferation activity26,46. Conversely, in-
appropriate activation of the Wnt pathway either through depletion of the negative 
regulator Apc31 (Fig. 2E) or overexpression of oncogenic forms of β-catenin47,48 (Fig. 2F) 
leads to hyperproliferation of the intestinal crypts. Deregulation of crypt homeosta-
sis is a major feature of (pre)neoplastic lesions and is the initiating step of colorectal 
carcinoma in patients.  Deletion of Apc in the Lgr5-expressing CBC cells, but not in 
neighbouring cell resulted in malignant transformation and proved to be an efficient 
route towards initiating intestinal adenomas. Transformed stem cells remain seated 
at the bottom of the crypt, while fuelling the formation of microadenomas, which 
develop into macroscopic adenomas over a few weeks. A stem cell/progenitor cell 
hierarchy could be identified within these stem-cell derived adenomas49. These stud-
ies further reinforce the notion that the Wnt signaling pathway is a key pathway not 
only in the steady-state homeostasis of the intestine, but also of major importance 
with regards the onset of colorectal carcinoma tumors. 
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3.3. Zebrafish, a model for studying intestinal epithelium biology

Studies of early embryonic events and molecular mechanisms regulating tissue mor-
phogenesis and organogenesis are extremely challenging in higher vertebrates. Due 
to the large clutch size, ex utero development and transparency of the embryos, ze-
brafish has arisen as a powerful model system to study vertebrate development. As 
mentioned above, many of the signaling pathways relevant during embryogenesis 
are key regulators of dynamically self-renewing adult tissues. Therefore, a profound 
knowledge of embryonic events would greatly complement our understanding of 
homeostatic processes and the molecular mechanisms of diseases, including neo-
plastic derailment. Zebrafish is a particularly amenable vertebrate model to address 
these questions. The possibility of performing forward genetic analysis offers an un-
biased approach for the identification of novel genes in embryological processes. 
Large-scale forward genetic screens in zebrafish have identified a myriad of mutants 
with specific defects in virtually every aspect of embryogenesis50,51. Many of these 
mutants have proven to be excellent models for a variety of human diseases open-
ing up new avenues for the use of the zebrafish as a biologic model52,53. Alongside 
its unquestionable value for studying developmental processes, adult zebrafish has 
potential as an alternative vertebrate cancer model system. The high degree of ho-
mology of cell cycle-, tumor suppressor- and oncogenes, suggests that oncogenic 
mechanisms are highly conserved between zebrafish and higher vertebrates54,55. 
Moreover, fish spontaneously develop a wide variety of tumors, with a histopathol-
ogy comparable to those of humans54-58. 
All vertebrates undergo similar morphogenesis in forming the digestive organs59. 
Over the past years, significant efforts have been invested into uncovering the de-
velopment of the gut tube in zebrafish60-62. The architecture of an adult zebrafish 
gut tube is reminiscent of a somewhat simplified version of the mammalian gut 
tube as described previously. The basic body plan, with anatomical and physiologi-
cal compartmentalization along the rostral-to-caudal axis, is comparable in both or-
ganisms. The digestive tract of zebrafish is comprised of pharynx, esophagus and 
intestine. Similarly to what has been described for other cyprinides, zebrafish have 
no discrete stomach, even though the proximal intestinal tract displays a genetic 
footprint of mammalian stomach ontogeny63. The intestinal tract can be subdivided 
into three main segments, with specific anatomical and physiological characteristics: 
the rostral-most region of the intestine is denominated intestinal bulb, an enlarged 
structure that might exert a reservoir function, the mid-intestine and the posterior 
intestine60-62,64 (Fig. 1C). Based on a comparison to other cyprinides, Crosnier and col-
leagues have proposed that in the zebrafish gut tube digestive functions are com-
partmentalized along the anterior-posterior axis: the first two thirds of the digestive 
tract — which corresponds mostly to the intestinal bulb — are involved in lipid ab-
sorption, the mid-region is mostly a protein absorptive zone and the final caudal-
most 5% of the digestive tract is specialized in ion transportation and water absorp-
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tion60,65,66. Again, this is reminiscent of the compartmentalization of mammals’ diges-
tive tract into small intestine and colon. The intestinal wall is composed of several 
randomly-organized epithelial folds at 2 weeks post fertilization, which increase the 
absorptive surface area of the intestinal epithelium61,62. Histological sections through 
the intestinal epithelium reveal that these folds are comprised of a monolayer epi-
thelium resting upon connective tissue. The folds are more abundant and higher 
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Figure 2.  Canonical Wnt signaling pathway. (A) In the absence of a Wnt ligand, β-catenin is 

hyperphosphorilated by the desctruction complex (CKIα, GSK3β, APC, Axin) , and is targeted for 

ubiquitination and degradation by the proteasome. (B) Binding of a Wnt ligand to its Frizzled/

LRP 5/6 receptor complex leads to stabilization of hypophosphorilated β-catenin, which can then 

interact with TCF/LEF proteins in the nucleus to activate transcription. (C) The interaction of the 

Wnt-antagonist Dkk to the Frizzled/LRP 5/6 complex prevents the interaction of the membrane 

receptors with a Wnt ligand, resulting in hyperphosphorilation of β-catenin and the consequent 

inactivation of the pathway. (D) Mutations in TCF/LEF members lead to constitutively blockage of 

the Wnt signaling pathway, regardless of the presence of Wnt stimuli. (E) Mutations in Apc result in 

the stabilization of hypophosphorilated β-catenin, resulting in the misactivation of the canonical 

Wnt pathway. (F) Mutations in β-catenin impair its phosphorilation by the destruction complex 

resulting in a stabilization of β-catenin and activation of the canonical Wnt pathway.  
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in the anterior-most region of the digestive tract. The epithelium at the base of the 
folds, referred to in the literature as intervillus pockets (IVP), lack crypts of Lieberkühn 
(Fig. 1D). Unlike the crypts, the IVP are not submucosal invaginations. The structure 
and organization of the adult zebrafish intestinal epithelium is reminiscent of fetal 
mouse intestine16. During mouse intestinal epithelial development, the crypts de-
velop postnatally by invagination of the intervillus epithelium, from day 7 after birth. 
This process increases rapidly in the third week67. The fact that in zebrafish intestinal 
epithelium, unlike the mouse, a crypt structure is not formed might reflect the differ-
ences in body growth kinetics between mouse and fish. Like other fishes (and unlike 
mice), zebrafish continue to grow throughout adult life68. This important difference, 
coupled with a simpler dietary habit, might be at the basis for a more “embryonic-like” 
intestinal epithelium in fish.
Marking proliferative cells by BrdU incorporation in wild-type adult zebrafish intes-
tine, reveals that proliferation is restricted to the IVP60,63. Differentiation occurs along 
the IVP-villus axis and the IVP-villus epithelium is continuously regenerated60,63. As in 
mouse, in the zebrafish adult intestine it is possible to distinguish two compartments 
exhibiting different genetic signatures: a proliferative compartment, restricted to the 
intervillus region, which is marked by the expression of the transcription factor c-myc, 
a key regulator of cell proliferation and a direct downstream target of the β-catenin/
TCF complex which marks the proliferation zone in mouse intestine25,69; and a  differ-
entiated compartment, the villus, which is marked by the expression of intestinal fatty 
acid binding protein (i-fabp), an enterocyte differentiation marker70 (Fig. 1D). The adult 
zebrafish intestinal epithelium possesses all the cell types present in the mouse in-
testine, with the exception of Paneth cells62. Specific expression of Wnt target genes 
in the intervillus pocket suggests that, as in the murine intestinal epithelium, Wnt 
signaling drives proliferation in this epithelial compartment. 

3.4. apcmcr fish: a new model for gastrointestinal  tumorigenesis

As mentioned previously, the Wnt/β-catenin signaling pathway is central to the main-
tenance of homeostasis in the intestinal crypts. Since APC has been identified as the 
gene mutated in a large number of hereditary and sporadic cases of colorectal carci-
noma (CRC), several mutant mouse and zebrafish models have been generated. 
The apcmcr mutant fish carries a premature stop codon in the putative mutation clus-
ter region (MCR) of Apc, mimicking the mutations found in familial adenomatous 
polyposis (FAP) in human patients47. The truncation results in constitutively activated 
Wnt/β-catenin signaling71-73. apcmcr homozygous zebrafish embryos die between 72 
and 96 hours post-fertilization (hpf ), displaying multiple defects. The mutant phe-
notype is due to loss of the Wnt-regulatory function of Apc. Primordia for internal 
organs such as gut, liver and pancreas are formed, but develop abnormally71. These 
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mutants display aberrant intestinal epithelial development, lacking expression of dif-
ferentiation markers, such as ifabp, and the overall epithelial morphology resembles 
that of earlier developmental stages74,75 suggesting that overstimulation of the Wnt 
signaling pathway either delays or prevents differentiation in the intestinal epitheli-
um of zebrafish. Nadauld and colleagues noted that another relevant signaling path-
way for enterocyte differentiation, the Retinoic Acid pathway, is compromised in the 
apcmcr mutant embryos74,75 indicating thus that the intestinal epithelium phenotype 
observed in these fish might not entirely due to misregulation of the canonical Wnt 
signaling. 
Mice heterozygous for truncating mutations in Apc develop multiple tumors in the 
small intestine. The best known model and the most commonly used in gastroin-
testinal tract tumorigenesis studies is the ApcMin/+ (Min stands for Multiple intestinal 
neoplasia) mouse76. ApcMin/+ mice carry a nonsense mutation in codon 850 of the 
Apc gene. This alteration results in a truncated protein that lacks the 15- and 20-ami-
no-acid repeat sequences, crucial in mediating the binding and downregulation of 
β-catenin, as well as the SAMP (Ser-Ala-Met-Pro) repeats, involved in the interaction 
with Axin/Condutin (reviewed in 77). Heterozygous ApcMin/+ mice can develop up to 
100 intestinal tumors per animal in the upper gastrointestinal tract in a relatively short 
period of time. Other mouse models with specific germ-line truncating mutations in 
the Apc gene, such as ApcΔ716 78 and Apc1638N 79 are also prone to developing polyps in 
the small intestine (reviewed in 80, 81). 
Likewise, aged apcmcr/+ zebrafish develop tumors in endoderm-derived tissues, pri-
marily in liver and intestine72. Large outgrowths in the intestine, resembling mam-
malian polyps, occur spontaneously in apcmcr/+ zebrafish. The intestinal architecture is 
disorganized and, in contrast to the ordered periodic arrangement of villi in the wild 
type intestine, the mutant tissue displays large structures with bifurcations of the villi 
often embedded in fibrovascular stroma. These lesions share many characteristics 
with mammalian adenomatous polyps, such as pseudostratification of nuclei, loss 
of Goblet cells and increased nuclear-to-cytoplasmic ratio, consistent with dysplas-
tic epithelium72. Aged apcmcr/+ zebrafish also develop hepatic neoplasias reminiscent 
of hepatoblastoma in infants72. Therefore, the apcmcr/+ mutant zebrafish line is also a 
good model to study the formation and progression of these hepatic lesions, since 
hepatoblastoma development is tightly linked to overstimulation of the Wnt canoni-
cal pathway82-84. Both intestinal and hepatic neoplasias have a common molecular 
phenotype. Most of the cells comprising the adenomas express high levels of c-myc 
and ectopic axin2, both β-catenin/Tcf4 target genes. As expected, the intestinal and 
hepatic adenomas are negative for differentiation marker such as intestinal-fatty acid 
binding protein and liver-fatty acid binding protein, respectively72. Indeed, i-fabp expres-
sion is downregulated upon activation of Wnt signaling and in adenomas of ApcMin/+ 
mice25.  Treatment of apcmcr/+ fish with 7,12-dimethylbenz[a]anthracene (DMBA) – a 
potent carcinogenic that induces point mutations and has been previously used in 
carcinogenesis experiments in mice and fish56 – causes an increase in the number 
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of small intestine adenomas, and of hepatic and exocrine pancreas neoplasias72. The 
implication of Wnt/β-catenin signaling pathway in pancreatic cancer has also been 
established in mice85, 86. Taken together, the current data establishes that zebrafish 
Apc, like its mammalian counterpart, is a bona fide tumor suppressor. Moreover, het-
erozygous loss of Apc in the zebrafish appears to phenocopy cancer in mammals. 
The morphology and histopathological features of the neoplasias seen in Apc het-
erozygous fish resemble those found in humans, and the spectrum of organs that 
are affected by neoplastic lesions in these fish overlaps with that observed in FAP 
patients and ApcMin/+ mice. These observations strongly suggest a highly conserved 
molecular route underlying Wnt-driven carcinogenesis amongst vertebrates.
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In this thesis

In the research described in Chapter 4 of this thesis, we investigated the role of dif-
ferent transcription factors from the Tcf/Lef family during the development of endo-
derm-derived tissues in zebrafish. We found that different tissues express a specific 
Tcf signature: Tcf4 is the major effector of canonical Wnt signaling in the intestine 
during zebrafish organogenesis, while Tcf1 and Tcf3 act sinergistically during liver de-
velopment.
In Chapter 5 we unraveled the role of Wnt signaling in morphogenesis and adult age 
homeostasis of the intestinal epithelium of zebrafish. As in mouse, the Wnt signaling 
pathway maintains the proliferative compartment of zebrafish intestinal epithelium 
via Tcf4. 
In Chapter 6 we described a novel zebrafish gene, apc2, an orthologue of human 
APC2. Apc2 has been identified in several biological models and, similarly to Apc, an-
tagonizes Wnt signaling. We found that unabated Wnt activation due to the overall 
reduction of Apc activity – dependent of the combined action of Apc and Apc2 – 
leads to neoplasia in the intestinal epithelium of adult zebrafish. 
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Abstract 

The Caudal-related (Cdx) genes are members of the parahox cluster of homeobox 
genes. They function during antero-posterior patterning and development of  
the gut tube. Previous studies have suggested that liver and pancreas progenitors 
develop from a common endoderm progenitor in the embryonic foregut. We now 
report that Cdx4 promotes the anterior-most fates in hepatopancreatic progenitors 
in zebrafish. Depletion of cdx4 leads to the expansion of the endocrine pancreas 
to the detriment of both liver and exocrine pancreas. We find that mesodermal Fgf 
and RA gradients regulate hepatic and pancreatic fates along the AP axis. Mutation  
of Cdx4 displaces the bipotential hepatopancreatic progenitor cells along the AP axis, 
exposing the progenitors to inappropriate signaling environments. Lastly, we dem-
onstrate that Cdx4 controls the expression of multiple Notch pathway components 
to control cell fate of the hepatopancreatic progenitors. In the absence of Cdx4, loss 
of Notch-mediated lateral inhibition in the hepatopancreatic endoderm leads to an 
accelerated differentiation towards the endocrine pancreas fates.
 

Introduction

The specification of regional identities along the anterior-posterior (AP) axis is a  
synapomorphy of the bilaterian body plan and is set by discordant signals present 
at the anterior and posterior pole of the embryo. The endoderm is the most internal 
primary germ layer and forms the lining of the digestive tract and associated glands. 
Segmentation of the endoderm into the broad territories of organ primordia along 
the AP axis occurs during somitogenesis and prefigures the gross anatomy of the 
adult digestive tract.
Gut tube territories are defined by the cross talk between endoderm and mesoderm 
and mirror the regionalization found in mesodermal tissues1. Development of the en-
doderm-derived organs occurs in a complex stepwise process and relies on a timely 
and spatially ordered integration of developmental signals. Genetic experiments 
have elucidated several signaling pathways that are important for endoderm region-
alization along the AP axis. Thus far, they appear to be very similar to the mechanisms 
patterning of the neurectoderm, which involve Fibroblast growth factors (Fgf ) and 
Retinoic Acid (RA) signals emanating from the surrounding tissues2.
Pancreatic and hepatic domains arise within the foregut region of the endoderm 
in very precise AP positions, and are specified in close spatio-temporal proximity 
under the influence of signals from the surrounding mesoderm. In mouse as well as 
zebrafish, the liver is specified more anteriorly. The endocrine and exocrine pancreas 
arise from a dorsal and a ventral bud, posterior to the liver1. In mice, both buds give 
rise to endocrine and exocrine tissues. In zebrafish the posterior dorsal pancreatic 
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bud contributes exclusively to the endocrine lineages, whereas the anterior ventral 
bud contributes mostly to the exocrine pancreas3.
Previously, it has been assumed that both the endocrine and exocrine pancreas lin-
eages are derived from one pancreatic stem cell4,5, whereas  the hepatocytes and 
bile duct cells are derived from a separate liver stem cell type6,7. Recently however, 
data has indicated that liver and pancreas may actually derive from the same mul-
tipotent progenitors8-10. These stem cells remain present throughout adulthood as 
seen in cases of reciprocal trans-differentiation between these tissues11-16. Deutsch 
and colleagues (2001) first discovered that, in mouse embryos, the default-state of 
the ventral foregut endoderm is pancreas. Fgf signals released from the cardiac me-
soderm and BMPs from the septum tranversum mesenchyme coordinately divert 
the fate of some cells towards hepatic gene program, while suppressing the default 
pancreas program9 17. Recently, Chung and colleagues (2008) discovered that a com-
mon pool of progenitors in zebrafish can form liver, pancreas and intestine lineages 
and that these fate decisions are controlled by bmp28, suggesting that specification 
of liver and pancreas fates from common progenitors is an evolutionarily conserved 
mechanism.
The Caudal-related homeobox (Cdx) genes function critically during AP pattern-
ing throughout embryonic development by conferring caudal identity to tissues. 
Vertebrates have three caudal homeobox genes: Cdx1, Cdx2 and Cdx4 in mouse and 
human; cdx1a, cdx1b and cdx4 in zebrafish. Cdx gene products regulate AP patterning 
by integrating caudalizing signals, such as the canonical Wnt pathway, and convert 
this positional information into coherent Hox gene expression18. Cdx gene function 
is particularly well studied in patterning the endoderm of mice and fish. All three 
family members are dynamically expressed in the developing gut tube of murine 
embryos19-21. A cross-repressive interaction between Cdx2 and Sox2, a foregut marker, 
sharpens progenitor boundaries and assures the proper AP location of prospective 
organ domains22. This, in turn, influences the fate of naïve progenitors23. Embryos 
defective in cdx4 have a shortened antero-posterior axis associated with aberrant 
hox gene expression24. Concomitantly, cdx4 null embryos display anomalous AP pat-
terning in all germ layers24-28. Zebrafish cdx4 sets the posterior limit of the pancreatic 
field in the competent endoderm by limiting the range of action of mesodermal RA. 
In the absence of cdx4, the pancreatic domain is shifted two somites-widths posteri-
orly26. Depletion of cdx1a in a cdx4 null background further aggravates the posterior 
shifts within the endoderm26. Furthermore, cdx4 has a homeotic role in the regional 
specification of the intestine, as depletion of this gene leads to ectopic expression of 
sox2 in the posterior-most region of the endoderm25. Thus, zebrafish cdx genes act as 
major determinants of posterior identity during endoderm development and mis-
regulation of these genes compromises AP patterning. Our aim was to understand 
how abnormalities in the establishment of anterior-posterior domains would affect 
cell fate choices in foregut-derived tissues. To address this question, we studied how 
aberrant patterning in zebrafish cdx4 mutants affects foregut development.
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Materials and methods

Zebrafish husbandry

Zebrafish were maintained on a 14h-light/10h-dark cycle and at 28.5°C. Fertilized embryos were collected 

following natural spawning, cultured and staged by developmental time and morphological criteria, as de-

scribed previously29. Developmental stages were determined as hours post fertilization (hpf ). cdx4 mutant 

line had been previously described24. Tg(sox17:GFP)s870 line had been previously described8.

Single and Double in situ hybridization and TSA Fluorescent in situ hybridization

Embryos were collected at different developmental time points and fixed in 4% (w/v) paraformaldehyde 

overnight at 4°C  with agitation. Digoxigenin and fluorescein-labeled probes were synthesized via standard 

protocols and purified using NucleoSpin RNA clean-up columns (Machery-Nagel). Single and double in situ 

hybridizations were performed essentially as described30, 31. The substrate used in the second color-reaction 

was INT ([4-iodophenyl]-3-[4-nitrophenyl]-5-phenyl-tetrazolium chloride) (Roche Applied Science). Pictures 

were obtained using a microscope (Axioplan; Carl Zeiss MicroImaging, Inc.) with a 10× NA 0.30 plan Neofluar 

or a 40× NA 0.65 Achroplan lens on a Leica microscope (TCS NT). Images were digitized with a camera 

(DFC480; Leica) and processed with the IM500 Image Manager (Leica).

Single and double TSA fluorescent in situ hybridization were performed as described32 using the Perkin 

Elmer TSATM Plus Fluorescence Systems. Images were obtained using a Leica SP5 confocal microscope (Leica 

Microsystems) using a 20× dry objective with 1× digital zoom.

To assess developmental defects in cdx4 mutants, whole mount in situ hybridization was preformed for 

progenitor or differentiation markers, phenotypical defects were scored and embryos were genotyped. 

Experiments were replicated for each marker at each developmental time point.

Volume measurements

Endocrine pancreas, exocrine pancreas and liver were assessed by Single TSA fluorescent in situ hybridization 

for the tissue-specific differentiation markers insulin, trypsin and liver fatty-acid binding protein, respectively. 

Five embryos per condition were analyzed at 80hpf.  Images were obtained using a Leica SP5 confocal micro-

scope (Leica Microsystems) using a 20× dry objective with 1× digital zoom. 3D reconstruction of organs was 

done using Volocity software (Improvision) followed by Volume measurement of stained area (measured ob-

jects with intensity 12-100 % over the background). Statistical analyses were performed in Excel (Microsoft).

Pharmacological treatments

Embryos were treated with SU5402, a specific inhibitor of the Fgf receptor33, or with (Diethylamino)-

benzaldehyde (DEAB), a potent retinaldehyde dehydrogenase inhibitor34. DEAB (Wako) and SU5402 

(Calbiochem) were dissolved in DMSO at 100 mmol/L and 1mM, respectively. Recombinant human FGF8 and 

FGFb (Peprotech) were dissolved in PBS+ 1% BSA at 100μg/mL. All-trans Retinoic Acid (Sigma) was dissolved 

in MQ water at 10-2M.

Embryos were treated with: 50 μmol/L DEAB; 25μM SU5402; 100ng/mL FGF8; 10ng/mL FGFb; 10-6M/10-9M/10-

12M of Retinoic Acid. Pharmacological agents were diluted in embryonic medium with 1 μg/ml heparin.  

Embryos were incubated at 28.5°C in the dark in embryo medium containing the inhibitors/growth factors 

from 12hpf-24hpf and from 16hpf-24hpf. The drugs were removed by repeated washing with embryo me-
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dium. Embryos were grown to 34 and 50hpf and fixed in 4% paraformaldehyde.

The control groups were treated with a corresponding dilution of DMSO for all the experimental conditions 

tested.

Morpholino microinjections

Morpholino (Gene Tools) directed against cdx424 has been previously described. cdx4 morpholino stock solu-

tions was solubilized in mili-Q water to 20 ng/nL stock concentration. For microinjections 2ng of cdx4 mor-

pholino was injected into wild-type embryos at one-cell stage.

Single cells preparation from zebrafish embryos and isolation of GFP-positive endodermal cells

Embryos were grinded and incubated in fresh Trypsin(0.05%)/EDTA(0.54mM) solution supplemented with 

DNase (0.8 U/μL) for 30 minutes at 37ºC with agitation. After incubation, cells were spun down, resuspended 

in cold PBS+3%BSA and filtered through a 40  μm mesh. GFP-expressing cells were isolated using a MoFlo 

cell sorter (DAKO).

Microarray analysis

Total RNA was extracted from sorted cells using RNeasy Mini Kit (Qiagen) according to manufacturer’s instruc-

tion. 500ng of RNA from each sample was reverse transcribed using MessageAmpTM II aRNA amplification 

kit (Ambion) and was further labelled by Quick Amp Labelling Kit, two colour (Agilent). The corresponding 

pairs of samples were hybridized to 4X44K Zebrafish dual colour Microarrays (Agilent, G2519F). Sample from 

cdx4MO treated and wild type control endoderm tissues were hybridized in two-dye swap experiments with 

biological replicate (experiment 1 and 2), resulting in four individual arrays. Microarray signal and background 

information were retrieved using Feature Extraction program (V.9.5.3, Agilent Technologies). For each pair of 

hybridization, fluorescent signals in either channel with greater than 2 times above the local background and 

showing the same trend of fold change in the corresponding dye swap experiments were considered as well 

measured and average was taken. Overlapping differentially expressed gene list between experiment 1 and 

2 were selected with the cut-off at 2 fold variations or more in the average of the two experiments (571 tran-

scripts, Supplementary Table 1). Array data is available at Gene Expression Omnibus under accession number 

(pending to be published).

 

Results

cdx4 mutation affects differentiation, but not progenitor specification, of 
foregut-derived tissues in zebrafish.
A null mutation in zebrafish cdx4 causes aberrant AP patterning of the gut tube,  with 
ectopic expression of foregut markers in the posterior-most region of the develop-
ing intestinal epithelium25. This suggests that, as in mouse, cdx genes repress anterior 
fates in posterior-most regions of the endoderm. In order to assess if the defects 
in AP patterning observed in the cdx4 mutant affected cell fate choices of foregut-
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derived tissues, we applied a panel of liver and pancreas differentiation markers to 
these embryos.
Consistent with a previous report26, we observed that depletion of cdx4 leads to an 
expansion of endocrine pancreas lineages in the developing zebrafish, ascertained 
by in situ hybridization at 80 and 94 hours-post fertilization (hpf ) for islet1 (isl1) a pan-
endocrine lineage marker35, and insulin (ins), glucagon (gluc) and somatostatin1 (sst1), 
marking β, α and δ cells of the pancreas, respectively36 (Fig.1A’-D’). The development 
of the anterior-most organs, liver and exocrine pancreas, is also compromised in cdx4 
null embryos. At 80 hpf mutants embryos displayed a reduction in the expression 
domain of liver fatty acid binding protein (l-fabp)37 and prospero-related homeobox 
gene 1 (prox1), both early differentiation markers of the liver primordium (Fig.1E’, F’). 
Furthermore, we found a significant reduction of acinar cells, assessed by in situ hy-
bridization against trypsin (tryp)35 and pancreas specific transcription factor 1a (ptf1a)38, 
markers for differentiated exocrine pancreatic cells (Fig.1G’, H’). Lastly, the normal ar-
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Figure 1. cdx4-/- embryos fail to express some differentiation markers in endoderm-derived 

tissues. Dorsal view of 80 and 96 hpf wild-type (A-H) and cdx4-/- (A’-H’) siblings after whole mount 

in situ hybridization for islet1 (isl1) (A, A’), insulin (ins) (B, B’), glucagon (gluc) (C, C’), somatostatin1 (sst1) 

(D, D’), liver fatty acid binding protein (l-fabp) (E, E’), prospero-related homeobox gene 1 (prox1) (F, F’), 

trypsin (tryp) (G, G’) and pancreas specific transcription factor 1a (ptf1a) (H, H’). Confocal imaging of 

80hpf wild-type (I) and cdx4-/- (I’) embryos after double TSA fluorescent in situ hybridization with 

fluorescing-labelled tryp probe (green) and cy5-labelled ins probe (red), marking exocrine and en-

docrine lineages of the pancreas, respectively.
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chitecture of the pancreas is disrupted in cdx4 mutants, where ins expressing cells 
aggregate in more than one islet and are poorly engulfed by the acinar tissue (Fig1.I’). 
By performing volumetric analysis of the expression domains of ins, tryp and lfabp in 
cdx4 mutants and wt siblings at 80hpf we could confirm that the expression domain 
of ins is increased more than 3 fold (p=0.0003) in cdx4 null embryos, whereas the ex-
pression domains of tryp and lfabp are reduced almost 2 fold, respectively (p=0.0071 
and p=0.0172, respectively) (Sup. Fig.1).
To further understand whether the reduced expression of liver and exocrine pancreas 
differentiation markers observed in 80hpf cdx4 null embryos corresponds to a failure 
in differentiation per se or a defect in progenitor specification, we probed for the ex-
pression of endodermal progenitor markers. We first examined the expression of the 
foregut progenitor marker forkhead box A2 (foxA2)39. In wt embryos, foxA2 expression 
extends caudally to endoderm that includes the developing pancreas (Fig.2A, red 
asterisk). In mutants, foxA2 expression in the foregut is not affected at this time-point 
and the formation of liver (black arrow) and pancreas (red asterisk) buds is evident 
(Fig.2A’). Noteworthy is the fact that in cdx4 null embryos foxA2 expression expands 
caudally beyond the pancreatic bud (Fig.2A’; brackets). This indicates an expansion of 
anterior fates in posterior-most endoderm tissues, resulting from the absence of the 
repressive action normally exerted by cdx4.
To assess if the specification of the posterior endoderm is affected at the same time 
point, we analyzed the expression of GATA-binding protein 6 (gata6), a marker of ze-
brafish esophagus, liver, exocrine pancreas, and intestine39. Of note, GATA6 is essen-
tial for liver development40. In wt and mutant embryos, gata6 is strongly expressed 
in the liver primordium (Fig.2B, B’; black arrow) and weakly expressed in the intestinal 
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Figure 2. Liver and exocrine pancreas progenitor specification is not affected in cdx4 mutant 

fish. Dorsal view of 34 hpf wild-type (A-D) and cdx4-/- (A’-D’) siblings after whole mount in situ 

hybridization for forkhead box A2 (foxA2) (A, A’), GATA-binding protein 6 (gata6) (B, B’), hematopoiet-

ically-expressed homeobox (hhex) (C, C’), and prospero-related homeobox gene 1 (prox1) (D, D’). Back 

arrow, liver bud; white asterisk, pancreas bud; brackets, intestinal endoderm; black asterisk, exocrine 

pancreas primordium.
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endoderm (Fig.2B, B’; brackets). This indicates that hepatoblasts specification is not 
affected in cdx4 null embryos. Furthermore, leftward bending of the gut41 occurs 
properly in mutants (Fig.2B’, black arrow). We also did not detect differences in ex-
pression levels for hematopoietically-expressed homeobox (hhex), a transcription fac-
tor expressed both in the pancreatic (red asterisk) and the liver bud (black arrow) at 
early stages of development42 (Fig.2C, C’), or ptf1a, expressed by exocrine pancreas 
progenitors (Fig.2D, D’; black asterisk). Taken together, these observations suggest 
that specification of liver and exocrine pancreas progenitors within the foregut oc-
curs normally in cdx4-/- embryos.

cdx4 depletion leads to an expansion of the endocrine pancreas at the 
expense of exocrine pancreas and liver.
Accumulating evidence in the literature suggests that hepatic and pancreatic tissues 
arise from a population of multipotent progenitors within the foregut8-10. Therefore, 
we asked whether in cdx4 mutants the expansion of endocrine pancreas lineages 
and the reduction of both exocrine pancreas and liver lineages is caused by a cell 
fate change. We investigated the kinetics of differentiation from the pool of pro-
genitors, by following the expression patterns of hhex, ins and prox1 at relevant time 
points of hepatic specification and differentiation. hhex is expressed in the endoderm 
between the pharynx and the gut, which encompasses both the pre-pancreatic and 
pre-hepatic endoderm39. Murine Hex is necessary for the development of liver, thy-
roid and ventral pancreas buds43,44. In zebrafish, its expression pattern overlaps that 
of pancreatic duodenal homeobox 1 gene (pdx1)39, an established pancreas progenitor 
marker45. Thus, the hhex expression domain at 28hpf includes the progenitors for both 
liver and pancreas. Both wt and mutant embryos (Fig.3A, A’) have two distinguishable 
areas where hhex is expressed: a rostral domain, which corresponds to the pre-he-
patic region (black arrow); a caudal domain, that corresponds to the pre-pancreatic 
region (red asterisk)39. For both domains, wt and mutants are indistinguishable at 
28hpf. Furthermore, ins expression, marking cells committed to become β-cells, and 
prox1 expression, labeling cells committed to become hepatocytes, is not compro-
mised in cdx4-/- embryos at 28hpf (Fig.3B’,C’). At 34hpf, hhex and prox1 expression in wt 
(Fig.3D, F) and mutants (Fig.3D’, F’) is comparable. However, ins expression is markedly 
expanded in cdx4 null embryos at 34, 58 and 80hpf (Fig.3E’, H’, K’). Conversely, prox1 ex-
pression is reduced in mutants at 58 and 80hpf (Fig.3I’, L’), suggesting that fewer cells 
are recruited towards the hepatic fate. Of note, the hhex expression in the pancreas 
and liver domains is comparable between wt and mutants at all time points (Fig.3A-J 
and 3A’-J’). Given that there is no increase in proliferation of endocrine pancreas cells 
in mutants26, the increase in ins-positive cells must be due to a higher number of 
progenitors being diverted towards the endocrine pancreas fate. Overall, our data 
indicates that differentiation from the progenitor population into pancreatic and he-
patic tissues is comparable between wt and mutants at 28hpf. 
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From 34hpf onwards, there is preferential commitment towards the endocrine pan-
creas fate. This could be caused by a premature differentiation of a higher number of 
common progenitors towards the endocrine pancreas fate, leaving fewer progeni-
tors available to be recruited to the hepatic fate.
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Figure 3. Expansion of the endocrine pancreas fate occurs at the expense of the exocrine 

pancreas and liver lineages in cdx4 mutants. Dorsal view of 28hpf (A-C and A’-C’), 34hpf (D-F and 

D’-F’), 58hpf (G-I and G’-I’) and 80hpf (J-L and J’-L’) wild-type (A-L) and cdx4-/- (A’-L’) siblings after 

whole mount in situ hybridization for hematopoietically-expressed homeobox (hhex) (A, A’, D, D’, G, 

G’, J, J’), insulin (ins) (B, B’, E, E’, H, H’, K, K’) and prospero-related homeobox gene 1 (prox1) (C, C’, F, F’, I, I’, 

L, L’). Back arrow, liver bud; white asterisk, pancreas bud.
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Depletion of cdx4 alters the exposure of hepatopancreatic progenitors to 
FGF and RA gradients.
The liver bud constitutes the most anterior bud46, while the pancreas originates 
from the fusion of two more posterior anlagen: a ventral anterior bud and a dor-
sal posterior bud47. Given the well-documented role of cdx genes in patterning the 
embryo along the AP axis, we asked whether the endodermal defects found in the 
cdx4 mutant are reflective of faulty AP patterning in the endoderm or surrounding 
tissues. The FGF and the RA signaling pathways have been implicated in AP identity 
in the embryo, while also being reported as regulators of liver and pancreas develop-
ment9, 48-56. A substantial amount of evidence points to the existence of gradients of  
FGF and RA regulating anterior endoderm patterning and cell fate choices along the 
AP axis51, 53, 55-58.
Boundaries of RA activity in the foregut are maintained by a posterior gradient of 
Raldh2, a key enzyme in retinoic acid synthesis from vitamin A, and an anterior gradi-
ent of Cyp26, a catabolist of RA51, 52. In 16hpf wt embryos the raldh2/cyp26a1 boundary 
is set at the level of somite 3-4. We found that this boundary was shifted posteriorly 
in cdx4 mutants (Sup. Fig.2A’,B’),  concurring with the posterior shift of the endo-
crine pancreas in these mutants26. Murine Fgf8 has been implicated in liver devel-
opment50,59 and zebrafish fgf8 was implicated in the development of anterior struc-
tures in the embryo, such as thyroid, heart, cerebellum and the midbrain-hindbrain 
boundary (MHB) organizer60-62, thus making it a likely candidate to set the anterior 
gradient of Fgf that would induce liver development. In 16hpf cdx4-/-, fgf8 is expressed 
at wild type levels in the prospective MHB but its mid-trunk mesoderm is  reduced 
(Sup. Fig.2C’).
To assess whether the Fgf and RA signaling play an important role in AP patterning 
in the context of cdx4 deficiency, we pharmacologically challenged these signaling 
pathways in a cdx4 mutant background, during relevant intervals of time for pancre-
ato- and hepatogenesis. A subset of cells within the endoderm has the plasticity to 
differentiate into hepatic or pancreatic tissue (Sup. Fig.3A, red cells). The endocrine 
pancreas program is the first to be activated during foregut organogenesis from 
12hpf onwards (Sup. Fig.3A, light green cells). From 18hpf the hepatic program initi-
ates (Sup. Fig. 3A, dark green cells)3. To assure that temporally controlled pathway in-
hibition would not compromise progenitor specification we first tested two distinct 
time-windows (12hpf-24hpf and 16hpf-24hpf ) and assessed the expression of hhex. 
Embryos treated with RA inhibitor DEAB, from 12hpf-24hpf and16hpf-24hpf (Sup. 
Fig.3D-F’), exhibit hhex expression in the expected region of the endoderm, span-
ning both prospective liver (black arrow) and pancreas bud (red asterisk). However, 
inhibition of Fgf signaling with SU5402 from 12hpf-24hpf severely compromised hhex 
expression in both wt and mutant embryos (Sup.Fig.3C, C’). Conversely, blocking this 
pathway from 16hpf onwards did not affect hhex expression within the endoderm in 
either genetic background (Sup. Fig.3E, E’). Thus, we selected the time window from 
16hpf-24hpf as optimal to assess the differentiation of liver and pancreas from a com-
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Figure 4. RA and Fgf regulate cell fate commitment of the hepatopancreatic progenitors. 

Dorsal view of 50hpf wild-type (A-L) and cdx4-/- (A’-L’) siblings, submitted to different pharmaco-

logical treatments from 16hpf-24hpf, and after whole mount in situ hybridization for insulin (ins) (A, 

A’, C, C’, E, E’, G, G’, I, I’, K, K’) and liver fatty acid binding protein (l-fabp) (B, B’ D, D’, F, F’, H, H’, J, J’, L, L’). Wild 

type embryos (C, D) and cdx4-/- embryos (C’, D’) treated with Fgf inhibitor. Wild type embryos (E, F) 

and cdx4-/- embryos (E’, F’) treated with RA inhibitor. Wild type embryos (G, H) and cdx4-/- embryos 

(G’, H’) treated with exogenous FGF8. Wild type embryos (I, J) and cdx4-/- embryos (I’, J’) treated with 

exogenous all-trans-RA. Wild type embryos (K, L) and cdx4-/- embryos (K’, L’) treated with RA inhibi-

tor and supplemented with FGF8. Black arrow and black asterisk indicate ectopic expression of ins 

in wild-type and mutants, respectively. Red arrow and red asterisk indicate ectopic expression of 

lfabp in wild-type and mutants, respectively. (M) Proposed model for the AP defaults found in the 

endoderm of cdx4 mutants, in relation to the RA and Fgf gradients. The endoderm is posteriorized 

in mutants. The faulty allocation of the hepatopancreatic cells in the mutant results in misexposure 

of these cells to mesodermal signals. In wild-type the prospective ‘liver field’ is exposed to high FGF 

signals and low RA signals. In mutants, the prospective ‘liver field’ is located in a low FGF and RA rich 

environment. (N) In the absence of the critical combination of growth factors, the hepatopancreatic 

progenitors yet uncommitted at 16hpf (red cells) would divert towards the pancreatic fate, result-

ing in the ectopic islets found in cdx4 mutants. SU5402, Fgf signaling inhibitor; DEAB, Retinoic Acid 

signaling inhibitor.
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mon pool of progenitors.
Subsequently, we studied how Fgf and RA signaling, from 16-24hpf, affects endocrine 
pancreas and liver development by assessing the expression of ins and lfabp. The 
inhibition of Fgf signaling resulted in significantly reduced expression of the hepato-
cyte marker lfabp in wt embryos (Fig.4D) and abolished it in cdx4-/- embryos (Fig.4D’), 
compared to the control embryos (Fig.4B, B’). This finding indicated that cdx4 null 
embryos are more sensitive to reduced levels of Fgf than wt embryos. In contrast, the 
expression of ins in wt and mutant embryos was not affected (Fig.4C, C’), and cdx4-/- 
embryos still presented ectopic islets (Fig.4C’, black asterisk), indicating that ablation 
of Fgf signals from 16-24hpf does not affect endocrine pancreas development. In 
the reverse experiment, we stimulated Fgf signaling by treating the embryos with 
recombinant human FGF8 and FGFb, two fibroblast growth factors implicated in 
liver development50,63. Pancreas and liver developmental defects as a result of cdx4 
mutation were not rescued by FGF treatment (Fig.4G, G’). The FGF8-treated (Fig.4H’) 
and the FGFb-treated (data not shown) cdx4-/- embryos did not present an improve-
ment in liver specification, indicating that reduced exposure to Fgf signals  does not 
account for impaired liver specification in cdx4-/- embryos. Interestingly, we could find 
ectopic expression of lfabp, posterior to somite 1, in wt treated embryos, suggesting 
that from 16hpf-24hpf some cells in the endoderm retain the plasticity to be speci-
fied into a hepatic fate.
Blocking RA signaling from 16hpf-24hpf did not impact significantly on either lfabp 
(Fig.4F’) or ins (Fig.4E’) expression in cdx4 null fish. Conversely, exposure to all-trans-
RA resulted in expanded ins expression in wild type and mutants (Fig.4I,I’). Treating 
embryos with exogenous RA resulted in complete abrogation of hepatocyte differ-
entiation in both wt (Fig.4J) and mutants (Fig.4J’), showing that high levels of RA are 
incompatible with the anterior-most fates in the hepatopancreatic endoderm in ze-
brafish. Furthermore, we exposed embryos to different concentrations of all-trans-RA 
and found that RA inhibits hepatocyte differentiation in a dose-dependent manner 
(Sup. Fig.4). Hepatocyte specification is more sensitive to RA in cdx4-/- embryos. Given 
that liver and pancreas are shifted posteriorly in cdx4 mutants, this observation sug-
gests that the hepatopancreatic progenitors are exposed to higher dosages of RA in 
the mutant.
Taken together, these results suggest that high RA concentrations promotes endo-
crine pancreas commitment, whereas an environment low in RA and enriched for Fgf 
will drive the commitment of cells towards the hepatic fate. To test this hypothesis, 
we abrogated RA signaling in wt and mutant embryos, while simultaneously treat-
ing them with exogenous FGF8. In agreement with our hypothesis, treated embryos 
displayed a significant expansion of lfabp expression (Fig.4L,L’). Presumptive foregut 
in cdx4 mutant does not rescue hepatic traits when exposed only to exogenous FGF. 
However, the liver developmental defects found in cdx4 mutants were rescued when 
the FGF treatment was combined with inhibition of RA, a paraxial mesoderm caudal-
izing factor. Furthermore, under this experimental condition, cdx4 null embryos lost 
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ectopic expression of ins (Fig.4K’). This suggested that the ectopic islet seen in these 
mutants is the result of mispatterned hepatopancreatic endoderm.
Our results implied that hepatopancreatic progenitors in cdx4 mutants are not 
exposed to the right conditions to potentiate liver commitment. Because the en-
doderm is posteriorized in the mutant, it is likely that cells that should contribute 
towards liver (here designated, liver field) – high FGF, low RA – are now mostly sur-
rounded by instructive signals characteristic of the pancreatic field – high RA and low 
FGF (Fig.4M). By restricting our pharmacological treatments to the time window of 16 
to 24hpf, we are specifically affecting the exposure of the hepatopancreatic progeni-
tors yet uncommitted (Fig.4N, red cells). These are the cells that, in the absence of the 
critical combination of growth factors, would commit towards the pancreatic fate, 
resulting in the ectopic islets found in cdx4 mutants. By pharmacologically recreating 
the optimal “liver field” conditions, we can divert those labile cells away from becom-
ing endocrine pancreas and towards a liver fate.

Aberrant AP patterning compromises the activation of Notch signaling 
within the endoderm of cdx4 null embryos.
In order to identify the genes controlled by cdx4 that play a role in the transition from 
the default pancreatic program to the activation of the liver program, we performed 
a microarray transcription profiling comparing gene expression between wild-type 
endoderm and cdx4-deficient endoderm at 16hpf. To obtain purified endoderm 
cells we used the endoderm-specific Tg(sox17:EGFP) transgenic line64. Wild type and 
cdx4 morphant embryos 16hpf Tg(sox17:EGFP) were collected, and GFP-expressing 
endoderm cells were purified using fluorescence-activated cell sorting (FACS) (Sup. 
Fig.5A-B). RNA from the purified cells was analysed using Agilent whole genome ar-
rays. Two biological replicates of each sample were obtained, and average expression 
among replicates was used to compare expression in both experimental conditions. 
We obtained 571 overlapping transcripts with more than two fold variations in aver-
age of the two experiments, among which 270 transcripts were downregulated and 
301 were upregulated after cdx4 suppression (Sup. Table 1). The results were repro-
duced by independent biological replicates with good correlation (Pearson correla-
tion coefficient, 0.807; p < 0.001, Sup. Fig.5D). As previously reported26, pdx1 was one 
of the genes most up-regulated upon cdx4 depletion (Fig. 5A). Consistent with our 
previous findings, ins transcripts were enriched in the cdx4-deficient population of 
endoderm cells (Fig. 5A). Interestingly, Notch pathway member genes were down-
regulated in cdx4-deficient endoderm, including Notch-ligand family delta and the 
downstream targets hairy/E(spl) family genes (her) (Fig. 5A), suggesting possible in-
activation of the Notch pathway after cdx4 suppression.
The Delta-Notch signaling pathway regulates binary cell fate choices in neighboring 
cells by a mechanism of lateral inhibition. Notch signaling has been implicated in 
cell fate decisions during pancreas development in several organisms54, 65-70. deltaA 
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(dlA) is the earliest Notch-ligand to be found expressed in the foregut of zebrafish67. 
We found it to be one of the genes downregulated upon cdx4 depletion (Fig.5A). 
To confirm our microarray data, we performed in situ hybridization for pdx1 (which 
labels the pre-pancreatic endoderm) and dlA in 16hpf cdx4 mutant embryos. The 
pdx1 expression domain is expanded in the mutant endoderm, while dlA was absent 
from the pdx1+ domain (Fig.5B). dlA is expressed in β-cell precursors at 16hpf, which 
then signal to the yet uncommitted neighbor cells to activate Notch, keeping them 
in a progenitor state. dlA morphants display an increased number of ins expressing 
cells and compromised exocrine pancreas differentiation67, a phenotype reminiscent 
of that observed in the cdx4 mutant. This suggests that aberrant Notch-mediated 
lateral inhibition is underlying the phenotype on the hepatopancreatic endoderm 
of cdx4 mutants.
If proper activation of the Delta-Notch pathway is downstream of the AP positional 
information provided by cdx4 in the hepatopancreatic endoderm, we expect to find 
similar endodermal abnormalities in a mutant with compromised Notch signaling. 
mind bomb (mib) mutants lack a Delta-ubiquitin ligase, which results in impaired 
Notch signaling71. To assess the effects of a complete loss of Delta-Notch signaling 
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on liver and pancreas development, we examined the phenotype of mibta52b homozy-
gotes. Importantly, as seen with cdx4-/-, mib mutants present ectopic expression of ins 
coupled with reduced tryp and lfabp staining (Fig.5C), demonstrating that both exo-
crine pancreas and liver fate are compromised in a Notch-deficient context. These re-
sults support the notion that the AP defects found in cdx4 mutants results in a failure 
to establish Delta-Notch signaling in the pre-pancreatic and pre-hepatic endoderm. 
In turn, this would lead to a premature exhaustion of the common hepatopancreatic 
progenitors towards the endocrine pancreas fate, at the expense of acinar and liver 
tissues.

Discussion

With this study we support the notion that liver and pancreas arise from common 
population of precursors. Specification into hepatic or pancreatic lineages requires 
extrinsic signals to provide positional information, which in turn is converted into a 
coherent network of transcription factors that direct cell fate commitment. Failure to 
activate the right differentiation program will result in expansion of one fate in detri-
ment of the other8-10, 17. Our data provides in vivo evidence that the AP patterning of 
the endoderm regulates cell fate choices within the hepatopancreatic precursors in 
zebrafish.
Zebrafish cdx4 has a role in patterning the endoderm along the AP axis25,26. We found 
that the AP patterning defects in the cdx4 mutants causes a liver-to-pancreas switch. 
cdx4 null embryos express the molecular signature of liver and pancreas progenitors 
at the same level as their wt siblings. Nevertheless, mutant embryos display expan-
sion of all differentiated endocrine lineages of the developing pancreas, concomitant 
with the decrease of liver and exocrine pancreas differentiation markers. Furthermore, 
the progenitors are being exhausted at the same rate in wt and mutants, while cdx4 
null embryos display a higher number of cells being recruited towards the β-cell 
fate. In contrast, the expression of liver markers is reduced in mutants from 58hpf. 
This strongly suggests that Cdx4 deficiency results in the expansion of endocrine 
pancreas lineages at the expense of acinar and hepatic lineages. The pre-pancreatic 
endoderm of cdx4 mutant and aged-matched wt presents comparable levels of 
cell proliferation26. Therefore, the mechanism by which cdx4 deficiency leads to a 
higher number of ins expressing cells is not due to higher proliferation rate of the 
progenitors or the specified cells, but is largely a specification defect favoring the 
commitment of hepatopancreatic progenitors towards β-cell fate at the expense of 
the hepatic fate.
cdx4 has a role in setting the posterior boundary of the foregut26. In the absence of 
this positional information, the foregut domain of the endoderm shifts posteriorly. 
Recent reports in zebrafish demonstrate that mesoderm-endoderm interactions play 
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an essential role in assuring the right balance between liver, exocrine and endocrine 
pancreas fates and the neighboring tissues8. In our study we show that Fgf and RA 
gradients regulate hepatic and pancreatic fates along the AP axis. Furthermore, we 
demonstrate that depletion of Cdx4 alters the exposure of naïve progenitor cells to 
these mesodermal signals. In mutant embryos, the hepatopancreatic precursors are 
exposed to an environment with high concentration of RA and low concentration 
of Fgf, which promotes the ectopic expression of endocrine pancreas markers at the 
expense of liver fate. By blocking RA signaling while exposing them to exogenous 
Fgf, we rescue liver marker expression in mutants. Therefore, we propose that the 
balanced commitment towards liver and pancreas fates results from a differential 
exposure of progenitors to Fgf and RA signals along the AP axis. High concentrations 
of RA correspond to a mid-trunk identity, whereas high of Fgf coupled with low RA 
concentration would instruct an anterior-most identity.
Fgf is required for hepatogenesis in mouse9,17 and zebrafish49. In mouse, the commit-
ment of ventral foregut towards liver and ventral pancreas depends on the proximity 
to the source of Fgf signals, the cardiac mesoderm. In the absence of these induc-
tive signals, the ventral foregut expresses pancreatic markers9. The activation of the 
Fgf signaling pathway in the hepatopancreatic progenitors leads to the repression 
of the default pancreatic program, therefore allowing the activation of the hepatic 
program. In this study, we demonstrated that Fgf8 plays an essential role in direct-
ing liver vs. pancreas decisions with the hepatopancreatic progenitors in zebrafish. 
fgf8 is expressed in the MHB organizer, in the heart field and in anterior lateral plate 
mesoderm in early somitogenesis stages61,62. Zebrafish fgf8 mutants display defects 
in thyroid development – an organ that derives from the ventral foregut endoderm60. 
Furthermore, fgf8 regulates segmentation of the pharyngeal endoderm into pouch-
es in zebrafish embryos72. These studies support that Fgf signals play an important 
role in anterior endoderm patterning.
An RA signal from the anterior paraxial mesoderm is essential to the specification of 
pancreas as well as its localization along the AP axis53,57 , and acts downstream of Fgf48. 
We found that high levels of RA are incompatible with liver differentiation. Evidence 
that RA acts as a dominant determinant imposing caudal identity in the foregut was 
also found in Xenopus, where it promotes endocrine differentiation at the expense 
of exocrine differentiation in the dorsal pancreas54. In the chick, high levels of RA are 
incompatible with anterior-most fates in the pharyngeal endoderm51. Zebrafish neck-
less embryos, presenting a mutation in the raldh2 gene, display impaired liver and 
pancreas development53. The discrepancy between this observation and our results 
might reflect a differential temporal requirement for RA during endoderm develop-
ment. In fact, exogenous RA treatment from 9-10hpf results in the anterior expansion 
of the liver and pancreas at the expense of more anterior endodermal derivatives53.
In our study we discovered that impaired AP patterning of the endoderm results 
in compromised Notch-mediated lateral inhibition within the hepatopancreatic 
progenitors. By performing microarray analysis we found that 16hpf cdx4-defiecient 
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endoderm cells fail to express members of the Notch-ligand family Delta and down-
stream targets of the Notch pathway, indicating that activation of this pathway 
is defective in mutant embryos. Mice with mutations in core components of the 
pathway, such as Delta1, RBP-Jκ or Hes-1, display an accelerated commitment of the 
pre-pancreatic endoderm to the endocrine lineage, suggestive of a role for Notch 
signaling in preventing excessive endocrine differentiation65,66. Notch signaling is 
used reiteratively in pancreas development to regulate sequential cell fate decisions, 
allowing the generation of multiple cell types from a common pool of progenitors in 
a sequential fashion73. Notch signaling has also been implicated in regulation of cell 
fate decisions from multipotent progenitors during liver development6,7,74. Activating 
Notch in some, but not all, cells from the progenitor pool prevents the premature 
commitment of the complete pool towards one specific fate, thus reserving undif-
ferentiated precursors to be recruited towards the subsequent lineages.
The Notch-Delta signaling pathway plays a crucial role in zebrafish pancreas and liver 
organogenesis67,68,75. Our results support that controlled activation of Notch signaling 
regulates lineage commitments in the hepatopancreatic progenitor population in 
zebrafish. We found that dlA, the first Notch-ligand to be expressed in the foregut 
region, is significantly downregulated in 16hpf cdx4-deficient endoderm. dlA-mor-
phants have higher number of β-cell, the first lineage to be specified in zebafish 
endocrine pancreas, coupled with reduction of the following pancreatic lineages67, 
suggesting that dlA is expressed in the β-cell precursors to activate Notch in the 
neighboring cells, thus preventing those from differentiating. We propose that, in 
cdx4 mutants, defective activation of the Notch pathway in the pre-hepatopancreatic 
endoderm leads to an accelerated differentiation towards the endocrine pancreas 
fates. The compromised expression of hepatocyte markers and acinar markers cou-
pled with an increase in endocrine pancreas markers found in mib mutants, where all 
Delta-Notch signaling is believed to be blocked, support our conclusion.
Since cdx4 is a transcriptional factor, it is plausible that it exerts a direct control over 
the transcription of relevant components of the Notch pathway. Nevertheless, a sce-
nario where mesenchyme signals trigger the activation of Notch in the endoderm 
appear to be more likely. In Xenopus, application of excessive RA during gastrulation 
results in the expansion of the endocrine cell population at the expense of exocrine 
cells in the dorsal pancreas, correlating with a negative regulation of Notch signaling 
activity54. Moreover, Fgf10 expressed in the pancreatic mesenchyme activates Notch 
signaling in the endoderm to promote precursor pool maintenance by suppressive 
maintenance76. Therefore, we propose that cdx4 positions the hepatopancreatic pro-
genitors along the AP axis to promote the appropriate exposure to mesodermal Fgf 
and RA signals. A failure to allocate the hepatopancreatic progenitors to their ad-
equate AP position results in impaired Notch-mediated lateral inhibition within this 
progenitor population, possibly due to failed expression of Delta ligands.
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Supplementary Data

Supplementary Figure 1. Volumetric analysis of the expression domains of ins, tryp and lfabp 

in cdx4 mutants and wild-type siblings, at 80hpf. Confocal imaging of 80hpf wild-type (A, D, 

G) and cdx4-/- (B, E, H) embryos after double TSA fluorescent in situ hybridization with fluorescing-

labelled insulin (ins) (A, B), trypsin (tryp) (D, E) and liver fatty acid binding protein (lfabp) (G, H) probe, 

marking endocrine pancreas, exocrine pancreas and liver lineages, respectively. The expression 

domain of ins (C) is increased more than 3 fold (p=0.0003, χ2 test for trend) in cdx4 null embryos, 

whereas the expression domains of tryp (F) and lfabp (I) are reduced 1.99 and 1.84 fold, respectively 

(p=0.0071 and p=0.0172, respectively;  χ2 test for trend).
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Supplementary Figure 2. RA and Fgf gradients in cdx4-/- embryos. Dorsal view of 16 hpf wild-

type (A-C) and cdx4-/- (A’-C’) siblings after whole mount double in situ hybridization for raldh2 (A, A’), 

cyp26a1 (B, B’) and fgf8 (C, C’) (blue staining). All the in situs were co-stained for myogenic differentia-

tion 1 (myoD1, red staining), marking the forming somites.
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Supplementary Figure 3. Transient blockage of Fgf and RA pathways from 16-24hpf does not 

affect progenitors specification in both wild-type and mutants. (A) Timeline for liver and pan-

creas specification in zebrafish. Liver and pancreas arise from a common population of precursors 

within the foregut (population of cells in red, left diagram). Specification of pancreas and liver oc-

curs in a timely and spatially ordered fashion. The pancreatic program is activated first in a few cells 

of the endoderm (population of cells in light green; middle diagram). The remaining uncommitted 

cells within the pool of common precursors (population of cells in red; middle diagram) will then 

activate the hepatic program (population of cells in dark green; right diagram). We blocked Fgf and 

RA signaling at two distinct time intervals: from 12-24hpf and 16-24hpf. (B-F’) Dorsal view of 34hpf 

wild-type (B-F) and cdx4-/- (B’-F’) siblings, submitted to different pharmacological treatments, and 

after whole mounts in situ hybridization for hematopoietically-expressed homeobox (hhex). Wild 

type embryos (C, E) and cdx4-/- embryos (C’, E’) treated with Fgf inhibitor from 12-24hpf (C, C’) and 

from 16-24hpf (E, E’). Wild type embryos (D, F) and cdx4-/- embryos (D’, F’) treated with RA inhibitor 

from 12-24hpf (D, D’) and  from 16-24hpf (F, F’). SU5402, Fgf signaling inhibitor; DEAB, Retinoic Acid 

signaling inhibitor.
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Supplementary Figure 4. High levels of RA impair liver development in a dose-dependent 

manner. Dorsal view of 50 hpf wild-type (A-D) and cdx4-/- (E-H) siblings after whole mount double 

in situ hybridization for liver fatty acid binding protein (lfabp). Embryos were treated to different con-

centrations of all-tans-RA: DMSO control (A, E), 10-6M RA (B-F), 10-9M RA (C-G) and 10-12M RA (D-H). 
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Supplementary Figure 5. Delta-Notch pathway members are down-

regulated in cdx4 deficient endoderm (A) Wild type and cdx4 mor-

phant embryos 16hpf Tg(sox17:EGFP). (B) After treatment with trypsine, 

sox17:GFP positive cells were identifiable upon fluorescence-activated 

cell sorting. (C) Expression pattern of 571 overlapping transcripts with 

more than two fold variations in average of the two experiments (D) 

Significant correlation of the overlapping probes between experiments 1 

and 2 (Pearson correlation coefficient, 0.807; p<0.001). x axis: fold change 

(log2) after experiment 1; y axis: fold change (log2) after experiment 2.
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Supplementary Table 1. 571 overlapping transcripts differentially expressed after cdx4- 

morpholino treatment.

Feature # Gene Name cdx4MO exp1 cdx4MO exp2 Average (log2)

19028 RP71-78H1.7 -3.7948 -4.3543 -4.0746

24826  -2.5232 -5.0645 -3.7938

3098 hbbe3 -3.6081 -3.5925 -3.6003

11431 hbbe3 -3.4073 -3.3093 -3.3583

38479 hbbe2 -3.3553 -3.3054 -3.3303

12644 zgc:112118 -3.8428 -2.6575 -3.2501

10488 hbae1 -3.6100 -2.8515 -3.2308

20324 hoxd10a -3.1851 -3.2453 -3.2152

7589  -2.9566 -3.2127 -3.0846

12610  -3.0661 -3.0664 -3.0663

39629 hoxd10a -2.6564 -3.1153 -2.8858

7085 hoxa10b -2.9807 -2.7618 -2.8712

33985 hoxa9a -2.2642 -3.2368 -2.7505

7785 hbae3 -2.8822 -2.3007 -2.5914

34035 ascl1a -3.5902 -1.5665 -2.5783

32477 hbae3 -2.7603 -2.2934 -2.5268

16956 blf -3.1781 -1.6614 -2.4198

25120  -2.3298 -2.4367 -2.3833

14440 gfi1.1 -2.0425 -2.6467 -2.3446

19307 cldng -2.4448 -2.1481 -2.2964

8987 hoxd3a -2.4121 -2.1804 -2.2963

3917 LOC100003467 -2.3173 -2.2666 -2.2919

7989 dlc -1.8038 -2.7208 -2.2623

44774  -1.8573 -2.6568 -2.2571

3664  -2.5854 -1.9284 -2.2569

14176 LOC100003669 -2.2685 -2.2090 -2.2387

2051 LOC100003669 -2.2027 -2.2438 -2.2232

32270 dlc -1.7464 -2.6723 -2.2093

20068 dtnbp1b -2.5829 -1.6948 -2.1388

9042 zgc:136538 -2.2690 -1.9752 -2.1221

31581 blf -2.5958 -1.6214 -2.1086

3439 thbs4b -2.7432 -1.4548 -2.0990

3442 ripply2 -1.0497 -3.1429 -2.0963

3854 cahz -2.6772 -1.5054 -2.0913

34590 LOC100003669 -2.0464 -2.1351 -2.0908

35920 fgf8a -2.5885 -1.4750 -2.0318
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16671 hoxb10a -1.6325 -2.4307 -2.0316

40520  -2.5593 -1.4875 -2.0234

11744  -1.6364 -2.3775 -2.0070

13512 her7 -1.5662 -2.3849 -1.9756

24949 LOC555598 -2.3220 -1.6251 -1.9736

22626 cldng -1.7313 -2.1953 -1.9633

20006 hoxb9a -1.7283 -2.1685 -1.9484

30408  -1.7928 -2.0928 -1.9428

15174 krml2.2 -2.2537 -1.6213 -1.9375

9361  -0.7092 -3.1497 -1.9295

38628 hoxa9b -1.8148 -2.0397 -1.9272

33005 her12 -1.2522 -2.5204 -1.8863

7555 wnt8-2 -2.2719 -1.4645 -1.8682

23924 fn1b -2.0019 -1.7280 -1.8650

11449 hoxc3a -1.5426 -2.1835 -1.8631

12361  -1.0552 -2.6217 -1.8385

41677 wu:fb53f04 -2.5705 -1.0722 -1.8214

26572 LOC563491 -2.2049 -1.4363 -1.8206

17043 aldh1a2 -2.2025 -1.4352 -1.8189

26723 fgf8a -2.1931 -1.4269 -1.8100

13097 hoxb7a -1.5278 -2.0783 -1.8031

1940 col5a2l -1.9269 -1.6709 -1.7989

18308 fzd10 -2.2148 -1.3644 -1.7896

3954 tbx24 -1.1434 -2.4221 -1.7827

24989 LOC100151318 -1.4421 -2.0640 -1.7531

39911 hoxc6b -1.5563 -1.9453 -1.7508

10654 tbx16 -1.9020 -1.5767 -1.7393

15983 znfl2a -1.9738 -1.4778 -1.7258

40515 krml2.2 -1.6763 -1.7603 -1.7183

6211 LOC570966 -1.7560 -1.6298 -1.6929

10569 col5a2l -1.7599 -1.6234 -1.6916

9535 jam2 -2.6859 -0.6593 -1.6726

28994 mllt3 -1.2721 -2.0454 -1.6588

43262 LOC572703 -1.8396 -1.4740 -1.6568

1117 hoxc9a -1.5083 -1.7976 -1.6529

5201 plp1a -2.5505 -0.7272 -1.6388

29201 dld -1.9199 -1.3449 -1.6324

40261 klf4 -1.8615 -1.3688 -1.6151

30483 sox1a -1.4652 -1.7565 -1.6109

3930 kazald2 -1.4637 -1.7548 -1.6092

37658 hoxc9a -1.3221 -1.8944 -1.6083

33969 rx3 -2.7236 -0.4483 -1.5860
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28279 LOC572703 -1.6390 -1.5321 -1.5855

26910 pax3a -2.3101 -0.8463 -1.5782

15532 ripply1 -0.8471 -2.2869 -1.5670

31143 col5a2l -1.4778 -1.6009 -1.5393

44647 eif5 -2.9503 -0.1231 -1.5367

26786 meox1 -1.5304 -1.5378 -1.5341

3389 crabp2b -1.4144 -1.6503 -1.5324

41176  -1.6928 -1.3589 -1.5258

42313 cygb1 -2.0282 -1.0001 -1.5142

17785 her1 -1.2265 -1.7973 -1.5119

12233 angptl7 -1.7556 -1.2579 -1.5067

42972 egfl6 -1.4885 -1.5239 -1.5062

20668 zgc:136330 -1.5414 -1.4667 -1.5040

18417 fn1b -1.2455 -1.7587 -1.5021

42582 DKEY-103D23.5 -0.9957 -1.9877 -1.4917

26692 raraa -1.5170 -1.4564 -1.4867

5357 grwd1 -2.3086 -0.6626 -1.4856

15214 has2 -0.9328 -2.0327 -1.4827

27150 col1a1 -1.9206 -1.0342 -1.4774

43335 zgc:77231 -2.0524 -0.8932 -1.4728

38464 mibp -2.4512 -0.4752 -1.4632

4074 ripply1 -0.6931 -2.2314 -1.4623

29839 dld -1.5442 -1.3720 -1.4581

36529  -1.4628 -1.4474 -1.4551

41605 klf4 -1.6196 -1.2876 -1.4536

11178 zgc:109940 -1.6053 -1.2987 -1.4520

19960 fit1 -2.2887 -0.6115 -1.4501

897 dld -1.6597 -1.2157 -1.4377

32874 zgc:77231 -1.9466 -0.9197 -1.4331

33236  -1.2385 -1.6247 -1.4316

21779  -1.8000 -1.0575 -1.4288

15725 msxd -1.6780 -1.1721 -1.4251

19260 abcf1 -2.4850 -0.3617 -1.4234

11196 rprm -1.5547 -1.2848 -1.4198

29611 dla -2.6615 -0.1662 -1.4138

15652 cxcl12a -2.2470 -0.5780 -1.4125

7566  -1.9056 -0.9139 -1.4098

15 si:ch211-241j12.1 -1.3105 -1.4943 -1.4024

9101 pax3a -1.9169 -0.8833 -1.4001

25585 sfrp1a -1.7567 -1.0387 -1.3977

9802 matn4 -1.7852 -0.9786 -1.3819

14901 col1a1 -1.9972 -0.7452 -1.3712
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38381 nme2 -1.4663 -1.2583 -1.3623

15408 gli2a -1.7978 -0.8923 -1.3450

4954  -1.2323 -1.4476 -1.3400

36812 cyb5b -1.0487 -1.6306 -1.3397

5389 skib -2.4237 -0.2487 -1.3362

41322 wu:fb53b02 -1.5102 -1.1356 -1.3229

38874  -1.4869 -1.1467 -1.3168

13294 hoxc6a -1.3421 -1.2894 -1.3158

10910  -2.1249 -0.4881 -1.3065

34637 zgc:162431 -2.8522 0.2515 -1.3004

31883 si:dkey-103i16.2 -2.0559 -0.5374 -1.2966

16210 hoxc8a -0.8464 -1.7453 -1.2958

16658  -1.9994 -0.5919 -1.2956

44022 crabp2a -1.6670 -0.9189 -1.2929

33580 tbx6 -0.7798 -1.8026 -1.2912

39137 fgf17 -0.9353 -1.6439 -1.2896

9791 zgc:113191 -1.7908 -0.7869 -1.2888

14824 arhgap12 -2.2063 -0.3648 -1.2856

32117 zgc:66377 -2.1568 -0.4107 -1.2837

32266 zgc:66298 -1.7835 -0.7802 -1.2818

15077 acy3.2 -1.4964 -1.0659 -1.2812

28051 myf5 -0.7718 -1.7827 -1.2773

40938 hoxb7a -1.1628 -1.3794 -1.2711

6133 dla -2.3353 -0.1987 -1.2670

799  -1.7191 -0.8055 -1.2623

43855 hoxc6a -1.4415 -1.0810 -1.2613

8196 mibp -2.0834 -0.4275 -1.2554

9521 anp32e -1.3268 -1.1807 -1.2538

13774 dnmt1 -2.0816 -0.4086 -1.2451

13835 nme2 -1.2419 -1.2480 -1.2450

19181 LOC100006382 -1.3925 -1.0938 -1.2431

12133  -1.9395 -0.5413 -1.2404

35331 zgc:64022 -1.5800 -0.8867 -1.2334

1651 imp4 -2.0711 -0.3860 -1.2286

11742 spry4 -1.6530 -0.7923 -1.2227

39167  -1.6771 -0.7674 -1.2223

34129 si:ch211-210h11.4 -2.8156 0.3758 -1.2199

14939 nop58 -1.8371 -0.5973 -1.2172

9352 myog -1.9107 -0.5219 -1.2163

34546 zgc:92754 -2.1294 -0.3023 -1.2158

8265 ahctf1 -2.0467 -0.3816 -1.2141

37602 prickle1b -1.4670 -0.9550 -1.2110
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32273 ngf -0.9349 -1.4858 -1.2103

11866 LOC100002136 -1.5346 -0.8784 -1.2065

17898  -1.5725 -0.8393 -1.2059

4502 zgc:101594 -1.4504 -0.9598 -1.2051

29633 hoxc8a -1.2688 -1.1364 -1.2026

16917  -1.8706 -0.5310 -1.2008

15685 zgc:56585 -0.7255 -1.6735 -1.1995

26656 pold1 -2.0740 -0.3236 -1.1988

10610 zgc:152873 -1.4597 -0.9346 -1.1972

20154 zgc:122979 -1.9427 -0.4497 -1.1962

36446  -1.5874 -0.7963 -1.1919

9185 cyb5b -1.0869 -1.2935 -1.1902

203 sox19a -2.5211 0.1466 -1.1873

35316 prmt7 -1.6186 -0.7513 -1.1850

9832 zgc:123318 -1.8620 -0.5012 -1.1816

32530 tbx6 -0.6353 -1.7277 -1.1815

33117 calm1b -0.9369 -1.4243 -1.1806

39773 urod -1.5342 -0.8228 -1.1785

16394 six3b -2.5128 0.1613 -1.1757

35431 dkc1 -1.6790 -0.6674 -1.1732

41804 zgc:113078 -1.7254 -0.6201 -1.1727

44257 si1a -1.6288 -0.7067 -1.1678

20567 dact2 -1.4534 -0.8790 -1.1662

25584 aprt -1.9448 -0.3809 -1.1628

19353  -2.1344 -0.1885 -1.1615

39209 chd -1.9603 -0.3623 -1.1613

11150 zgc:136689 -2.1800 -0.1240 -1.1520

6590 akap1b -1.8115 -0.4846 -1.1480

4959 cdh2 -1.8765 -0.4160 -1.1462

12752 ccnt2 -1.7176 -0.5737 -1.1456

28562 ahcy -1.7349 -0.5544 -1.1446

33875 zgc:171776 -1.4098 -0.8722 -1.1410

18888  -1.4345 -0.8456 -1.1401

20070 zgc:66438 -1.6833 -0.5948 -1.1390

35781 cyr61 -1.3277 -0.9482 -1.1380

21376  -1.7969 -0.4751 -1.1360

3359 nr2c1 -1.9105 -0.3607 -1.1356

21335 timm50 -1.3081 -0.9628 -1.1355

27071 ngf -0.9446 -1.3238 -1.1342

19537 hells -1.7133 -0.5514 -1.1323

4967 znf503 -2.0122 -0.2504 -1.1313

29713 neurog1 -1.4668 -0.7938 -1.1303
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15749 cyp26a1 -1.3369 -0.9218 -1.1294

5393 slc25a21 -1.8536 -0.4011 -1.1273

35158 LOC558975 -1.9916 -0.2613 -1.1264

30550 zgc:85869 -1.9652 -0.2862 -1.1257

11529  -1.9580 -0.2821 -1.1201

10630 cad -1.7723 -0.4583 -1.1153

39490  -0.9213 -1.3050 -1.1132

5189 zgc:195155 -1.6052 -0.6178 -1.1115

2162  -1.9104 -0.3116 -1.1110

16639 p1l1 -1.8317 -0.3858 -1.1088

30475 zgc:101853 -1.6797 -0.5329 -1.1063

27939 mcm5 -1.6724 -0.5282 -1.1003

20893 zgc:112208 -1.7088 -0.4882 -1.0985

20470 LOC572192 -1.9381 -0.2513 -1.0947

42327 zgc:66241 -1.7164 -0.4697 -1.0930

19146 zgc:101000 -1.1937 -0.9856 -1.0897

39979 spry4 -1.3117 -0.8610 -1.0863

33601  -0.9076 -1.2588 -1.0832

21259  -1.4538 -0.7050 -1.0794

44865 hells -1.6079 -0.5492 -1.0786

21311 myog -1.6398 -0.5172 -1.0785

20797  -1.5388 -0.6182 -1.0785

4619 ahcy -1.6778 -0.4737 -1.0758

7813 pabpc4 -1.5004 -0.6507 -1.0756

7377 capn2b -0.7727 -1.3767 -1.0747

2725 zgc:171642 -1.4631 -0.6820 -1.0726

26936 zgc:136330 -0.7328 -1.4083 -1.0705

20351  -1.3185 -0.8159 -1.0672

23049 sc:d808 -0.9782 -1.1550 -1.0666

14636  -1.5847 -0.5481 -1.0664

18124 cdx1a -0.6964 -1.4359 -1.0662

7762 atp1a2a -2.0141 -0.1165 -1.0653

5383  -1.7055 -0.4233 -1.0644

26718 si:dkey-77p13.2 -1.4915 -0.6345 -1.0630

24192 zgc:66438 -1.6238 -0.4970 -1.0604

19871 gart -1.3706 -0.7457 -1.0582

21023 DKEYP-98C11.2 -1.8498 -0.2619 -1.0559

6293  -1.4183 -0.6874 -1.0529

11875 nop56 -1.6617 -0.4387 -1.0502

33991 mcm2 -1.4788 -0.6183 -1.0485

4962 si:ch211-170d8.2 -1.6352 -0.4598 -1.0475

18609  -1.0617 -1.0329 -1.0473
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22629 mcm4 -1.8512 -0.2395 -1.0454

28326  -0.5954 -1.4909 -1.0432

30741 im:7150454 -1.1847 -0.8933 -1.0390

31944 ncapg2 -1.6880 -0.3841 -1.0360

16007 LOC798510 -1.5380 -0.5335 -1.0358

11585 setx -0.9447 -1.1167 -1.0307

9866  -1.3110 -0.7488 -1.0299

27304  -1.5354 -0.5225 -1.0289

38217 zgc:100849 -1.1498 -0.9026 -1.0262

38424 hoxc6a -0.6235 -1.4278 -1.0257

9006 cxcl12a -0.9765 -1.0709 -1.0237

14812 lmo2 -1.0062 -1.0345 -1.0204

35792 glula -1.3698 -0.6688 -1.0193

36874  -1.3826 -0.6504 -1.0165

24230 nr4a1 -1.4106 -0.6130 -1.0118

17122 zgc:158328 -1.6353 -0.3833 -1.0093

44302 mespa 0.1987 -2.2149 -1.0081

14122 chchd10 -0.8335 -1.1814 -1.0075

4526  -1.3115 -0.7018 -1.0067

26569 pax6a -2.0315 0.0213 -1.0051

304 zgc:66298 -1.2653 -0.7427 -1.0040

36718 zgc:85889 -0.5041 -1.4993 -1.0017

7106 atp1a1a.4 -1.7779 -0.2230 -1.0005

11773 zgc:110540 -1.5252 -0.4753 -1.0003

35354  1.7031 0.2977 1.0004

32067 plcd1b 1.4630 0.5380 1.0005

11250  1.3650 0.6377 1.0014

28874  1.7460 0.2569 1.0014

17595  0.8013 1.2018 1.0016

34462  1.8180 0.1865 1.0023

32252 ndel1a 1.1638 0.8424 1.0031

31616 zgc:112303 1.8165 0.1911 1.0038

33603 cnn2 1.2779 0.7319 1.0049

740  1.2652 0.7452 1.0052

13799  1.7268 0.2866 1.0067

26891 timp2 1.4963 0.5209 1.0086

27350 zgc:195154 1.3806 0.6380 1.0093

18531  1.2373 0.7814 1.0093

39866  1.7411 0.2782 1.0097

39158  1.5959 0.4248 1.0103

3467 atp6v1c1l 1.4822 0.5396 1.0109

25467 hagh 1.0098 1.0134 1.0116
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17730 zgc:158292 0.9490 1.0753 1.0121

31302  0.9831 1.0452 1.0142

819  1.6859 0.3431 1.0145

30644 gabarap 1.0204 1.0088 1.0146

7835  1.1415 0.8896 1.0155

12683  1.2374 0.7961 1.0167

829  1.7025 0.3319 1.0172

23940  1.7551 0.2815 1.0183

24275 zgc:77775 1.6205 0.4174 1.0189

30521 dctd 1.0198 1.0262 1.0230

43724  1.4575 0.5891 1.0233

6160 CH211-140M22.7 1.7984 0.2513 1.0248

24549  1.3224 0.7288 1.0256

32139 zgc:153728 1.7586 0.2965 1.0275

7034 actn2 1.4988 0.5577 1.0283

2893  1.7652 0.2920 1.0286

5061 shha 1.0929 0.9682 1.0305

28543 zgc:86773 0.8359 1.2253 1.0306

1821  0.9896 1.0717 1.0307

16653 tpd52l2a 1.2228 0.8402 1.0315

26551 mmp13 0.7616 1.3024 1.0320

3789  1.1214 0.9438 1.0326

11689 si:ch211-106h11.3 1.7977 0.2703 1.0340

35635 pak2a 1.6180 0.4514 1.0347

33076 murc 1.3501 0.7220 1.0361

16797 ccng1 0.8726 1.2023 1.0374

34275 zgc:113088 1.3477 0.7279 1.0378

20817 zgc:158319 1.3245 0.7521 1.0383

30209  1.7384 0.3408 1.0396

2920 tcap 1.0589 1.0288 1.0438

24462 zgc:91870 1.5065 0.5843 1.0454

2979 zgc:113314 1.3268 0.7655 1.0462

21968 tfap2c 1.6131 0.4798 1.0465

24905  0.9653 1.1279 1.0466

28480 zgc:113363 1.7638 0.3351 1.0495

20794 wipi1 1.4630 0.6399 1.0515

16249 zgc:110679 1.6625 0.4441 1.0533

30618  1.8244 0.2835 1.0540

42555 lyrm1 0.9871 1.1230 1.0551

25665  1.5132 0.6028 1.0580

38756 zgc:112293 1.3736 0.7426 1.0581

9516 zgc:100829 1.2125 0.9043 1.0584
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27047 zgc:161979 1.2774 0.8395 1.0585

16833 pdx1 1.6867 0.4316 1.0592

24575 sb:cb734 1.2883 0.8329 1.0606

18021 zgc:136829 1.7717 0.3528 1.0623

10901 ehd2 1.2013 0.9243 1.0628

41745 rtn1b 1.0521 1.0754 1.0638

30622 pmp22b 1.2929 0.8361 1.0645

26449 dixdc1 1.3158 0.8149 1.0653

32281  1.7536 0.3798 1.0667

23148 zgc:55813 1.5555 0.5839 1.0697

7364 insb 1.7543 0.3915 1.0729

23360 zgc:113369 1.5298 0.6165 1.0731

28192  1.6764 0.4733 1.0748

33339  1.7888 0.3672 1.0780

33525 otx5 1.8922 0.2676 1.0799

43734 CH73-223D24.3 1.5025 0.6606 1.0816

15629 zgc:113271 1.5812 0.5863 1.0838

5773  1.8755 0.2922 1.0838

39541  1.3330 0.8352 1.0841

4539  1.6282 0.5421 1.0851

8792  1.5873 0.5841 1.0857

2686  1.8110 0.3667 1.0888

41733 fam3c 1.6438 0.5444 1.0941

17475  1.5170 0.6715 1.0943

12098 fam84a 1.6177 0.5709 1.0943

12211 si:ch211-284e13.2 1.9058 0.2833 1.0946

18749 foxa2 1.5518 0.6392 1.0955

38333 alox12 1.7708 0.4213 1.0961

3874 LOC559012 1.7512 0.4412 1.0962

31034  1.9401 0.2549 1.0975

12026  1.2649 0.9335 1.0992

27164 pfkfb4 1.3415 0.8605 1.1010

3104 cnksr1 1.7135 0.4948 1.1041

42141  1.7900 0.4223 1.1061

17585 zgc:113099 1.8206 0.3948 1.1077

6975  1.7687 0.4472 1.1080

21935 ntd5 1.5560 0.6638 1.1099

26218 col15a1 1.6033 0.6185 1.1109

18490 zgc:111946 1.9736 0.2526 1.1131

11692 cav3 1.6773 0.5528 1.1150

1070  1.7071 0.5283 1.1177

17063 zgc:110133 1.8336 0.4092 1.1214
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16189 ins 1.9067 0.3370 1.1218

15940  1.8431 0.4066 1.1248

17554 LOC565181 1.5329 0.7213 1.1271

4025 cav3 1.6759 0.5811 1.1285

6510 coro2a 1.1638 1.0972 1.1305

24726  1.2724 0.9887 1.1305

27045  1.9655 0.3009 1.1332

14177  1.8360 0.4304 1.1332

7987 chrnd 1.3563 0.9239 1.1401

32602 sec22ba 1.8337 0.4470 1.1403

27533 zgc:91930 1.7618 0.5208 1.1413

29319 gata2a 1.2011 1.0821 1.1416

32090  1.9161 0.3691 1.1426

12420 ccng1 1.0117 1.2748 1.1432

6642 zgc:63691 1.2663 1.0281 1.1472

4469  2.4064 -0.1091 1.1486

42510  1.6481 0.6500 1.1491

41498 si:dkey-145p14.5 1.3270 0.9727 1.1498

36296 slit3 1.4473 0.8525 1.1499

39844 cadm3 2.0964 0.2055 1.1509

10081  1.4024 0.8998 1.1511

2003  2.0700 0.2389 1.1544

3398 zgc:110133 1.8402 0.4810 1.1606

12336 zgc:100994 1.0060 1.3280 1.1670

40347 zgc:113200 1.5435 0.7948 1.1692

22905 grs 1.8997 0.4469 1.1733

41059  1.5937 0.7533 1.1735

30726  2.1485 0.2026 1.1755

4812 anxa13 1.5204 0.8362 1.1783

4143  1.3378 1.0207 1.1792

13215 dchs1 1.2807 1.0789 1.1798

44393  2.1138 0.2498 1.1818

40759 LOC569550 1.4761 0.8897 1.1829

28031 LOC100000168 1.6096 0.7564 1.1830

5032 zgc:92883 1.3792 0.9879 1.1835

23272 vgll4l 1.5140 0.8531 1.1836

44669 tp53 1.2496 1.1186 1.1841

30166 zgc:112293 1.6248 0.7466 1.1857

19567 itm2bb 1.3475 1.0269 1.1872

36500  2.1727 0.2060 1.1893

25403 wnt11 1.7123 0.6689 1.1906

12650 zgc:158659 1.9693 0.4181 1.1937
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17282 lama5 1.7423 0.6455 1.1939

26830  2.0313 0.3574 1.1943

395 irx5a 1.4195 0.9748 1.1972

17111  1.9994 0.3954 1.1974

21010 oep 1.6860 0.7097 1.1979

26410 lamp2 1.8809 0.5169 1.1989

3009  1.9982 0.4008 1.1995

31213  1.3772 1.0229 1.2000

34805 lass5 1.6085 0.7940 1.2012

39199 tp53 1.2371 1.1656 1.2013

41652 meis3 1.1705 1.2343 1.2024

4542 creb3l3 1.1476 1.2582 1.2029

8661 zgc:109987 1.3938 1.0161 1.2049

31561 mif4gdb 1.9516 0.4607 1.2062

26104  1.8787 0.5486 1.2137

37878 tp53 1.3271 1.1049 1.2160

31108  2.0703 0.3635 1.2169

44741 zgc:112293 1.6928 0.7442 1.2185

21378 mmp13 1.1420 1.2996 1.2208

30815  2.1471 0.2983 1.2227

21271  2.0294 0.4173 1.2234

44919  2.0357 0.4119 1.2238

31002  2.0695 0.3813 1.2254

783 zgc:122977 2.1533 0.2980 1.2256

40375 cant1a 2.1323 0.3257 1.2290

25320  2.1937 0.2651 1.2294

26883 rtn1b 1.4360 1.0254 1.2307

13034  2.1307 0.3373 1.2340

32126  2.2231 0.2495 1.2363

30589  2.1270 0.3457 1.2363

10247  2.2281 0.2447 1.2364

1268 id2b 0.8310 1.6473 1.2391

25071  2.1454 0.3355 1.2404

3320 si:ch211-13k12.1 1.8033 0.6857 1.2445

36660 zgc:77614 1.7527 0.7367 1.2447

27365  2.0699 0.4229 1.2464

14787 id2b 0.8507 1.6424 1.2465

7232  1.7267 0.7667 1.2467

199  1.5771 0.9396 1.2584

28850  2.2737 0.2434 1.2585

664  1.9540 0.5641 1.2590

43710 si:ch211-138a11.1 1.1833 1.3369 1.2601
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891  2.2451 0.2781 1.2616

4197  2.2944 0.2313 1.2628

41476  1.5751 0.9517 1.2634

23132 np 1.7847 0.7578 1.2713

4228 zgc:173721 2.2639 0.2889 1.2764

30527 fkbp14 2.0980 0.4664 1.2822

40406 cld 2.1565 0.4103 1.2834

21471 zgc:92266 1.8926 0.6749 1.2837

20861 heca 1.6586 0.9252 1.2919

1502 LOC569335 1.1246 1.4737 1.2991

34005 zgc:85857 1.4766 1.1441 1.3104

8857 col9a2 1.4819 1.1422 1.3121

17071 zgc:85857 1.4556 1.1735 1.3146

36734 shha 1.7763 0.8607 1.3185

36590 np 1.8792 0.7593 1.3193

20862 murc 1.6193 1.0247 1.3220

4768  1.8991 0.7491 1.3241

13015 hspb11 1.3414 1.3221 1.3317

39259  2.3615 0.3131 1.3373

42850  1.6017 1.0787 1.3402

36418  1.6520 1.0317 1.3418

27097 zgc:91984 2.3093 0.3928 1.3511

36160  1.6973 1.0074 1.3524

25266 zgc:73230 1.2732 1.4369 1.3550

673  1.5303 1.1798 1.3551

13994  2.3429 0.3676 1.3552

22857  2.3662 0.3481 1.3572

12997 tgfb3 2.0458 0.6701 1.3579

16815  1.6632 1.0617 1.3625

6339 vgll2b 1.8611 0.8727 1.3669

25768 tspan7b 1.8634 0.8761 1.3697

25575  2.3250 0.4148 1.3699

26420 sb:cb474 2.1105 0.6393 1.3749

13874 gtpbp1l 1.9629 0.7957 1.3793

6437 zgc:112293 2.0809 0.6810 1.3810

39535 sfrp5 1.4492 1.3212 1.3852

393  2.1936 0.5791 1.3863

16875  1.8973 0.8913 1.3943

13883 lect1 1.8600 0.9520 1.4060

40626 hspb11 1.5201 1.2976 1.4088

9765 zgc:162777 2.4787 0.3432 1.4110

23369 hspb11 1.4720 1.3541 1.4130
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31147 itm2bb 1.8213 1.0162 1.4187

12101  2.3392 0.5052 1.4222

43088  2.6057 0.2495 1.4276

43812 zgc:91852 2.6317 0.2312 1.4314

25681 zgc:152753 2.2707 0.5922 1.4315

25254 hspb11 1.5706 1.2996 1.4351

27783  1.5638 1.3145 1.4392

39577  2.0438 0.8362 1.4400

31861 LOC793937 2.1045 0.7954 1.4499

28036 npm2 2.1665 0.7464 1.4565

28221  1.9408 1.0009 1.4708

44726 sfrp5 1.4642 1.4891 1.4766

29263 mdm2 1.8081 1.1485 1.4783

14779 lyrm1 1.9236 1.0521 1.4879

20798  2.0739 0.9066 1.4902

39006 actr3 2.8456 0.1551 1.5003

5109 LOC562339 2.3498 0.6517 1.5008

37097 si:dkey-220f10.6 1.6631 1.3402 1.5016

8519 lect2l 2.1920 0.8164 1.5042

14895 zgc:153629 2.0003 1.0333 1.5168

11391 p4ha1 2.0451 0.9888 1.5170

26660 ntla 2.0976 0.9368 1.5172

4916 zgc:152876 2.0290 1.0059 1.5174

6153 oep 2.2568 0.7839 1.5204

36987 zgc:158296 2.4415 0.6335 1.5375

33766  2.5042 0.5756 1.5399

5937  2.6998 0.3940 1.5469

14946 zgc:77495 2.1878 0.9109 1.5494

11124 slit1b 1.9676 1.1368 1.5522

27850 zgc:112037 2.7475 0.3614 1.5544

39260 twf1b 2.6764 0.4326 1.5545

4306 meis3 1.7173 1.4208 1.5691

1855 zgc:110692 1.9902 1.1523 1.5713

22164 pdcd6 1.9477 1.2069 1.5773

7708 mmp2 1.7570 1.4009 1.5789

22447 col6a1 1.7509 1.4208 1.5859

21343  2.8326 0.3882 1.6104

29661 ca8 2.2286 1.0459 1.6372

18263 olfm2 2.2306 1.0497 1.6402

13161 slc4a2a 1.6124 1.6734 1.6429

796  2.7802 0.5162 1.6482

23387 zgc:162523 2.0370 1.2749 1.6560
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26414  2.8579 0.4576 1.6577

9815 zgc:173948 2.6028 0.7419 1.6723

44955 zgc:123120 2.1859 1.2133 1.6996

13800 hand2 1.6453 1.8039 1.7246

26158 hspb11 2.1247 1.3270 1.7258

16193 sfrp5 2.0312 1.4296 1.7304

9555 LOC791784 1.9084 1.6095 1.7590

30490  2.9407 0.6144 1.7776

33160 LOC100008036 3.1342 0.4725 1.8034

8869  3.0133 0.6029 1.8081

32515  1.9589 1.6681 1.8135

15015  1.8979 1.7339 1.8159

26066 rnd1 2.3823 1.3296 1.8559

27964 DKEY-204H11.5 2.3947 1.3448 1.8697

26328  3.4365 0.3203 1.8784

5205  3.5376 0.2483 1.8930

25381 gadd45al 2.1029 1.7206 1.9118

6062 lnx1 1.8657 2.0577 1.9617

8053  2.4120 1.5694 1.9907

17275 gadd45al 2.3790 1.6653 2.0221

10452 anxa3b 2.4459 1.6108 2.0284

40170 zgc:136656 2.6883 1.3804 2.0343

38976 zgc:136656 2.7592 1.4078 2.0835

33881 kctd12.1 2.7584 1.5314 2.1449

38751 col9a2 3.4214 1.1798 2.3006

6881 foxo5 2.4985 2.1680 2.3333

12095 zgc:123272 2.5258 2.1690 2.3474

43924 lgals1l2 3.3906 2.0018 2.6962

16021 zgc:136871 3.3634 2.1462 2.7548

21455 sesn3 3.7229 2.3978 3.0604

13403 LOC558956 4.3035 2.9739 3.6387
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Abstract

The Wnt pathway orchestrates cell fate decisions during embryonic development, or-
ganogenesis and adult tissues homeostasis. Tcf/Lef transcription factors are the down-
stream effectors of canonical Wnt signaling. Upon Wnt signal activation, β-catenin 
stabilizes and translocates to the nucleus, where it interacts with Tcfs activating the 
transcription of Wnt-target genes. In absence of Wnt, levels of stable β-catenin are re-
duced by the action of Apc and other cytoplasmic proteins. Mutations in Apc cause 
constitutive accumulation of β-catenin and inappropriate activation of the Wnt path-
way. apcmcr/mcr fish embryos show absence of expression of tissue-specific differ-
entiation markers in the intestine, suggesting that inappropriate activation of Wnt 
signaling abrogates gut organogenesis. Which Tcf transcription factor mediates Wnt 
signaling during zebrafish gut organogenesis remains unclear. We studied the com-
bined effect of loss of Tcf family members and Apc in the developing embryo. T-cell 
factor 4 (tcf7l2) loss rescues the apcmcr/mcr phenotype in the intestine. Depletion of 
T-cell factor 1 (tcf7) and T-cell factor 3 (tcf7l1a) function in an apc mutant background 
had no effect on endoderm development. This study reveals that Tcf4 (Tcf7l2) is the 
major effector of Wnt signaling in the intestine during zebrafish organogenesis.

Introduction

Embryonic patterning requires a precise temporal and spatial regulation of gene 
expression. The Wnt signaling pathway is an important and conserved signaling 
pathway involved in this process. It controls a myriad of events spanning from cell 
proliferation during organ development to cell polarity and differentiation during 
tissue maturation1.
Notably, the regulatory signaling pathways crucial during embryonic development 
seem to play key roles in adult tissues homeostasis and are often deregulated in 
pathological conditions. This is particularly well illustrated by the pivotal role of Wnt 
signaling in intestinal tissue patterning. Loss of Adenomatous Polyposis Coli (Apc) 
function, a central component of the canonical Wnt pathway, is observed early on 
during the formation of human colorectal cancer2-4. Wnt signaling not only drives 
tumorigenesis but it is also required at different stages of gut development, as well 
as during adult tissue homeostasis5.
The defining event in the canonical Wnt signaling pathway is the accumulation of 
stable β-catenin in the nuclear compartment1,6. In the absence of Wnt signaling, the 
levels of stable β-catenin in the cytoplasm remain low, as it is sequestered by the 
so-called β-catenin destruction complex that promotes β-catenin phosphorylation 
and degradation in the proteasome. Apc is one of the major components of the 
destruction complex and acts as a scaffolding protein facilitating the phosphoryla-
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tion of β-catenin by casein kinase I and glycogen synthase kinase 3β. Stimulation of 
the pathway, upon receptor activation by Wnt ligands, results in the inhibition of the 
β-catenin destruction complex action. This allows for the accumulation of β-catenin 
in the nucleus, where it interacts with family members of T-cell factor (Tcf ) DNA bind-
ing proteins leading to the concomitant transcriptional activation of target genes7-9. 
β-catenin and Tcf proteins are, therefore, the ultimate effectors of Wnt signaling. 
Wnt signaling has been implicated in antero-posterior patterning of the vertebrate 
body axis, affecting both ectoderm and mesoderm derived tissues but little is known 
about its effect in endoderm-derived tissues10. It has been suggested that it plays 
an important role in the proper formation of gut tube and definitive endoderm in 
mice11-13.  Apc has an important yet poorly understood role during embryonic devel-
opment. Murine embryos carrying a mutation that codes for a truncated Apc protein 
do not complete gastrulation14 and fail to form distal visceral endoderm15. The use of 
zebrafish as a biological model system to understand the role of Apc in embryonic 
development allowed us to unravel novel roles for Wnt/β-catenin signaling. Even 
though mutation of Apc is embryonic lethal, homozygous fish complete gastrula-
tion, probably due to the presence of wild-type maternal Apc16. This important differ-
ence between these two vertebrate models introduced the possibility of studying 
the role of the Wnt cascade at a larger time frame during vertebrate development. In 
zebrafish, Apc plays a critical role in intestinal development and differentiation. It has 
been shown that intestinal epithelial cells of apc mutant fish fail to express intestinal 
fatty acid binding protein, an enterocyte differentiation marker, and the overall epi-
thelial morphology resembles that of earlier developmental stages17-22. Taken togeth-
er these observations suggest that abrogation of Apc function delays or prevents 
the proper enterocyte differentiation in the intestinal epithelium of zebrafish. Liver 
and pancreas arise from the endoderm, specifically from the presumptive foregut, 
in close temporal and spatial proximity. Wnt signaling has been implicated in the 
patterning and subsequent specification of gut accessory organs in several models 
systems. Various studies have revealed the relevance of a tight temporal and spatial 
regulation of Wnt signaling during foregut organ formation23-32.
Similarly to what has been previously described for mammals33, the Wnt/β-catenin 
signaling pathway is also essential for the maintenance of homoeostasis of the intes-
tinal epithelium in zebrafish34,35. The Wnt effector T-cell factor 4 (Tcf4), also designated 
as Tcf7l2, the most prominent Tcf factor in the intestine2, is crucial for maintenance of 
the gut epithelial progenitor compartment in mouse36. This observation highlights 
the importance of proper Wnt signaling in the morphogenesis of the intestinal epi-
thelium. Since Tcf4-deficient mice die at birth36 it has not been possible to assess 
if Tcf4 also plays any role in the maintenance of the proliferative compartment in 
the adult intestinal epithelium so far. Likewise, zebrafish mutant for Tcf4 display loss 
of proliferation at the base of the intestinal folds of the middle and distal parts of 
the intestine35. However, in zebrafish the phenotype only develops at 4 weeks post-
fertilization. Less than 1% of tcf4 mutant fish survives to adulthood. These escapers 
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show defects in proliferation of the intestinal epithelium, revealing for the first time 
an in vivo model where Tcf4 is instrumental in the maintenance of proliferative zones 
throughout life. The lack of gross morphological defects in the tcf4 mutant fish at an 
earlier stage of the development may be explained by a redundant function pro-
vided by other Tcf factors.
In this study, we analyzed the effects of individual tcf genes in an apc mutant back-
ground in order to identify which Tcf family member is the main mediator of Wnt sig-
naling in endoderm-derived tissues during early zebrafish endoderm development.
 

Materials and Methods

Zebrafish husbandry

Zebrafish were maintained on a 14h-light/10h-dark cycle and at 28.5°C. Fertilized embryos were collected 

following natural spawning, cultured and staged by developmental time and morphological criteria, as de-

scribed previously37. apcmcr, tcf4exI  (or tcf4hu892) and hdl lines had been previously described16,35,38. A tcf1hu3238 mu-

tant fish was isolated in a genetic screen of an ENU-mutagenized TL male founders library39. It has a cytosine 

to thymine substitution in the second exon of the HMG-box of tcf1, which creates a premature stop codon. 

This mutation will be further described elsewhere. 

apc and tcf4 mutants were genotyped as previously described16,35.  tcf1hu3238  genotyping was carried out by 

PCR followed by sequencing, using primers Tcf1-Fw (GTGTTACAGTGGCACGCTCTGACCCGT) and Tcf1-Rv 

(CCCTCACTCTCAGCGTCAGAC). Mutation: C>T in position 4852.

Morpholino microinjections

Morpholino (Gene Tools) directed against apc and tcf3 have been previously published17,40. apc morpholino 

stock solution was solubilized to 1mM in mili-Q water. For microinjections, 0.5mM morpholino was injected 

into hdl embryos at one-cell stage.

tcf3 morpholino stock-solution was solubilised to 10ng/nL in mili-Q water. For microinjections 2ng of mor-

pholino was injected into wild-type and apcmcr/mcr embryos at one-cell stage. Successfully injected embry-

os were scored by head formation defects, the phenotypical hallmark for depletion of Tcf3 in zebrafish38,40. 

Injection experiments were duplicated; in each replica n>100 embryos were analyzed.

Whole Mount in situ hibridisation  

Embryos were collected at 56hpf and 72hpf and fixed in 4% (w/v) paraformaldehyde overnight at 4ºC with 

agitation. Whole-mount in situ hybridization (WISH) was performed as described41. DIG-labeled probes 

were purified using NucleoSpin RNA clean-up columns (Machery-Nagel). Pictures were obtained using a 

microscope (Axioplan; Carl Zeiss MicroImaging, Inc.) with a 10× NA 0.30 plan Neofluar or a 40× NA 0.65 

Achroplan lens on a Leica microscope (TCS NT). Images were digitized with a camera (DFC480; Leica) and pro-

cessed with the IM500 Image Manager (Leica). To assess developmental defects in apcmcr;tcf4exI, apcmcr;tcf1hu3238, 

apcmcr;tcf3MO , hdl;apcMO and apcmcr;tcf1hu3238;tcf3MO embryos, whole mount in situ hybridization were pre-

formed for progenitor or differentiation markers (described below), phenotypical defects were scored and 
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each embryo was genotyped. For each marker the experiments were duplicated; in each replica n>100 em-

bryos were analyzed.

Survival Curve

The whole progeny resulting from an incross of  apcmcr/wt;tcf4exI/wt  was collected at 96 hpf and genotyped for 

apc and tcf4 as previously described16,35. The experiment was triplicated; in each replica n>100 embryos were 

analyzed.

Histological analysis

Embryos were collected at 80hpf and fixed in 4% (w/v) paraformaldehyde overnight at 4ºC with agitation. 

The embryos were subsequently washed in phosphate-buffered saline, progressively dehydrated in Ethanol 

solutions and embedded in paraffin. Six-micron sections were cut using a Leica Microtome and stained in 

hematoxylin and eosin. Plastic sections from WISH were prepared as described previously41.

 

Results

Apc mutation affects differentiation, but not progenitor specification, in 
the endoderm of zebrafish embryos
In zebrafish, the intestinal tract and its accessory organs, such as pancreas and liver, 
arise from a common ribbon of definitive endoderm42. Similarly to what has been 
published before17,18,21,31, we observed that depletion of Apc leads to loss of terminal 
differentiation in the developing zebrafish gut, ascertained by in situ hybridization for 
the expression of several differentiation marker genes. At 72 hours post-fertilization 

a
p

c
m

cr
/m

cr
w

ild
 ty

pe

i-fabp

B

trypsin

D

l-fabp

F

insulin

H72 hpf 72 hpf 72 hpf

i-fabp

A

trypsin

C

l-fabp

E

insulin

G72 hpf 72 hpf 72 hpf 72 hpf

72 hpf

Figure 1. apcmcr/mcr fish fail to express some differentiation markers in endoderm-derived tis-

sues. Dorsal view of 72 hours post-fertilization (hpf ) in wild type (A,C,E,G) and apcmcr/mcr (B,D,F,H) 

siblings after whole-mount in situ hybridization for intestinal-fatty acid binding protein (i-fabp) (A,B), 

trypsin (C,D), liver fatty acid binding protein (l-fabp) (E,F) and insulin (G,H). i-fabp and l-fabp expression 

is absent in apcmcr mutants while tryp expression is strongly reduced in these embryos: ins expres-

sion is not affected. Arrow head indicates ectopic expression of insulin marker in apc mutants (H).
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(hpf ) apc mutant embryos fail to express intestinal fatty acid binding protein (i-fabp), 
an enterocyte differentiation marker43 (Fig. 1A, B); trypsin (tryp), a differentiation marker 
for exocrine pancreas44  (Fig. 1C, D) and liver fatty acid binding protein (l-fabp), an early 
differentiation marker for hepatocytes45 (Fig. 1E, F). However, no differences were ob-
served in the nascent pancreatic islet, marked by insulin (ins) expression46, between 
wild-type siblings and apcmcr/mcr embryos (Fig. 1G, H). Nonetheless, it was possible 
to find cells expressing ectopically ins (Fig 1H, black arrow head). This could be due 
to ectopic specification of pancreatic cells at the expense of other endodermal cell 
types which are reduced in apcmcr/mcr embryos, or it could be due to a delay in the 
migration of the insulin-positive cells from the midline which is possibly related to 
a developmental delay observed in these mutants18. This last observation suggests 
that specification of the pancreatic endocrine cell lineage is not sensitive to Apc loss, 
similar to what has been previously proposed for mouse47,48.
To further understand whether the failure in intestinal differentiation observed in 
apcmcr/mcr is due to a failure in intestinal differentiation per se or a defect in progenitor 
specification, we probed for the expression of endodermal progenitor markers. Lack 
of functional Apc does not compromise progenitor specification at 56 hpf (Fig. 2). At 
this time point we did not detect any differences in expression pattern or levels be-
tween apc mutant embryos and their wild-type siblings for foxA2, a pan-endoderm 
progenitor marker49 (Fig. 2A, B) , hhex, expressed in both pancreatic and liver bud at 
early stages of development50 (Fig. 2C, D ) or ptf1a, expressed in the progenitors of 
exocrine pancreas51 (Fig. 2 E, F). Together, these observations suggest that inappropri-
ate activation of Wnt signaling does not affect progenitor specification in endoderm-
derived tissues. 

tcf1, tcf3 and tcf4 display distinctive expression patterns within the 
endoderm-derived tissues during zebrafish embryonic development
In order to address which Tcf transcription factor mediates canonical Wnt signal-
ing in endoderm-derived tissues in zebrafish, we analyzed the expression pattern 
of tcf1, tcf3 and tcf4 in endoderm. The expression patterns of tcf1 and tcf3 genes has 
been well characterized up until the second day of development52,53 while tcf4 gene 
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expression has been previously described until 72 hpf54. Since major events of gut 
organogenesis and morphogenesis still occur after this time point42,55-57, we sought 
to re-examine the expression of Tcf/Lef family members in later stages of zebrafish 
embryonic development, focusing our attention on endodermal tissues. 
By 72 hpf tcf1 is expressed in the anterior and mid intestine (Fig. 3A, A’). Murine Tcf1 has 
also been reported to be expressed in the developing intestine in E8.5 embryos, al-
though in this case Tcf1 is expressed solely in the hindgut13. Interestingly we observed 
tcf1 expression in developing liver from 72 hpf (Fig. 3A’, white dashed line). At 72 hpf 
tcf3 is also found to be highly expressed in the developing intestinal epithelium of 
zebrafish (Fig. 3B, B’). In mice, Tcf3 expression was detected in the differentiated cells 
of the perinatal villi as a candidate effector of Wnt signaling in this region58. We could 
also observe tcf3 expression in the liver bud at 72 hpf (Fig. 3B’, white dashed line). 
tcf4 expression in the developing intestinal epithelium was first observed at 72 hpf 
(Fig. 3C, C’), as previously described54. This coincides with the decline in prolifera-
tion rate of the intestinal epithelium at this time point57 suggesting a role for Tcf4 in 
later morphogenic events of intestinal epithelial maturation. Similarly, mouse Tcf4 
expression occurs first at E8.5 and is specifically detected in the hindgut13. At later 
stages of development (100 hpf ), the expression patterns for all the Tcf genes parallel 
those found at 72 hpf (Fig. 3A’’-3C’’ demarks expression of tcf1 and tcf3 in liver bud, but 
not tcf4; Fig 3A’’’-3C’’’ shows strong expression of all tcfs in the intestinal epithelium). 

Figure 3. Tcf transcription factors tcf1, tcf3 and tcf4 have a distinctive expression pattern at 

72hpf and 100 hpf. Dorsal view of 72hpf wild type fish after whole-mount in situ hybridization for 

tcf1 (A), tcf3 (B) and tcf4 (C). Detail of lateral view (dorsal to the top) of 72 hpf wild type fish after 

whole-mount in situ hybridization for tcf1 (A’), tcf3 (B’) and tcf4 (C’). Histological analysis of sagittal 

sections of 100 hpf zebrafish larvae after whole-mount in situ for tcf1 (A’’, A’’’), tcf3 (B’’, B’’’) and tcf4 (C’’, 

C’’’), depicting expression of mRNA in the liver bud and intestinal epithelium, respectively. There is 

co-expression of tcf1, tcf3 and tcf4 in the intestinal epithelium at these developmental time points. 

White dashed line delimits domain of expression of tcf1 and tcf3 in liver bud (A’, B’), as confirmed by 

histological section (A’’ and B’’). Scale bar corresponds to 50μM. 
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Taken together, this reveals a dynamically regulated expression of Tcf family mem-
bers throughout different stages of zebrafish digestive tube development, suggest-
ing that these genes are important in endoderm organogenesis.

Tcf4 depletion in apcmcr/mcr background rescues the expression of 
differentiation markers in intestinal epithelium, but not in pancreas or 
liver
Several studies show a conserved role for Apc and Tcf4 as pivotal mediators of ca-
nonical Wnt signaling in the digestive system in zebrafish17,34,35,54, despite the co-ex-
pression of tcf3 and tcf1 in the same tissue.
In order to investigate the role of the different Tcf members in gut organogenesis, we 
took advantage of an existing zebrafish line in which Tcf4 is mutated35. tcf4exI/wt fish 
were crossed with apcmcr/wt fish. In compound apcmcr/mcr;tcf4exI/exI embryos, the defects 
observed for apcmcr/mcr in intestine are rescued, as revealed by i-fabp in situ hybridiza-
tion (Fig. 4A, B). Nevertheless, the exocrine pancreas differentiation, as ascertained 
by reduced trypsin expression, and the liver development, marked by the absence 
of gene expression for l-fabp, remain compromised in compound apcmcr/mcr;tcf4exI/exI 

embryos (Fig. 4C-F). Furthermore, apc mutant zebrafish embryos lack differentiated 
polarized columnar epithelial cells, suggesting that unrestrained levels of β-catenin 
result in an epithelium arrested in an immature state17. We observed that at 80hpf  
apcmcr/mcr embryos fail to develop properly polarized enterocytes, whereas in the 
double mutant embryos this defect is also rescued (Fig. 4G, H).
Although expression of i-fabp marker was rescued in compound apcmcr/mcr;tcf4exI/exI 

embryos, they still display severe developmental defects and die between 72 and 96 
hpf (Fig. 5D), as previously described for apcmcr/mcr embryos16. Apc mutants have im-
paired blood circulation and compromised heart contractile function, due to cardiac 

versal sections from the foregut of 80hpf apcmcr/mcr (G) and apcmcr/mcr; tcf4exI/exI (H) larvae stained with 

hematoxylin and eosin. apc mutant embryos fail to develop properly polarized enterocytes, where-

as in the double mutant embryos this defect is rescued.
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valve malformation16. Depletion of Tcf4 in a apc mutant background fails to rescue 
the cardiac phenotype, as observed by the persistence of an upregulation and ex-
pansion of the bmp4 expression domain, a myocardium marker59 (Fig. 5A-C), and by 
the lack of circulation in double mutant (data not shown) 48 hpf embryos. Taken to-
gether, our data suggest that tcf4 is involved in mediating Wnt signaling specifically 
in the intestinal epithelium and not in liver, exocrine pancreas or heart.

Combined depletion of Tcf1 and Tcf3 in apcmcr/mcr background cannot 
rescue the expression of intestinal epithelium markers but recovers the 
expression of liver markers 
To determine if any other member of the Tcf family could rescue the endodermal de-
fects displayed in the apcmcr/mcr embryos, we sought to investigate the combined 
depletion of Tcf1 or Tcf3 in an apc mutant background.
We took advantage of an existing zebrafish mutant line expressing a truncated form 
of the Tcf1 protein. tcf1hu3238/hu3238 fish display no embryonic phenotype, survive 
to adulthood and are fertile. In the absence of Tcf1 function, the organogenesis of the 
endoderm appears unaffected in zebrafish embryos, as probed by in situ hybridiza-
tion for ifabp, trypsin and lfabp (data not shown). Furthermore, when its function is 
compromised in an apc mutant background it fails to rescue any of the previously 
described defects for apcmcr/mcr embryos, including impaired cardiac function (data 
not shown). Thus, lack of expression of several differentiation markers in intestine, 
pancreas and liver persisted in the compound apcmcr/mcr;tcf1hu3238/hu3238 mutants (Fig 6 
B, F, J).
To address the effects of depleting tcf3 levels in an apc mutant background, we used 
a morpholino (MO) approach. The specific effectiveness of this loss-of-function ap-
proach was assessed by the observed head phenotype in morphant embryos, which 
phenocopies the defects observed in the headless mutant38 (Sup. Fig. 1). Depletion 
of Tcf3 alone had no effect on endoderm organogenesis, ascertained by unaltered 
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expression patterns of i-fabp, trypsin and l-fabp markers in wild-type injected em-
bryos (data not shown). Ablation of Tcf3 in apcmcr/mcr embryos did not rescue any of 
the endoderm phenotypes (Fig 6 C, G, K) nor the circulation malfunction (data not 
shown). To assess whether the morphant phenotype corresponds to a full rather 
than hypomorphic loss-of-function of Tcf3, apcMO was injected in headless mutant 
embryos.  hdl;apcMO injected fish showed absence of i-fabp expression and reduced 
trypsin expression (supp. Fig. 2). This result is concordant to the observed previously 
for apcmcr/mcr;tcf3MO thus confirming that tcf3MO recapitulates the mutant pheno-
type during endoderm development.   

i-fabp i-fabp

A B

trypsin trypsin

E F

l-fabp l-fabp

I J

i-fabp

trypsin

l-fabp

C

G

K

apc mcr/mcr apc         ; tcf1mcr/mcr hu3238

72 hpf72 hpf 72 hpf

apc mcr/mcr apc         ; tcf1mcr/mcr hu3238

i-fabp

D 72 hpf

+ tcf3 MO

+ tcf3 MO

+ tcf3 MO

72 hpf72 hpf 72 hpf

72 hpf72 hpf 72 hpf

trypsin

H

+ tcf3 MO

72 hpf

l-fabp

L

+ tcf3 MO

72 hpf

+ tcf3 MO

Figure 6. Depletion either of Tcf1 or Tcf3 in apcmcr/mcr genetic background does not rescue 

expression of differentiation markers in endoderm-derived tissues, but combined deple-

tion recoveres expression of l-fabp. Dorsal view of 72hpf of apcmcr/mcr (A,E,I), apcmcr/mcr; tcf1hu3238/hu3238 

(B,F,J), apcmcr/mcr; tcf3MO (C,G,K) and apcmcr/mcr; tcf1hu3238/hu3238;tcf3MO (D, H, L) after whole-mount in 

situ hybridization for i-fabp (A-D), trypsin (E-H) and l-fabp (I-L).



Chapter 4

112

Our data suggests that neither tcf1 nor tcf3 alone can act as a downstream effec-
tor of the Wnt signaling in the developing intestinal, liver or pancreatic tissues. 
Nevertheless, the expression levels of tcf1 and tcf3 observed in the liver bud would 
suggests an important role for these transcription factors in liver development. To 
assess whether these genes have a redundant role in endoderm development we 
depleted both genes in apcmcr/mcr embryos.  Combined ablation of tcf1 and tcf3 does 
not rescue i-fabp or trypsin expression in apcmcr/mcr mutants (Fig. 6 D,H), nonetheless 
compound apcmcr/mcr;tcf1 hu3238/ hu3238;tcf3MO embryos display expression of l-fabp (Fig. 
6L), suggesting a redundant function for tcf1 and tcf3 in liver differentiation during 
embryogenesis in zebrafish.
 

Discussion

Overstimulation of the Wnt signaling pathway, by depletion of Apc function, compro-
mises the development of the intestine, pancreas and liver in zebrafish embryos17,18,21,31. 
In this study we demonstrated that despite a failure to express differentiation mark-
ers, Apc deficient embryos express the molecular signature of intestine, liver and 
pancreas progenitors at 56 hpf at the same level as their wild-type siblings, suggest-
ing that the specification of progenitors for all these organs is not affected in apc 
mutants at this time point. Our findings are concordant with a previous study, where 
it was shown that apc mutants express wild-type levels of gata-6, an early endoderm 
marker60, suggesting that the patterning of early endodermal tube is not altered and 
that gut defects arise because of a blockade later in development18. However, our 
conclusions contrast with the findings of Goessling and colleagues, who reported 
that at 48hpf apcmcr/mcr embryos present a significant reduction in the mRNA levels of 
foxA3 and hhex31. Nevertheless, the latter strategy diverges from the one used here, 
as different time points of the development were analyzed. In our study we assessed 
the expression of foxA2 and hhex at 56hpf, while Goessling and colleagues studied 
the expression of foxA3, a forkhead transcription factor known to play a crucial role 
in the differentiation of pancreas and liver61, and hhex at 48hpf. Evidence in the litera-
ture suggests that apcmcr/mcr mutants display a delay in endoderm development17-22. It 
is plausible that Goessling et al. observed a difference in the progenitor population 
at 48hpf, while by 56hpf the mutant embryos have recovered the developmental 
delay and express normal levels of hhex. Taken together, it appears that apc mutants 
specify correctly the progenitor domains along the endoderm, although they do so 
in a delayed fashion.
Abrogation of Apc function during zebrafish development leads to a blockage in 
differentiation of the intestinal epithelium. apc mutant embryos lack differentiated 
polarized columnar epithelial cells17,18. Depletion of Apc seems to lead to an arrest in 
a progenitor proliferative cell state, probably due to inappropriate activation of Tcf 
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target genes. To investigate the downstream pathways responsible for these pheno-
types, we analyzed the impact of inactivating Tcf4 in the context of Apc deficiency. 
In this study we have demonstrated that Tcf4 plays a crucial role during intestinal 
epithelium development and acts as the main downstream effector of the canonical 
Wnt pathway in this tissue. Compound apcmcr/mcr;tcf4exI/exI embryos express wild-type 
levels of i-fabp and present normal epithelial morphology at 72 hpf. Tcf4 is the most 
prominent Tcf factor expressed in the gut2 and its pivotal role in proper regulation 
of cell renewal in zebrafish intestinal epithelium has been established35. c-Myc is a 
bonafide Tcf4 target gene62. Apc/c-Myc deficient mice showed that loss of c-Myc res-
cues the phenotypes that occur with Apc deletion in the intestinal epithelium63. This 
study demonstrated that blocking the pathway further downstream can prevent the 
overproliferation observed due to loss of Apc function, similarly to what we report 
here for apcmcr/mcr;tcf4exI/exI mutants. It is plausible that by affecting Tcf4 function in 
Apc deficient cells, the system becomes insensitive to supraphysiological β-catenin 
levels. Taken together, our data suggests that 72 hpf is a determinant time point in 
zebrafish gut organogenesis, from which time the Wnt signaling pathway needs to 
be switched off in the nascent differentiated compartments of the intestinal epithe-
lium in order to allow progression to differentiation. This coincides with the previous 
finding that the proliferation rate of zebrafish gut epithelium drops between 74 hpf 
and 120 hpf, the onset of exogenous feeding57.
tcf4 mutant fish displays no embryonic defect, but die between 4 and 6 weeks post-
fertilization due to loss of the proliferation at the base of the intestinal folds of the 
middle and distal parts of the intestine35. The lack of an obvious phenotypical defect 
at an earlier stage in the tcf4 mutant fish suggests that either tcf4 plays no role during 
the early development of zebrafish or that functional redundancy with other Tcf fam-
ily member obscures defects in gut development in the absence of functional Tcf4. 
Our data do not support the first hypothesis, since depletion of Tcf4 in an apc mu-
tant background has a dramatic effect in intestinal development. Tcf4 must have a 
relevant role during all stages of intestinal epithelial organogenesis, but during early 
stages of embryonic development other members of the Tcf/Lef family can over-
come Tcf4 deficiency. It is likely that potential redundancy precluded a direct analy-
sis of the role of Tcf4 during endoderm organogenesis, given that Tcf genes show 
overlapping expression domains in endoderm. Additionally, in this study we have 
not analyzed the role of another member of the Tcf/Lef family of transcription factors, 
Lef1. Lef1 seems to be weakly expressed in endodermal tissues in zebrafish embryos 
(unpublished data) and its possible contribution to gut organogenesis has been pre-
viously suggested21. Injection of dominant negative LEF in a Wnt activated context 
can revert some of the intestinal epithelium phenotypes of apc mutant fish21. 
Depletion of either tcf1 or tcf3 alone could not rescue the developmental defects 
displayed in the apc mutant. Nevertheless combined depletion of tcf1 and tcf3 in a 
apcmcr/mcr background rescues the expression of the differentiation marker l-fabp, but 
failed to recover i-fabp or trypsin. On one hand, this result strongly supports that Tcf4 
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factor is the main tcf factor acting as a downstream effector of the canonical Wnt 
pathway in the intestinal epithelium. Furthermore, this study describes for the first 
time a clear genetic interaction between tcf1 and tcf3 during zebrafish liver develop-
ment.  How tcf1 and tcf3 cooperate in liver differentiation during zebrafish organo-
genesis remains unclear and this merits further studies in the future. 
Mutations in Apc constitutively activate the canonical Wnt pathway64, by inappropri-
ate constitutive transcriptional transactivation of Tcf/β-catenin2-4, inducing a program 
of cell proliferation by constitutive activation of the expression of target oncogenes 
such as cyclin D1 and c-myc62,65. This malignant mechanism is at the base of the onset 
of colorectal cancer. We here demonstrated that the changes in intestinal epithelial 
development conferred by loss of functional Apc are dependent on functional Tcf4. 
Furthermore, a recent study demonstrated that transformation of stem cells through 
loss of Apc is an extremely efficient route towards initiating intestinal adenomas66. 
Thus, understanding this process and how to revert it is of vital importance in col-
orectal cancer research.
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Supplementary Data

A 72 hpf
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B 72 hpf

+ tcf3 MO

apc mcr/mcr Supplementary Figure 1. tcf3MO 

injection recapitulate headless 

phenotype. Histological analysis 

of transversal sections from the 

head of 72 hpf wild type (A) and 

morphant (B) larvae stained with 

hematoxylin and eosin. Morphant 

embryos present severe head 

formation defects. Scale bar cor-

responds to 100μM.

Supplementary Figure 2. apcMO injection in 

hdl-/- mutants abrogates the expression of i-fabp 

but not trypsin. Dorsal view of 72hpf hdl-/- (A) and 

hdl-/-;apcMO (B) siblings after whole-mount in situ 

hybridization for l-fabp and trypsin (A,B). White start 

denotes trypsin staining in both non-injected and 

morphant embryos.
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Abstract

Previous studies have shown that Wnt signals, relayed through β-catenin and Tcf4, 
are essential for the induction and maintenance of crypts in mice. We have now 
generated a Tcf4 (Tcf7l2) mutant zebrafish by reverse genetics. We first observe a 
phenotypic defect at 4 weeks post fertilization (wpf ), leading to death at about 6 
wpf. The phenotype comprises loss of proliferation at the base of intestinal folds 
and is restricted to the epithelium of the middle and distal part of the intestine. The 
proximal intestine represents an independent compartment, as it expresses sox2 in 
the epithelium and barx1 in the surrounding mesenchym, orthologues of early stom-
ach markers in higher vertebrates. Zebrafish are functionally stomachless, yet the 
proximal intestine may share its ontogeny with the mammalian stomach. Rare adult 
homozygous tcf4-/- “escapers” remain smaller and continue to display proliferation 
defects in the gut epithelium, yet harbor no other obvious abnormalities. This study 
underscores the involvement of Tcf4 in maintaining proliferative self-renewal in the 
intestine throughout life.
 

Introduction

Wnt signaling controls cell fate decisions in a wide variety of developmental pro-
cesses as well as in the maintenance of self-renewing adult tissues1. Members of 
the Tcf/Lef transcription factor family are downstream effectors of the Wnt cascade 
by forming nuclear complexes with β-catenin upon Wnt signaling2-4. In these com-
plexes, β-catenin provides an essential transactivation domain, through which the 
complex activates its target genes. In the absence of Wnt ligands, Tcf proteins act as 
transcriptional repressors by complexing with Groucho family members5. 
The vertebrate Tcf family of transcription factors consists of four members: Tcf1, Lef1, 
Tcf3 and Tcf4. During mouse embryogenesis, expression of Tcf4 (also known as Tcf7l2) 
occurs later than that of the other family members. It is most highly expressed in the 
midbrain and in intestinal and mammary epithelium6-8. In the mouse developing gut, 
the expression is first observed in the hindgut at 8.5 dpc9. In late embryonic and early 
neonatal gut, tcf4 exhibits a highly restricted expression in the proliferative intervil-
lus pockets of the intestinal epithelium8. Tcf4 expression at these sites is essential for 
maintenance of the progenitor compartment of gut epithelium as demonstrated 
in Tcf4 deficient mice10. Since Tcf4 mutant mice die at birth it is unknown whether 
this function of Tcf4 is required throughout life. At the time of death the observed 
phenotype is restricted to the small intestine and the proximal half of the colon. The 
proliferative compartments of the other parts of the intestinal tract, i.e. the esopha-
gus, the stomach and the distal colon are unaffected by the loss of Tcf4.
Inappropriate activation of the Wnt cascade occurs as the result of mutations in up-
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stream components of the Wnt pathway such as APC, Axin or β-catenin itself. These 
mutations, found in the large majority of colon cancers, induce the constitutive pres-
ence of β-catenin/Tcf4 complexes in the nuclei of the transformed cells11,12. In the mu-
tated epithelial cells, the resulting constitutive activation of the Tcf4 target gene pro-
gram confers a crypt progenitor phenotype, leading to unrestrained proli feration13.
The expression of the zebrafish (zf ) tcf4 gene during embryogenesis in the anterior 
midbrain14 is strikingly reminiscent of what has been reported for early mouse devel-
opment6,11. Moreover, the transient expression of zf tcf4 in rhombomeres 4 and 5 at 
48 hours post fertilization (hpf )14 is also observed in the mouse hindbrain between 
7.5dpc-8.5dpc6. From 72hpf onwards, zf tcf4 is also expressed in the developing gut14  

coinciding with the onset of gut morphogenesis15,16. 
The striking similarity in expression patterns of mouse and zf tcf4 gene, together with 
the growing validation of the zebrafish gut as a model system for studying mamma-
lian gut development and disease15,17,18, led us to test the role of zf tcf4 by generating 
a genetic mutant employing target selected gene inactivation.

Materials and Methods

Target-selected inactivation of tcf4 gene and validation of molecular nature of mutation

Fish were raised and staged as previously described19. Amplicons of the tcf4 gene were selected for target-

selected mutagenesis and screened for mutations in a library of 4608 ENU-mutagenised F1 fish. Fish with a 

mutant allele (tcf4hu892 that we refer to as tcf4exI/exI) was outcrossed to wt fish and the progeny was incrossed 

to obtain homozygous mutants. Genotyping was done by using primers Tcf4-1F: aaaatgccgcagctgaacgg and 

TCF4-3R: cggagaaagcgatccgttcg. Mutation deletes BsaJI digestion site. RT PCR was preformed using primers 

F1: cgcagctgaacggcggtg, F2: caaaattagcgctcctcg, R1: gtgcgcgcggtcggagaaag and R2: ggccgtctttcctcctc. For 

Western blot analyses, a TCF4 (C19) goat polyclonal antibody (Santa Cruz) was used (1:500).

Survival curve and measuring of the body growth

Fish were collected once a week starting at 7 day post fertilization (dpf ), anesthetized and body length was 

determined. At each time point, at least 80 fish were analyzed. Subsequently, the fish were genotyped. The 

genotype results are presented as a graph in Figure 1D. All reference to phenotype was confirmed by geno-

typing.

Histology, whole mount and double in situ hybridization (ISH) and immunohistochemistry (IHC)

Whole-mount and double ISH were preformed as previously described20. Probe for sox2 was obtained from EST 

clone with zfin accession number cb236 and for barx1 , gata5 and gata6 from : 7165021, 7449970 and 6963479. 

For IHC, dehydrated embryos and fish were paraffin embedded and sectioned at 6μm. HE was used for rou-

tine histology. IHC staining with antibody for PCNA (PC10; Euro Diagnostica) and BrdU (Becton Dickinson) was 

as previously described13. Plastic sections from WISH were prepared as previously described20.



The role of Tcf4 in zebrafish

125

BrdU labeling 

Fish were incubated in 200ml of 1mM BrdU solution in tap water for 3 hours. After the pulse, BrdU solution 

was replaced with tap water several times. To collect samples, fish were first anesthetized, fixed in 4% PFA 

overnight, dehydrated and paraffin embedded.

Results and Discussion

The zebrafish genome contains a single tcf4 orthologue that shares 93% identity in 
its β-catenin interaction domain with mouse and human Tcf414. To test the role of 
tcf4 in zebrafish, we screened an N-ethyl-N-nitrosourea (ENU) mutagenised zebrafish 
library for mutations in preselected tcf4 amplicons as previously described21. A single 
mutant was identified which carried a G-to-A substitution within the splice donor 
site of intron 1 (Fig 1A). This left the possibility that the associated phenotype could 
be complicated by a linked mutation. However, the observed phenotype as des-
cribed below corresponded well to its mammalian counterpart10. The mutation was 
predicted to lead to intron retention and to produce a very short truncated protein. 
Indeed, by RT PCR analysis we failed to observe any correctly spliced exon1-exon2 
sequences in mutant embryos (Fig 1A, B, F1/R1 primer set). Using primers designed 
to specifically amplify correctly spliced exon1-exon2 sequences, we were unable to 
detect such RNA in mutant embryos (Fig 1D, F2/R2 primer set). Importantly, western 
blot analyses using an antibody detecting the N-terminal β-catenin binding site en-
coded by the first exon confirmed the absence of Tcf4 protein in mutant embryos 
(Fig 1E). Together, these experiments suggest that zebrafish tcf4 mutant represents 
a null allele.
Homozygous tcf4 mutant (tcf4exI/exI) fish were viable and developed normally dur-
ing the first weeks of life. We monitored the survival rate of tcf4 mutants by week-
ly genotyping the offspring of heterozygous fish from multiple clutches (Fig 1F). 
Simultaneously, we measured the length of mutant and control fish (Fig 1G). This 
revealed the loss of homozygous tcf4exI/exI larvae around 6 wpf (Fig 1F). Body length 
analysis revealed linear growth during the first 3 weeks of wt larval life (Fig 1G). From 
4 wpf, the body length of wt fish increased exponentially. The tcf4exI/exI fish grew at the 
same linear rate during the first 3 weeks, but then failed to undergo the exponential 
growth phase observed in siblings (Fig 1G). The difference in body length was first 
noticeable at 4wpf (Fig 1G). At 6 wpf, only 4 out of 85 live genotyped fish were of the 
homozygous mutant genotype (Fig 1F). We initiated histological analysis of mutants 
at this stage.
Genotyped 6 weeks old fish were embedded in paraffin and sections were hema-
toxilin-eosin (HE) stained. Sagittal sections of tcf4exI/exI fish revealed a single pheno-
typic abnormality. In the mutant fish, a striking lack of protrusions of the intestinal 
epithelium, the intestinal folds, was observed in the middle and distal intestine (Fig 
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2C, lower panel). Careful comparison of ten mutant and ten wild-type fish did not 
reveal consistent morphological changes in the proximal portion of the intestine. 
Specifically, intestinal folds were retained in the mutants (Fig 2C, middle panel). As 
shown in Fig 2A, the intestine of the wt sibling fish harbored extensive epithelial folds, 

Figure 1 Analysis of splice/donor mutation in tcf4 gene, poor survival and slower growth rate 

in tcf4exI/exI fish. (A) Diagram of the tcf4exI/exI allele. Arrowhead points to nucleic acid substitution 

in the donor splice site of the first intron. Position of a stop codon within the first intron is under-

lined. Positions and pcr products of primer sets F1/R1 and F2/R2 are indicated. Note that primer R2 

overlaps exonI/exonII boundary. (B) RT-PCR preformed on cDNA samples from 7 dpf embryos with 

primer set F1/R1. Heterozygous tcf4 cDNA (tcf4exI/wt) yields two bands (lane 2) from which the upper 

one corresponds to the mutant allele where the intron is retained and the lower band indicates 

splicing of the intron. In the wt (tcf4wt/wt) cDNA there is a single band depicting splicing of the intron 

(lane 3) and in homozygous mutant fish (tcf4exI/exI), only the upper band is present (lane 1). (C) RT-PCR 

performed on fin cDNA from adult homozygous “escapers” described in Fig.5 with primer set F1/R1 

(lane 2). In mutant “escapers”, only the upper band in which the intron is retained is present. Wt and 

mutant band in heterozygous adult fish (lane 1) and wt band in wt adult fish (lane 3). (D) RT-PCR 

using the primer combination F2/R2. No wt band can be amplified in either tcf4exI/exI embryos (lane 1) 

or in adult mutant escapers (lane 2). The same primer set detects only the wt band in heterozygous 

fish (lane 3). cDNA from wt fish served as a positive control (lane 4). (E) Western blot analysis of 

Tc4 protein on protein samples collected from 7dpf tcf4exI/exI (right lane) or tcf4wt/wt (left lane) larvae. 

(F) Survival of the tcf4exI/exI genotype (black bars) in time (weeks). During the first 5 weeks, tcf4exI/exI 

phenotype is present in the expected percentage of 25% but is significantly lost at 6 wpf. White 

bars represent genotype frequency of wild-types (tcf4wt/wt) and gray that of heterozygotes tcf4exI/wt.  

(G) Body length of tcf4wt/wt and tcf4exI/exI fish monitored weekly. Mutant fish have slower growth rate 

after week 3 pf and do not follow the exponential growth rate of tcf4 siblings. Data are percentages 

(F) or mean±SD (G). All reference to phenotype was confirmed by genotyping.
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positioned uniformly throughout the intestinal tube. 
In the zebrafish intestine, epithelial proliferation is restricted to pockets at the base 
of the epithelial folds16,22, which can thus be considered as equivalents to the crypts 
of Lieberkuhn of the mammalian intestine16. We studied proliferation in intervillus 
pockets by staining with PCNA antibody for cycling cells. Almost no proliferation was 
observed in the hypoplastic areas in the middle and distal intestine (Fig 2D, bottom 
panel). This clearly suggested that loss of proliferation was the cause of the flattening 
of the epithelium (compare upper panels of Fig 2A with Fig 2B). Of note, unlike the 
situation in tcf4 mutant mice, the proximal part of the intestine retained proliferative 
cells (Fig 2D, bottom panel). However, a subtle difference was noted between wt and 
mutant proximal intestine, in that proliferation was not confined to the intervillus 
pockets in the mutant proximal intestine, as assessed both with PCNA, (arrowheads 
in fig 2D, middle panel) and BrdU (fig. 3E-F; see below).
The zebrafish intestinal epithelium is organized into fully developed epithelial folds 
at 2 wpf16,22. Surprisingly, at this time tcf4 mutant fish were viable and no gross mor-
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Figure 2. The absence of cycling 

cells in the intestinal epithelium 

of tcf4exI/exI embryos at 6 weeks 

pf. (A) Hematoxilin-eosin (HE) 

staining of tcf4wt/wt zebrafish intes-

tine with proximal (prox), middle 

(mid) and distal (dis) parts magni-

fied respectively in lower panels. 
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folds through prox, mid and dis in-
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the epithelial folds. (C) HE stain-

ing of tcf4exI/exI intestine. (D) PCNA 

staining on consecutive sections 

depicting the absence of prolifera-

tive compartments at the base of 

the epithelial folds in middle and 

distal intestinal portions. Note that 

proliferation in the proximal intes-

tine is maintained (arrows and ar-

rowheads in magnified proximal 

intestine in figure D).
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phological changes could be observed in comparison with wt siblings. We therefore 
sought to determine the onset of the intestinal phenotype by investigating intestinal 
proliferation at different times in zebrafish development. Since PCNA only globally 
marks proliferative cells, we labeled fish with the S-phase marker BrdU for 3 hours at 2, 
3, and 5 wpf (Fig 3). At 2 and 3wpf, BrdU+ cells were found throughout the epithelium 
in all three intestinal segments. At 5 wpf, BrdU labeled cells could be observed only 
at the base of the intestinal folds (“intervillus pockets”) in control fish, suggesting es-
tablishment of the proliferation zone around this time of development (Fig 3E, F). In 
contrast, tcf4 mutant fish lacked BrdU labeled cells in the middle and distal intestinal 
segment. As previously observed, the proximal intestine contained labeled cells that 
were not restricted to the fold-base, unlike in control fish at this stage (Fig 3F, middle 
panel). Quantification of S phase positive cells confirmed that the percentage BrdU+ 
cells was strongly reduced in middle and distal intestine, yet remained unchanged 
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Figure 3. Absence of BrdU labeled cells in middle and distal intestine of tcf4exI/exI fish at 5 wpf. 

(A-F) Anti BrdU IHC of tcf4wt/wt at 2 (A), 3 (C), and 5wpf (E) and tcf4exI/exI at 2 (B), 3 (C) and 5wpf (F). BrdU 

labeled cells after 3 h pulse are observed throughout intestinal folds at 2 and 3wpf in both mutant 

and wt fish (black arrows in A-D). At 5wpf, BrdU labeled cells are observed only at the base of the 

intestinal folds (black arrow in E). In the mutant fish, proliferation in the proximal intestine is main-

tained but without the proper establishment of a proliferation zone (black arrows in F middle panel). 

No BrdU labeled cells are observed in middle and distal intestine in mutant fish (F bottom panel). 

(G) Quantification of BrdU labeled cells at different time points in different intestinal segments. BrdU 

cells are scored as a percentage of total cell number per analyzed segment. Error bars are mean ± 

SD. Asterisks point to a statistically significant difference (Student t-test, p=0.025). At least 3 fish were 

analyzed per time point per genotype
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in the proximal part of the mutant larvae despite differences in localization (Fig 3G).
As noted, proliferation in the anterior part of the intestine was still maintained in the 
mutant fish. In zebrafish, the most rostral segments of the digestive tract, the phar-
ynx and esophagus, develop independently from the intestinal tube and only from 
58hpf become contiguous with it15. The zebrafish is considered to be a stomach-less 
fish. Yet, the absence of a phenotype in the most proximal intestinal segment of 
mutant tcf4 null fish led us to hypothesize that zebrafish may have retained a “ge-
netic footprint” of stomach ontogeny in the proximal intestine. This would provide 
a possible explanation as to why the proximal intestinal tract in fish would be inde-
pendent of Wnt/Tcf4. 
The vertebrate transcription factor Sox2 is expressed specifically in the epithelium of 
esophagus and stomach. In the chick, it is under the control of mesenchymal fac-
tors to induce the formation of gizzard epithelium23. Sox2 is also expressed in mouse 
and human stomach, and may play an important role in induction and also possibly 
the maintenance of gastric epithelium24,25. Therefore, we determined sox2 expression 
in the zebrafish gut epithelium by performing whole mount in situ hybridization.  
At 96hpf, we found that the boundary of the esophagus and the intestine exactly 
coincided with the somite II/III boundary (Fig 4A).  Zebrafish sox2 mRNA was found 
in the pharynx and esophagus (coinciding with somite II) as described for mammals 
and chicken, but interestingly also in a small number of cells with intestinal morphol-
ogy coinciding with somite III (arrows in Fig 4B).
The mammalian stomach is formed by a localized swelling of the nascent gut. The gut 
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itself consists of an epithelial tube surrounded by mesenchyme. The mesenchyme 
surrounding the prospective stomach expresses the transcription factor Barx1 at a 
stage just prior to the morphological specialization of the stomach26. Along undif-
ferentiated primitive gut, Barx1 is induced in a positionally defined segment and it 
plays a direct role in the induction of stomach differentiation by locally inhibiting 
Wnt signaling27. This enables the expression of genes that induce gastric differentia-
tion. We tested whether the zebrafish barx1 orthologue is expressed in the gut mes-
enchyme of zebrafish embryos. In situ hybridization detected barx1 expression in the 
presumptive anterior intestinal segment at 96hpf (Fig 4D). The domain expressing 
barx1 in zebrafish proximal intestine was overlapping with that of sox2, positionally 
coinciding with somite III only (Fig4B and D). To distinguish whether this expression 
corresponded to mesenchyme or to the developing liver we performed double in 
situ hybridizations for lfabp and barx1. We observed barx1 expression in the lfabp-
positive liver, but also in lfabp-negative mesenchymal cells surrounding the proximal 
intestinal segment (Supplementary Fig 1). The specific mesenchymal expression of 
barx1 is consistent with the existence of a rudimentary program for stomach induc-
tion in the zebrafish. 
Adult mouse small intestine has been shown to express members of the Gata family 
of transcription factors, where they have been implicated in expression of intestinal 
genes28. In zebrafish, gata5 and gata6 have been reported to be expressed in the 
intestine (www.zfin.org). We observed the rostral boundary of the gata5 and gata6 
expression domains in 96hpf larvae at the somite III/IV boundary (Fig4C and E). The 
most proximal part of the intestinal epithelium, corresponding to the position of 
somite III and expressing sox2 and barx1, was devoid of gata5 and gata6 expression.
Inhibition of Caudal-related genes has been described to affect the formation of pos-
terior body structures in invertebrate and vertebrate species29-31. Loss of Cdx genes 
often results in the ectopic formation of anterior structures in posterior parts of the 
body32,33. Importantly, loss of function of Cdx2 induces formation of ectopic gastric 
epithelium in the mouse intestine33. Zebrafish cdx4 is evolutionary the closest ortho-
logue of mouse cdx2 (see Supplementary Fig 2). Accordingly, loss of cdx4 in zebrafish 
kugelig (kgg) mutants leads to posterior truncation34. To validate the molecular defini-
tion of the stomach in zebrafish we examined whether anteroposterior patterning 
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of intestinal tract was affected in kgg mutants. By performing in situ hybridization 
for sox2 we discovered a striking extension of its expression domain towards poste-
rior parts of the intestine (Fig 5A,B). Similarly, posterior extension of the expression 
domain was observed for barx1 (Fig 4C,D). These data support the conservation of 
molecular patterning of the anterior intestinal tract between fish and mammals.
In this study, less than 1 percent (3 out 375) of tcf4 homozygous mutant fish survived 
into adulthood. These fish were readily distinguishable from their siblings because 
of the small size, but appeared otherwise normal (Fig 6A). As in mutant embryos, we 
could not detect any correctly spliced tcf4 RNA in these adult “escapers” (Fig 1C, and 
second lane in Fig 1D). Importantly, western- blot analysis confirmed that these adult 

“escapers” did not express detectable Tcf4 protein (Fig 6B).
When histologically analyzed, all three escapers displayed defects in proliferation of 
the intestinal epithelium. Large areas lacking proliferation were evident, while small, 
scattered patches of normal looking epithelium were maintained (Fig 6C, D). These 
adult “escapers” underscored the unique function of Tcf4 in maintaining the prolifera-
tive zones of fish intestine throughout life.
In this paper we analyze the role of the transcription factor Tcf4, and by inference 
of Wnt signaling, in the intestine of zebrafish. Previous studies16,22 have reported on 
the early development of the gastrointestinal tract in zebrafish and have monitored 
gut morphogenesis until 2 wpf. Our study identifies the period between 4 and 5wpf 
as a critical transition time, when the proliferation of intestinal epithelium becomes 
restricted to intervillus pockets. This time point correlates with a shift from linear to 
exponential growth. At 4-5 wpf, the proliferation of intervillus pockets is no longer 
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maintained in tcf4 mutant fish, which leads to flattening of intestinal epithelium and 
likely underlies the reduced growth and ultimate death of most mutant fish around 
6 wpf. 
We observe a specific loss of proliferation in the middle and distal intestinal segments. 
This suggests that even though the intestinal epithelium in the zebrafish appears 
uniformly organized, differences in molecular patterning within the gastrointestinal 
tract must exist. We propose, based on the expression of stomach markers, that the 
most proximal part of intestine, in early development, has a molecular code resem-
bling that of the mammalian stomach. The absence of gastric glands in the foregut 
of zebrafish classifies them as stomachless fish. In the currently available zebrafish 
databases we were unable to find any orthologues of genes expressed in the defini-
tive mammalian stomach. Yet, the proximal part of the zebrafish intestine may differ 
functionally from the remainder of the intestine in as yet undefined structural and/or 
functional ways. Alternatively, the absence of functional stomach genes may cause 
the stomach orthologue in zebrafish to acquire a default intestinal fate. In a study 
performed on another species of stomachless fish, Takifugu rubripes, an orthologue 
of the pepsinogen gene was identified35. Its expression was restricted to the skin35, 
suggesting that the protein lost its function in digestion. 
Our finding that the Wnt effector Tcf4 has a conserved function in the maintenance 
of proliferation of the intestinal epithelium, agrees with the finding that neoplastic 
lesions in the fish intestine are caused by Wnt pathway mutations such as seen in 
man and mouse. Indeed, fish that are heterozygous for a mutation in the Wnt path-
way tumor suppressor APC readily develop spontaneous and carcinogen-induced 
intestinal adenomas18. The combined observations validate zebrafish as a model for 
the study of Wnt-driven intestinal self-renewal and tumorigenesis.
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Abstract

The Wnt signaling pathway is a key regulator of self-renewal homeostasis in several 
adult tissues including the intestinal epithelium. Truncations of the tumor suppres-
sor Adenomatous Polyposis Coli (APC), a core component of the canonical Wnt 
pathway, are at the root of familial and sporadic colorectal carcinoma. Abrogation of 
APC correlates with constitutive activation of the Wnt pathway, which culminates in 
uncontrolled cell proliferation in the intestinal epithelium and predisposes patients 
to malignant transformation. Zebrafish has arisen as a suitable vertebrate model to 
study tumorigenesis in several tissues. Adult zebrafish heterozygous for a nonsense 
mutation in APC ortholog, apc, spontaneously develop intestinal, hepatic and pan-
creatic neoplasia, similar to those found in patients and in mice carrying a truncating 
mutation in its respective orthologues, but with a lower penetrance than the current 
mouse models. 
In this study, we investigate whether another member of the APC family, APC2, con-
tributes to tumorigenesis. APC2 is a molecule closely related to APC, which has been 
shown to antagonize Wnt signaling. It is hypothesized that APC and APC2 may act 
synergistically in several developmental processes. We have identified the zebrafish 
APC2 ortholog, apc2. Via target-selected mutagenesis we have generated a mutant 
line, harbouring a nonsense mutation in apc2, which results in a truncated protein. 
By depleting apc2 in an apc heterozygous background, we show that Apc2 cooper-
ates with Apc in intestinal tumor suppression in zebrafish. 

Introduction

Cancer is the leading cause of mortality in the Western world. Deaths from cancer 
worldwide are projected to continue to rise with a predicted total of 12 million deaths 
in 2030. Colorectal cancer (CRC) is one of the most common malignancies in Western 
countries. It is estimated that colorectal cancer causes 639 000 deaths yearly, being 
the third leading cause of cancer-related lethality. Therefore, it is not surprising that 
during the past decades the molecular mechanisms controlling the initiation and 
progression of CRC have been under intense scrutiny. CRCs either have an underly-
ing familial genetic cause or arise sporadically. Some 60% of sporadic cancers display 
genetic alterations in key components of the canonical Wnt pathway. 
The Wnt signaling pathway controls a myriad of cellular responses and is used reit-
eratively during embryonic development and during adult tissue homeostasis. Wnt 
proteins are morphogens that interact with specific receptors present on the sur-
face of the responding cells, triggering a signal-transduction pathway that activates 
a downstream gene-expression program. The central event of the canonical Wnt 
signal-transduction pathway is the regulation of the stability of  β-catenin in the 
responding cell. β-catenin itself is constitutively produced, but its levels are tightly 
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controlled in the responding cell. The levels of stabilized β-catenin are kept to a mini-
mum by a multicomponent degradation complex that comprises, amongst others, 
the scaffolding proteins Adenomatosis Polyposis coli (APC), GSK3β and Axin/Axin2. 
Under physiological conditions, continued destruction of β-catenin is interrupted 
upon binding of Wnt molecules to its dedicated membrane receptors, which results 
in inhibition of the destruction complex. This leads to the accumulation of stable 
β-catenin and its translocation to the nucleus, where it interacts with DNA-binding 
proteins of the T-cell factor (Tcf )/Lymphoid enhancer-binding factor (Lef ) family. The 
formation of this bipartite complex activates the transcription of target genes of the 
Wnt pathway1,2. 
The canonical Wnt signaling pathway has long been established as crucial during 
embryonic development of the gut tube and during the postnatal regulation of the 
homeostasis of intestinal epithelium3-8. ApcMin/+ mice9 express a truncated APC pro-
tein that lacks the 15- and 20-amino acid-repeat sequences as well as the SAMP (Ser-
Ala-Met-Pro) repeats, which are crucial in mediating the binding and downregula-
tion of β-catenin and are involved in the interaction with Axin/Condutin, respectively. 
Min (Multiple Intestinal Neoplasia) animals develop up to 100 intestinal adenomas in 
the upper gastrointestinal tract in a few weeks and due to intestinal bleeding and 
the resulting anemia, these mice seldom live longer than 140 days (reviewed in 10). 
Adenoma formation in these animals occurs upon loss of the wild-type APC allele, 
allowing unabated Wnt activation and epithelial proliferation.
apcmcr mutant zebrafish carrying a premature stop codon in the putative mutation 
cluster region (MCR) of APC, mimicking the mutations found in familial adenomatous 
polyposis (FAP) patients11. The truncation results in constitutively activated Wnt/β-
catenin signaling12-14. apcmcr homozygous zebrafish embryos die between 72 and 96 
hours post-fertilization (hpf ), displaying multiple defects. Primordia of the internal 
organs such as the gut, liver and pancreas are formed, but develop abnormally12. 
Conversely, aged apcmcr/+ zebrafish develop tumors in endoderm-derived tissues, 
primarily in the liver and intestine13. Large outgrowths in the intestine, resembling 
the adenomatous polyps found in FAP patients and ApcMin/+ mice, occur spontane-
ously in apcmcr/+ zebrafish. In contrast to the ordered periodic arrangement of villi 
in the wild-type intestine, the mutant epithelium covering these outgrowths dis-
plays bifurcations of the villi often embedded in fibrovascular stroma. These lesions 
share many characteristics with mammalian adenomatous polyps, such as nuclear 
crowding (‘pseudostratification’), loss of Goblet cell differentiation and an increased 
nuclear-to-cytoplasmic ratio13. apcmcr adenomas express high levels of c-myc and ec-
topic axin2, both Wnt/Tcf4 target genes, and are negative for differentiation markers 
such as intestinal-fatty acid binding protein13, similarly to what has been characterized 
in adenomas of ApcMin/+ mice5. These observations strongly suggest that a highly con-
served molecular route underlies Wnt-driven carcinogenesis amongst vertebrates. 
Moreover, these data establish that zebrafish Apc, like its mammalian counterpart, is 
a bona fide tumor suppressor. 
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Even though apc mutant fish spontaneously develop intestinal neoplasias, this phe-
notype displays a much lower penetrance (approximately 12%) than that observed for 
ApcMin/+ mice. One possible explanation for this discrepancy could be that in zebrafish 
another member of the Apc family, Apc2, compensates for the loss of Apc1. Apc2 is 
a molecule closely related to Apc15-17 which has been identified in several biological 
models and was found to be expressed in a broad spectrum of tissues, including 
endoderm-derived tissues15,16,18. Similarly to Apc, Apc2 antagonizes Wnt signaling and 
both proteins might act synergistically in several developmental processes15,18-21. It has 
been shown that allelic imbalance on the APC2 gene locus is common in sporadic 
ovarian tumors in patients22 suggesting that APC2 is a potential tumor suppressor 
gene, but its biological relevance is still largely unknown. 
Here we investigate the role played by Apc2 in tumorigenesis of the intestinal epi-
thelium in zebrafish. Using target-selected gene inactivation, we have generated a 
zebrafish line carrying a nonsense mutation in apc2 that results in a premature trun-
cation of the protein. By depleting apc2 in an apcmcr heterozygous background, we 
show that Apc2 cooperates with Apc in intestinal tumor suppression in zebrafish.

 

Materials and Methods

Target-selected inactivation of zebrafish apc2 gene

The sequence of the zebrafish apc2 gene was determined in silico by blast search analysis of the human APC2 

protein against the zebrafish translated database (tblastn) (http://www.ncbi.nlm.nih.gov/BLAST/). Several ampl-

icons of the apc2 gene were selected for target-selected mutagenesis. These amplicons were then screened 

for mutations in a library of 4608 N-ethyl N-nitrosourea (ENU)-mutagenised F1 fish, as previously described23. 

A C3494T nonsense mutation was successfully identified, resulting in the synthesis of a truncated 1130 amino-

acid length protein (apc2Δ1130). 

Screening primers used were: apc2Δ1130FW (5’-CCAACTGTCAAGTTGTCTCC-3’), apc2Δ1130RV 

(5’-CAAGTGTCTCGTTCTCATCC-3’). 

Zebrafish husbandry

Zebrafish were maintained as described24, until the age of analyses, >15 months. Animal experiments were 

conducted in accordance with the Dutch guidelines for the care and use of laboratory animals, with the 

approval of the Animal Experimentation Committee (Dier Experimenten Commissie [DEC]) of the Royal 

Netherlands Academy of Arts and Sciences (Koninklijke Nederlandse Akademie van Wetenschappen [KNAW]). 

Alleles for apcmcr 12 and apc2Δ1130 were maintained in a wild type AB or TL background. Adult zebrafish analyzed 

in this study originated from an incross between two heterozygous carriers of both the apcmcr and apc2Δ1130 

alleles. 

apcmcr carriers were identified as previously described12. apc2Δ1130 fish were genotyped by PCR on isolated ge-

nomic DNA from fin clips using the screening primers, and subsequent restriction digestion with PvuII. 
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Viscera isolation, histology, in situ hybridization and immunohistochemistry

Zebrafish were euthanized using an overdose of MS222. Organs from wild-type and mutant fish were col-

lected and immediately fixed in 4% PFA in PBS, overnight at 4ºC with agitation. The tissue was further washed 

in PBS, dehydrated by successive alcohol washes and was embedded in paraffin using standard protocols. In 

situ hybridizations on 6 μm sections were performed as previously described13. Immunohistochemical stain-

ings with antibodies against PCNA and β-catenin were performed as previously described5,12. 

Results

Identification of zebrafish APC2 orthologue apc2
Given the low penetrance of neoplasms in the digestive tract of apcmcr fish compared 
to ApcMIN/+ mice we hypothesized that the presence of a second member of the Apc 
family of proteins compensates for the partial loss of apc in these tissues. Since Apc2 
has been shown to act synergistically with Apc in numerous developmental con-
texts15,18-21, we focused our investigation on this protein.
In an effort to understand whether the zebrafish genome encodes for a putative 
apc2 gene, we have performed a blast search analysis of the human APC2 protein 
(NP_005874) against the zebrafish translated database (tblastn) (http://www.ncbi.nlm.
nih.gov/BLAST/). The highest-sequence similarity hit was a predicted 6340bp mRNA 
sequence similar to apc2 (accession number XM_689041). Conversely, we confirmed 
this sequence represents the best reciprocal hit by blasting the putative zebrafish 
apc2 against the human non-redundant protein database. Of note, the poor an-
notation of the genomic region wherein apc2 lies precluded us from performing 
an adequate synteny analysis. Phylogenetic analysis showed the putative zebrafish 
APC2-orthologue to cluster with Apc2 from other vertebrates, thus confirming its 
orthology (Fig.1A). Hereafter we will refer to this gene as apc2. 
The zebrafish apc2 gene spans 35.58Kb on chromosome 11 [LG11: 7,575,021-7,610,599 
(Zv8 Ensembl genome assembly)]. The transcript is comprised of 18 exons, which en-
code a 2077 amino acid protein with 54.4% identity to the human APC2 (NP_005874.1) 
and 53.7% identity to the murine Apc2 (NP_035919.2). APC and APC2 both harbor 
N-terminal dimerization domains, armadillo repeats, β-catenin binding 20-amino 
acid (aa)-repeats, and Axin/Conductin-binding SAMP repeats, regions known to be 
essential for the control of β-catenin in colorectal cancer cells and in Xenopus axis 
induction15,25,26 (Fig. 1B). The overall domain structure of the zebrafish Apc2 protein 
shows high conservation with other vertebrate APC2 proteins. As in these ortholo-
gous proteins15, zebrafish Apc2 presents a highly conserved ARM/β-catenin-like re-
peat region (from residue 605 to 723) followed by five 20-aa-repeat regions. The APC 
protein presents seven 20-aa-repeats and these are required for the interaction with 
β-catenin27,28. Interestingly enough, the first 20-aa-repeat of zebrafish Apc2 displays 
greater homology with the first 20-aa-repeat of human APC, than it does with the 
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first repeat in mouse and human APC2 (Fig1.C). Zebrafish Apc2 lacks the 15-aa-repeats, 
a feature that has been previously reported for Apc2 proteins15. Furthermore, like its 
orthologues, zebrafish Apc2 displays only two SAMP repeats, domains known to me-
diate binding of APC proteins to Axin/Conductin29-32. Again, zebrafish Apc2 proves 
to be peculiar, as its SAMP repeats present higher homologies with those of human 
APC rather than with either human APC2 or murine Apc2 (Fig.1D). Between residues 
1890aa-2060aa, Apc2 has a poorly conserved APC-basic domain. 

apc2Δ1130 mutation aggravates neoplasm incidence in an apcmcr 
heterozygous background  
By screening a target-selected ENU-mutagenised F1 zebrafish library available in our 
institute23 we have identified a line carrying a nonsense mutation in the apc2 gene. 
A C>T transversion in nucleotide 3494 results in a premature stop codon that leads 
to the formation of a truncated 1130aa-long Apc2 mutant protein. This truncation 
occurs immediately upstream of the first 20-aa-repeat and is therefore predicted 
to abrogate the β-catenin regulatory functions exerted by Apc2. The mutation was 
confirmed by re-screening, followed by identification of the mutant allele by DNA 
sequencing. To reduce the possibility of background mutations, the apc2 mutant 
line was successively outcrossed into AB and TL wild-type strains for at least three 
generations. The apc2Δ1130 null fish do not display embryonic defects and are viable 
and fertile.
The Wnt signaling pathway plays a major role in the regulation of homeostasis in 
the intestinal epithelium. Zebrafish heterozygous for a truncating apc mutation 
develop intestinal, biliary, hepatic and pancreatic neoplasia from the age of 15 
months. At 15 months, 12% of apcmcr heterozygous fish have been found to spon-
taneously develop intestinal adenomas, while this is not observed in aged-matched 
wilt type siblings13. This phenotype is to be contrasted with that observed in the 
ApcMin/+ mice, where 100% of mice develop intestinal adenomas. Here we investi-
gated whether apc2 might play a redundant role in the intestine. To address this 
question, we have crossed heterozygous carriers of both the apcmcr/+ and apc2Δ1130 
alleles and compared the relative incidence of intestinal neoplasias in apcmcr/+ fish 
to that observed in compound double heterozygous apcmcr/+;apc2Δ1130+/- and in com-
poud apcmcr/+;apc2Δ1130-/- aged siblings (>15 months). If Apc2 plays a relevant role in 
maintaining tissue homeostasis in the intestine, then we expect that the depletion 
of one or both functional alleles of apc2 would impact neoplasm formation in the 
apcmcr mutant. Fish were grown under comparable conditions and sacrificed at the 
same time point. Genotyping was performed post mortem. Noteworthy, despite the 
fact that most fish appeared healthy, some of the fish that were later genotyped as 
either  apcmcr/+;apc2Δ1130+/- or apcmcr/+;apc2Δ1130-/- presented a noticeable high vasculariza-
tion of the dorsal part of the body. This could be seen from the red color on the belly 
of some of these fish (Fig.2). We have analyzed a total of 31 animals, with comparable 
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weight and size. These included the aforementioned test groups: wild type (n=5); ap-
cmcr/+ (n=9); apcmcr/+;apc2Δ1130+/- (n=12) and  apcmcr/+;apc2Δ1130-/-(n=5). To assess the overall 
intestinal architecture of these fish, we performed hematoxylin-eosin (H&E) stainings 
on paraffin sections. We scored adenomas in the intestinal epithelium by screening 
for a disrupted architecture, pseudostratification of nuclei, loss of Goblet cell differ-
entiation and an increased nuclear-to-cytoplasmic ratio, as mentioned previously. 
Furthermore, we probed consecutive sections with antibodies against Proliferating 
Cell Nuclear Antigen (PCNA) as a proliferation marker. The aberrant proliferative na-
ture of the tissue was also assessed and taken into account. The structure and or-
ganization of the adult zebrafish intestinal epithelium is reminiscent of fetal mouse 
intestine3. In zebrafish, the epithelium at the base of the folds, referred to in the litera-
ture as intervillus pockets (IVP), lacks crypts of Lieberkühn. Proliferation is restricted 
to the IVP, whereas differentiation occurs on the villus (reviewed in 33). Disruption of 
the normal regular arrangement of the intestinal epithelium is readily identifiable in 
tubular adenomas (Fig.3C) when compared to wild-type tissue (Fig.3B).
We found that depletion of apc2Δ1130 in an apcmcr heterozygous background aggra-
vates tumor incidence in a dose-dependent way (Fig.3A). Wild-type siblings did not 
present intestinal tumors, whereas 50% of the analyzed apcmcr heterozygous fish dis-
played intestinal neoplasias. Compound double heterozygous mutants presented 
intestinal epithelial tumors in 75% of the cases, whereas complete apc2 loss in an 

Figure 1.  Identification of zebrafish apc2. (A) Phylogenetic tree of APC and APC2 homologues in 

vertebrates, showing the putative zebrafish APC2-orthologue to cluster with Apc2 from other ver-

tebrates and in a distinct cluster from that for Apc homologues, thus confirming its orthology. The 

rootless cladogram tree was constructed with ClustalW2 multiple sequence alignment program 

(available online at http://www.ebi.ac.uk/Tools/clustalw2/index.html). (B) Schematic representation 

of the structure of the APC2 and APC proteins. APC2 and APC harbor similar N-terminal dimerization 

domains, conserved domains, armadillo repeats, β-catenin-binding 20-aa repeats, and Axin-binding 

SAMP repeats. However, they are less conserved at the C terminus. In addition, 15 aa repeats of APC 

(which are not present in APC2 proteins) are also known to bind β-catenin. (C) Comparison of the 

20 aa repeats of zebrafish Apc2, mouse Apc2, human APC2 and human APC. The first 20-aa-repeat 

of zebrafish Apc2 displays greater homology with the first 20-aa-repeat of human APC, than it does 

with the first 20-aa-repeat in its murine and human orthologues. (D) Comparison of the SAMP  

repeats of zebrafish Apc2, mouse Apc2, human APC2 and human APC. Zebrafish Apc2 SAMP 

repeats present higher homologies with those of human APC rather than with either human 

APC2 or murine Apc2. Accession numbers: XP_694133 (predicted zebrafish Apc2); NP_035919 

(mouse Apc2); NP_005874 (human APC2); NP_001100239 (rat Apc2); XP_542202 (dog Apc2-

like); ENSTRUP00000017140 (fugu Apc2-like); ENSGACP00000004331 (stickleback Apc2-like); 

ENSXETP00000008006 + ENSXETP00000008007 (xenopus Apc2-like); ENSDARP00000044431 

(zebrafish Apc); NP_031488.2 (mouse Apc); ENSP00000413133 (human APC); NP_036631 (rat Apc); 

XP_536285 (dog Apc); ENSTRUP00000026622 (fugu Apc); ENSGACP00000020460 (stickleback Apc); 

xenopus_apc (NP_001084351.1). 
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apcmcr heterozygous background resulted in dysplastic lesions in 80% of the fish ana-
lyzed (Fig. 3A). 
Histological analysis of the tumors found in apcmcr/+;apc2Δ1130+/- and apcmcr/+;apc2Δ1130-/- 
fish revealed a severe disruption of the epithelial architecture, coupled with a high 
degree of dysplasia, where almost all the epithelial cells in the polyp label for PCNA 
(Fig. 3F, G). Many of these fish presented polypoid structures protruding above the 
normal mucosa. Some of these analyzed adenomas consisted of highly branched 
peduncular structures forming long villi (Fig. 3F, G). This histopathology is reminiscent 
of colonic villous adenomas. In some areas of the intestine, where the architectural 
disruption was not as severe, we found proliferating cells at the top of the villi. In 
contrast, the apcmcr/+ fish display dysplastic lesions lacking the pronounced villous 
architecture (Fig. 3E). These latter lesions resemble tubular adenomas. As previously 
described, proliferation is no longer restricted to the base of the IVP in polyps of 
apcmcr/+ fish13. 

Adult apcmcr/+;apc2Δ1130+/- and apcmcr/+;apc2Δ1130-/- zebrafish develop Wnt-
driven neoplasms in the intestine
Stimulation of the Wnt pathway results in stabilization of β-catenin and its transloca-
tion to the nucleus, where it promotes the expression of Wnt target genes such as 
c-myc34.  Under physiological conditions, activation of the pathway is only seen in 
the IVP, whereas differentiation occurs in the villus. Unabated stimulation of the Wnt 
signaling pathway results in loss of this epithelial organization. 
Immunohystochemical analysis of the neoplasms found in apcmcr/+;apc2Δ1130+/- and 
apcmcr/+;apc2Δ1130-/- fish revealed an accumulation of cytosolic β-catenin (Fig. 4B, com-

Figure 2. Apparent high vascularization of the abdomi-

nal region of compound mutants. Some apcmcr/+;apc2Δ1130+/- 

and apcmcr/+;apc2Δ1130-/- presented a noticeable higher degree 

of vascularization of the abdominal region of the body, co-

incident with the internal position of the intestinal bulb. This 

could be seen from the red color of the belly of some of 

the mutant fish (B) compared their wild type age matched 

siblings in (A). 
wild	  type	  

A 

apc	  mcr/+apc2	  +/-‐	  
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pared to wild type intestine in Fig.4A), which is indicative of pathway activation. To fur-
ther characterize the intestinal lesions of apcmcr/+;apc2Δ1130+/- and apcmcr/+;apc2Δ1130-/- fish, 
we investigated the expression of the Wnt target gene c-myc by in situ hybridization. 
Unlike the intestinal epithelium of wild-type fish where c-myc expression is restricted 
to the intervillus pockets (Fig. 4C), most of the cells from tumors of apcmcr/+;apc2Δ1130+/- 

and apcmcr/+;apc2Δ1130-/- fish express high levels of c-myc (Fig. 4D). This confirms that 
tumorigenesis in apcmcr/+;apc2Δ1130+/- and apcmcr/+;apc2Δ1130-/- fish is a Wnt-driven process.

Discussion

In this study we described the finding of a novel zebrafish protein from the member 
of the Apc family: Apc2. Phylogenetic analysis showed the putative zebrafish APC2-
orthologue to cluster with Apc2 from other vertebrates, thus confirming its orthol-
ogy. Interestingly enough, some of its β-catenin regulatory domains share a higher 

Figure 3. apc2Δ1130 mutation aggravates neoplasia incidence in an apcmcr heterozygous back-

ground. (A) Depletion of apc2Δ1130 in an apcmcr heterozygous background aggravates tumor inci-

dence in a dose-dependent manner. (B-C) Sagittal section of a wild-type and compound mutant 

intestine, stained with Hematoxylin-Eosin. (B) Representative example of the histology of a normal 

intestinal epithelial architecture of a wild-type adult fish. (C) Representative histology of a neo-

plastic formation in the intestine of an adult mutant fish. (D-G) Sagittal section of apcmcr hetero-

zygous fish and compound mutant intestine, stained with PCNA. Some of the tumors found in 

apcmcr/+;apc2Δ1130+/- and apcmcr/+;apc2Δ1130-/- fish revealed a severe disruption of the epithelial architec-

ture, coupled with a high degree of dysplasia, where almost all the epithelial cells in the polyp label 

for PCNA . Some of these analyzed adenomas consisted of highly branched peduncular structures 

forming long villi (F, G). In contrast, apcmcr/+ fish display dysplastic lesions lacking the pronounced 

villous architecture (E).
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degree of similitude with Apc. Since the poor annotation of the genomic region 
wherein apc2 lies precluded us from performing an adequate synteny analysis, we 
cannot exclude the possibility of this gene be a duplication of apc. Nevertheless we 
are inclined to believe that this newly found gene corresponds in fact to the real or-
thologue of APC2 in zebrafish. As seen for other APC2 proteins, the putative zebrafish 
Apc2 shares a poor homology with Apc protein in the overall carboxyl-ternimal half 
of the protein. Furthermore, the absece of 15-aa repeats while only having two SAMP 
repeats constitutes a hallmark of all APC2 proteins. 
It is tempting to speculate that, on the basis of domain homology, zebrafish Apc2 
might regulate β-catenin levels more efficiently than its murine and human ortho-
logues, since it shares a higher degree of similarity with APC in domains known to 
be crucial for binding and regulation of breakdown of β-catenin than it does with 
APC2. In fruitfly, Apc1 and Apc2 act synergistically in photoreceptor development 
by negatively regulating Arm signaling. Nevertheless, the relative contribution of 
Apc1 in this system is greater than that of Apc235. Regulation of intracellular β-catenin 
levels is thought to represent one of the most important functions of the APC tu-
mor suppressor protein. The three 15-aa-repeats bind β-catenin, whereas the seven 
20-aa-repeats both bind and down-regulate β-catenin. The SAMP repeats mediate 
the binding of APC with Axin/Conductin. These proteins form a multiprotein com-
plex together with GSK3b, and β-catenin, thereby promoting the downregulation 
of the latter29,32,36. Mutant forms of APC displaying only one SAMP repeat can still 
exert their regulatory role towards β-catenin. Nevertheless, the targeted deletion 
of the remaining Conductin/Axin binding motif would severely compromises this 
function, demonstrating that the presence of at least one intact SAMP repeat is cru-
cial for the efficient binding and downregulation of β-catenin37. Murine and human 
APC2 proteins display two poorly conserved SAMP repeats. In striking contrast, the 
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Axin/Conductin binding regions of zebrafish Apc2 share a higher degree of homol-
ogy with the SAMP repeats found in Apc proteins. If zebrafish Apc2 can indeed bind 
β-catenin and axin/conductin more efficiently than its orthologues in other species, 
this would implicate that it might exert a compensatory function more efficiently, 
should Apc be depleted. To address this possibility, biochemical studies should be 
preformed and β-catenin binding efficiency should be compared between zebrafish 
Apc and Apc2 and murine Apc2. Additionally, zebrafish Apc and Apc2 and murine 
Apc2 should be studied in regards to β-catenin regulatory activity, measured by the 
TOPFLASH reporter assay38. This question merits further studies. 
The Wnt signaling pathway has been shown to instrumental in intestinal epithelium 
homeostasis of zebrafish13,39. Specific expression of Wnt target genes in the intervillus 
pocket suggests that, as in the murine intestinal epithelium, Wnt signalling drives 
proliferation in this epithelial compartment. Nevertheless, apcmcr fish show a relative-
ly low penetrance of neoplasms in the digestive tract, compared to ApcMIN/+ mice. This 
could be explained by inter-specific differences between intestinal epithelium kinet-
ics between mouse and zebrafish. Muncan and colleagues demonstrated that deple-
tion of Tcf4 in zebrafish recapitulates the phenotype of the Tcf4 knockout mouse, 
i.e. loss of proliferation in the intestine. Intriguingly, the phenotype develops after 4 
weeks post-fertilization, indicating that the kinetics of zebrafish and mouse intestinal 
development might bear differences39. Nevertheless, analysis of kinetics dynamic, by 
BrdU labelling studies, in adult zebrafish (older than 4 weeks of age) demonstrated 
that the overall rate of cell renewal in this tissue is comparable to what has been 
described for the adult mouse intestinal epithelium40. We hypothesized that the 
presence of a second member of the Apc family of proteins might compensate for 
the partial loss of apc in these tissues in zebrafish. To address this question, we have 
studied the effect of depleting Apc2 in the apcmcr mutant. Our study indicates that 
Apc2 cooperates with Apc in intestinal tumor suppression in zebrafish. Compound 
double heterozygous mutants presented intestinal epithelial tumors in 75% of the 
cases, whereas complete apc2 loss in an apcmcr heterozygous background resulted in 
dysplastic lesions in 80% of the fish analyzed. In contrast, only 50% of the analyzed 
apcmcr heterozygous fish displayed intestinal neoplasias. Compared to the previous 
study by Haramis and collegues (2006), we found a higher incidence of spontaneous 
intestinal neoplasia in apcmcr/+ 13. This can be linked either to the lower number of ani-
mals analyzed in our study thus far (n=5 in our study, compared to n=34 in 13). We are 
currently waiting to analyze a larger number of adult zebrafish. In any case, the differ-
ences between the relative tumor incidences within the aforementioned test groups 
in this study are suggestive of a role for Apc2 as a tumor suppressor in the intestinal 
epithelium of zebrafish. During the course of this study we have also analyzed two 
apc2-/- adult fish. In one of these fish we found a polyp-like growth in the intestine, 
but the epithelium did not stain abnormally for PCNA and therefore we did not score 
it as a tumor. This polyp-like structure was mostly composed of a stromal outgrowth 
(data not shown). Due the low number of fish available with this genotype, we can-
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not draw any conclusion on the tumor suppressor role of Apc2 in it self. The analysis 
of a larger sample of adult zebrafish will allow us to perform a more detailed study 
and to understand in more depth the role played by Apc2 in this context. For this 
reason we take these numbers as indicative.
The histological analysis provided compelling evidence that depletion of apc2 in an 
apc mutant background might contribute to the more progressive nature of the 
lesions. Some of the lesions found in apcmcr/+;apc2Δ1130+/- and apcmcr/+;apc2Δ1130-/- fish 
displayed an histopathology reminiscent of colonic villous adenomas. On the other 
hand, the apcmcr/+ lesions resemble tubular adenomas. With regards this difference in 
adenoma architecture between the various genotypes, it is interesting to note that 
villous adenomas in patients are pursued more aggressively, since they have been 
shown to carry a higher risk for malignant transformation than tubular adenomas41. 
Therefore, we propose that apc2 acts synergistically with apc to control intestinal 
epithelial homeostasis in zebrafish. 
APC2 has been previously linked to tumorigenesis in humans. APC2 maps to a re-
gion of chromosome 19p13.3, which is particularly prone to loss of heterozygosity 
in many different cancers, and sits near other well-documented tumor suppressor 
genes, such as the Peutz-Jeghers syndrome-associated gene, LKB1/STK1122. Loss of 
19p13.3 is remarkably common in sporadic ovarian carcinomas (~50%)42. Ovarian can-
cers are also characterized by a high rate (~16%) of stabilizing β-catenin mutations43. 
Interestingly, mutations in other tumor suppressors genes from that region were not 
found. On the other hand, significant allelic imbalance of APC2 was found in sporadic 
ovarian cancers, suggesting that APC2 could be a tumor suppressor gene important 
in ovarian carcinogenesis22. Recent studies have correlated epigenetic silencing of 
the APC2 promoter with onset of carcinogenesis. Aberrant DNA methylation of CpG 
islands can lead to the transcriptional silencing of tumor suppressor genes and is 
among the earliest and most frequent alterations in cancer44. APC2 promoter methy-
lation has been found exclusively in tumor cells of patients with non-small cell lung 
cancer45 and in patients with different degrees of colorectal cancer46. This is consis-
tent with a tumor suppressor activity of the APC2 gene.
Previous reports have shown that Apc2 antagonizes Wnt signaling and cooperate 
with Apc in several developmental processes15,18-21. APC2 has also been shown to in-
teract with  β-catenin and can decrease β-catenin levels and signaling activity in 
SW480 colon cancer cells15,17. A recent study in Drosophila demonstrated that within 
the range of the Wg gradient, Apc activity is near the minimal level required for accu-
rate patterning. This contradicts the previous notion that, unlike Axin, Apc would be 
present in vast excess and, therefore, marginal variation in overall Apc activity would 
not impact on the phenotype. Benchabane and colleagues (2008) showed that less 
than two-fold reduction in total Apc activity, achieved by loss of Apc2, decreases 
the effective threshold at which Wg elicits a cellular response – thereby resulting in 
ectopic responses that are spatially restricted to regions with low Wg concentration35. 
These studies indicate that both Apc and Apc2 contribute significantly to the overall 
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Apc activity during embryonic development in Drosophila. It is interesting to note 
that studies using different mice models have shown a clear trend in the correla-
tion between the degree of Wnt activation and tumor phenotype: Apc mutant al-
leles displaying a severe truncation of the β-catenin regulating domains (as in ApcMIN)  
result in high dosages of transcriptionally active β-catenin and in the highest tumor 
multiplicity in the gastrointestinal tract. On the other hand, more hypomorphic al-
leles such as Apc1638N, Apc1638T and Apc1572T, the decrease in β-catenin signaling occurs 
concomitantly with lower polyp incidence in the intestine (reviewed in 47).
We propose that zebrafish Apc and Apc2 cooperate to maintain Wnt-controlled 
homeostasis of the intestinal epithelium. Several lines of evidence support our hy-
pothesis. apcmcr/+ fish develop tumors at a relative low penetrance, suggesting that a  
second Apc protein might compensate for the loss of one apc allele. When we 
deplete even one apc2 allele in an apc heterozygous background, we observe an  
increase in tumor incidence. Additionally, zebrafish Apc2 shares a higher homology 
with human and murine APC in peptide sequences relevant for Wnt signaling, thus 
suggesting that it might impact on the overall Apc activity. Taken together, our data 
indicate that Apc2 cooperates with Apc in regulating the delicate balance of acti-
vated Wnt signaling, and intestinal tumor suppression in zebrafish.
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“The student of Nature wonders the more and is astonished the less, the more conversant he  

becomes with her operations; but of all the perennial miracles she offers to his inspection, perhaps 

the most worthy of admiration is the development of a plant or of an animal from its embryo.”

Thomas H. Huxley, Aphorisms and Reflections (1907)

7.1. Wnt signaling: the great maestro 

Simple yet successful solutions are used recurrently in Nature. We turn to the study 
of molecular developmental biology only to find that the same regulatory signaling 
pathways crucial during embryogenesis also play key roles in adult tissues homeo-
stasis and are often deregulated in pathological conditions. This is particularly well 
illustrated by the pivotal role of Wnt signaling in the biology of endoderm-derived 
tissues. Tumorigenesis arises as a disruption of the homeostatic state of a tissue. 
Initiation of colorectal tumorigenesis is principally caused by mutations in the APC 
gene, a central component of the canonical Wnt pathway. Not only does Wnt signal-
ing is instrumental in the maintenance of the inestine epithelium homeostasis, but 
it is also required at different stages of gut development. Therefore, we can tackle 
questions related to cancer onset by studying how the equilibriums are established 
and kept during embryonic development. 
Studies of early embryonic events and molecular mechanisms regulating tissue 
morphogenesis and organogenesis are extremely challenging in higher vertebrates. 
Due to the large clutch size, ex utero development and transparency of the embryos,  
zebrafish has arisen as a powerful model system to study vertebrate development. In 
this thesis our ultimate goal was to evaluate the impact of the Wnt signaling pathway 
in different instances of endoderm-derived tissues’ biology, using zebrafish as the 
elected biological model system. 

Firstly, we investigated the role of anterior-posterior patterning in endoderm devel-
opment. The canonical Wnt signaling pathway is an essential developmental regula-
tor found in metazoans1. In vertebrates, Wnt signaling has an early role in establishing 
the anterior-posterior (AP) axis2. Furthermore, Wnt signaling directly regulates the 
expression of the transcription factors from the family of Caudal-related genes, which 
are major determinants of posterior indentify in the embryo3,4. Misregulation of these 
genes results in compromised regionalization of the gut tube, which ultimately im-
pacts on organogenesis of liver and pancreas (Chapter 3). 
Furthermore, we tried to understand how the Wnt signaling pathway orchestrates 
the morphogenesis of endoderm-derived tissues. Overstimulation of the Wnt signal-
ing pathway, by depletion of Apc function, compromises the development of the 
intestine, pancreas, and liver in zebrafish embryos5-8. The transcription factors from 
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the Tcf/Lef family are the downstream effectors of the canonical Wnt pathway. We 
found that different endoderm-derived tissues express a differential “Tcf code”, which 
ultimately mediates the tissue-specific Wnt-response in the endoderm (Chapter 4). 
Additionally, the Wnt signaling controls morphogenesis and adult age homeostasis 
in the intestinal epithelium of zebrafish. As in mouse, the Wnt signaling pathway 
maintains the proliferative compartment of zebrafish intestinal epithelium via Tcf4 
(Chapter 5). Consequently, unabated Wnt activation due to the overall reduction of 
Apc activity – dependent of the combined action of Apc and Apc2 – leads to neo-
plasia in this tissue (Chapter 6). 

7.2. Cdx genes, axis patterning and cell lineage allocation 

In Chapter 3 we assessed how overall defects in the AP patterning of the endoderm 
during embryonic development influences cell fate choices within the foregut. To 
address this question we studied the development of liver and pancreas in the AP-
compromised cdx4 mutant. We found that this mutant offers us an excellent plat-
form to study how different signaling pathways affect the binary cell fate decisions 
undertaken by the hepatopancreatic progenitors. Displacement of this population 
of cells along the AP axis alters their exposure to the signaling landmarks from the 
surrounding mesoderm. We propose a dynamic model where the integration of 
the signals of two major AP regulatory gradients, the Fgf and the RA, during a very 
specific time window would specifically influence the pancreas vs. liver choice of 
common progenitors that, under normal circumstances, would commit towards the 
liver fate. Wild type embryos treated with supraphysiological levels of exogenous RA 
lose their ability to differentiate hepatocytes, while having a significant expansion of 
the endocrine pancreas lineages. Similarly, in cdx4 mutant embryos the bipotential 
progenitors are allocated to a region much richer in RA and, therefore, have a com-
promised differentiation of hepatocytes. This can be corrected for, in the mutants, by 
adjusting the signaling environment (with exogenous pharmacological agents) from  
16hpf-24hpf to mimic the endogenous conditions that promote liver differentiation: 
low RA and high Fgf signals. A failure to allocate the hepatopancreatic progenitors at 
its adequate AP level results in impaired Notch-mediated lateral inhibition within the 
common progenitor population, possibly due to a failure to express Delta ligands. 
The activation of the pancreatic and hepatic programs occurs in a stepwise fashion. 
Without a ‘sensing’ mechanism, the progenitors undergoes premature differentiation 
to the first ‘available’ fates – the endocrine pancreas lineages (Fig.1). 
With our current dataset we cannot tell whether the underlying cause for the cdx4 
mutant phenotype is the failure to repress the pancreatic program or the failure to 
activate the liver program. In mouse, the pancreatic transcriptional program is the 
default transcriptional program activated in the ventral foregut. The exposure of the 
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Figure 1.  Proposed model for the role of Cdx in coaxing liver vs. pancreas cell fate decisions 

within a population of hepatopancreatic progenitors. Liver and pancreas arise from a common 

population of progenitors within the foregut (population of cells in red; top/left panel). Cdx pattern 

the endoderm along the AP axis and allocate the hepatopancreatic progenitors to its designated 

AP position. Specification of pancreas and liver has to occur both in a timely and spatially ordered 

fashion. The pancreatic program is activated first in the endoderm and a few cells become commit-

ted towards this fate (population of cells in light green; top/middle panel). The hepatic transcrip-

tional program is activated in the endoderm at a later time point. We hypothesize that the default 

program, the pancreatic program, has to be turned off in order to allow for the activation of the liver 

program in the yet uncommitted cells within the hepatopancreatic pool (population of cells in red; 

top/middle panel). Only then these cell activate the hepatic program (population of cells in dark 

green; top/right panel). Our work demonstrated by allocating the progenitor cells to the right AP 

position the cdx genes contribute for the optimal exposure of this progenitor population to Fgf and 

RA stimuli from the surrounding mesenchyme, in order to correctly promote liver and pancreas fate. 

Notch-mediated lateral inhibition might account as the downstream mechanism underlying the 

differential cell fate choices within this initially indistinct population of progenitors. Misexpression 

of Notch-ligands in the cdx4 mutant might result in the premature commitment of a much larger 

number of progenitors towards the first ‘available’ fates: the endocrine pancreas lineages. As a result, 

fewer progenitors will be available to be recruited towards exocrine pancreas and liver lineages. 

Our current study did not provide evidence whether the misexpression of Notch-ligands is a direct 

consequence of the lack of the transcriptional action of cdx4 in the endoderm or if is consequent of 

faulty exposure to mesenchymal inductive signals. 
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ventral foregut to Fgf and Bmp signals promotes liver differentiation by specifically 
repressing the default state. Under our experimental conditions, we did not observe 
expansion of the pancreatic fate in wild type embryos treated with a blocking agent 
for Fgf, suggesting that Fgf does not promote liver fate in zebrafish solely by repress-
ing the pancreatic transcriptional program. On the other hand, Fgf is also required 
for pancreas development9 and therefore blocking Fgf receptors would also inhibit 
pancreatic differentiation, precluding us from fully understand the mechanism of 
cell fate choice in these progenitors. Our data supports that the combined effect of 
different levels of Fgf and RA provides AP coordinates to the system. This strategy is, 
in fact, used in many other developmental contexts: the mutual opposition of Fgf 
and RA pathways controls neural differentiation and establishment of ventral neural 
pattern, mesoderm segmentation and might also underlie the progressive assign-
ment of AP identities by regulating Hox gene availability and activation10. 
The Bmp pathway has also been linked to liver and pancreas development in  
zebrafish. Bmp2b has been shown to regulate liver vs. pancreas cell fate decisions 
within the hepatopancreatic endoderm, possibly by regulating the levels of expres-
sion of pdx1 along the midline-lateral axis11. We tested both the loss and gain of func-
tion of Bmp in a cdx4 mutant background. Similarly to what has been previously 
reported12, disruption of Bmp signaling compromises liver development in both wild 
type and mutants, whereas overstimulation of the pathway results in expanded liver 
fate (Fig.2). To test whether Bmp signaling would act upon the hepatopancreatic pro-
genitors in similar way as the Fgf signaling, we asked two questions: 
1) Can exogenous Bmp compensate for the absence of Fgf signaling and promote 
liver differentiation? 
2) Can the combined treatment with RA inhibitors and exogenous Bmp proteins 
divert those cells that express inadvertently insulin (in cdx4 mutants) towards a liver 
fate, similarly to what has been observed with Fgf? 
In spite of promoting liver differentiation, Bmp alone cannot compensate for the 
absence of Fgf. Furthermore, treating mutant embryos simultaneously with Bmp and 
RA inhibitor could not rescue the ectopic pancreas phenotype of cdx4 null embryos 
(Fig.2). This suggests that Bmp promotes liver vs. pancreas fate in a parallel mecha-
nism to the one we have described in this thesis. 

Until recently, it was thought that the zebrafish genome only encoded two cdx 
genes: cdx4 and cdx1a. During the course of our studies, our group and others13,14 
discovered a third zebrafish cdx gene: cdx1b.Since in many developmental contexts, 
Cdx genes act cooperatively to coordinate AP patterning and body axis extension, 
we tested whether zebrafish cdx genes act synergistically in AP patterning of the 
gut tube. To address this question we used morpholino knock-down approach and 
studied the phenotype of a novel cdx1b mutant line, isolated from a target-selected 
ENU-mutagenised F1 zebrafish library15. cdx1a morphant embryos and cdx1b homozy-
gous mutants do not display significant AP defects or differentiation impairments 
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similar to those observed in the cdx4 embryos (data not shown). Nevertheless, the 
combined depletion of any two given cdx genes leads to posterior truncations of the 
embryos, coupled with misexpression of liver and pancreas differentiation markers. 
The phenotype is severely aggravated by the combined depletion of the three cdx 
genes (Fig. 3). Therefore, we conclude that all cdx genes act redundantly in setting 
the AP location of liver and pancreas and in posterior body extension in zebrafish. Of 
note, not all the cdx genes contribute equally to these phenotypes. cdx4 appears to 
be the ‘dominant’ cdx in zebrafish. Depletion of cdx4 results in a more dramatic AP 
phenotype, whereas depletion of the other two genes only impact significantly in AP 
patterning in a cumulative way..
This study contributes significantly to our current understanding of cell fate com-
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type I receptors) leads to a compromised liver differentiation in both wild-type (D) and mutants (D’). 
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mitment within the foregut. Previous studies offered interesting but uncoupled in-
formation for both liver or pancreas development, and only analyzing one or two 
signaling events at the time. Nevertheless, these events do not occur independently 
in the embryo – they happen concurrently or in consequence of each other. Adding 
the spatial-temporal factor lends a new dimension to understanding the regulatory 
events at play and probably depicts more accurately the complexity of the regula-

Figure 3. Zebrafish cdx genes act redundantly in setting the AP location of liver and pan-

creas and in posterior body extension. (A, B) Alexa Fluor 488 histone H1 conjugate was prepared 

according to manufactures recommendations and 200 ρg were co-injected with the morpholino 

solutions to assess injection efficiency. (C-G) Most representative phenotype obtained from the 

combined depletion of different cdx genes during zebrafish development. Injection experiments 

were replicated; in each replica n>100 embryos were analyzed. The pictures depict the most fre-

quent phenotype observed at 54hpf, with the corresponding percentage of occurrence indicated 

in the top-right corner of the figure. (H-V) Dorsal view of 60hpf wild-type morphants after whole 

mount in situ hybridization for insulin (ins) (H-L), trypsin (tryp) (M-Q) and liver fatty acid binding pro-

tein (l-fabp) (R-V). Depletion of different combinations of cdx genes results in further AP defects 

combined with defective body axis extension. The severity of the tail truncation correlates with 

the posteriorization of the foregut organs. More severe the truncations correlated with extremely 

compromised anterior-most fates development (such as lfabp and tryp) and greater would be the 

expansion of the ins expression domain.
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tory mechanisms that take place in the embryo. 
The zebrafish cdx genes regulate posterior identity in the endoderm, by the com-
bined effect of two complementary actions: 
1) cdx genes repress foregut fates in the mid- and hindgut; 
2) cdx genes promote the expression of posterior transcriptional programs. 
In Chapter 5 of this thesis, we demonstrated that cdx4 mutant displays homeotic 
shifts within the gut tube, where a patch of ectopic sox2 expressing cells, a foregut 
marker, was found in the posterior-most endoderm16. This suggests that mutual in-
hibition of Sox2-Cdx is an evolutionary conserved mechanism to define distinct do-
mains within endoderm of vertebrates. 
We are currently investigating the role of cdx4 and cdx1b in intestinal epithelium dif-
ferentiation and gut tube morphogenesis. We have found that patterning is severely 
compromised in cdx4 mutants: in the absence of this transcription factor, not only we 
have denoted a faulty patterning along the AP axis, but posterior-most structures fail 
to form altogether.  As described for murine Cdx2+/-;Cdx4-/0 embryos, zebrafish cdx4 
null embryos fail to develop a functional cloaca. On the other hand, cdx1b mutant 
embryos display compromised intestinal epithelium differentiation, but no apparent 
failure in AP axis patterning. Furthermore, both cdx4 and cdx1b act synergistically in 
repressing sox2 expression in the posterior-most gut tube (data not shown). 

It is noteworthy that while globally the functions undertaken by Caudal-related 
genes are conserved amongst vertebrates, there is not a one-to-one relationship 
between mouse Cdx genes and their orthologues in zebrafish, as different cdx en-
compass different functions. Murine Cdx2 is the dominant Caudal-related gene in 
this organism4, while cdx4 undoubtedly plays this role during zebrafish development. 
Furthermore, conditional depletion of Cdx2 in the developing endoderm of mouse 
results in a failure to establish the intestinal program and leads to an expansion of 
anterior-most fates17. Interestingly we observed this same phenotype in cdx4 null 
embryos, but not in cdx1b null embryos. 

7.3. Tcf’s in the development and morphogenesis of the intestine

The fine-tuning of Wnt-mediated responses in several tissues arises from the specific-
ity of the Wnt ligand that stimulates the cellular response and the downstream effec-
tors, which are differentially expressed in each tissue. Lef/Tcf transcription factors are 
the downstream effectors of the canonical Wnt signaling. In Chapters 4 and 5 we 
studied the role of Tcf transcription factors in zebrafish embryonic development and 
intestinal morphogenesis. 
In Chaper 4 we showed that tcf1, tcf3 and tcf4 transcription factors have overlap-
ping expression domains in the endoderm, which is likely to indicate a degree of 
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redundancy amongst these transcription factors. Depletion of any Tcf factor in a 
wild type background had no significant impact in the development of endoderm-
derived tissues (data not shown). During the course of our studies we have analyzed 
two novel zebrafish mutant lines: tcf1hu3238 and tcf4exI, isolated from a target-selected 
ENU-mutagenised F1 zebrafish library15. Surprisingly both tcf4 and tcf1 null embryos 
develop with no major defects. tcf1 mutants survive to adulthood and are fertile. On 
the other hand, tcf4 mutants die between week 4 and 6 post fertilization. This find-
ing was particularly surprising, as Tcf4 mutant mice die shortly after birth18. We have 
also studied the phenotype of compound mutants lacking both Tcf1 and Tcf4. Much 
to our surprise, the compound mutants tcf1hu3238/hu3238 ;tcf4exI/exI develop with no notice-
able defect – again, in stinking contrast to what has been described for mice19. The 
lack of an obvious phenotypical defect at an earlier stage in tcf1, tcf4 null and com-
pound doubly homozygous mutant fish suggests that functional redundancy with 
other Tcf/Lef family member obscures defects in gut development in the absence of 
functional Tcf1 and/or Tcf4. An interesting gene to study in this context would be lef1. 
lef1 is weakly expressed in endodermal tissues in zebrafish embryos (data not shown), 
and its possible contribution to gut organogenesis has been previously suggested7. 
Abrogation of Apc function during zebrafish development leads to a blockage in 
differentiation of the exocrine pancreas, the liver and the intestinal epithelium. In 
an effort to understand which downstream effectors mediate the Wnt response in 
different endoderm-derived tissues we studied the impact of depleting different Tcf 
transcription factors in the context of Apc deficiency. Our findings revealed that Tcf4 
plays a crucial role during intestinal epithelium development and acts as the main 
downstream effector of the canonical Wnt pathway in this tissue. In contrast with 
signle apcmcr mutants, compound apcmcr/mcr;tcf4exI/exI embryos express wild type lev-
els of intestinal fatty acid binding protein and present normal epithelial morphology 
at 72 hpf. Apc/c-Myc deficient mice showed that loss of c-Myc rescues the pheno-
types that occurs with Apc deletion in the intestinal epithelium20. This study dem-
onstrated that blocking the pathway further downstream can prevent the overpro-
liferation observed due to loss of Apc function, similarly to what we report here for 
compound apcmcr/mcr;tcf4exI/exI mutants. It is plausible that by affecting Tcf4 function in 
Apc-deficient cells, the system becomes insensitive to supraphysiological β-catenin 
levels. In striking contrast, depletion of either Tcf1 or Tcf3 alone could not rescue the 
developmental defects displayed in the apc mutant. Nevertheless, combined deple-
tion of Tcf1 and Tcf3 in an apcmcr/mcr background rescues the expression of the differen-
tiation marker liver fatty acid binding protein, but failed to recover intestinal fatty acid 
binding protein or trypsin. This result strongly supports that Tcf4 is the main Tcf acting 
as a downstream effector of the canonical Wnt pathway in the intestinal epithelium. 
Furthermore, this study describes for the first time a clear genetic interaction be-
tween tcf1 and tcf3 during zebrafish liver development. How tcf1 and tcf3 cooperate 
in liver differentiation during zebrafish organogenesis remains unclear.
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In the work presented in Chapter 5 we have challenged the previously existing para-
digm that the onset of exotrophic nutrition, at 126hpf, marks the end of the intestinal 
development in zebrafish.  We have demonstrated that intestinal morphogenesis 
persists until much later and is dependent on canonical Wnt signaling. In this study 
we have demonstrated that depletion of Tcf4 in zebrafish recapitulates the pheno-
type of the Tcf4 knockout mouse, i.e. loss of proliferation in the intestine. Intriguingly, 
the phenotype develops after 4 weeks post-fertilization (wpf ). Nevertheless, this gene 
is expressed in the endoderm from early stages of embryonic development onwards. 
This suggests that the function of Tcf4 differs between larval and adult zebrafish in-
testine. Furthermore, this would indicate that the kinetics of zebrafish and mouse 
intestinal development bear differences. There are in fact substantial differences in 
the kinetics of cell turnover between the larval and adult stage of zebrafish. Kinetics 
of cell turn over appear to be slower in larval stages, where it was still possible to 
find a vast number of BrdU positive cells (following exposure to a long BrdU pulse at 
4dpf ) throughout the intestinal epithelium up to two weeks after pulse. Nonetheless, 
in fish older that 4 wpf, BrdU staining (following exposure to a long BrdU pulse at 
4wpf ) was retained up to 10 days post-pulse (data not shown). Furthermore, prolifera-
tion becomes restricted to the base of the intestinal folds around 4 wpf16,21. This data 
correlates with our finding that expression of c-myc is at first detected throughout 
the intestinal epithelium, but from 4 weeks port fertilization onwards it becomes re-
stricted to the intervillus compartment (data not shown). Taken together, these data 
suggests that the first 4 weeks of life represents a continuous period of gut morpho-
genesis yet not fully understood and we should only regard the intestinal epithelium 
as maturely developed from 4 weeks post-fertilization onwards. 

7.4. Zebrafish as a cancer model system: friend or foe? 

The ApcMIN/+ mouse has been the model of election to address questions related to 
Wnt-driven tumorigenesis in the intestinal epithelium. The apcmcr/+ fish has proven to 
be a valid model to study Wnt-driven carcinogenesis in several tissues from the di-
gestive tract. Nevertheless the low penetrance of the phenotype and the late onset 
has detracted scientists from using it more routinely in tumorigenesis studies. 
Using zebrafish as a cancer model system presents many opportunities, but also 
challenges. In spite of the phylogenetic distance between fish and humans, the biol-
ogy of cancer is very similar in these two organisms. Indeed, a comparison between 
the human genome sequence and the zebrafish sequence demonstrates conserva-
tion of cell-cycle genes, tumor suppressors, and oncogenes. Nevertheless, and de-
spite the molecular similarities between fish and higher vertebrates, the late onset 
and low incidence of cancers in fish can present a problem in the use of the model 
in cancer progression studies. Furthermore, a recurrent problem in zebrafish is the 
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presence of duplicated genes. Functional redundancy amongst homologues might 
preclude the oncogenic/tumor suppressive role of the gene in study, and might im-
plicate the generation of compound mutants, which can be challenging. 
In Chapter 6 of this thesis we have described the finding of a new zebrafish gene 
from the Apc family: apc2. Our studies indicate that Apc2 cooperates with the tu-
mor suppressor Apc to prevent malignant transformation of epithelial cells in 
the zebrafish intestine. Introduction of even one mutant apc2 allele in an apcmcr/+  
background increases the incidence of adenomas in the intestinal epithelium. Thus 
far we have only assessed spontaneous tumor formation at the same time points 
as a study previously published in our lab22. We have compared tumor incidence 
and histopathology in apcmcr/+, apcmcr/+;apc2Δ1130+/- and apcmcr/+;apc2Δ1130-/- fish. Given the 
increase in tumor incidence and the higher degree of dysplasia in these tumors, it 
would be interesting to understand whether tumor initiation occurs at an earlier age 
in these compound mutants. Having a zebrafish model that spontaneously develop 
tumors at a relatively young age, and with relative high incidence, would open many 
possibilities for the use of zebrafish as a model to study in vivo cancer progression. 
When exploited to it maximum potential, the zebrafish model offers a myriad of op-
portunities for the field of cancer research, as it has many specific assets which are 
complementary to other vertebrate models. Using the full potential of the model 
means taking into account its strengths, which mostly lie in three particular aspects: 
1) ex-utero development of transparent embryos, which greatly facilitates forward 
genetics studies; 2) non-invasive in vivo imaging of transparent embryos, juveniles 
and adults, an asset which is crucial for the use of transgenic reporters; 3) suitability 
to perform large-scale drug screens. 
Combining the power of forward genetics with transgenic reporter tools is a great 
use of the strengths of the model. The possibility to perform genetic screens aiming 
for alterations in cancer-related mechanisms, such as aberrations in proliferation, dif-
ferentiation, apoptosis, etc., offers the unique opportunity to an unbiased identifica-
tion of novel genes involved in tumorigenesis in a vertebrate model. 
So far, the study of tumor formation and progression in zebrafish mutant or transgenic 
lines has been mainly limited to histological analysis of fixed tissues and organ sam-
ples22-24. Nevertheless, recent studies have started exploiting one of major strengths 
the zebrafish model has to offer – the in vivo non-invasive imaging technology25,26. In 
vivo imaging in a vertebrate model offers the possibility to combine high imaging 
resolution with biological sensitivity, providing a comprehensive understanding of 
processes with unique in vivo behavior, such as tumor metastasis and stem cell hom-
ing. The generation of the transparent adult zebrafish line casper allows the achieve-
ment of single-cell resolution in a live animal, opening a window onto analysis of 
tumor growth, invasion, metastases and angiogenesis at an anatomic resolution not 
readily feasible in other systems26.  Crossing casper into one of the numerous trans-
genic lines that label vasculature (i.e.fli:GFP) or internal organs with fluorescent tags  
(i.e. gut:GFP for endoderm-derived organs, lfabp:GFP for liver, ins:GFP and ptf1a:GFP 
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for endocrine and exocrine pancreas respectively) may be invaluable to studying in 
vivo analysis of angiogenesis, organ homeostasis and regeneration after injury. Taking 
it a step further, by having these lines crossed into one of the several tumorigenesis 
zebrafish models, would allow the in vivo analysis of tumor formation and progres-
sion in intestinal, hepatic or pancreatic neoplasias. 
One question in the field of carcinogenesis that could greatly benefit from the ap-
plication of in vivo imaging in zebrafish is the hypothesis currently in vogue that ad-
vocates the existence of a small but identifiable population of cells within the tumor 
that provides the “self-renewal” phenotype of cancer – the alleged “cancer stem cells”. 
Recently, Langenau and colleagues developed a zebrafish transgenic model of RAS-
induced rhabdomyosarcoma (RMS) that has allowed to determine a unique tran-
scriptional network to identify the cancer stem cells in zebrafish embryonic RMS27. 
In mice, the identification of adult stem cells in the intestinal crypt by expression of 
Lgr528 offered the opportunity to demonstrate that the specific loss of Apc in these 
stem cells results in progressively growing neoplasia29. The identification of the adult 
stem cells of the intestinal epithelium of zebrafish would revolutionize the study of 
initiation, formation and progression of neoplasic lesions in this tissue. 
Finally, chemical treatments of both embryos and adult animals are relatively easy in 
zebrafish. The use of embryos with a cancer-prone sensitized background for drug 
screens can prove to be an inexpensive, reliable and robust method to assess drug 
effect in a vertebrate model, as a first approach to the development of novel cancer 
therapeutics.



Chapter 7

168

1. Ryan JF, Baxevanis AD: Hox, Wnt, and the 
evolution of the primary body axis: insights from 
the early-divergent phyla. Biol Direct. 2007;2:37.

2. Schier AF, Talbot WS: Molecular genetics of 
axis formation in zebrafish. Annu Rev Genet. 
2005;39:561-613.

3. Lohnes D: The Cdx1 homeodomain protein: an 
integrator of posterior signaling in the mouse. 
Bioessays. 2003;25:971-80.

4. Young T, Deschamps J: Hox, Cdx, and 
anteroposterior patterning in the mouse embryo. 
Curr Top Dev Biol. 2009;88:235-55.

5. Nadauld LD, Sandoval IT, Chidester S, Yost HJ, 
Jones DA: Adenomatous polyposis coli control of 
retinoic acid biosynthesis is critical for zebrafish 
intestinal development and differentiation. J Biol 
Chem. 2004;279:51581-9.

6. Nadauld LD, Shelton DN, Chidester S, Yost HJ, 
Jones DA: The zebrafish retinol dehydrogenase, 
rdh1l, is essential for intestinal development and 
is regulated by the tumor suppressor adenomatous 
polyposis coli. J Biol Chem. 2005;280:30490-5.

7. Shelton DN, Sandoval IT, Eisinger A, Chidester S, 
Ratnayake A, Ireland CM, et al.: Up-regulation of 
CYP26A1 in adenomatous polyposis coli-deficient 
vertebrates via a WNT-dependent mechanism: 
implications for intestinal cell differentiation 
and colon tumor development. Cancer Res. 
2006;66:7571-7.

8. Goessling W, North TE, Lord AM, Ceol C, Lee S, 
Weidinger G, et al.: APC mutant zebrafish uncover 
a changing temporal requirement for wnt signaling 
in liver development. Dev Biol. 2008;320:161-74.

9. Song J, Kim HJ, Gong Z, Liu NA, Lin S: Vhnf1 
acts downstream of Bmp, Fgf, and RA signals 
to regulate endocrine beta cell development in 
zebrafish. Dev Biol. 2007;303:561-75.

10. Diez del Corral R, Storey KG: Opposing FGF 
and retinoid pathways: a signalling switch that 
controls differentiation and patterning onset in 
the extending vertebrate body axis. Bioessays. 
2004;26:857-69.

11. Chung WS, Shin CH, Stainier DY: Bmp2 signaling 
regulates the hepatic versus pancreatic fate decision. 
Dev Cell. 2008;15:738-48.

12. Shin D, Shin CH, Tucker J, Ober EA, Rentzsch F, 
Poss KD, et al.: Bmp and Fgf signaling are essential 
for liver specification in zebrafish. Development. 
2007;134:2041-50.

13. Cheng PY, Lin CC, Wu CS, Lu YF, Lin CY, Chung 
CC, et al.: Zebrafish cdx1b regulates expression of 
downstream factors of Nodal signaling during early 
endoderm formation. Development. 2008;135:941-
52.

14. Flores MV, Hall CJ, Davidson AJ, Singh PP, 
Mahagaonkar AA, Zon LI, et al.: Intestinal 
differentiation in zebrafish requires Cdx1b, a 
functional equivalent of mammalian Cdx2. 
Gastroenterology. 2008;135:1665-75.

15. Wienholds E, van Eeden F, Kosters M, Mudde 
J, Plasterk RH, Cuppen E: Efficient target-
selected mutagenesis in zebrafish. Genome Res. 

2003;13:2700-7.
16. Muncan V, Faro A, Haramis AP, Hurlstone AF, 

Wienholds E, van Es J, et al.: T-cell factor 4 (Tcf7l2) 
maintains proliferative compartments in zebrafish 
intestine. EMBO Rep. 2007;8:966-73.

17. Gao N, White P, Kaestner KH: Establishment of 
intestinal identity and epithelial-mesenchymal 
signaling by Cdx2. Dev Cell. 2009;16:588-99.

18. Korinek V, Barker N, Moerer P, van Donselaar E, 
Huls G, Peters PJ, et al.: Depletion of epithelial 
stem-cell compartments in the small intestine of 
mice lacking Tcf-4. Nat Genet. 1998;19:379-83.

19. Gregorieff A, Grosschedl R, Clevers H: Hindgut 
defects and transformation of the gastro-intestinal 
tract in Tcf4(-/-)/Tcf1(-/-) embryos. EMBO J. 
2004;23:1825-33.

20. Sansom OJ, Meniel VS, Muncan V, Phesse TJ, 
Wilkins JA, Reed KR, et al.: Myc deletion rescues 
Apc deficiency in the small intestine. Nature. 
2007;446:676-9.

21. Crosnier C, Vargesson N, Gschmeissner S, Ariza-
McNaughton L, Morrison A, Lewis J: Delta-Notch 
signalling controls commitment to a secretory 
fate in the zebrafish intestine. Development. 
2005;132:1093-104.

22. Haramis AP, Hurlstone A, van der Velden Y, 
Begthel H, van den Born M, Offerhaus GJ, et al.: 
Adenomatous polyposis coli-deficient zebrafish are 
susceptible to digestive tract neoplasia. EMBO Rep. 
2006;7:444-9.

23. Faucherre A, Taylor GS, Overvoorde J, Dixon JE, 
Hertog J: Zebrafish pten genes have overlapping 
and non-redundant functions in tumorigenesis and 
embryonic development. Oncogene. 2008;27:1079-
86.

24. Berghmans S, Murphey RD, Wienholds E, 
Neuberg D, Kutok JL, Fletcher CD, et al.: tp53 
mutant zebrafish develop malignant peripheral 
nerve sheath tumors. Proc Natl Acad Sci U S A. 
2005;102:407-12.

25. Le X, Langenau DM, Keefe MD, Kutok JL, Neuberg 
DS, Zon LI: Heat shock-inducible Cre/Lox 
approaches to induce diverse types of tumors and 
hyperplasia in transgenic zebrafish. Proc Natl Acad 
Sci U S A. 2007;104:9410-5.

26. White RM, Sessa A, Burke C, Bowman T, LeBlanc J, 
Ceol C, et al.: Transparent adult zebrafish as a tool 
for in vivo transplantation analysis. Cell Stem Cell. 
2008;2:183-9.

27. Langenau DM, Keefe MD, Storer NY, Guyon JR, 
Kutok JL, Le X, et al.: Effects of RAS on the genesis 
of embryonal rhabdomyosarcoma. Genes Dev. 
2007;21:1382-95.

28. Barker N, van Es JH, Kuipers J, Kujala P, van den 
Born M, Cozijnsen M, et al.: Identification of stem 
cells in small intestine and colon by marker gene 
Lgr5. Nature. 2007;449:1003-7.

29. Barker N, Ridgway RA, van Es JH, van de Wetering 
M, Begthel H, van den Born M, et al.: Crypt stem 
cells as the cells-of-origin of intestinal cancer. 
Nature. 2009;457:608-11.

Bibliography



169

Summary

The regulatory signaling pathways crucial during embryonic development seem to 
play key roles in adult tissues homeostasis and are often deregulated in pathological 
conditions. The Wnt pathway plays a pivotal role in orchestrating cell fate decisions 
during embryonic development, organogenesis and adult tissues homeostasis of 
endoderm-derived tissues. The canonical Wnt signaling is required at different stages 
of embryonic development, regulating gut patterning and organogenesis, and is 
instrumental for the maintenance of the intestine epithelium homeostasis in adults. 
Tumorigenesis arises as a disruption of the homeostatic state of a tissue. Initiation of 
colorectal tumorigenesis is principally associated with mutations in the APC gene, a 
central component of the canonical Wnt pathway. 

Studies of early embryonic events and molecular mechanisms regulating tissue mor-
phogenesis and organogenesis are challenging in higher vertebrates. Due to the 
large clutch size, ex utero development and transparency of the embryos, zebrafish 
is a powerful model system to study vertebrate development. Furthermore, in recent 
years zebrafish has arised as an amenable vertebrate model to study tumorigenesis 
in several tissues. Our goal was to evaluate the impact of Wnt signaling pathway 
in different instances of endoderm-derived tissues’ biology, using zebrafish as the 
elected biological model system. 

In Chapter 3 we studied how aberrant anterior-posterior patterning in zebrafish cdx4 
mutants affects foregut development. Wnt signaling pathway regulates the expres-
sion of the transcription factors from the family of Caudal-related genes, which are 
major determinants of posterior indentify in the embryo. Misregulation of cdx4 in ze-
brafish results in compromised patterning of the gut tube. This will ultimately impact 
on cell fate commitment and organogenesis of the liver and the pancreas.

In Chapter 4 we investigated which member of the Tcf/Lef family of transcription 
factors acts as the main downstream effectors of the canonical Wnt pathway during 
the embryonic development of endoderm-derived tissues in zebrafish. We found 
that a distinctive “Tcf signature” can be attached to different endoderm tissues. Tcf4 
is the major effector of Wnt signaling in the intestine during zebrafish organogenesis 
while Tcf1 and Tcf3 are relevant during liver development.

In Chapter 5 we unraveled the role of Wnt signaling in morphogenesis and adult age 
homeostasis of the intestinal epithelium of zebrafish. In this study we demonstrate 
that in zebrafish, as in mouse, the Wnt signaling pathway maintains the proliferative 
compartment of the intestinal epithelium via Tcf4. 
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In Chapter 6 we described a novel zebrafish gene, apc2, an orthologue of human 
APC2. Apc2 has been identified in several biological models and, similarly to Apc, an-
tagonizes Wnt signaling. We found that unabated Wnt activation due to the overall 
reduction of Apc activity – dependent of the combined action of Apc and Apc2 – 
leads to neoplasia in the intestinal epithelium of adult zebrafish.
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Samenvatting

Cellulaire signaleringsroutes die essentieel zijn tijdens embryonale ontwikkeling 
spelen ook een belangrijke rol in de handhaving van volwassen weefsels. Deze sig-
naleringsroutes zijn ook vaak ontregeld in verscheidene ziekten, in het bijzonder 
kanker. De Wnt signaleringsroute bepaald het lot van cellen om organen te vormen 
uit de middelste kiemlaag, het zogenaamde endoderm. 
Het ontstaan van dikke darm kanker wordt veroorzaakt door fouten, zogenaamde 
mutaties, in het APC gen. APC is een essentieel onderdeel van de Wnt signalering-
sroute.

Het bestuderen van vroege embryonale ontwikkeling en de moleculaire mecha-
nismen die het ontstaan van organen reguleren is een grote uitdaging in hogere 
gewervelde dieren. Door de aanzienlijke nestgrootte, de ontwikkeling die buiten het 
moederlichaam plaats vindt en vanwege de transparante embryo’s is de zebravis 
een handig model om mechanismen tijdens vroege ontwikkeling van gewervelden 
te bestuderen. Daarnaast heeft de zebravis de laatste jaren ook zijn waarde bewezen 
als model voor tumorgenese in verscheidene weefsels. Het doel van de studies be-
schreven in dit proefschrift was het ophelderen van de functie van de Wnt signaler-
ingsroute tijdens het ontstaan van organen uit de endoderm-kiemlaag. Het onder-
zoek heeft plaatsgevonden met de zebravis als biologisch model.

Zebravissen met een mutant cdx4 gen hebben een afwijkende “kop-tot-staart” 
ontwikkeling. In hoofdstuk 3 bestudeerden we hoe een afwijkend bouwplan de 
ontwikkeling van het voorste deel van het spijsverteringskanaal beïnvloedt. De 
Wnt signaleringsroute reguleert de expressie van een aantal transcriptie factoren, 
waaronder de zogenaamde Caudal-gerelateerde genen. Deze Caudal-gerelateerde 
genen bepalen in belangrijke mate het ontstaan van de “eindstructuren” in een 
ontwikkelende zebravis, evenals de eindstructuren van inwendige organen. In ze-
bravissen waarin cdx4 niet normaal gereguleerd is, zoals in onze mutanten, zien we 
een afwijkende ontwikkeling van het spijsverteringskanaal waarin cellen niet weten 
of ze aan de voorkant, dan wel aan de achterkant van de darm zitten. Het feit dat 
deze cellen niet meer functioneren op basis van hun locatie binnen het spijsverter-
ingskanaal heeft uiteindelijk ook zijn effect op aangrenzende organen, zoals de lever 
en de alvleesklier.

In hoofdstuk 4 onderzochten we welk familielid van de Tcf/Lef transcriptie factoren 
voornamelijk verantwoordelijk is voor de functionering van de Wnt signaleringsroute 
tijdens de embryonale ontwikkeling van endoderm weefsel in zebravissen. We von-
den dat de Wnt signaleringsroute in elk endoderm weefsel zijn eigen kenmerkende 
effecten tot stand kan brengen, ook wel “Tcf-handtekening” genoemd. Tcf4 is een 
van de belangrijkste componenten van Wnt signalering tijden de ontwikkeling van 
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de darm, terwijl Tcf1 en Tcf3 essentieel zijn tijdens de ontwikkeling van de lever.
In hoofdstuk 5 hebben we de rol blootgelegd van Wnt signalering tijdens de vroege 
embryonale ontwikkeling van darmen en tijdens de handhaving van volwassen 
darmepitheel in zebravissen. In deze studie tonen we aan dat, net zoals in muis, de 
Wnt signaleringsroute in samenwerking met Tcf4 essentieel is voor de handhaving 
van het epitheelcompartiment waarin alle voorloper darmcellen zich vermenigvul-
digen.

In hoofdstuk 6 beschrijven we een nieuw zebravis gen, apc2, dat lijkt op en func-
tioneert zoals het gelijknamige APC2 gen in mensen. Apc2 is al ontdekt in meerdere 
biologische modellen en functioneert net als Apc door Wnt signalen te remmen. 
We ontdekten dat als gevolg van afname van de totale Apc activiteit - de gecom-
bineerde activiteit van Apc en Apc2 - Wnt signalen worden versterkt, dat vroege ad-
enomen in het darmepitheel van de volwassen zebravis tot gevolg had.
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