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SUMMARY 
 

Limb outgrowth is controlled by a specialized group of cells called the apical 

ectodermal ridge (AER), a thickening of the limb epithelium, at its distal tip. This 

specialized thickening of ectodermal cells is responsible for maintaining the 

underlying mesenchymal cells in an undifferentiated and proliferative state, and its 

structure is preserved through a fine-tuned balance between proliferation and 

apoptosis. This equilibrium is genetically controlled but little is known about the 

molecules involved in this process. Several authors have been shown that both 

fibroblast growth factor (FGF) and Erk pathway activation are crucial for AER 

function. Recently, FLRT3, a transmembrane protein able to interact with FGF 

receptors, has been implicated in the triggering of ERK activity by FGFs. In this 

thesis, we show that flrt3 expression is restricted to the AER, co-localizing its 

expression with fgf8 and pERK activity. Loss-of-function studies demonstrates that 

silencing of flrt3 affects the integrity of the AER and, subsequently, its proper 

function during limb bud outgrowth. Our data also indicate that flrt3 expression is 

not regulated by FGF activity in the AER, whereas ectopic WNT3A is able to induce 

flrt3 expression. Overall, our findings confirm flrt3 as a key player during chicken 

limb development, being necessary but not sufficient for proper AER formation and 

maintenance under the control of BMP and WNT signalling. 

During limb bud development, AER structure is maintained through a fine-tuned 

balance between proliferation and programmed cell death and this equilibrium is 

genetically controlled, although little is known about the molecules involved in that 

process. 

In this thesis we present evidences involving oct4, required to establish and maintain 

the pluripotent cell population necessary for embryogenesis in mouse and human, in 

the control of the proliferative balance within the AER cells. Overexpression of otc4 

in the limb ectoderm disrupts the ratio apoptosis/proliferation and, moreover, oct4 

expression is under the control of wnt-canonical pathway. We also describe a special 
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localization and behaviour of proliferating cells in the AER in response to oct4 

activity. We, therefore, describe a role for oct4 as a factor able to maintain a niche of 

cells that is responsible for the renewal of the AER. 
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RESUMEN 
 

El crecimiento del esbozo de la extremidad está controlado por un grupo 

especializado de células denominado Cresta Ectodérmica Apical (CEA), un 

engrosamiento del epitelio del miembro en su borde más distal. Este engrosamiento 

es responsable del mantenimiento de las células del mesodermo distal en un estado 

indiferenciado y proliferativo. Diferentes estudios muestran que la actividad de los 

factores de crecimiento fibroblástico (FCF) y de la vía Erk son cruciales para la 

correcta funcionalidad de la CEA. Recientemente se ha implicado a  FLRT3, una 

proteína transmembranal capaz de interaccionar con los receptores de los FCF,  en la 

activación de la vía Erk por los mismos. En esta tesis describimos cómo la expresión 

de flrt3 se restringe a la CEA, colocalizándose su expresión con fgf8 y la actividad 

de la vía Erk. Los experimentos de pérdida de función demuestran que la inhibición 

de flrt3 afecta la integridad de la CEA y, consecuentemente, a su función durante el 

desarrollo del esbozo del miembro. Nuestros datos también indican que la expresión 

de flrt3 no está regulada a través de los FCF en la CEA, sin embargo, la activación 

ectópica de WNT3A es capaz de inducir la expresión de flrt3. En conjunto, nuestros 

resultados demuestran que flrt3 es una molécula clave durante el desarrollo de las 

extremidades de pollo, siendo necesaria, pero no suficiente, para la correcta 

formación y mantenimiento de la CEA bajo el control de la señalización a través de 

BMP y WNT. 

Durante el desarrollo de las extremidades, la estructura de la CEA se mantiene a 

través de un fino control del balance entre la proliferación y apoptosis. Este 

equilibrio se encuentra genéticamente controlado aunque se sabe muy poco acerca de 

las moléculas involucradas en este proceso. 

En esta tesis presentamos evidencias en las que oct4, molécula necesaria para 

establecer y mantener la población de células pluripotentes necesarias durante la 

embriogénesis en ratón y humanos, controla la tasa de proliferación en las células de 

la CEA. La expresión ectópica de oct4 en el ectodermo del esbozo de la extremidad 
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perturba la razón entre la apoptosis y la proliferación y, además, su expresión está 

controlada por la actividad de la vía canónica de los Wnt. También describimos en 

este trabajo la localización y comportamiento especiales de las células de la CEA en 

proliferación como respuesta a la actividad de oct4. Por consiguiente, podemos 

inferir que el rol de oct4 será el de un factor necesario para mantener un nicho 

celular responsable por la renovación de la CEA.  
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The main goal of Developmental Biology is the study of how the interaction of 

complex signalling networks drives the initial relative simplicity of a fertilized egg to 

become an organized and complexly patterned organism.  

During organogenesis coordinated proliferation, patterning and differentiation of 

cells result in formation of organs and tissues. These coordinated events are 

orchestrated by a small group of cells with organizer properties that instruct the 

surrounding cells with respect to their fate and differentiation potential. However, the 

temporal and spatial regulation of the several individual developmental programs is 

tightly regulated and precisely coordinated.  

In this context, limb development can be a powerful model to understand the general 

mechanisms of patterning and cell differentiation. Since limbs are not vital for 

embryonic life, one can experimentally remove or transplant parts of the developing 

limb without interfering with the vital process of the organism. 

 

I Overview of vertebrate limb development 
 
Signalling centers are specialized groups of cells located at the primordia of tissues 

and organs that pattern these structures for proper morphogenesis. Formation and 

maintenance of signalling centers is firmly regulated, spatially and temporally, being 

the vertebrate limb a paradigm in the study of these centers (Capdevila and Izpisua 

Belmonte, 2001; Niswander, 2003). 

 
The limb patterning is coordinated along three axes during the embryonic 

development in vertebrates: proximal-distal (PD), starting from the shoulders and 

ending at the digit tips, anterior-posterior (AP), from the first to the little (fifth) 

digits, and dorsal-ventral (DV), from the back of the hands/ feet to the palms/ soles. 

As a result, three limb segments are formed: (1) the stylopod that contains the  
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Figure 1.  (A-C) Schematic representation of the primordia of the wing and leg bud and their 
skelectical constituition. (D-E) Scanning electron microscopy of the developing chicken limb 
bud. Adapted from Gilbert, 2003. 
 

 

Figure 2.   Schematic representation of the signalling centers the control limb outgrowth 
(adaptado de http://pages.unibas.ch/anatomie/zeller/). 
 

 
humerus and femur, (2) the zeugopod in the middle containing the radius and ulna or 

tibia and fibula, and (3) the autopod at the tip composed of carpal/ tarsal, metacarpal/ 

metatarsal bones and fingers/ toes (Fig. 1C). Any one of these limb compartments 

has a unique tri-dimensional structure distinguishing it from all the other limb 

components. This specific pattern is under the tight control of spatio-temporally 
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synchronized and simultaneously orchestrated signals of three important centres (Fig. 

2): the Apical Ectodermal Ridge (AER), the Zone of Polarizing Activity (ZPA) and 

the non-AER ectoderm (Mariani and Martin, 2003; Niswander, 2003; Tickle, 2006) 

 

I.1 Proximodistal limb bud development 

 
Proximal-distal outgrowth of the vertebrate limb bud is regulated by the AER, which 

forms along the dorsal-ventral (DV) axis of the embryo. This structure is formed 

soon after the initial budding as an epithelial rim at the distal border of the limb bud. 

The major function of the AER is to promote the PD outgrowth and patterning by 

keeping the most distal underlying mesenchyme in a proliferative and 

undifferentiated state. After the AER specification, only Ffg8 expression is initially 

observed, equally distributed from anterior to posterior but this instructive role for 

PD pattering is mediated by the production of another four Fibroblast growth factors 

(FGFs): Ffg4, Ffg2, Ffg9 and Ffg17. These FGFs are later activated in the posterior 

AER part and subsequently expand in an anterior direction during the progression of 

the limb development. It was demonstrated that the AER-Fgfs are essential for the 

limb bud development and, moreover, that they are also capable of inducing distal 

cell identity by activation of Hoxa11 and Hoxa13. This indicates the presence of an 

FGF-dependent distal fate specification of cells giving rise to the zeugopod and 

autopod (Niswander, 1992; Mahmood et al., 1995; Savage and Fallon, 1995; Martin, 

1998; Lewandoski et al., 2000; Montero et al., 2001; Sun et al., 2002; Mariani and 

Martin, 2003; Boulet et al., 2004; Kurose et al., 2004). 
 

I.2 Limb bud positioning, initiation and early outgrowth 

 
The first morphological indication for limb development is a rapidly growing bulge 

in the lateral body wall at the positions where future upper and lower limbs will 

emerge (Fig. 1A). This early limb bud is composed of proliferating mesenchymal 

cells from the lateral plate mesoderm covered by ectoderm (Fig.1D). The part of the 
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body flank where it appears is called the “limb field”. In chicken, this occurs around 

stage 12HH (Capdevila and Izpisua Belmonte, 2001; Towers and Tickle, 2009a). 

Several data indirectly suggest that Hox genes expressed in the intermediate 

mesoderm probably mark the exact position of the limb field. In fact, the expression 

boundaries of several Hox genes such as Hoxc6, Hoxc8 and Hoxb5 in the lateral plate 

mesoderm (LPM) occur exactly at the forelimb (or pectoral fins in fish) prospective 

field. Also the absence of forelimbs in some snakes is well correlated with specific 

changes in Hox gene expression domains in both the paraxial mesoderm and the 

LPM (Rancourt et al., 1995; Cohn et al., 1997; Capdevila and Izpisua Belmonte, 

2001). 
 
The upper and lower limbs share common morphogenic events and morphological 

regulation during their development. However, there is also an obvious need for 

functional and corresponding morphogenic difference between them. Tbx4 and Tbx5 

genes, both T-box transcription factors, were found to be specifically expressed in 

the lower and upper limbs, respectively (Gibson-Brown et al., 1996). Their 

expression in the corresponding limb field is detected prior to the limb bud initiation 

(Isaac et al., 1998). In addition, there is a synchronized interaction between them, as 

Tbx5 down-regulates Tbx4 in the forelimbs. On the other hand, Pitx1, another gene 

specifically expressed only in the lower limbs, up-regulates the Tbx4 expression 

levels in the hind limbs. Thus, they seem to be specific regulators controlling limb 

identity (Rodriguez-Esteban et al., 1999; Takeuchi et al., 1999; Logan, 2003).  

 

Experiments in zebrafish suggest that retinoic acid (RA) signalling is required and 

sufficient to initiate forelimb development, acting upstream of Tbx5 (Gibert et al., 

2006). Other parallel pathways may also be involved in the control of the upper/ 

lower limb identities. It is possible that Hox genes participate in this process as in 

general they are important for the AP body patterning (Nelson et al., 1996). It was 

demonstrated that TBX5 and TBX4 differentially regulate hox9 genes during 

wing/leg specification (Takeuchi et al., 1999). The same authors also suggest that a 
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regulatory loop between Hox9 and Tbx genes is necessary not only to specify limb 

identity but also to its initiation. According to them, Wnt2b and Wnt8c, are 

specifically regulated by Tbx5 and Tbx4, respectively, activating the FGF pathway in 

earlier stages of limb development (Fig. 3A) (Takeuchi et al., 2003). 

 

 
 
Figure 3.  Simplified model proposed by Kawakami et al., 2001 for the establishment and 
maintenance of the fgf10/fgf8. 
 

 
I.2.1 Establishment and maintenance of the fgf8/fgf10 positive feedback loop 

 
Currently, there are no clear data about the molecular mechanisms that initiate the 

limb bud formation (Fernandez-Teran and Ros, 2008; Zeller et al., 2009).  

FGFs and WNT ligands can induce ectopic limb development when applied in the 

flank field of the embryo (Cohn et al., 1997; Kawakami et al., 2001). Several years 

ago, experiments of implantation of a bead soaked in FGF8 or FGF10 have proved 

that both fgf8 and fgf10 can induce ectopic limbs (Fig. 4)(Ohuchi et al., 1997) what 

was further proved with mutants for fgf10, which had completely truncated limbs 

(Sekine et al., 1999). A hypothesis suggests that Wnts induce Fgf10 mesenchymal  
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Figure 4.  (A) FGF8 can induce an ectopic limb in the flank between the fore- and the 
hindlimb; (B) Limb induction model in which intermediate mesoderm (IM) plays a key role 
in limb bud induction by producing FGFs that are segregated to the lateral plate mesoderme 
(LPM), that in turn will signal to superficial mesoderm (SE). Adapted from Martin et al., 
2001. 
 
 
expression (Fig.3). Later, fgf10, with the support of bmp4, will prompt the AER 

establishment by the initiation of fgf8 expression in prospective AER progenitors and 

creation of a growth-promoting mesenchymal-ectodermal feedback-loop between 

fgf8, produced by the AER-progenitors, and fgf10 from the progress zone (Fig.4B) 

(Crossley et al., 1996; Ohuchi et al., 1997; Sekine et al., 1999; Benazet and Zeller, 

2009). 

Additionally, two members of the wnt family, wnt2b and wnt8c, are expressed in the 

presumptive forelimb and hindlimb regions of the LPM (Fig. 3), respectively, just 

prior to limb outgrowth. These two secreted proteins can induce fgf10 that in turn 

will activate and maintain the expression of fgf8 in the AER. Besides this, Fgf8 

induction in the AER by FGF10 is mediated by the expression of another wnt gene 

(wnt3a). Therefore, the positive-feedback loop, in which fgf8 expression in the AER 

maintains the expression of fgf10 in the underlying mesenchyme is established, and 

the three wnt genes that signal through β-catenin act as key molecular mediators of 

the FGF regulatory loop that controls both limb initiation and AER induction 

(Kawakami et al., 2001; McQueeney et al., 2002). 

 
At the receptor level, this loop is mediated by FGFR2b and wnt3a in the AER, and 

FGFR2c and wnt2b in the LPM (Xu et al., 1998; Sekine et al., 1999; Lonai, 2003) 

A B 
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and is maintained until AER regresses, keeping the distal region of the limb 

mesenchyme, the Progress Zone (PZ) and the AER in an undifferentiated and 

proliferative state (Yang and Niswander, 1995; Capdevila and Izpisua Belmonte, 

2001; ten Berge et al., 2008) 

 
Beyond the range of these proliferative signals, the mesenchymal cells delay their 

proliferation, start to express sox9 and initiate production of cartilaginous precursors 

of the future bones (Hill et al., 2005; Suzuki et al., 2008) 

 

I.2.2 Retinoic acid and the promotion of Proximal-Distal (PD) outgrowth 

 
Retinoic acid (RA) effect on limb bud initiation has long been established, however, 

its role on proximo-distal limb patterning has been target of a controversy in the last 

years. Retinoic Acid is synthesized in the proximal mesenchyme, mainly by 

RALDH2, and spreads into the distal limb bud, where it is degraded by CYP26, 

creating a gradient of RA concentration throughout the limb (Okamoto et al., 1990; 

Yashiro et al., 2004).  

It was believed that these AER-FGF morphogenic activities were a result of direct 

FGF antagonism with RA signalling from the most proximal limb bud mesechyme 

(Mercader et al., 2000). As a result, the RA induced Meis1 and Meis2 expression 

remains restricted within the proximal territory of the future stylopod (Capdevila et 

al., 1999; Mercader et al., 2000; Niederreither et al., 2002). However, recent genetic 

studies suggest that the AER-FGFs determine the PD limb axis early in the limb 

development and the specified progenitor pools progressively expand during the later 

phases of the limb patterning (Dudley et al., 2002; Galloway et al., 2009). Zhao and 

collegues show that, in mice, RA signalling is not required for limb expression of 

Shh and Meis2. Moreover, they say that RA action is required outside the limb field 

in the body axis during forelimb induction, but that RA is unnecessary at later stages 

when hindlimb budding and patterning occurs (Zhao et al., 2009).  
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BOX 1 - Models for proximodistal limb bud axis development 

 

 
 
The progress zone (PZ) model was formulated to explain the limb skeletal phenotypes 
that result from the manipulation of chicken limb buds (Saunders J. W., 1948). It was 
proposed that the mesenchyme that underlies the AER contains unspecified 
progenitors (the PZ is indicated by black stripes)(Summerbell et al., 1973), the fates of 
which are controlled by AER signals. As limb bud outgrowth progresses distally, 
proximal cells no longer receive AER signals. The time of their 'exit' from the PZ 
determines their proximodistal (PD) identity (that is, there is 'clock-type' 
specification). Mesenchymal cells that exit early generate proximal elements, whereas 
cells that remain in the PZ for longer form more distal structures.  
 
The two-signal model was proposed based on molecular analysis of chicken limb bud 
development (Mercader et al., 2000). During the onset of limb bud development, the 
proximal region (blue) is probably specified by retinoic acid (RA) signalling from the 
flank, and the distal region (orange) is specified by AER-derived fibroblast growth 
factor (AER-FGF) signalling. The zeugopod arises from the more proximal distal 
cells, and the autopod primordia is formed by the most distal mesenchymal cells 
(Mariani and Martin, 2003). 
 
The differentiation-front model (Tabin and Wolpert, 2007) postulates that PD 
identities are determined as the proliferating mesenchyme leaves the undifferentiated 
zone - that is, when the mesenchyme is no longer under the influence of AER-FGF 
signalling. After cells have crossed the differentiation front (blue wavy line) they only 
express genes that mark the identity of a particular segment (for example, Meis1 
expression in the stylopod territory, homeobox A11 (Hoxa11) expression in the 
zeugopod territory and Hoxa13 expression in the autopod territory).  
Adapted from Zeller et al., 2009. 
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Figure 1 | Proximodistal limb bud axis development. a | Scanning electron microscopy image of a mouse embryo at 

gestational day 10.5. The forelimb bud forms at the level of the heart; hindlimb development (not shown) is delayed by 

about 12 hours and occurs at the level of the kidneys. The enlarged inset shows the forelimb bud with the two main limb 

bud axes indicated. The apical ectodermal ridge (AER) is indicated in green. b | The skeletal elements of a human arm. 

The stylopod gives rise to the most proximal limb skeletal element, the humerus. The zeugopod forms the radius 

(anterior) and ulna (posterior). The distal autopod forms the wrist bones (carpals), palm bones (metacarpals) and digit 

bones (phalanges). The scapula and clavicle do not derive from the limb bud. c | The progress zone (PZ) model  

was formulated to explain the limb skeletal phenotypes that result from the manipulation of chicken limb buds5. It was 

proposed that the mesenchyme that underlies the AER contains unspecified progenitors (the PZ is indicated by black 

stripes)6, the fates of which are controlled by AER signals. As limb bud outgrowth progresses distally, proximal cells no 

longer receive AER signals. The time of their ‘exit’ from the PZ determines their proximodistal (PD) identity (that is, there 

is ‘clock-type’ specification). Mesenchymal cells that exit early generate proximal elements, whereas cells that remain in 

the PZ for longer form more distal structures. d | Based on molecular analysis of chicken limb bud development, the 

two-signal model was proposed19. During the onset of limb bud development, the proximal region (blue) is probably 

specified by retinoic acid (RA) signalling from the flank, and the distal region (orange) is specified by AER-derived 

fibroblast growth factor (AER-FGF) signalling. The zeugopod arises from the more proximal distal cells, and the autopod 

primordia is formed by the most distal mesenchymal cells9. e | The differentiation-front model25 postulates that PD 

identities are determined as the proliferating mesenchyme leaves the undifferentiated zone — that is, when the 

mesenchyme is no longer under the influence of AER-FGF signalling. After cells have crossed the differentiation front 

(blue wavy line) they only express genes that mark the identity of a particular segment (for example, Meis1 expression in 

the stylopod territory, homeobox A11 (Hoxa11) expression in the zeugopod territory and Hoxa13 expression in the 

autopod territory). Part a: image courtesy of O. Michos and Central Microscopy Facility, University of Basel, Switzerland.
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I.3 Establishment of dorso-ventral (DV) polarity and patterning 

 
Another aspect of the crosstalk between the mesenchyme and the ectoderm is the 

establishment of DV limb polarity, a compulsory condition for AER formation. An 

important signalling centre in this process is the non-AER limb ectoderm where 

WNT and BMP signals are key components in the dorsalization of both the ectoderm 

and the mesoderm (Wang et al., 2004).  

Once limb is growing, the dorsal ectoderm expressed wnt7a activates mesodermal 

lmx1b expression, which in turn is sufficient to pre-pattern dorsal identity of all 

components of the developing limbs (Riddle, 1993; Parr, 1995; Vogel et al., 1996; 

Loomis et al., 1998). 

Different studies have shown that en-1 plays a role during migration and compaction 

of AER cells restricting the expression of r-fng and wnt-7a to the dorsal ectoderm 

(Logan, 1997; Loomis et al., 1998), while Wnt/ß-catenin signalling is required to 

maintain the AER after AER initiation and maturation (Kengaku et al., 1998; Barrow 

et al., 2003). In fact, Wnt-7a instructs the dorsal mesoderm to adopt dorsal 

characteristics, such as lmx-1 expression, which in turn specifies dorsal pattern. Thus, 

en-1 has a dual function in AER positioning and ventral specification and hence acts 

to coordinate the two processes (Johnson and Tabin, 1997). 

BMP signalling, besides being essential for AER induction, as revealed by loss and 

gain-of-function experiments, is also necessary and sufficient to regulate en-1 

expression in the ventral ectoderm. Therefore, the loss of BMP signalling from the 

early limb bud ectoderm results in failure of AER formation and bi-dorsal limbs 

(Ahn et al., 2001; Pizette et al., 2001; Soshnikova et al., 2003; Wang et al., 2004). 

Finally, in the context of axis coordination, Wnt7a in the dorsal ectoderm directly 

regulates the Shh expression within the ZPA (Parr, 1995) 

 

I.4 ZPA and the regulation of Anterior-Posterior (AP) patterning 
 
The specification of the AP axis of the limb is the earliest change from the 

pluripotent condition of limb mesenchyme. This axis is patterned by a group of 
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mesenchymal cells located in the posterior region of the limb bud. Classical grafting 

experiments led to the detection of a limb organizer located in the posterior limb bud 

mesenchyme, the Zone of Polarizing Activity (ZPA). Its function is to define the AP 

limb axis by instructing limb bud mesodermal cells of their final fate depending on 

their AP position (Capdevila and Izpisua Belmonte, 2001).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 BOX2 - Models for anteroposterior limb bud axis development 

 
 
(A) The French-flag model (Wolpert, 1969) can explain the results of manipulating the 
chicken limb bud organizer (zone of polarizing activity (ZPA), which is located in the 
posterior limb bud mesenchyme). This model proposes that the ZPA secretes a 
morphogen that diffuses across the limb bud to generate a spatial gradient. The identities 
of the three digits (likened to the colours of the French flag), are specified by threshold 
levels of the morphogen.  
 
(B) the gene network that restricts the activation and maintenance of sonic hedgehog 
(Shh) expression to the posterior limb bud mesenchyme.  
 
(C) The temporal gradient model states that the specification of anteroposterior 
identities occurs by spatial and temporal gradient of SHH signalling (Ahn et al., 2001; 
Harfe et al., 2004). As cells cease to express Shh, they exit the ZPA. The expanding 
population of cells derived from Shh-expressing cells (Shh descendants) displaces non-
ZPA cells (which are specified by long-range SHH signalling) towards the anterior. Shh 
descendants give rise to the ulna, digit 4 and digit 5, and contribute to digit 3. Cells that 
give rise to digit 2 and parts of digit 3 are specified by long-range SHH signalling. The 
humerus, radius and digit 1 are specified in a SHH-independent manner. 5′-HOXD, 5′-
located homeobox D; FGF8, fibroblast growth factor 8; GLI3R, repressor form of GLI3; 
HAND2, heart and neural crest derivatives 2; RA, retinoic acid; TBX, T-box. Adapted 
from Zeller et al., 2009. 
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Figure 2 | Anteroposterior limb bud axis development. a | The French-flag model29 can explain the results of 

manipulating the chicken limb bud organizer (zone of polarizing activity (ZPA), which is located in the posterior 

limb bud mesenchyme). This model proposes that the ZPA secretes a morphogen that diffuses across the limb bud 

to generate a spatial gradient. The identities of the three digits (likened to the colours of the French flag) are 

specified by threshold levels of the morphogen. b | The gene network that restricts the activation and maintenance 

of sonic hedgehog (Shh) expression to the posterior limb bud mesenchyme. c | Specification of anteroposterior 

identities by a spatial and temporal gradient of SHH signalling46,47. As cells cease to express Shh, they exit the ZPA. 

The expanding population of cells derived from Shh-expressing cells (Shh descendants) displaces non-ZPA cells 

(which are specified by long-range SHH signalling) towards the anterior. Shh descendants give rise to the ulna, digit 4  

and digit 5, and contribute to digit 3. Cells that give rise to digit 2 and parts of digit 3 are specified by long-range 

SHH signalling. The humerus, radius and digit 1 are specified in an SHH-independent manner. 5 -HOXD, 5 -located 

homeobox D; FGF8, fibroblast growth factor 8; GLI3R, repressor form of GLI3; HAND2, heart and neural crest 

derivatives 2; RA, retinoic acid; TBX, T-box.

Polydactyly
From the Greek for ‘many 
fingers’. Limb skeletal 
phenotypes that result in the 
formation of additional digits. 
There are three types of 
polydactylies: postaxial 
(affecting the little finger), 
preaxial (affecting the thumb) 
and central (affecting the ring, 
middle and index fingers).

Cylopamine
A small molecule that  
inhibits all hedgehog signal 
transduction by binding  
to the smoothened seven-
transmembrane receptor.

model. The range of SHH activity was estimated as 
being approximately half of the early limb bud (or  
~300 μm from implanted beads). SHH induces  
or upregulates the expression of target genes, such 
as the Gli1 transcriptional activator and the inhibi-
tory patched 1 (Ptch1) receptor39. Furthermore, the 
constitutive processing of GLI3 to its repressor form 
(GLI3R) is inhibited in response to SHH signalling; 
the full-length activator form (GLI3A) functions as 
a positive transcriptional regulator 40. The anterior 
limb bud contains high GLI3R and low GLI3A levels, 
and the converse is true close to the SHH signalling 
domain in the posterior region. Genetic inactiva-
tion of Gli3 in mice and humans results in preaxial  
polydactylies41,42. As the same polydactylies are observed 
in mouse limb buds that lack both Shh and Gli3, 
one function of SHH must be to counteract GLI3R-
mediated repression to enable the progression of limb 
organogenesis43,44. SHH is also modified by cholesterol, 
and this modification restricts the range of SHH sig-
nalling. SHH lacking this modification is more dif-
fusible, which results in anterior digit duplications45. 
These preaxial polydactylies indicate that digit 2  
— which is the SHH-dependent digit furthest from 
the SHH source — is most sensitive to increased diffu-
sion. In agreement, genetic fate-mapping studies have 
shown that only digit 2 depends entirely on long-range  
SHH signalling46,47.

When and how are digit identities determined? 
Although Wolpert’s morphogen gradient is depicted in 
a static manner (FIG. 2a), numerous studies have shown 
that the requirements, interactions and functions of gene 
products can vary over time. With respect to autopod 
patterning, experimental evidence indicates that the cells 
that contribute to digit 2 and parts of digit 3 are specified 
by long-range SHH signalling, and the posterior digits 3 
to 5 derive from mesenchymal cells that have previously 
expressed Shh as part of the ZPA46,47 (FIG. 2c). Cells that 
derive from Shh-expressing cells (Shh descendants) soon 
after Shh activation contribute to digit 3, and descend-
ants of cells that have expressed Shh for longer contrib-
ute to progressively more posterior digits. The resulting 
gradient of autocrine exposure to SHH (FIG. 2c) is likely 
to provide cells with a temporal memory that contrib-
utes to the determination of their identities47. In agree-
ment with this conclusion, brief exposure to SHH is  
sufficient to specify anterior but not posterior digits48.

Sonic hedgehog promotes proliferation of the limb bud 
mesenchyme. The studies discussed above indicated that 
SHH-mediated specification of digit identities is linked 
to proliferation. Indeed, cylopamine-mediated inhibition 
of SHH signal transduction in chicken wing buds dis-
rupts the cell cycle and proliferative expansion, resulting 
in loss of posterior digit identities49. By contrast, the spe-
cific inhibition of cell proliferation causes an immediate 
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The classical hypothesis proposed by Wolpert claims that a gradient of a hypothetical 

ZPA morphogen within the limb bud establishes the AP axis (Wolpert, 1969). Later 

studies demonstrated that ZPA-derived Shh signalling is both necessary and 

sufficient to maintain these ZPA functions (Riddle, 1993). 

 

The initiation and position of a shh expressing domain at the posterior limb bud 

margin is under the control of many transcription factors including dHand, 5’-Hox, 

tbx, Alx4, Twist, Gli3 and fgf8 genes as well as RA signalling from the flank 

(Stratford et al., 1997; Chiang et al., 2001; Niederreither et al., 2002; Wang et al., 

2004). Besides that, the prospective ZPA region seems to be linked with the 

expression of several Hox genes, namely hoxb8 whose expression appears to be 

correlated with forelimb ZPA establishment and Shh induction. Indeed, RA may 

induce Shh expression through hoxb8 (Capdevila and Izpisua Belmonte, 2001). 

Once induced, early limb bud is pre-patterned by mutual genetic antagonism between 

anteriorly expressed Gli3 and the posteriorly expressed dHAND. This mechanism 

seems to be prior to shh expression, establishing its localization (te Welscher et al., 

2002). Shh negatively regulates Gli3 transcription and post-translational processing, 

and is under negative regulation by Gli3 (and Alx4) in the anterior margin of the 

limb bud, creating a Gli3Repressor-Gli3 gradient along the AP axis of the limb. This 

could account for the determination of digit number and identity (McGlinn et al., 

2005).  

 
The crosstalk between the ZPA and the AER was found to be crucial in the complex 

process of limb formation. Key components of this mesenchymal-ectodermal 

interaction are shh, limb specific FGFs, BMPs and BMP antagonists like gremlin 

(Zuniga et al., 1999; Scherz et al., 2004). The study of targeted mutations of limb 

specific FGF and BMP/ BMP antagonist genes revealed the existence of self-

regulatory loops controlling the appropriate initiation and termination of this 

signalling in the coordination of limb development (Khokha et al., 2003; Mariani and 

Martin, 2003; Verheyden et al., 2005; Benazet and Zeller, 2009). 
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I.5 Axes coordination during limb development 

 
Limb patronization and growth along the three axes must be a well coordinated and 

interrelated process: (a) the positive loop of SHH and FGFs is maintained due to an 

interaction between the AER and the ZPA; (b) SHH synthesis is stimulated both by 

FGF4 (involved in PD axis patterning) and WNT7a (a DV organizer); (c) SHH 

 BOX3 - Interlinked feedback loops define a self-regulatory limb signalling 

 

 
 
The mesenchymal bone morphogenetic protein (BMP4; light blue), sonic hedgehog 
(SHH; red), gremlin 1 (GREM1; purple) and apical ectodermal ridge-derived fibroblast 
growth factor (AER-FGF; green) expression domains during mouse limb organogenesis 
are indicated schematically. The interlinked signalling feedback loops (Benazet and 
Zeller, 2009) that operate at each stage are shown as solid lines. Broken lines indicate 
inactive loops. From Zeller et al., 2009. 
 
(A) Initiation phase: BMP4 upregulates Grem1 expression in a fast initiator loop (~2 h 
loop time). Shh expression and signalling are activated independently of GREM1 and 
AER-FGFs.  
 
(B) Propagation phase: the establishment of loops that control the distal progression of 
limb bud development. SHH predominantly upregulates Grem1 expression. GREM1 
reinforces AER-FGF and zone of polarizing activity-derived SHH (ZPA-SHH) 
signalling by an epithelial–mesenchymal feedback loop (with a loop time of ~12 h). The 
activity of the fast BMP4–Grem1 initiator module is low. However, this low BMP 
activity controls the length of the AER (not shown).  
 
(C) Termination phase: the widening gap between ZPA-SHH signalling and the Grem1 
expression domain, together with the onset of AER-FGF-mediated inhibition of Grem1, 
terminates the signalling system. As a consequence, BMP4 activity is likely to increase 
again. 
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Figure 3 | Interlinked feedback loops define a self-regulatory limb signalling system. The mesenchymal bone 

morphogenetic protein (BMP4; light blue), sonic hedgehog (SHH; red), gremlin 1 (GREM1; purple) and apical 

ectodermal ridge-derived fibroblast growth factor (AER-FGF; green) expression domains during mouse limb 

organogenesis are indicated schematically. The interlinked signalling feedback loops14 that operate at each stage are 

shown as solid lines. Broken lines indicate inactive loops. a | Initiation phase: BMP4 upregulates Grem1 expression  

in a fast initiator loop (~2 h loop time). Shh expression and signalling are activated independently of GREM1 and 

AER-FGFs. b | Propagation phase: the establishment of loops that control the distal progression of limb bud 

development. SHH predominantly upregulates Grem1 expression. GREM1 reinforces AER-FGF and zone of polarizing 

activity-derived SHH (ZPA-SHH) signalling by an epithelial–mesenchymal feedback loop (with a loop time of ~12 h). 

The activity of the fast BMP4–Grem1 initiator module is low. However, this low BMP activity controls the length of the 

AER (not shown). c | Termination phase: the widening gap between ZPA-SHH signalling and the Grem1 expression 

domain, together with the onset of AER-FGF-mediated inhibition of Grem1, terminates the signalling system. As a 

consequence, BMP4 activity is likely to increase again.

and finally it rises again and is likely to participate in 
the determination of digit identities as the system is  
terminated (see below).

An integrative model for limb organogenesis

The studies discussed above reveal the complexity of 
the interactions that link specification of the PD and 
AP limb bud axes with outgrowth, determination  
and chondrogenic differentiation. To make progress 
in the identification and understanding of the systems 
of morphological regulation, it is important to con-
sider AP and PD limb bud axis development together, 
rather than as separate developmental processes, as 
is currently the norm. Here, we set out an integrative 
model that is based on the literature discussed and that 
focuses on the mechanisms and interactions that are 
most likely to be important. In addition to both limb 
bud axes, temporal and spatial aspects of gene function 
must be considered; a gene product might be essential 
at one stage, but later might be dispensable or have a 
different function14 (for example, see BMP4 in FIG. 3). 
In developing our integrative four-step model, we 
have realized that there are still substantial gaps in our 
molecular and cellular understanding of how limb bud 
development is orchestrated. In particular, certain key 
findings are still disputed (for example, the role of RA 
in limb bud initiation, discussed above) or have only 

been evidenced in one particular species (for example, 
the roles of BMPs in the determination of digit iden-
tities, see below). Therefore, this integrative model is 
imperfect, but it should provide an interesting and 
useful framework for developing a holistic approach 
to study the regulatory systems and interactions that 
control limb organogenesis.

Initiation and early specification. During limb bud 
initiation (FIG. 4a), the two main signalling centres are 
established. It is possible that the nascent limb bud mes-
enchyme is initially of proximal and/or anterior char-
acter19,60. The most distal and posterior cell identities 
are likely to be specified first by the onset of FGF8 sig-
nalling in the AER (FIG. 1d) and GLI3-mediated restric-
tion of Hand2 and 5 -Hoxd gene expression. These 
GLI3–HAND2 mediated interactions pre-pattern the 
limb bud along its AP axis and activate SHH signal-
ling at the posterior limb bud margin37. Alternatively, 
AP polarity might be transferred from the embryonic 
body axis (head to tail) to the limb field, as is the case 
for the dorsoventral limb bud axis61,62. To understand 
these initiating events, it will be essential to identify the 
mechanisms that activate and restrict the expression of 
key regulatory genes in the lateral plate and limb field 
mesenchyme (for example, Gli3, Hand2, 5 -Hoxd, Bmp4 
and Fgf10).
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creates a gradient of Gli3 activator and repressor form, allowing the establishment of 

a DV identity; (d) BMPs are both responsible for shutting down the signalling from 

the AER and for simultaneously inhibiting the WNT7a signal along the D-V axis. 

While BMP signalling eliminates growth and patterning along all the three axes, 

Gremlin works against BMP to preserve the AER and the WNT7a pathway 

(Capdevila and Izpisua Belmonte, 2001; Tickle, 2002a; Gilbert, 2003; Niswander, 

2003; Panman and Zeller, 2003). 

In summary, to allow the proper development and outgrowth of the limb, the 

crosstalk between these 3 axes is a crucial process. 

 

I.5.1 Proposed models for axes coordination during limb development 

 
Over the years, a few models have been proposed to explain separate aspects of the 

complex limb development (Tabin and Wolpert, 2007; Towers and Tickle, 2009b; 

Zeller et al., 2009). However, there is strong evidence for an obviously integrated, 

three-dimensional function of all currently known pathways in the orchestration of 

the limb patterning.  

In an attempt to collate all the available knowledge, Zeller et al. (2009) suggested an 

integrative patterning design for the limb morpho- and organogenesis. During the 

first phase of limb bud initiation, opposing mesenchymal signals of Gli3, Hand2, 5’-

Hox, Bmps, Fgfs and RA pre-pattern the nascent limb bud and support the 

establishment of the two major signalling centres in the developing limb, the AER 

and the ZPA. Activation of the AER-FGFs and ZPA-Shh signalling creates 

morphogen gradients across the limb bud and leads to early specification of the two 

main limb axes, PD and AP.  

At this stage cell identities are not yet determined. How the cell fates are specified is 

not yet known but transcriptional regulators like Hoxa, Hoxd and Tbx genes are 

probably involved. At that time the BMP activity decreases and the ectoderm-

mesenchyme feedback loop mediated by Shh, Gremlin and Fgf is initiated to 

promote subsequent proliferation, determination and differentiation. The expansion 
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of the progenitor cell pools is under the control of the self-terminating Shh-Grem1-

FGF signalling, ectodermal Wnts (e-Wnts) and persistent low levels of Bmps. When 

core mesenchymal cells escape the control of the above signals due to the 

progressing proliferation, they start to express Sox9 and undergo chondrogenic 

differentiation. Proximal to this differentiation front, the PD and AP identities are 

completely determined thus allowing the initiation of the differentiation process.  
Therefore, the differentiation of digit patterns occurs the last. At the end of this 

phase, the Bmp activity again increases as a consequence of Shh-Grem1-Fgf self-

termination. The digit identities are later determined with the involvement of Bmp, 

5’-Hox and Sall genes but, unfortunately, no specific regulators of individual digits 

are currently known (Zeller et al., 2009).   
 

 
 

Figure 5.  Integrative model proposed by Zeller et al., 2009 for limb bud development. 
Summary in the text. 
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Figure 4 | An integrative model for limb bud development. a | During limb bud initiation, apical ectodermal 

ridge-derived fibroblast growth factor (AER-FGF) signalling is upregulated and zone of proliferating activity-derived 

sonic hedgehog (ZPA-SHH) signalling is initiated. The nascent mesenchyme is likely to be of proximal character and 

entirely exposed to ectodermal WNT (e-WNT) signalling (right panel). Retinoic acid (RA) signalling derived from the 

flank might define the proximal region and AER-FGF signalling defines the distal region. Restriction of heart and 

neural crest derivatives 2 (Hand2) and 5 -located homeobox D (5 -Hoxd) expression establishes posterior identity. In 

mouse forelimb buds this occurs from about embryonic day 9 (E9) onwards. The thick black arrows in the left panel 

indicate the approximate position of the transverse section shown in the right panel. b | Early specification: AER-FGF 

and ZPA-SHH signalling gradients act over a distance of !250 μm to specify distal and posterior identities (probably 

from E9.5 onwards in mice). Three domains of SHH signalling along the anteroposterior (AP) axis are likely to be 

specified at this stage: the anterior SHH-independent domain, which gives rise to the radius and digit 1 (d1);  

the SHH-dependent anterior domain, which gives rise to d2 and d3; and the posterior domain, which gives rise to the 

ulna and digits d3 to d5. c | Proliferative expansion of the limb bud occurs under the influence of AER-FGF, e-WNT 

and ZPA-SHH signalling (probably from E9.75 onwards in mice). As outgrowth progresses, the distal mesenchymal 

cells remain in an undifferentiated state, whereas core mesenchymal cells (no longer in range of these signals) 

activate SRY-box containing 9 (Sox9) expression and initiate chondrogenic differentiation (see also FIG. 1e). 

Concurrently with distal progression of the differentiation front, AP limb skeletal identities are determined in 

proximal to distal sequence (radius and ulna followed by the digits). The left panel shows a mouse forelimb bud at 

E11.5 with Sox9-positive condensations of humerus, ulna, radius (proximal to the differentiation front) and digits d2 

and d4. The zeugopod cross-section shows the ongoing differentiation of the ulna and radius proximal to the 

differentiation front. The autopod cross-section shows the distal-most mesenchyme, which remains in an 

undifferentiated state under the influence of AER signalling (green dots; distal to the differentiation front).  

d | The proposed late determination of digit identities (from E12 onwards) is likely to occur as a consequence of 

integrating the ‘memory’ that autopod progenitors have acquired during proliferation (FIG. 2c) with BMP signalling 

from the interdigital mesenchyme (ID), which acts on the phalanx-forming regions (PFRs).
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II Developmental dynamics of the AER 

 
During limb development, the apical ectodermal ridge (AER) is the organizing centre 

that controls proximo-distal outgrowth. This thickening of ectodermal cells at the 

most distal part of the limb bud (Fig. 6A,B) is responsible for maintaining the 

underlying mesenchymal cells in an undifferentiated and proliferative state (the 

progress zone, PZ). The importance and requirement of the AER is a conserved 

feature in the process of vertebrate limb development (reviewed in Fernandez-Teran 

and Ros, 2008).  

In Gallus gallus, the AER consists of a strip of pseudostratified columnar epithelium, 

covered by the overlying periderm (Fig. 6C), which runs along the distal dorso-

ventral border of the limb bud (Fernandez-Teran and Ros, 2008). It starts as a flatten 

structure but becomes anatomically distinguishable at stage 18HH when the distal 

ectodermal cells acquire a columnar shape, making them easily distinguishable from 

the rest of the cuboidal ectoderm. During the period of its maximum height, a groove 

is visible at the base of the AER (Todt and Fallon, 1984). 

 
Classical experiments have shown that surgical removal of the AER results in cell 

death in the mesenchyme and abrogates limb outgrowth (Saunders J. W., 1948; 

Summerbell, 1974; Niswander, 2003; Fernandez-Teran and Ros, 2008; Towers and 

Tickle, 2009a). The importance and necessity of the AER in limb outgrowth is a 

conserved feature of vertebrate development as illustrated in mice, chick and 

zebrafish, and even though they serve overall the same function, they present 

strikingly different structures (Tickle, 2002b; Mercader, 2007; Fernandez-Teran and 

Ros, 2008).  

 
Although extensive studies have been done, the molecular and genetic mechanisms 

that control initiation and maintenance of the AER in these model organisms still 

need to be studied. 
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Figure 6.  Morphology of the Apical Ectodermal Ridge (AER).(A, B) Scanning electron 
microscopy micrographs of the structures and distinct morphology of the AER over time; (C) 
Schematic representation of an stage 20HH AER; (D) Semithin section through the distal tip 
of a stage 20HH limb bud. Note the pseudostratified epithelium. Adapted from Fernandez-
Teran and Ros, 2008, and Towers and Tickle, 2009. 
 

 
The formation of the AER can be divided into two processes. First, the induction 

(Fig. 7A) by the mesodermal factor FGF10 of AER-precursor cells in the surface 

ectoderm that will migrate toward the dorsal-ventral boundary and form the AER at a 

specific position. These cells start to express fgf8, a member of the FGF superfamily 

that acts as an essential signalling molecule involved in vertebrate limb outgrowth 

(Lewandoski et al., 2000; Boulet et al., 2004; Fernandez-Teran and Ros, 2008). 

Second, the maturation of the AER (Fig. 7B), resulting in the formation of the 

characteristic, thickened structure, maintained by a FGF8/FGF10 positive feedback 

loop (Carrington and Fallon, 1984; Ohuchi et al., 1997; Lewandoski et al., 2000; 

Altabef and Tickle, 2002; Boulet et al., 2004; Fernandez-Teran and Ros, 2008). 

At this stage, a fluid cell-cell communication aiming to coordinate signalling from 

the three axes is essential to allow an accurate patterning. Gremlin, a BMP 

antagonist, plays an important role mediating the positive feedback loop between the 
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Fig. 1. Overview of limb development. (A) View of a stage 17HH chick
embryo in ovo. Note the presence of the four limb buds. (B) Micropho-
tograph of scanning microscopy showing the dorsal view of the early
anlage of a stage 16HH wing bud. (C) Diagram of the early limb bud in
which the two main components are clearly indicated. Ectoderm is
depicted in blue and mesodermal cells in yellow. (D) Distal view of a
stage 23HH wing bud. (E) Distal view of a stage 26 wing bud. The
prominence of the AER is seen in both wings. Note that the AER is more
marked at stage 23HH than a stage 26HH. In all the panels anterior is to
the top.
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(Summerbell and Wolpert, 1972).

Cellular polarity influences properties such as the orientation

of the division plane, potentially leading to directional growth,

migration and secretion. A number of painstaking studies have

monitored the position of the Golgi apparatus as an indicator of

polarity of the mesenchyme cells of the limb in particular with

respect to the formation of cartilage. These analyses suggested

that cell orientation is an early event in the formation of  chondro-

genic condensations (Trelstad, 1977; Ede, 1977).

Migration

There is little evidence of extensive movement and/or long

distance migration of mesenchyme cells in the early limb bud,

although it should be noted that presumptive myogenic cells

originate in the dermamyotome of the somites adjacent to the

limb-forming regions and delaminate into the lateral plate meso-

derm. Grafts of marked limb bud cells in a host chick limb remain

coherent (see, for example, (Tickle et al., 1978). In addition, fate

mapping experiments in the early chick wing bud (see later) also

show that the majority of cells labelled as a small group in the

distal part of the limb tend to remain associated and give rise to

well–defined stripes at early stages rather than dispersing and

intermingling with non-labelled cells (Vargesson et al., 1997).

There is some evidence that apical ridge signals ensure that

the presumptive myogenic cells populate the distal parts of the

limb bud (Gumpel-Pinot et al., 1984). Mesenchyme cells of the

limb bud may be generally responsive to signals from the apical

ridge. It was found in experiments in which the apical ridge was

removed and replaced by an FGF4 soaked-bead at the posterior

edge of the tip, that small groups of labelled cells proximal to the

bead expanded distally (Kostakopoulou et al., 1997) and the

results of more extensive experiments implanting FGF4-soaked

beads led to the suggestion that FGF4 might act as a

chemoattractant to limb bud cells (Li and Muneoka, 1999). Inter-

estingly, in early chick embryos, FGFs appear to provide signals

that guide cell migration during gastrulation; with FGF4 being a

chemoattractant and FGF8 a chemorepellent (Yang et al., 2002).

Fig. 2. Structure of the apical ectodermal ridge of the chick wing bud. The shape of the
ectodermal cells becomes less cuboidal and is elongated in the apical ectodermal ridge,
whereas the overlying periderm is composed of flattened cells in a continuous layer. Also
note the presence of intercellular spaces in the ectoderm away from the apex; also in the
underlying mesenchyme, which forms a meshwork of cells. Adapted from Todt and Fallon
(1986).

mesenchyme cells by demonstrating that cells

from different proximo-distal levels of chick limb

buds sort out in culture (Wada and Ide, 1994);

see also recent live imaging of this process

(Barna and Niswander, 2007).

It is not clear whether the shape of the mesen-

chymal cells in the limb bud plays any role in

contributing to form at a higher level although this

is certainly the case in the apical ectodermal

ridge (see below). It should be noted that in the

early limb bud, where cells have a higher mitotic

rate, the cells are much smaller than those in later

stage limb buds which have a lower mitotic rate

although now it is known that the cells do indeed undergo

apoptosis. However, there are species-specific variations in apo-

ptotic patterns as mice do not have a posterior necrotic zone in the

early limb bud (Fernandez-Teran et al., 2006) and frogs (Xeno-

pus) form digits without any apparent participation of apoptosis

(Cameron and Fallon, 1977). Another region of apoptosis that has

been well described in the developing chick wing is the opaque

patch which appears in the area where cell proliferation rates fall

in the core of the mesenchyme and which comes to lie between

the developing radius and ulna (Dawd and Hinchliffe, 1971).

Adhesiveness, cell shape and polarity

The undifferentiated mesenchymal cells of the early limb bud

and at the tip of later buds form a loose meshwork (Fig. 2). One

of the major extracellular matrix components between the cells in

this meshwork is hyaluronic acid (Toole et al., 1989). Interest-

ingly, when limb bud mesenchyme cells are disaggregated, then

cultured and/or reaggregated and grafted back into limb, this

meshwork is re-established (Tickle et al., 1978). Each mesen-

chyme cell has many processes with which they make contact

with their neighbours. Junctions found at these contacts include

gap junctions made up of connexins 32 and 43 (Makarenkova et

al., 1997; Meyer et al., 1997) which allow the direct passage of

small molecules from cell to cell. There is evidence that signalling

through gap junctions contributes to AP patterning of the limb

(Allen et al., 1990) and that expression of gap junction proteins

between mesenchyme cells depends on FGF signalling by the

apical ectodermal ridge (Green et al., 1994; Makarenkova et al.,

1997).

Work on blastemas of regenerating amphibian limbs suggests

that cell adhesiveness is graded along the proximal-distal axis of

the limb. This was shown, for example, by the spreading behaviour

of co-cultured blastemal fragments (Nardi and Stocum, 1984) and

by the localisation of cells transfected by a cell-surface molecule

(Echeverri and Tanaka, 2005). These differences in adhesive-

ness appear to be a consequence of proximo-distal positional

values. The positional value of cells in an amphibian limb regen-

eration blastema can be manipulated by retinoic acid (Maden,

1982) and retinoic acid treatment proximalises the positional

values of the blastema leading to an alteration in adhesiveness

(Brockes, 1992). In the developing chick limb bud, retinoic acid

treatment does not lead to gross changes in proximo-distal

pattern (Mercader et al., 2000) but grafts of retinoic acid treated

mesenchyme cells give rise to more proximal structures than

expected (Tamura et al., 1997). Other work by Ide and colleagues

has provided further evidence for differential adhesiveness of
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(Summerbell and Wolpert, 1972).

Cellular polarity influences properties such as the orientation

of the division plane, potentially leading to directional growth,

migration and secretion. A number of painstaking studies have

monitored the position of the Golgi apparatus as an indicator of

polarity of the mesenchyme cells of the limb in particular with

respect to the formation of cartilage. These analyses suggested

that cell orientation is an early event in the formation of  chondro-

genic condensations (Trelstad, 1977; Ede, 1977).

Migration

There is little evidence of extensive movement and/or long

distance migration of mesenchyme cells in the early limb bud,

although it should be noted that presumptive myogenic cells

originate in the dermamyotome of the somites adjacent to the

limb-forming regions and delaminate into the lateral plate meso-

derm. Grafts of marked limb bud cells in a host chick limb remain

coherent (see, for example, (Tickle et al., 1978). In addition, fate

mapping experiments in the early chick wing bud (see later) also

show that the majority of cells labelled as a small group in the

distal part of the limb tend to remain associated and give rise to

well–defined stripes at early stages rather than dispersing and

intermingling with non-labelled cells (Vargesson et al., 1997).

There is some evidence that apical ridge signals ensure that

the presumptive myogenic cells populate the distal parts of the

limb bud (Gumpel-Pinot et al., 1984). Mesenchyme cells of the

limb bud may be generally responsive to signals from the apical

ridge. It was found in experiments in which the apical ridge was

removed and replaced by an FGF4 soaked-bead at the posterior

edge of the tip, that small groups of labelled cells proximal to the

bead expanded distally (Kostakopoulou et al., 1997) and the

results of more extensive experiments implanting FGF4-soaked

beads led to the suggestion that FGF4 might act as a

chemoattractant to limb bud cells (Li and Muneoka, 1999). Inter-

estingly, in early chick embryos, FGFs appear to provide signals

that guide cell migration during gastrulation; with FGF4 being a

chemoattractant and FGF8 a chemorepellent (Yang et al., 2002).

Fig. 2. Structure of the apical ectodermal ridge of the chick wing bud. The shape of the
ectodermal cells becomes less cuboidal and is elongated in the apical ectodermal ridge,
whereas the overlying periderm is composed of flattened cells in a continuous layer. Also
note the presence of intercellular spaces in the ectoderm away from the apex; also in the
underlying mesenchyme, which forms a meshwork of cells. Adapted from Todt and Fallon
(1986).

mesenchyme cells by demonstrating that cells

from different proximo-distal levels of chick limb

buds sort out in culture (Wada and Ide, 1994);

see also recent live imaging of this process

(Barna and Niswander, 2007).

It is not clear whether the shape of the mesen-

chymal cells in the limb bud plays any role in

contributing to form at a higher level although this

is certainly the case in the apical ectodermal

ridge (see below). It should be noted that in the

early limb bud, where cells have a higher mitotic

rate, the cells are much smaller than those in later

stage limb buds which have a lower mitotic rate

although now it is known that the cells do indeed undergo

apoptosis. However, there are species-specific variations in apo-

ptotic patterns as mice do not have a posterior necrotic zone in the

early limb bud (Fernandez-Teran et al., 2006) and frogs (Xeno-

pus) form digits without any apparent participation of apoptosis

(Cameron and Fallon, 1977). Another region of apoptosis that has

been well described in the developing chick wing is the opaque

patch which appears in the area where cell proliferation rates fall

in the core of the mesenchyme and which comes to lie between

the developing radius and ulna (Dawd and Hinchliffe, 1971).

Adhesiveness, cell shape and polarity

The undifferentiated mesenchymal cells of the early limb bud

and at the tip of later buds form a loose meshwork (Fig. 2). One

of the major extracellular matrix components between the cells in

this meshwork is hyaluronic acid (Toole et al., 1989). Interest-

ingly, when limb bud mesenchyme cells are disaggregated, then

cultured and/or reaggregated and grafted back into limb, this

meshwork is re-established (Tickle et al., 1978). Each mesen-

chyme cell has many processes with which they make contact

with their neighbours. Junctions found at these contacts include

gap junctions made up of connexins 32 and 43 (Makarenkova et

al., 1997; Meyer et al., 1997) which allow the direct passage of

small molecules from cell to cell. There is evidence that signalling

through gap junctions contributes to AP patterning of the limb

(Allen et al., 1990) and that expression of gap junction proteins

between mesenchyme cells depends on FGF signalling by the

apical ectodermal ridge (Green et al., 1994; Makarenkova et al.,

1997).

Work on blastemas of regenerating amphibian limbs suggests

that cell adhesiveness is graded along the proximal-distal axis of

the limb. This was shown, for example, by the spreading behaviour

of co-cultured blastemal fragments (Nardi and Stocum, 1984) and

by the localisation of cells transfected by a cell-surface molecule

(Echeverri and Tanaka, 2005). These differences in adhesive-

ness appear to be a consequence of proximo-distal positional

values. The positional value of cells in an amphibian limb regen-

eration blastema can be manipulated by retinoic acid (Maden,

1982) and retinoic acid treatment proximalises the positional

values of the blastema leading to an alteration in adhesiveness

(Brockes, 1992). In the developing chick limb bud, retinoic acid

treatment does not lead to gross changes in proximo-distal

pattern (Mercader et al., 2000) but grafts of retinoic acid treated

mesenchyme cells give rise to more proximal structures than

expected (Tamura et al., 1997). Other work by Ide and colleagues

has provided further evidence for differential adhesiveness of
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Fig. 2. Morphology of the Apical Ectodermal Ridge (AER). Semithin sections through the distal tip
of a stage 20HH chick wing bud (A) and a mouse E10.5 forelimb (B). Note the pseudostratified
epithelium of the chick AER versus the polystratified epithelium of the mouse AER. Note also the
periderm layer. Mitosis and cell death can be observed in the mouse AER. The dorsal (d) and ventral
(v) sides of the limb are marked.

Fig. 3. Cell death and cell proliferation in the AER of stage 23HH chick
wing. (A) Frontal section through the middle of the bud assayed for cell
death by TUNEL showing intense cell death in the AER (arrow heads). (B)
Consecutive section assayed for cell proliferation with the anti-phospho-
rylated histone H3 antibody showing mitotic cells in the AER (arrows).
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FGFs in the AER and SHH in the ZPA (Ganan et al., 1996; Merino et al., 1999; 

Zuniga et al., 1999; Scherz et al., 2004). 

The mature AER is maintained through a tuned balance between proliferation and 

cell death for additional 2 to 3 days, while mesenchymal skeletal progenitors 

continue to proliferate and differentiate until a fully patterned limb emerges 

(Fernandez-Teran and Ros, 2008). This equilibrium is genetically controlled but little 

is known about the molecules involved in this process.  

 

 
 

Figure 7.  Regulatory cascades involved in AER induction (A) and maintenance (B). From 
Fernandez-Teran and Ros, 2008. 
 
 
The AER then regresses via programmed cell death and eventually flattens to a 

simple cuboidal epithelium, becoming indistinguishable from the dorsal or ventral 

ectoderm. This regression is under the control of BMP signalling since Noggin, a 

potent antagonist of BMPs, is known to lead to an abnormal AER persistence, when 

overexpressed in chicken and in mice (Pizette and Niswander, 1999; Guha et al., 

2002).  

BMPs also have an important role later during limb development, controlling 

apoptosis in the interdigital areas, by regulating, among other functions, AER-FGFs 

that act as survival factors for the interdigit mesenchyme (Pajni-Underwood et al., 

2007; Fernandez-Teran and Ros, 2008).  
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III FGF signalling pathway regulation  

 
FGFs are very important molecules during embryonic development, being involved 

in numerous cell processes such as cell proliferation, differentiation, cell survival and 

motility (Capdevila and Izpisua Belmonte, 2001; Tickle, 2002a).  

During limb development FGFs are key molecules during limb induction, outgrowth 

and promoting both cell survival and apoptosis (Capdevila and Izpisua Belmonte, 

2001; Montero et al., 2001; Zeller et al., 2009). The intracellular response to FGF 

stimuli is mediated by FGF receptors (FGFRs), which trigger several intracellular 

pathways, namely the Ras-MAPK/ERK and the PI3K pathways, which we describe 

briefly. 

 

III.1 Ras-MAPK/ERK pathway 

 
The Ras-MAPK is the most common pathway induced by FGFs (Fig. 8, blue). 

Binding of Grb2 to phosphorylated FRS2 activates the pathway and the subsequent 

formation of a Grb2/SOS complex leads to the activation of Ras by GTP exchange. 

Once active, Ras interacts with several effector proteins, including Raf and Rac 

leading to the activation of the different MAPK cascades (Bottcher et al., 2004; 

Thisse and Thisse, 2005). Once activated, these kinases are translocated to the 

nucleus where they phosphorylate target transcription factors, such as c-myc, AP1, 

and members of the Ets family of transcription factors (like erm and pea3), and, this 

way, they control gene expression (Sharrocks, 2001; Lee and McCubrey, 2002; 

Thisse and Thisse, 2005). 

 
The ERK1/2 Ras-MAPK pathway is implicated in FGF-required developmental 

processes like sclerotome specification (Brent and Tabin, 2004), neural induction and 

limb development (Eblaghie et al., 2003), differentiation of the retina (Lovicu and 

McAvoy, 2001; McCabe et al., 2006), and isthmic organizer function (Suzuki-Hirano 

et al., 2010). 

The co-localization of activated forms of ERK (pERK) with FGF-expressing regions 
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during early embryonic development has been widely (Corson et al., 2003; Eblaghie 

et al., 2003; Kawakami et al., 2003; Lunn et al., 2007). 

 

 
 

Figure 8.  Intracellular signalling pathways activated through FGFRs. Formation of a ternary 
FGF-heparin-FGFR complex leads to receptor autophosphorylation and activation of 
intracellular signalling cascades, including the Ras/MAPK pathway (shown in blue), PI3 
kinase/Akt pathway (shown in green), and the PLCγ/Ca2+ pathway (shown in yellow). 
 

 
III.2 PI3 kinase/Akt pathway 

 
Upon ligand binding, FGFRs can activate PI3 kinase/Akt pathway by three different 

mechanisms. First, Gab1 can bind indirectly to FRS2 via Grb2, resulting in tyrosine 

phosphorylation and activation of the PI3-kinase/Akt pathway through p85. Second, 

the PI3 kinase-regulatory subunit p85 can bind to a phosphorylated tyrosine residue 

of the FGFR, as showed in Xenopus cell extracts. Alternatively, activated Ras can 

induce membrane localization and activation of the p110 catalytic subunit of PI3 

kinase (Fig. 8, green)(Bottcher et al., 2004). 

While activaction of MAPK cascade promotes neural proliferation, differentiation 

and apoptosis, activaction of PI3K pathway promotes cell survival (Powers et al., 

2000; Ong et al., 2001; Kawakami et al., 2003) 
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III.3 Modulators of FGF signalling 

 
Due to the wide range of biological roles exert by FGFs and to the variety and 

complexity of the pathways activated, FGF signalling must be tightly regulated (Xu 

et al., 1998; Sun et al., 2002; Thisse and Thisse, 2005). A growing number of 

proteins have been identified as specific regulators of FGFR-mediated signalling.  

These molecules affect the FGF signalling cascade at different levels (Fig. 9) and 

most of them belong to the FGF synexpression group, a set of genes that share 

complex spatio-temporal expression patterns and have a functional relationship 

(Niehrs and Pollet, 1999). Sprouty, spred, sef, shisa and mkp3 are known as negative 

modulators of FGF signalling, whereas erm, er81 and pea3 promote FGF signalling 

(Raible and Brand, 2001; Zhang et al., 2001; Furthauer et al., 2002; Dikic and 

Giordano, 2003; Kawakami et al., 2003; Tsang and Dawid, 2004; Sivak et al., 2005; 

Furushima et al., 2007). 
 

 
 
Figure 9.  Fibroblast growth factor (FGF) signalling pathways and their regulators. 
FGF, FGFR and heparan sulphate form a ternary complex resulting in FGFR dimerization 
and transphosphorylation. This leads into an increase in FGFR kinase activity and 
phosphorylation of intercellular substrates, including a docking protein FRS2. Three major 
signalling pathways include PI-3 kinase pathway (PI-3-K), mitogen-activated protein kinase 
(MAPK) pathway and phospholipase C gamma pathway (PLC-c). These pathways regulate 
cell-type specific responses both in the cytoplasm and nucleus. Some positive (FLRT and 
CNPY) and negative [SEF, SPRY and MKP3] regulators of the FGF signalling pathways are 
indicated. HSPG, heparan sulphate proteoglycans. Adapted from Partanen et al., 2007. 
 

MKP3 
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III.3.1 Negative regulators: sef, sprouty and mkp3 

 
Sef, named for “similar expression to FGFs”, encodes a single-pass transmembrane 

protein that negatively modulates FGF signalling. Sef is a member of the FGF 

synexpression group in zebrafish and mouse, expressed in the characteristic pattern 

of FGF8 and regulated by FGF signalling (Furthauer et al., 2002; Lin et al., 2002; 

Tsang et al., 2002). Overexpression studies in zebrafish embryos show that Sef 

inhibits FGF signalling via interaction with FGFR1 and FGFR4a and that it functions 

at the level or downstream of MAPK kinase. Interfering with Sef function by 

antisense morpholino oligonucleotide (MO) injection induces phenotypic changes 

reminiscent of embryos dorsalized by ectopic expression of Fgf8 (Furthauer et al., 

2002; Tsang et al., 2002) 

 
The feedback inhibitor Sprouty was identified in Drosophila as a negative regulator 

of FGF signalling during tracheal development (Hacohen et al., 1998). Four 

mammalian Sprouty proteins (Spry1 to 4) and three Spreds (Sprouty-related EVH1 

domain proteins) that share a highly conserved cysteine-rich domain at the carboxy 

terminus have been identified. This domain is critical to target them to the plasma 

membrane and to inhibit the MAPK pathway (Lim et al., 2002). Sprouty proteins 

interfere with FGF signalling through several mechanisms, depending on the cellular 

context and/or stimulation. Moreover, different Sprouty proteins exhibit different 

activities and have different interaction partners, including, but not limited, Grb2 and 

Raf1 (Christofori, 2003). Sprouty2 and Sprouty4 are members of the FGF8 

synexpression group and are regulated by FGF signalling (Minowada et al., 1999; 

Chambers and Mason, 2000; Furthauer et al., 2001). 

Gain- and loss-of-function experiments confirm the function of Sprouty proteins as 

intracellular antagonists of FGF signalling. Among other studies, overexpressing 

Sprouty during chick limb development causes a reduction in limb bud outgrowth 

consistent with reduced FGF signalling (Minowada et al., 1999). 
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It is well established that receptor tyrosine kinases (RTK) signalling is controlled by 

protein tyrosine phosphatase (PTPs), which act as positive or negative regulators on 

RTK signalling (Van Vactor et al., 1998). The dual-specificity PTP MAPK 

phosphatase 3 (MKP3, also called Pyst1 or DUSP6) exclusively antagonizes the 

MAPK pathway via ERK1/2 inactivation. MKP3 belongs to the MKP (MAPK 

phosphatase) subfamily, the largest group of phosphatases specialized in the 

regulation of MAPKs. In vertebrates, its expression is very similar to that of the 

FGF8 synexpression group, and it is regulated by FGF8 (Eblaghie et al., 2003; 

Kawakami et al., 2003). 

Kawakami et al. propose that in the developing chick limb MKP3 is induced in the 

mesenchyme by FGF8 through the PI3K-Akt pathway. The role of MKP3 in the 

mesenchyme would be to antagonize the Ras-MAPK pathway and prevent cell death. 

Thus, MKP3 would have an anti-apoptotic function in the mesenchyme. Conversely, 

intact Ras-MAPK signalling would be necessary for the integrity of the AER 

(Kawakami et al., 2003). Manipulation of MKP3 activity by short interfering RNA 

inhibition or its overexpression disrupts limb morphology and outgrowth (Eblaghie et 

al., 2003; Kawakami et al., 2003).  

 

III.3.2 Positive regulators: flrt3 
 
An emerging theme is the regulation of FGF signalling by transmembrane 

modulators.  

FLRT proteins comprise a small family of fibronectin type III domain (FNIII) and 

leucine-rich repeats (LRR) are single-pass transmembrane glycoproteins in 

vertebrates (Fig. 10)(Lacy et al., 1999). FLRT3, the best-characterized member of 

the family, can physically interact with FGF receptors and modulate FGF-ERK 

signalling (Bottcher et al., 2004).  

Initially identified in human genome, this family comprises 3 genes: flrt1, flrt2, e 

flrt3. hflrt3 shares 55% similarity with hflrt1, and 41% with hflrt2. Hflrt1 and hflrt2 

are identical in 41% of their amino acid sequence (Lacy et al., 1999). 
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Figure 10.  Schematic representation of xflrt3. SP, signal peptide; LRRNT, N-terminal 
Leucine rich repeat cysteine flank; LRR, Leucine-rich repeats; LRRCT, C-terminal Leucine 
rich repeat cysteine flank; FNIII, fibronectin domain type III; TM, transmembrane domain. 
Adaptado de (Bottcher et al., 2004). 
 
 

In opposition to MKPs and Sprouties, FLRTs have uniquely been identified in 

vertebrates. FLRT3 coincides in both chick and frog with Fgf8 expression sites 

during development, including the limb bud and the midbrain-hindbrain boundary 

(MHB)(Bottcher et al., 2004; Smith and Tickle, 2006).  

 
In Xenopus, flrt3 was identified as a gene with a similar expression pattern to FGF 

signalling molecules, particularly at the MHB (Bottcher et al., 2004).  

Studies in frog demonstrated that FLRT3 expression is FGF-dependent and that this 

protein works as positive modulator of FGF signalling. XFLRT3 binds to FGFR1 

and FGFR4a and its intracellular carboxy-terminal region is involved in MEK/ERK 

signalling cascade, as opposed to MKP3, as described before (Bottcher et al., 2004).  

In addition, FLRT3 induces homotypic cell sorting in cultured cells and in Xenopus 

embryos. FGF signalling is dependent on the cytoplasmic tail, whereas FGF receptor 

binding is mediated by the FNIII domain of FLRT3 (Bottcher et al., 2004). The 

extracellular LRR domains are dispensable for FGF signal activation (Bottcher et al., 

2004), but are essential for the FLRT3-mediated cell sorting activity (Karaulanov et 

al., 2006).  

 
In the mouse, flrt3 mRNA was also found in regions known to express FGF 

signalling components and in areas affected by FGF signalling (Haines et al., 2006). 

As an example, Flrt3 activity at the midbrain/hindbrain boundary in mouse correlates 

with the role of FGFs in the formation of and signalling from the isthmus (Carl and 

Wittbrodt, 1999; Trokovic et al., 2003).  
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FLRT3 was also identified as a target gene of Nodal signalling, inhibiting cadherin 

adhesion in Xenopus early development through interaction with the Rho family 

GTPase Rnd1 (Ogata et al., 2007). In the mouse, flrt3 knockout embryos display 

defects in ventral closure, headfold fusion and definitive endoderm migration 

(Maretto et al., 2008), as well as disorganization of the basement membrane which 

leads to rupture of the anterior visceral endoderm (Egea et al., 2008), suggesting that 

cell adhesion is affected upon flrt3 ablation. Furthermore, FLRT3 has been 

implicated in neurite outgrowth (Robinson et al., 2004; Tsuji et al., 2004). 

 
FLRT3 appears to integrate two different activities: the LRR domains promote 

homotypic cell sorting/adhesion (Karaulanov et al., 2006), while its intracellular tail 

confers cell deadhesion via Rnd1 (Ogata et al., 2007) and Unc5 (Karaulanov et al., 

2009). 

During morphogenesis such duality in functions may be crucial, because the same 

FLRT3 protein can both loosen adhesion, such as in gastrulating cells (Ogata et al., 

2007), allowing them to move, and simultaneously keep homotypic cell groups 

together, preventing tissue disintegration. 

 

IV The AER as a model for the study of epithelial renewal 

 
Embryonic stem cells (ESCs) have been gaining notoriety as invaluable tools for 

research and a promising resource for cell replacement therapies, since they were 

first discovered in late 80’s. These cells present the unique property of self-renewal 

and the ability to generate differentiated progeny in all embryonic lineages both in 

vitro and in vivo, having been extensively studied for the molecular characteristics 

that permit them to achieve and maintain their pluripotency.  

 
A large number of organisms are able to regenerate body parts. It has been 

recognized also for many years that there are cells in adult mammalian tissues that 

are involved in maintaining the homeostasis in tissues that are constantly replacing 

their cell populations, like skin, blood, hair and gut epithelium (Bryant et al., 2002). 
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In contrast to ESCs, somatic stem cells (SSCs) are maintained by self-renewal and 

differentiate into function-specific cells in order to replace dead and injured cells in 

various tissues (reviewed in Naveiras and Daley, 2006; Teo and Vallier, 2010).  

 
Oct4, along with transcriptional co-regulators Nanog and Sox2, is critical to maintain 

an undifferentiated and pluripotent state of human and mouse embryonic stem cells 

as well as early embryonic cells (Nichols et al., 1998; Pesce and Scholer, 2001; 

Avilion et al., 2003; Chambers et al., 2003; Mitsui et al., 2003; Loh et al., 2006; 

Niwa, 2007). They positively regulate genes responsible for the ES cell phenotype 

whilst repressing transcription of genes required for inducing differentiation through 

a gene dosage effect (Stefanovic and Puceat, 2007). In 2007, Lavial and colleagues, 

prove it to be also required for chicken embryonic stem cells pluripotency 

maintenance and continued proliferation, establishing that mechanisms by which 

genes like oct4 regulate pluripotency and self-renewal are not exclusive to mammals 

(Lavial et al., 2007). 

 
In a major breakthrough in regenerative medicine, somatic mammalian cells (mouse 

fibroblasts) were epigenetically reprogrammed to a pluripotent state (iPS, induced 

pluripotent stem cells) through the exogenous expression of the transcription factors 

Oct4, Sox2, Klf4, and c-Myc. Unexpectedly, Nanog was expendable (Takahashi and 

Yamanaka, 2006). Although the combinations needed to, in vitro, induce 

pluripotency in different cell types may vary, Oct4 has been an obligatory component 

of the cocktail, suggesting a pivotal role for Oct4 in maintaining the self-renewal and 

pluripotent state of those cells. 

 
Self-renewal process is generally describe as a parallel cellular event of proliferation, 

differentiation and apoptosis, and known to be controlled by intrinsic genetic 

pathways that are subject to regulation by extrinsic signals from the 

microenvironment in which those cells reside (Zhang and Li, 2005; Haegebarth and 

Clevers, 2009), and that shares many features with epithelial renewal as we prove in 

this thesis. 
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The AER’s importance in vertebrate limb development has been extensively 

demonstrated. This specialized ectoderm rim along the distal edge of the limb bud 

controls proximal-distal growth by maintaining PZ cells in an undifferentiated and 

proliferative state.  

AER is an epithelial transient structure maintained by a fine-tuned balance between 

cell proliferation and cell death. As we thoroughly described, AER is sustained 

throughout development by a coordinated network of signalling pathways during 

limb development.  

To date, little was known on the behaviour of AER cells and the dynamic of cell 

renewal at the most distal tip of the limb during development.  

 

IV.1.1 The stemness marker, Oct4 

 
Oct4, a transcription factor that contains a POU-specific domain and a POU 

homeodomain (Fig. 11) and belongs to the class V POU homeodomain family of 

transcription factors, was recently identified in chicken, exhibiting high similarity 

with other members of the family (Lavial et al., 2007). This molecule is a key factor 

in maintaining the undifferentiated state (self-renewal) and pluripotency of human 

and mouse embryonic stem (ES) cells as well as early embryonic cells (Nichols et 

al., 1998; Pesce and Scholer, 2001; Niwa, 2007), instructing stem cell fate through a 

gene dosage effect (Stefanovic and Puceat, 2007).  

 

 
 
Figure 11.  Schematics of human oct4. The predicted protein molecular weight in kDa is 
shown at the left protein. The numbers above the protein show the amino acid position at the 
start of the DNA binding domain and at the C terminus. DNA binding subdomains (POUS 
and POUH) are annotated. Adapted from Kang et al., 2009. 
 

multiple housekeeping gene loci in ES cells [23–25]. The
static nature of these targets has led to the interpretation
that Oct1 and Oct4 are static transcription factors,
although several lines of evidence have helped to disman-
tle this idea. In the absence of Oct1 (or any other octamer
motif-binding activity) there is little change in the expres-
sion of multiple housekeeping targets such as histone H2B,
U2 and U6 snRNA, and Polr2a [2,13]. Instead of affecting
cell viability, loss of Oct1 confers hypersensitivity to
genotoxic and oxidative stress agents such as ionizing

radiation, doxorubicin and hydrogen peroxide [15]. Oct1
responds to these stress agents by inducibly binding to a
subset of these targets, including Polr2a and Taf12,
through mechanisms that will be summarized below.
The traditional prediction from these results is that the
expression of these targets should be modulated (up or
down) in wild-type cells but not in Oct1-deficient cells
after stress exposure. Interestingly, this prediction is
incorrect: wild-type cells show stable Polr2a expression
after stress exposure whereas Oct1-deficient cells display

Figure 2. POU domain transcription factor expression patterns and inter-relationships. Schematics of the most common isoforms of the human POU family members are
shown. The upper group constitutes the Oct subfamily. The lower group is composed of POU domain proteins that lack specificity for the octamer motif. The predicted
protein molecular weight in kDa is shown at the left of each protein. The tissues in which prominent expression is observed are shown on the right. The numbers above
each protein show the amino acid position at the start of the DNA binding domain and at the C terminus. Beneath each protein is the percentage identity to Oct1 for the
equivalent DNA binding subdomain (POUS and POUH), and the number of amino acids in the linker region between the two subdomains. CNS: central nervous system. ICM:
inner cell mass.

Box 1. iPS cell induction requires Oct4

iPS cells have been generated from somatic cell types corresponding
to all three germ layers (endoderm, ectoderm, mesoderm) using
various approaches involving small molecules and transduced factors
[10]. These reprogrammed cells, which appear to be indistinguishable
from ES cells, can differentiate into all three germ layers and can form
teratomas in vivo. Additionally, murine iPS cells can generate
complete viable and fertile animals just like their ES cell equivalents.
Despite the breadth of different protocols used to generate iPS cells,
and the differing efficiencies depending on the protocols employed,
Oct4 is a common requirement (Table I).

Table I. Known iPS cell inducers
Factors Compounds Reference

Oct4 Sox2 Klf c-Myc None [9]
Oct4 Sox2 Klf4 None [17,18]
Oct4 Sox2 Nanog LIN28 None [19]
Oct4 Sox2 valproic acid [20]
Oct4 Klf4 BIX-01294, BayK8644 [21]
Oct4 Sox2 Esrrb None [22]

Review Trends in Biochemical Sciences Vol.34 No.10
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In the absence of oct4, ES cells lose the capacity to self-renew and subsenquently 

differentiate into extra-embryonic trophectoderm (Hough et al., 2006; Niwa, 2007). 

Moreover, when overexpressed in epithelial tissues, Oct4 blocks progenitor-cell 

differentiation (Hochedlinger et al., 2005). Besides that, Oct4 is also required for the 

maintenance of chicken embryonic stem cells (cESC) pluripotency and continued 

proliferation (Lavial et al., 2007). 

In addition to its role in ES cells, oct4 is also required for the maintenance of the 

germ cell lineage (Kehler et al., 2004). 

In both ESCs and embryonic carcinoma cells, expression of oct4 is strong and 

rapidly downregulated during RA-induced differentiation (Pikarsky et al., 1994; 

Schoorlemmer et al., 1994; Lavial et al., 2007).  
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AIMS 
 

The necessity of the Apical Ectodermal Ridge (AER) in limb development has long 

been established. The existence of an intricate network of signals between the AER 

of the developing limb and the cells that lye underneath is responsible for the correct 

outgrowth and patterning of the limb along development. 

 
In this thesis, we intended to clarify the role of flrt3, a known modulator of FGF 

signalling during limb development, aiming to: 

• Characterize the expression profile of flrt3 during chick limb development 

• Compare the expression pattern of different members of the flrt family of 

genes to analyse possible redundant or differential functions 

• Explore the effects of flrt3 missexpression in the limb patterning and AER 

formation and maintenance 

• Study the involvement of known limb signalling pathways in the regulation 

of flrt3 gene expression 
 

We were also interested in characterize and understand the mechanism behind apical 

ectodermal ridge renewal along development and uncover genes that might be 

responsible this renewal, such as oct4, a known key factor in maintaining an 

undifferentiated state (self-renewal) and pluripotency of ESCs. Therefore, we 

specifically aimed to: 

• Characterize the expression pattern of oct4 during chick limb development 

• Describe and analyse the profiles of proliferation and cell death at the AER 

• Explore the effects of oct4 overexpression in AER  

• Understand the relationship between the genetic cascades responsible for 

AER activity and oct4 expression 

• Uncover other candidate oct4 co-regulator genes 
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             CHAPTER I   

- Flrt3 as a key player in Limb Development - 

 
(Part of the results presented in this chapter are unpublished and have been 

 submitted to publication) 
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I Flrt3 as a key player in Limb Development 

 
Overview 
 
The importance and requirement of the AER is a conserved feature in the process of 

vertebrate limb development (reviewed in Fernandez-Teran and Ros, 2008). 

Although extensive studies have been carried out, the molecular mechanisms 

controlling the initiation and maintenance of the AER are still far from understood.  

Maintenance of limb bud outgrowth is due to the action of signals emanating from 

the AER, namely FGF8, that are able to induce the expression of fgf10 in the 

underlying mesenchyme which, in turn, signals back to the AER resulting in the 

establishment of a reciprocal positive feedback loop responsible for each one’s 

expression (Xu et al., 1998; Lizarraga et al., 1999). It has been also established that 

Wnt/β-catenin activity, in particular Wnt3a, is required for the induction of fgf8 

expression in the AER (Kawakami et al., 2001; Logan, 2003).  

At the intracellular level, FGF activity induces different MAP kinase cascades, 

including the Ras/ERK pathway in the AER and the PI-3K pathway in the PZ. As a 

result, during limb bud development, phosphorylated ERK can be detected in the 

AER but not in the PZ, and FGF8 is responsible for the induction of an ERK 

inhibitor, mkp3, in the PZ, through PI-3 kinase activation. In this context, the 

activation of ERK in the AER is responsible for its integrity and proper function, and 

MKP3 antagonism in the distal mesenchyme accounts for cell survival in that area 

(Eblaghie et al., 2003; Kawakami et al., 2003).  

Members of the Fibronectin Leucine-Rich Transmembrane (flrt) gene family encode 

putative single pass transmembrane proteins with conserved domain structure among 

vertebrates, which include a putative signal peptide, ten leucine-rich repeats (LRR), a 

type III fibronectin domain, a transmembrane domain, and a short intracellular tail 

(Lacy et al., 1999; Haines et al., 2006). FLRT3 is the family member that has been 

more extensively characterized (Bottcher et al., 2004; Haines et al., 2006).  
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Xenopus flrt3 was identified as a gene with a similar expression pattern to FGF 

signalling molecules, particularly at the midbrain/hindbrain boundary (Bottcher et 

al., 2004). It is involved in the activation of ERK by FGFs. Moreover, it has been 

described that flrt3 is able to modulate FGF signalling, to interact with the FGF 

receptor enhancing the activation of the FGF pathway and to be regulated by FGF 

signalling (Bottcher et al., 2004). In the mouse, flrt3 mRNA was detected in regions 

known to express FGF signalling components and in areas affected by FGF 

signalling (Haines et al., 2006). As an example, Flrt3 activity at the 

midbrain/hindbrain boundary in mouse correlates with the role of FGFs in the 

formation of and signalling from the isthmus (Carl and Wittbrodt, 1999; Trokovic et 

al., 2003). Flrt3 knockout embryos exhibit defects in ventral closure, headfold fusion 

and definitive endoderm migration, as well as rupture of the anterior visceral 

endoderm caused by disarrangement of the basal membrane, suggesting that cell 

adhesion is affected upon flrt3 ablation (Egea et al., 2008; Maretto et al., 2008). 

 

In this chapter, we show that expression of the chicken flrt3 in the AER co-localizes 

with FGF expression and ERK activation, supporting the known role of FGFs in limb 

formation (Lewandoski et al., 2000; Smith and Tickle, 2006). We also show that flrt3 

is an important player during chicken limb development maintaining the integrity 

and proper activity of the AER during limb bud development under the control of 

BMP and WNT signalling. Moreover, we draw some parallels of expression with the 

zebrafish flrt3 and other flrt genes. 
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I.1 FLRT3 phylogenetic analysis 

 
Flrt3 is the best-characterized member of this family of Fibronectin Leucine-Rich 

Transmembrane (flrt) genes. An open reading frame encoding for 675 amino acids, 

the largest of the group, was identified and compared with the 648 aminoacids of 

Xenopus, and the 640 of zebrafish, mouse and human. The chicken flrt3 is highly 

homologous to FLRT3 from other vertebrates (Fig. 12B), as it shares 85,6% of 

amino acids with its mouse homologous, and 71,4% with the zebrafish one (Fig. 

12C). Homology is especially high in the Leucine-rich repeats (LRR) domains and in 

the small intracellular portion. 
 

A. 

 

 

 
 - Leucine-Rich Repeats   - Transmembrane domain 
 - Leucine-Rich repeats (LRRs), ribonuclease inhibitor (RI)-like subfamily 
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B. 

Species GeneBank  
Accession Number Identity (%) 

 

Gallus Gallus XP_426107 Protein 
vs. Homo sapiens NP_938205 86,6% 
vs. Mus musculus NP_848469 85,6% 
vs. Danio rerio XP_687230 71,4% 

vs. Xenopus laevis NP_001080928 81,1% 
 

C. 

 
 

Figure 12.  Family relationship, sequence and structural comparison of flrt3. A, 
ClustalW alignment of FLRT3 protein representatives of other major vertebrate groups 
(human, mouse, Xenopus laevis and zebrafish. Amino acids are colour-coded by consensus, 
from red to blue. Identical residues are indicated by dots, different residues in red. The lines 
above the sequence indicates regions of interest, as described below A. B, percentage of 
protein similarity between chicken flrt3 and human, mouse, Xenopus laevis and zebrafish. C, 
An evolutionary tree showing the phylogenetic distance among FLRT3 proteins.  
 
 
The divergence between proteins generally matches known evolutionary 

relationships (Fig. 12C).  

 

I.2 Danio rerio’s flrt3 

 
zFlrt3 was identified in a large scale analysis of gene expression by whole mount in 

situ hybridization during zebrafish embryogenesis and larva stages using templates 

provided by the ZFModels (zebrafish model for Human Development and Disease) 

consortium (Thisse et al., 2004). 

We isolated a partial cDNA clone for the zebrafish flrt3 through RT-PCR. A BLAST 

search of the GenBank® database showed only one annotation for flrt3, and two for 
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each of the other two flrt family members, showing that there was no gene 

duplication of flrt3 in Danio rerio. The clone obtained was sequenced and blasted 

against GenBank® database to confirm its identity. The sequence agreed with the 

latest release of the zebrafish genome project (Zv8).  

 

 
 
Figure 13.  Expression Pattern of flrt3 in Danio rerio. In situ hybridisation for zflrt3. A-C, 
different perspectives of a zebrafish embryo at 12 hpf; D-F, zebrafish embryo at 16 hpf; G-J, 
zebrafish embryo at 24, 36 and 48 hpf, highlighting the pectoral fin along development. K-M, 
close-ups of the developing pectoral fin, note the expression of flrt3 in the mesenchyme, also 
observed in N and O. e, eye; mhb, midbrain-hindbrain boundary; hb, hindbrain; kv, kupffer 
vesicle; plpm, posterior lateral plate mesoderm; s, somite; tb, tailbud; ov, otic vesicle;  
r, retina; pf, pectoral fin. 
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I.2.1 Gene expression pattern of flrt3 during zebrafish development 
 
To elucidate the expression pattern of flrt3 during teleost development, we 

performed whole-mount in situ hybridisation analyses. The earliest signal of flrt3 

was observed at 50% epiboly in the endoderm and in the margin. At 12 hpf (hours 

post-fertilization) is observed in the developing eye (Fig. 13A, white arrow), 

midbrain-hindbrain boundary (Fig. 13A, black arrow), hindbrain, along the lateral 

plate mesoderm, in the somites and the in the kupffer vesicle (Figs. 13B,C). By 16 

hpf the staining become more evident in the somites and in the ventral part of the tail 

bud (Fig. 13D, white arrow). Flrt3 expression can still be found in the eye, 

diencephalon-mesencephalon border, midbrain-hindbrain boundary, and hindbrain.  

The pectoral fins, at 24 hpf are clearly stained for the presence of flrt3 transcripts 

(Fig. 13G, white dashed line), as well as the retina (Figs. 13G, white arrow), dorsal 

diencephalon, mesencephalon, branchial arches and otic vesicles (Figs. 13G-I). 

During Pharyngula period, from 24 hpf to 48 hpf, expression of flrt3 can be found, 

like in younger embryos, at known centers of FGF signalling in the developing fin, 

brain, eye, and ear (Fig. 13G-I). It becomes evident that flrt3 expression in the 

pectoral fins is restricted to the mesenchyme (Fig. 13J,K), as it can be observed in 

the magnification (Figs. 13L-P), complementary pattern observed in the chicken and 

mice homologues, where flrt3 is expressed in the AER (Haines et al., 2006; Smith 

and Tickle, 2006; Tomás et al., 2010). No flrt3 transcripts can be detected in the 

pectoral fin 62 plus hpf, suggesting a role for zflrt3 in the maintenance of the AER. 

 

I.2.2 Immunolocalization of FLRT3 during pectoral fin development 
 
Immunohistochemistry studies were performed in embryos from 12hpf to 72hpf, 

both wholemount and in sections. Two antibodies against the human FLRT3 are 

commercially available. We have tested it on zebrafish embryos. 

We have identified FLRT3 protein in cells that constitute the dermomyotome, 

branchial arches, and the developing retina (Fig. 14A-D), correlating with the 

structures where the flrt3 mRNA is expressed. However, in the pectoral fin, we have 
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immunolocalized FLRT3 to the apical fold (Fig. 14E), instead of the mesenchyme, as 

for the mRNA (Fig. 13M). 

 

  
 
Figure 14.  Immunolocalization of flrt3 in Danio rerio. Immunohistochemistry with anti-
FLRT3 antibody in wholemount zebrafish embryo (A-D) along development. FLRT3 protein 
correlates with the flrt3 expression pattern with the exception of the pectoral fin, here 
detected at the apical fold. E, cross section of 64hpf zebrafish embryos, showing specific 
membrane staining of apical ectodermal fold (AEF) cells with anti-FLRT3 antibody; FLRT3 
(red), nuclei are counterstained with DAPI (blue). 
 

 

I.3 Gallus gallus’s flrt3 
 

I.3.1 Flrt3 expression is restricted to the AER and coincides with that of fgf8 
and pERK activity 

 
In order to determine the role of flrt3 in the development and patterning of the 

vertebrate limb, we started by examining the spatial and temporal expression pattern 

of flrt3 mRNA by in situ hybridisation and protein localisation by 

immunohistochemistry during chicken limb development.  

Chicken flrt3 is expressed at stage 11HH in the neural ectoderm, at the developing 

optic placodes and in the neural crest cells around the otic placodes (Fig. 15A, white 

arrow). Flrt3 transcripts are also found along the anterior-posterior (AP) axis in the 

somites (Fig. 15A, black arrow) and at lower levels in the presomitic mesoderm. As 

the somites differentiate, flrt3 expression becomes restricted to the region of the 
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dermomyotome closer to the neural tube (Fig. 15C, arrows). Flrt3 can also be found 

in the head at the midbrain-hindbrain boundary, in the optic vesicle (Figs. 15C, E 

black arrow), in the branchial arches (Figs. 15C, D, E white arrow) and in the tail 

bud.  

During limb bud development, flrt3 transcripts are first detected in the ectoderm of 

the prospective limb fields at stage 14HH (Fig. 15B). By stage 16-18HH expression 

expands over the whole ectoderm of the limb bud (Figs. 15C, 2A) and as the limb 

bud grows and the limb ectoderm condenses to form the Apical Ectodermal Ridge, 

flrt3 expression becomes restricted to the thickened ectoderm of the AER (Figs. 15D, 

E), co-localizing with fgf8 and pERK activity (Mahmood et al., 1995; Kawakami et 

al., 2003)  
 

 
 

Figure 15.  Expression Pattern Pattern of flrt3 in Gallus gallus. In situ hybridisation for 
flrt3. A, chicken embryo at stage 11HH; arrows indicate localized expression of flrt3 in the 
somites (black arrow) and around the otic placodes (white arrow). B, chicken embryo at stage 
14HH; * indicates localized expression of flrt3 in the limb field. C, chicken embryo at stage 
18HH, flrt3 expression is restricted to the epaxial dermomyotome closer to the neural tube 
(arrows). At 19 and 23HH (D and E) flrt3 is expressed in the apical ectodermal ridge (AER, 
arrows in D), the developing eye (E, black arrow) and in the branchial arches (E, white 
arrow). 
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Flrt3 expression at the AER is maintained during limb bud outgrowth, disappearing 

as the AER regresses (Figs. 16A-D). The presence of specific AER flrt3 mRNA 

transcripts can be observed in a transverse section of a stage 22HH forelimb (Fig. 

16F). MKP3, a p-ERK inhibitor, is expressed in a complementary pattern to flrt3 

(Fig. 16E). There is a clear delay in expression along the AP axis. Although flrt3 

expression pattern is identical in both forelimbs and hindlimbs, flrt3 expression in 

hindlimbs is delayed.  

 

 

 
 

Figure 16.  Expression Pattern of flrt3 in Gallus gallus. In situ hybridisation for flrt3. A-D, 
a series of stages can be observed where condensation of epithelial cells that will form the 
AER becomes evident due to flrt3 staining, beyond stage 19HH to stage 29HH flrt3 
expression is restricted to AER. E, Transverse section of an in situ hybridisation for mkp3 at 
stage 22HH limb bud; note the complementary expression pattern to flrt3. F, Transverse 
section of an in situ hybridisation for flrt3 at stage 22HH limb bud. G, Immunohistochemistry 
in a stage 22HH cross section, showing specific membrane staining of AER cells with anti-
FLRT3 antibody; FLRT3 (red), Laminin (green); nuclei are counterstained with DAPI (blue). 
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I.3.2 Immunolocalization of FLRT3 during limb development 

 
Immunohistochemistry studies were performed in sections of stage 10HH to 29HH 

chick embryos. We have identified FLRT3 protein in the membranes of cells that 

constitute the developing limb, dermomyotome, branchial arches, and the developing 

retina, correlating with the structures where we previously have described flrt3 

mRNA to be expressed (Figs. 15,16). 

During limb bud development FLRT3 is immunolocalized at stage 14-15HH all over 

the ectoderm and as the ectoderm condenses to form the AER, the FLRT3 protein 

becomes restricted to the distal ectodermal cells (stage 18HH; Fig. 17A). Finally, it 

localises to the membranes of AER cells (Fig. 19C) and a small portion of the 

surrounding ectoderm until it completely disappears with the regression of the 

structure (Fig. 18). 

 

 
 

Figure 17.  Immunolocalization of FLRT3. Immunohistochemistry with anti-FLRT3 
antibody in chicken embryo transverse sections. Chicken embryo at stage 21HH where the 
FLRT3 protein can be detected at the otic vesicle (A), developing eye (B), the epaxial 
dermomyotome closer to the neural tube (C), and at the developing limb (D). FLRT3 is 
detected at the most distal part of the limb in the apical ectodermal ridge (AER). FLRT3 
(red), nuclei are counterstained with DAPI (blue). 
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Figure 18.  Immunolocalization of FLRT3 at the developing limb. Immunohistochemistry 
for FLRT3 (red) and Laminin (green) in a serie of tranverse section of the developing AER: 
A, 18HH; B, 22HH; C, 29HH; nuclei are counterstained with DAPI (blue).  
 

 
 
Figure 19.  Immunolocalization of FLRT3 at the developing limb. Immunohistochemistry 
for FLRT3 (red), Laminin (green), and phaloidin(Blue) in a serie of tranverse section of the 
AER of a stage 22HH chicken embryo. Nuclei are counterstained with DAPI (blue/cyan).  
 

 
I.3.3 Overexpression of flrt3 in the limb ectoderm induces ectopic ridges and 

enlargements of the pre-existent AER 
 

In gain and loss-of-function experiments in Xenopus, FLRT3 was shown to mediate 

FGF signalling (Bottcher et al., 2004). Considering the key importance of FGF in 

limb initiation and outgrowth, we investigated the role of flrt3 in the formation and 

maintenance of the AER.  
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A pCAGGS-flrt3 vector was co-electroporated with pCAGGS-AGFP (control) into 

the ectoderm of stage 13-14HH chicken limb fields, and expression was examined 

24h to 96h post-electroporation. Electroporation with pCAGGS-AGFP alone induced 

no significant changes in gene expression or limb morphology (Fig. 20).  

 

 
 
Figure 20.  Gain-of-function studies for flrt3 in Gallus gallus. Control of GFP-
fluorescence in electroporated embryos, 48h post-manipulation. Embryos were co-
electroporated with an expression pCAGGS vector harbouring the full-length chicken flrt3 
and pCAGGS-AGFP. 
 

 Phenotype observed Nº. limbs % of limbs 

Normal 81 93% 
Abnormal 6 7% GFP 

Total 87   
Normal 49 47% 
Enlargements 29 28% 
Projections 7 7% 
Both 19 18% 

53% 
Full-length 

Flrt3 

Total 104   
 

Table 1 - Phenotypes upon flrt3 overexpression studies. pCAGGS-AGFP electroporation 
used as controls. 
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Phenotypes obtained with overexpression of flrt3 on limb ectoderm could be mainly 

classified in two groups (Figs. 22D, C’): enlargements and projections of the AER. 

Such phenotypes were observed in 53% of pCAGGS-flrt3 electroporated embryos 

(n=104) (Table 1).  

 
Limb outgrowth is maintained by a constant crosstalk between different tissues, thus 

became relevant to analyse the effect of a shift in this fine-tuned molecular balance. 

Excess of flrt3 transcripts give rise to enlargements of the pre-existing AER both 

over the dorso-ventral and anterior-posterior axes of the structure, which is evident 

from in situ hybridisation for the AER marker fgf8 at 24h and 48h post-

electroporation (Figs. 21A, C, C’ and B, D, D’, respectively). In agreement with the 

increase in FGF signalling from the AER, Mkp3 shows an expansion of its 

expression domain (Figs. 21A, B).  

 
At the non-AER ectoderm, excess of flrt3 transcripts promote the development of 

projections from the AER (Figs. 22B, C’). These ectopic ridges appear to be 

extensions of the pre-existing AER towards the dorsal and ventral sides of the limb 

bud. Among the different phenotypes obtained we can distinguish main ectopic 

ridges, closer to the pre-existing AER and approximately the same width (Figs. 21B, 

22A), and secondary ectopic ridges, thinner and further apart from the AER (Figs. 

22B, C arrows). Although flrt3-positive (Fig. 22B) these ridges do not express fgf8 in 

its full ectopic-extension (Figs. 21B and 22A, B’). 

 
To test if AER expansions induce changes in the dorso-ventral patterning, several in 

situ hybridisations with dorso-ventral markers were performed. In the ventral 

ectoderm, en-1 expression is required to inhibit lmx-1 expression from the dorsal 

mesoderm (Johnson and Tabin, 1997). Upon transformation of the ectoderm by 

excess flrt3 we observe a deregulation of en-1 expression (Figs. 21E, F). The genetic 

interactions involved in AER formation and specification of dorsal pattern are 

scrambled and the ventral ectodermal boundary is loose on the enlarged AER. The 

ventral en-1-positive ectoderm domain is absent from the enlarged ridge and patches  
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Figure 21.  Gain-of-function studies for flrt3 in Gallus gallus. Embryos electroporated 
with an expression pCAGGS vector harbouring the full-length chicken flrt3 cDNA: 24h, 48h 
and 72h after manipulation. A, B, C’, D’, E, F, G, and H-K are manipulated limbs. B’, C, D, 
F’, G’, are counterlateral control limbs. A-B’, double in situ hybridisation for fgf8 (blue) and 
mkp3 (red) expression 24h (A) and 48h (B, B’) post-electroporation; note the extended 
pCAGGS-flrt3 electroporated limb (A, arrows) compared with the control, and the AER 
enlargement and formation of projections in B. C-D’, cross sections of wholemount in situ 
hybridisation for fgf8 expression (blue) showing an enlarged fgf8-positive AER, 24h (C, C’) 
and 48h (D, D’) after manipulation. E-F’, double in situ hybridisation for fgf8 (red) and en-1 
(blue) expression 48h post-electroporation; patches of en-1 expression are observed in the 
newly formed boundary upon transformation of the ectoderm with excess flrt3. G-I, double in 
situ hybridisation for fgf8 (red) and lmx-1 (blue) expression 48h (G) and 72h (H) post-
electroporation; the dorsal mesenchymal marker lmx-1 extends its domain of expression 
towards the areas affected by excess FGF signalling (E), generating a invasion of the dorsal 
territory towards the ventral part (H). I-J’, dorsal (I, I’) and top (J-J’) view of a 48h post-
electroporation embryo stained for fgf8 (red) and gremlin (blue); note the enlarged fgf8-
stained AER (J, black arrows) and the extended gremlin domain in I and J.  
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of en-1 expression are observed in the newly formed boundary (Figs. 21E-F’). In one 

case, due to the deregulation of en-1, the dorsal mesenchymal marker lmx-1 extends 

its expression domain towards the areas affected by excess of FGF signalling, 

generating an invasion of the dorsal territory towards the ventral part (Fig. 21H). 

Overexpression of flrt3 leads to deregulation of en-1 expression (Figs. 21E, F). The 

genetic interactions involved in AER formation and specification of dorsal pattern 

are scrambled and the ventral ectodermal boundary is loose on the enlarged AER. 

The ventral en-1-positive ectoderm domain is absent from the enlarged ridge and 

patches of en-1 expression are observed in the newly formed boundary (Figs. 21E-

F’). In one case, due to the deregulation of en-1, the dorsal mesenchymal marker 

lmx-1 extends its expression domain towards the areas affected by excess FGF 

signalling, generating an invasion of the dorsal territory towards the ventral part (Fig. 

21H).  
 

 
 
Figure 22.  Ectopic ridges are formed upon transformation of the ectoderm with excess 
flrt3. Embryos electroporated with an expression pCAGGS vector harbouring the full-length 
chicken flrt3 cDNA: 48h and 72h after manipulation. A, double in situ hybridisation for fgf8 
(red) and lmx-1 (blue) expression 72h post-electroporation; ectopic AERs induced after flrt3 
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overexpression are fgf8-positive in all its A-P extension but only in the vicinity of the original 
AER, and maintain their ventral identity. B-B’, double in situ hybridisation for flrt3 (blue; B 
prior to fgf8 probe developing) and fgf8 (red) expression 48h post-electroporation; ectopic 
AERs (B, black arrows) induced after flrt3 overexpression are flrt3-positive in all their 
extension but only fgf8-positive in the vicinity of the original AER (B’, arrows). C-D, 
Scanning Electron Micrograph of pCAGGS-flrt3 electroporated embryos 72h after 
manipulation; Control in Anex I; C’ is a detail of the phenotype shown in C, zooming on the 
projections towards the dorsal side of the limb bud and enlargement of the pre-existing AER 
(D).  
 

In order to prove that the excess of FGF signalling and subsequent enlargement of 

AER territory could be due to a deregulation of the FGF or BMP expression at the 

AER, we checked if gremlin, the main BMP antagonist required for early limb 

outgrowth and patterning (Merino et al., 1999; Khokha et al., 2003), was upregulated 

upon flrt3 overexpression. We have observed an enlargement of gremlin’s expression 

territory towards the posterior part of the limb bud (Fig. 21I), associated with an 

enlargement of the AER and subsequent fgf8 upregulation in that area (Fig. 21J). 

 

I.3.4 Silencing of flrt3 affects the integrity of the AER  
 
Given that ectopic expression of flrt3 in the limb field of 14HH chicken embryos 

triggers the onset of signalling cascades that culminate in the induction of ectopic 

ridges, we tested if removal of the endogenous flrt3 expression during limb bud 

development affects normal development.  

Silencing of flrt3 was achieved by co-electroporation into the ectoderm of both 

pCAGGS-AGFP (control) and a pSUPER plasmid that directs intracellular synthesis 

of short interfering RNA (siRNA)-like transcripts specifically targeting flrt3. 

Embryos were manipulated at stage 12-16HH, and examined 24h to 96h post-

electroporation. As shown before, electroporation of pCAGGS-AGFP alone induced 

no significant changes in gene expression or limb morphology, and neither did 

mismatch siRNA (Table 2; Fig. 23). 

Upon flrt3 silencing by electroporation of siRNA, 31% of the embryos presented 

alterations to normal limb morphology (n=86). A wide range of phenotypes was 

observed, and the severity correlates with the size of flrt3-siRNA+PCAGGS-AGFP 
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electroporated area. Phenotypes obtained from silencing of flrt3 vary from small 

indentations along the AER, shown by discontinued fgf8 expression (Fig. 24A), to 

complete disruptions of AER integrity leading to impairment of limb development 

(Fig. 24G) (Table 2). Residual levels of flrt3 expression (Figs. 24B, C) appear to be 

enough to promote initiation and outgrowth of the remaining limb bud (Fig. 24F).  

 

 
 

Figure 23.  Loss-of-function studies for flrt3 in Gallus gallus. Control of GFP-fluorescence 
in electroporated embryos.  
 
 

 Phenotype observed Nº. limbs % of limbs 

Normal 54 92% 
Abnormal 5 8% 

Mismatch 
Flrt3 RNAi 

Total 59   
Normal 86 69% 
Slightly square 10 8% 
Indented 20 16% 
Mild truncation 6 5% 
Truncation 2 2% 

31% Flrt3 RNAi 

Total 124   

 

Table 2 - Phenotypes upon flrt3 RNA interference studies. pCAGGS-AGFP (data showed 
in Table 1) and mismatch Flrt3 RNAi electroporation used as controls. 
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The effect of flrt3 silencing can also be observed in the distal mesenchyme that 

responds to AER signals through the loss of expression of msx1 in progress zone 

cells (Fig. 24D).  

Morphological effects of flrt3 loss-of-function experiments become evident in 

scanning electron micrographs of a stage 27HH embryo, where the well-defined 

ridge normally present at the distal margin was discontinuous or completely absent in 

some places (Fig. 24F). In two cases, a complete lack of the limb was observed with 

the consequent loss of its skeletal pieces (Fig. 24G).  

 

 
 
Figure 24.  Loss-of-function studies for flrt3 in Gallus gallus. A-C, AER loss of integrity 
in embryos 72h post-flrt3-dsRNA electroporation as shown by in situ hybridisation for fgf8 
(A) and flrt3 (B, C). D, in situ hybridisation for the PZ marker msx1, also affected by flrt3 
downregulation. E, observed phenotype 96h post-electroporation with flrt3-dsRNA. F, 
Scanning Electron Micrograph of a flrt3-dsRNA electroporated limb; note that a small cluster 
of isolated AER cells is still able to promote outgrowth of part of the limb (E, F, white 
arrows; close up in F; control limb in Annex I - Fig. 44). I, complete truncation of the limb in 
a 72h flrt3-dsRNA electroporated embryo stained for cartilage with Alcian green.  
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I.3.5 Flrt3 expression is not regulated by FGF activity, although ectopic 
Wnt3a is able to induce flrt3 

 

Studies by Bottcher et al. (2004) suggest that expression of xflrt3, the Xenopus laevis 

homologue, is induced by FGF signalling. Spatial and temporal localization of cflrt3 

during normal limb bud development as shown before (Fig. 16) together with results 

from gain- and loss-of-function studies suggest a key role for flrt3 in the initiation 

and maintenance of the AER in Gallus gallus. 

Therefore, we examined the involvement of key proteins during limb development in 

the regulation of flrt3 expression. Beads soaked in several molecules known to be 

directly related to processes leading to induction, growth and shaping of the limb 

were applied at the most anterior part of stage 20-21HH limb buds, close to the AER. 

Control beads soaked in PBS showed no effect on flrt3 expression (annex I - Fig. 

45A).  

 
Several FGF family genes are responsible for AER activity. Of the 17 known FGF 

genes, 5 are expressed in the distal part of the established limb bud, 4 in the AER 

(Fgf2, Fgf4, Fgf8, Fgf9), and 2 in the mesenchyme underlying it (Fgf2, Fgf10). Their 

role is to provide AER function, either directly or indirectly, controlling proximal-

distal outgrowth of the bud maintaining the distal progress zone cells in a 

proliferative state (Niswander, 1992; Mahmood et al., 1995; Savage and Fallon, 

1995; Martin, 1998; Montero et al., 2001; Boulet et al., 2004; Kurose et al., 2004). 
 

We tested if any of these FGFs were able to induce flrt3 expression. In our model, 

we have observed that flrt3 expression is not regulated by FGF activity from the 

ectoderm such as FGF2, 4 and 19, although FGF8 applied to the anterior part of the 

AER seems to be inhibiting flrt3 expression (Figs. 25A). 

 
SU5402 is a commercially available molecule that competes with FGFs for their 

receptors, therefore inhibiting its activity. SU5402 applied to the anterior distal part 

of the mesenchyme in close contact to the AER was shown to be responsible for the 

loss  of expression of  transcription  factors such as  sp8, 10h post-bead implantation  
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Figure 25.  Regulation studies of flrt3 expression in Gallus gallus limb development. B, E 
and G, are control limbs of A, D and F, respectively. (A and C) Inhibition of flrt3 expression 
10h and 20h, respectively, after treatment with FGF8. (D) Non-altered expression of flrt3, 
10h after treatment with FGF10. (F) Induction of ectopic expression of flrt3 by WNT3A, 20h 
after treatment. (H) Section of F, showing the flrt3 ectopic expression around the WNT3A 
bead. (I) 
 

 

 
 

Figure 26.  Regulation studies of flrt3 expression in Gallus gallus limb development. A, 
In situ hybridisation showing unaltered expression of flrt3 10h after treatment with SU5402. 
B, Double in situ hybridisation for flrt3 and mkp3 (both in blue); inhibition of flrt3 expression 
5h after treatment with BMP2 beads. Note the gap (arrows) on flrt3’s AER expression on the 
area of influence of BMPs. *, Bead location. 
 

(annex I - Fig. 45C,D) where transcription factors like sp8 are already induced 

(Kawakami et al., 2004). No induction or enlargement of flrt3 expression was 

observed in the distal epithelium (Fig. 26A). 
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In order to show if FGF activity from the progress zone is directly responsible for 

flrt3 induction in the AER we applied FGF10 beads to the developing limb. Embryos 

were fixed 5h and 10h post-implantation to assure a time window where there is no 

induction of other signalling molecules on the AER such as wnt3a and fgf8, but 

where transcription factors like sp8 are already induced (Kawakami et al., 2004). We 

found no alteration on flrt3 expression in the manipulated limbs as compared to the 

control ones on the same embryo (Figs. 25B, B’). 

Because wnt3a is a known inducer of fgf8 expression and because the establishment 

of the ridge (Barrow et al., 2003), and FGF activity do not seem to be involved on 

flrt3 induction, we further looked if wnt3a was directly inducing flrt3. Limbs treated 

with WNT3A show an elongation of the flrt3 expression domain in the apical 

ectoderm (Figs. 25C; compare arrows). Moreover, WNT3A is able to induce 

ectopically the expression of flrt3 in the mesenchyme around the bead (Fig. 25D). 

 

I.3.6 BMPs specifically inhibit flrt3 in the AER 

 
Bone Morphogenic Proteins (BMPs), as well as FGFs and WNTs, are key signalling 

molecules involved in limb development. Several BMP-family members such as 

bmp2, bmp4 and bmp7 are expressed in the AER (Geetha-Loganathan et al., 2006), 

being their main roles the establishment of the dorso-ventral axis, induction of 

apoptosis and maintenance of the integrity of the ridge. 

To study the BMP role in the control of flrt3, avoiding the initiation of activation of 

apoptotic genes by cells, embryos were sacrificed within 6h post-bead implantation. 

As a control, we performed in the same experimental limb in situ hybridisation for 

mkp3 and for flrt3. Results show no alteration on mkp3 expression 3h and 5h upon 

bead implantation (Fig. 26B), however a closer look at the AER shows a gap on flrt3 

expression on the area of influence of BMPs both 3h and 5h post-implantation (Fig. 

25E). These results support a role for BMP activity in flrt3 inhibition. 
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I.4 Gallus gallus’s flrt2 

 
In chicken, apart from flrt3, there is just one other family member identified, flrt2. 

We have previously shown (Tomás, 2006)(MSc thesis, unpublished data) that cflrt2 

is also present during chicken limb development, however, outside the AER and at 

later stages of development.  

 

 
 

Figure 27.  Expression pattern of flrt2 in Gallus Gallus. A, B, flrt2 transcripts are detected 
acompaning the formation of blood vessels. A, flrt2 is detected at stage 14HH in the anterior 
limb field. C-E, flrt2 is expressed in the flank, between the limbs, through stages 16 HH, 18 
HH e 23 HH, respectively. F, at stage 27, flrt2 can be detected at the insertion point of the 
forelimb in the flank and at its distal mesenchyme. H, I, flrt2 expression at the most distal 
part of the forming fingers of the wing (H) and leg (I, 32HH). From Tomás, 2006. 
 
 
Initially (14HH) expressed in the lateral plate mesoderm, at stage 18HH cflrt2 

expression is detected in the flank, between the forelimb and the hindlimb, and 

ventrally until the border with the amnion (Fig. 27C-E), being completely absent 

from the limb field until stage 25HH. At this stage flrt2-positive cells are observed 

invading the limb bud mesenchyme, (Fig. 27F) and by 27HH, they are clearly 

observed in the central limb mesenchyme. At stage 29HH, flrt2 transcripts are 

detected at the most distal tip of the forming digits (Fig. 27 I).  
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             CHAPTER II   

- Oct4 sustains Apical Ectodermal Ridge renewal - 

 
(Part of the results presented in this chapter are unpublished and included in a 

manuscript in preparation) 
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II Oct4 sustains Apical Ectodermal Rigde renewal 

 
Overview 
 
Signalling centres are groups of cells located at the primordia of tissues and organs 

that pattern these structures for proper morphogenesis. Formation and maintenance 

of signalling centres is tighly regulated, both spatially and temporally, being the 

vertebrate limb a paradigm in the study of these centres (Capdevila and Izpisua 

Belmonte, 2001; Niswander, 2003). 

The apical ectodermal ridge (AER), a thickening of the limb epithelium at its distal 

tip, controls proximal-distal growth by maintaining cells in the underlying 

mesenchyme in an undifferentiated and proliferative state, the called progress zone 

(PZ) (Bueno et al., 1996; Capdevila and Izpisua Belmonte, 2001). In Gallus gallus, it 

consists of a strip of pseudostratified columnar epithelium, covered by the overlying 

periderm, which runs along the distal dorso-ventral border of the limb bud. It starts 

as a flatten structure but becomes anatomically distinguishable at stage 18HH when 

the distal ectodermal cells acquire a columnar shape, making them easily 

distinguishable from the rest of the cuboidal ectoderm (Todt and Fallon, 1984). 

The formation of the AER can be divided into two processes. First, the induction of 

AER-precursor cells in the surface ectoderm that will migrate toward the dorsal-

ventral boundary and form the AER. Second, the maturation of the AER, resulting in 

the formation of the characteristic, thickened structure, maintained by a 

FGF8/FGF10 positive feedback loop (Carrington and Fallon, 1984; Ohuchi et al., 

1997; Lewandoski et al., 2000; Altabef and Tickle, 2002; Boulet et al., 2004; 

Fernandez-Teran and Ros, 2008). 

The mature AER is maintained through a tuned balance between proliferation and 

cell death for an additional 2 to 3 days, while mesenchymal skeletal progenitors 

continue to proliferate and differentiate until a fully patterned limb emerges. This 

equilibrium is genetically controlled but little is known about the molecules involved 
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in this process. The AER then regresses via programmed cell death and eventually 

flattens to a simple cuboidal epithelium. 

In addition to FGFs, ectodermal Wnt/ß-catenin and BMP signalling are essential for 

induction and maintenance of Fgf8 expression in AER (Kawakami et al., 2001; 

Pizette et al., 2001; Barrow et al., 2003; Soshnikova et al., 2003). Retinoic Acid (RA) 

signalling plays also an important role as it is required for limb bud initiation and 

then later acts as a proximalizing morphogenetic signal during AER formation 

(Mercader et al., 2000; Mic et al., 2004; Zhao et al., 2009). 

Oct4 is a key factor in maintaining an undifferentiated state (self-renewal) and 

pluripotency of human and mouse embryonic stem (ES) cells as well as early 

embryonic cells (Nichols et al., 1998; Pesce and Scholer, 2001; Niwa, 2007), 

instructing stem cell fate through a gene dosage effect (Stefanovic and Puceat, 2007). 

Oct4 was recently identified in chicken and shown to be required for the maintenance 

of chicken embryonic stem cells (cESC) pluripotency and continued proliferation 

(Lavial et al., 2007), proving that the mechanisms by which genes like oct4 regulate 

pluripotency and self-renewal are not exclusive to mammals.  

Most of the studies aiming to assess oct4 role in self-renewal and control of 

pluripotency are performed in in vitro models and therefore lack the morphologic 

and molecular context in which cells exist in an organ, either embryonic or adult.  

 

In this chapter we integrate oct4 in a somatic cell morphological context during 

chicken embryonic limb development. We here show evidences that oct4 controls the 

proliferative balance within the AER cells, that overexpression of oct4 in the limb 

ectoderm disrupts the ratio cell death/ proliferation and that this activity is under the 

control of the canonical Wnt pathway. We also describe a special localization and 

behaviour of proliferating cells in the AER that could be a response to oct4 activity 

in the developing vertebrate limb. 



AER ACTIVITY AND LIMB OUTGROWTH DURING VERTEBRATE DEVELOPMENT 

 

A.R.TOMÁS, 2010 63 RESULTS – CHAPTER II 

II.1 Oct4 is expressed during limb development 

 
Previous studies (Lavial et al., 2007; Rodriguez-Leon et al., 2008) have shown that 

chicken oct4, a gene known to be required to establish and maintain an 

undifferentiated state (self-renewal) and pluripotency of the cell population necessary 

for embryogenesis in mouse and human, is expressed in early embryos before 

gastrulation and thereafter in germ cells (Fig. 28A,C,E).  

To ascertain whether oct4 might be responsible for maintaining AER cells in 

constant renewal during the development and patterning of the vertebrate limb, we 

have cloned cOct4 and examined its spatial and temporal expression during chicken 

limb development by in situ hybridisation. We have tested different Proteinase K 

digestion times in the in situ hybridisation protocol and, overall, oct4 expression 

domains were maintained.  

 

 
 

Figure 28.  Expression Pattern of oct4 in Gallus gallus. Whole-mount in situ hybridisation 
to cOct4 transcripts. (A) Chicken embryo at stage 8HH; oct4 transcripts can be found in the 
neural plate and the forming neural tube. (B) Chicken embryo at stage 13HH. Localized 
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expression of oct4 can be observed around the otic placodes, at the lateral plate mesoderm, 
spinal chord and in the blood islands (arrow). (C-E) Chicken embryo at stage 15HH, 17HH 
and 21HH; oct4 expression is observed at the primordial germ cells (PGCs; C, arrow) and 
gonads primordia (E, arrow). At 17HH (D) is clear the expression of oct4 in the limb field 
and at 21HH (E) oct4 is expressed in the distal limb ectoderm and at the AER, in a two-stripe 
pattern (G, arrows) along the anterior-posterior axis. From F to J, a series of stages can be 
observed where the condensation of epithelial cells that will form the AER (G, H) becomes 
evident due to oct4 staining. At stage 24HH (I) oct4 transcripts can still be found at the AER, 
however beyond stage 25HH we cannot detect oct4 expression in the limb. (J) Transverse 
section of a stage 21HH limb bud (H), showing oct4 expression in a baso-lateral, two-stripe 
pattern.  
 
 

We have found expression of oct4 in neural plate at stage 8HH (Fig. 28A). By stage 

13HH oct4 expression can be found in the developing neural tube, otic vesicles, 

blood islands, tail bud (Fig. 28B, D), and in the primordial germ cells (PGCs; Fig. 

28C, arrow). Oct4 transcripts were also found in the developing limb (Fig. 28C-E).  

To elucidate the role of a stemness gene in a somatic cell context, we have focused 

our study in the stages of limb development from its initiation until AER regression.  

We found oct4 transcripts in the prospective limb field in a salt-and-pepper pattern 

(Fig. 28C, D) although in lower levels than those in the germ cells (Fig. 28C-E’). As 

the limb bud grows and the ectoderm condenses to form the AER at its distal tip, 

oct4 expression can be observed in the ectoderm and in the forming AER in a “two 

stripes” pattern running along the anterior-posterior axis of the limb (Fig. 28F-I), 

dorsally and ventrally to the AER. This basolateral, two-stripe pattern can be clearly 

observed in a transverse section of a stage 21HH chicken limb bud (Fig. 28I).  

Oct4 transcripts are no longer found at later stages when the AER starts to regress, 

suggesting a role for oct4 in the maintenance of AER during limb development.  

 

II.2 Cell dynamics in the AER 

 
These characteristic domains of expression in two twin stripes in the most distal part 

of the limb bud and along its anterior-posterior axis have also been described for 

other genes, such as cyp26 (Swindell et al., 1999) and cux1 (Tavares et al., 2000), 

although cux1 is expressed in both the dorsal and ventral limb ectodermal cells 
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bordering the AER, but excluded from the last. Notwithstanding, the behaviour of the 

cells that constitute the AER during limb development has ever been described. 

In order to characterize the behaviour of AER cells and the dynamic of cell renewal 

at the most distal tip of the limb during development, we have studied at the 

developing AER (from stage 20HH to 30HH) the pattern of apoptosis by TUNEL 

assays, and proliferation through detection of BrdU incorporation and imunostaining 

against the phosphorylated form of the mitotic marker Histone H3.  

 

 

 

Figure 29.  Cell Dynamic at the Apical Ectodermal Ridge. (A-B) stage 24HH limb bud 
stained with TUNEL (brown and green; DAPI nuclear staining in blue). In the transverse 
sections A’ and B, cell death can be observed at the tip of the AER. (C) Immunostaining 
against phospho-Histone H3 (pH3; red) marks the proliferating cells located on the basis, 
both on the ventral and dorsal sides of the AER. D-F, Different BrdU pulses (30 min, 1 hour, 
and 18 hours) were given to stage 20-21HH developing embryos, in order to be able to infer 
about cell movement in the AER. BrdU staining in green; Propidium Iodide counterstaining 
in red. AER cells of embryos sacrificed 30 (D) and 45 minutes after the BrdU incorporation 
showed the same pattern as the p-Histone H3 (C), with stained cells in the lower 1/3 of the 
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AER, on both sides of the groove on the base of the AER. AER cells of embryos that have 
been exposed to BrdU during 1h show BrdU positive cells at a more central and apical 
position (E). From 5 hours onwards (F, 18 hours) BrdU stained cells are often observed at all 
levels of the AER. G-H, confocal imaging of a stage 22HH limb bud processed for TUNEL 
(green) and immunostaining against phospho-Histone H3 (red). DAPI nuclear counterstain in 
blue. (G) Top and sagital view of the limb bud showing phospho-Histone H3 (red) staining at 
both sides of the strip of cells undergoing apoptosis, close to the base of the AER. (H) 
Transverse section. It is also possible to find periectoderm cells undergoing mitosis (H, *). (I) 
We propose a model in which in the developing AER there are two pools of cells at the base 
of the structure (H, arrow; I, in red) that are responsible for the renewal of the AER, and that, 
as cells loose contact to the extracellular matrix and dye at the tip of the AER (H, I, in green), 
a new batch of cells are dividing at the base and moving towards the top. These areas of 
proliferation at the base of the AER and running through the anterior-posterior axis of the 
limb (G) coincide with oct4 expressing areas.  
 
 

We used TUNEL assay to describe the pattern of cell death in the AER. We have 

observed that cells are dying on the most distal and central part of the ridge along the 

anterior-posterior axis of the limb bud (Fig. 29A-B). This pattern is constant 

throughout the limb bud development, until the AER completely regresses at stage 

32HH. 

Immunolocalization of Phospho-Histone H3 (pH3), which marks nuclei in cells 

undergoing mitosis, is observed in the proliferating cells located on the AER basis, 

both on the ventral and dorsal sides of the AER (Fig. 29C). These observations were 

coherent throughout limb bud development in which the proliferation rate obviously 

diminishing with the regression of the AER. No cells undergoing mitosis were found 

on the central apical part of the AER. 

To confirm this proliferation pattern we gave different BrdU pulses (30 and 45 

minutes, 1h, 5h, 7h, 18h, 24h) to stage 20-21HH developing embryos, after which we 

fixed the limbs. Since all cells that have divided in that period of time have 

incorporated BrdU, at the end we detect the number of cells that have divided in that 

period of time and their offspring, thus being able to indirectly infer cell movement 

in the AER.  

The AER cells of the embryos sacrificed 30 and 45 minutes after BrdU incorporation 

showed the same pattern as pH3 (Fig. 29D), in which cells in the lower 1/3 of the 
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AER, on both sides of the groove on the base of the AER are found to be BrdU-

positive. AER cells of embryos that have been exposed to BrdU for 1 hour show 

BrdU positive cells at a more central and apical position (Fig. 29E). In some cases is 

possible to spot stained cells on the tip of the AER. From 5 hours onward BrdU 

stained cells are often observed at all levels of the AER (Fig. 29F).  

Therefore, we can describe the existence of two pools of cells at the base of the AER 

that are responsible for the renewal of this structure, and that a batch of cells are 

dividing at the base and moving towards the top as cells loose contact to the 

extracellular matrix, dying at the tip of the AER (Fig. 29G-I).  

These areas of proliferation at the base of the AER and running through the anterior-

posterior axis of the limb coincide with oct4 expressing areas (Fig. 28J). 

 

II.3 Oct4 overexpression expands the AER and enlarges the limb mesenchyme 

 
Being oct4 a key factor in maintaining an undifferentiated state (self-renewal) and 

pluripotency of human and mouse embryonic stem (ES) cells as well as early 

embryonic cells (Nichols et al., 1998; Pesce and Scholer, 2001; Niwa, 2007), and 

since oct4 is expressed in one of the most important organizing centres of the 

vertebrate limb, the AER, we performed gain-of-function experiments for oct4 in 

order to explore its role in the formation and maintenance of the ridge. 

A pCAGGS-oct4 vector was co-electroporated with pCAGGS-AGFP into the 

ectoderm of stage 13-14HH chicken limb fields, and examined 24 to 96 hours post-

electroporation (Fig. 31A). Apart from very few abnormal embryos presenting 

phenotypes structurally different from the oct4-induced limb-restricted ones, no 

significant changes in gene expression or limb morphology were observed in single 

pCAGGS-AGFP electroporations (Fig. 30).  

Phenotypes derived from oct4 overexpression were observed in 61% of the 

electroporated embryos (n=94; Table 3). We have observed an enlargement of the 

limb mesenchyme of the experimental limb 24 and 48 h post-electroporation when 

compared with the control one, as well as an expansion of the AER, shown here by  
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Figure 30.  Gain-of-function studies for oct4 in Gallus gallus. Control of GFP-fluorescence 
in electroporated embryos, 48h post-manipulation. Embryos were co-electroporated with an 
expression pCAGGS vector harbouring the full-length chicken oct4 and pCAGGS-AGFP. 
 

 
 Phenotype observed Nº. of limbs % of limbs 

Normal 81 93% 
Abnormal 6 7% AGFP 

Total 87  
Normal 37 39% 
Enlargements 57 61% Oct4 

Total 94  
 

Table 3 - Phenotypes upon oct4 overexpression. Embryos were electroporated with an 
expression pCAGGS vector harbouring the full-length chicken oct4. pCAGGS-AGFP was 
used as control. 
 

 

the AER marker fgf8 (Fig. 31C,C’ and Fig. 31B,B’,D, and D’, respectively), both 

along the anterior-posterior (A-P) and the dorso-ventral (D-V) axis.  

At the ventral ectoderm en-1 is required to inhibit lmx1 on the dorsal mesoderm and 

create a ventral ectodermal boundary. We accessed if the D-V territories were 

affected upon transformation of the ectoderm by excess of oct4 transcripts. The 

ventral ectoderm appears to be deregulated in key points where an enlargement of the 

AER is evident, locally misplacing the dorso-ventral boundary (Figs. 31G,H). 

Consequently, an enlargement of the limb mesenchyme is also observed, as stained 

with the dorsal mesenchymal territory of lmx1 (Fig. 31F,F’). The chondrogenic 

marker Sox9 has its expression enhanced in oct4-electroporated limbs (Fig. 31I). 

Moreover, in oct4-overexpressing limbs it is possible to observe the development of 

extra skeletal pieces (Fig. 31J’). 
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Figure 31.  Gain-of-function studies for oct4 in Gallus gallus. Embryos electroporated with 
an expression pCAGGS vector harbouring the full-length chicken oct4, 24 hours (C, C’), 48 
hours (A, B, B’, C-H), 72 hours (I, I’) and 96 hours (J, J’) after manipulation. (A) oct4 
electroporated limb showing GFP-positive AER cells. (B), in situ hybridisation for fgf8 
expression (blue) show an enlargement of the AER of the oct4-electroporated limb when 
comparing to the control one (B’). (C-D’) Transverse sections of whole-mount fgf8 in situ 
hybridisations. C and D, controls. C’ and D’, experimental limbs. (E-E’, arrows), the 
proliferating rate at the AER is increased in oct4-electroporated limbs. F-H, the limb 
territories are altered upon oct4 electroporation: double in situ hybridisation for fgf8 (red) and 
lmx1 (F-F’, blue, dorsal mesenchymal marker) or en-1 (G,H), blue, ventral ectodermal 
marker). The ventral ectoderm appears to be deregulated in key points where an enlargement 
of the AER is evident, locally disrupting the dorso-ventral boundary. (I-I’) Double in situ 
hybridisation for fgf8 (red) and sox9 (blue), showing an enlargement of the AER; the sox9-
positive domain of the oct4-electroporated limb (I, arrows) is enlarged when comparing to the 
control one (I’). (J, J’) Alcian green cartilage staining of 96 hours post-electroporation limbs. 
The experimental limb (bottom) presents extra skeletal pieces (*). 
 

II.4 AER cell dynamics upon oct4 overexpression is altered  

 
A fine tuned balance between proliferation and apoptosis sustains the correct shaping 

and outgrowth of the limb. We analysed whether the expansion of the AER and 

consequent enlargement of the limb upon oct4 overexpression was due to an 

alteration on the cell balance towards an increase of the proliferation rate or a 

decrease on the cell death ratio.  
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We performed TUNEL assays in oct4-overexpressed limbs and compared them with 

their counter-lateral control ones. The apoptotic pattern is not altered in the AER, 

48h and 72h post-electroporation (Fig. 32).  

In order to access the proliferation rate, we performed immunohistochemistry assays 

against phospho-Histone H3 and observed an increase of the proliferation rate at the 

AER, and consequently on the mesechyme, induced by oct4’s increased levels, as 

can be seen in Fig. 33. 

In an AER’s top view (Fig. 31E’) we can observe an overall increase in cell 

proliferation when comparing the oct4-electroporated limb with its counter-lateral 

control (Fig. 31E).  

Hence, we can state that the enlargement of the limb bud and the expansion of the 

AER structure is the product of an increase of proliferation as a response to the 

increase of oct4 activity in the developing limb. 

 

 
 

Figure 32.  Cell death remains unaltered upon oct4 electroporation of chicken limb 
ectoderm. Embryos co-electroporated with pCAGGS-cOct4 and pCAGGS-AGFP, 48 (A) 
and 72 (B, B’) hours after manipulation. pCAGGS-AGFP was used as control of the 
electroporated area and is showed in green in A. TUNEL assay (red in A, brown in B) shows 
no significant alteration on cell death in the limbs that undergone electroporation with full-
length oct4 (A, left limb; B), comparing with the counterlateral control ones (A, right limb; 
B’). 
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Figure 33.  Gain-of-function studies for oct4 in Gallus gallus. Wholemount detection of 
Apoptosis (TUNEL) and proliferation (phospho-Histone H3) in a oct4-electroporated limb, 
48h post-manipulation. Embryos were co-electroporated with an expression pCAGGS vector 
harbouring the full-length chicken oct4 and pCAGGS-AGFP. 
 

 

II.5 FGF signalling is needed to maintain oct4 expression 

 
It has been established that FGFs play an important role in induction, initiation and 

maintenance of AER activity and structure (reviewed in Capdevila and Izpisua 

Belmonte, 2001) and moreover, data from ESCs studies have shown that FGF 

signalling is required for maintaining the self-renewal activity (Eiselleova et al., 

2009; Gotoh, 2009) 

Our data from oct4 expression pattern and the altered AER cell dynamics upon oct4 

overexpression in the limb ectoderm suggest a commitment of oct4 in the 

maintenance of the cell balance in the AER.  

In order to access the involvement of key proteins during limb development in the 

regulation of oct4 expression we implanted beads soaked in different molecules 
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known to be directly related to processes that lead to the induction, growth and 

shaping of the limb. These molecules were applied at the most anterior part of stage 

20-21HH limb buds, close to the AER. Control beads soaked in PBS and DMSO 

showed no effect on oct4 expression.  

We examined if FGFs are able to induce oct4 expression. When applied in the flank, 

FGF8 beads are capable of ectopically induce oct4 expression in a salt-an-pepper 

fashion (Fig. 34A), 20h post-bead implantation. Complementary, SU5402, a 

commercially available molecule that competes with FGFs for their receptors 

therefore inhibiting its activity, applied to the anterior distal part of the mesenchyme 

in close contact to the AER promotes oct4 downregulation (Fig. 34B).  

To prove if FGF activity from the progress zone could be directly responsible for 

oct4 induction we applied FGF10 beads to the developing limb. The embryos were 

fixed 10h post-implantation to assure a time window where there is still no induction 

of other signalling molecules on the AER such as wnt3a and fgf8, but there is 

presence of transcription factors such as sp8 (Kawakami et al., 2004). No alteration 

on oct4 expression was observed in the manipulated limbs compared to the control 

ones on the same embryo (Fig. 34C).  

We have previously described FLRT3 as being necessary but not sufficient for 

proper AER formation and maintenance and also its ability to produce fgf8-positive 

enlargements and projections of the pre-existing AER when overexpressed in the 

limb ectoderm. 

To assess if FGF signalling enhancement by FLRT3 is able to upregulate oct4, we 

have electroporated the full-length chicken flrt3 cDNA. We have observed enhanced 

oct4 expression in the AER (Fig. 35A). Also, oct4 transcripts were detected in the 

ectopic ridge-like structures produced by flrt3 overexpression in the limb ectoderm 

(Fig. 35B).  

Likewise, oct4 is able to ectopically induce sprinkled expression of flrt3 in the non-

AER ectoderm when overexpressed, as well as in the enlarged AER (Fig. 35C, 

arrows). 
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Figure 34.  Regulation studies of oct4 expression in Gallus gallus limb development. B, 
E, G and I, are control limbs of A, D, F and H, respectively. (A) Induction of oct4 expression 
in the flank of a stage 11HH embryo by FGF8, 10 hours after treatment. (B) Inhibition of oct4 
expression, 20 hours after treatment with FGF inhibitor SU5402. (C) Unaltered expression of 
oct4, 10h after treatment with FGF10. (D) WNT3A-soaked beads enhanced oct4 expression 
on the pre-existent ridge, 20h after treatment. (E) Inhibition of oct4 expression, 3 hours after 
treatment with BMP4. (F) Inhibition of oct4 expression, 10 hours after treatment with 
Retinoic acid. *, Bead location. 
 
 

 
 

Figure 35.  (A-B) Oct4 upregulation in ectopic ridge-like upon electroporation of chicken 
limb ectoderm with a pCAGGS vector harbouring the full-length chicken flrt3. (C-C’) Flrt3 
is ectopically expressed in the ectoderm as a result of pCAGGS-oct4 electroporation. 
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II.6 The canonical WNT, WNT3A, controls oct4 expression in the AER 

 
Similar to FGF, WNT signalling has an important role on AER initiation and 

development since WNT3A is known to be responsible for fgf8 induction and the 

establishment of the ridge (Barrow et al., 2003). Besides that, WNT signalling is a 

common pathway for maintenance of the undifferentiated state in both mouse and 

human ESCs (Sato et al., 2004; Katoh, 2007).  

We wanted to clarify if the enhanced oct4 expression promoted by AER FGF activity 

was achieved via wnt3a, and if WNT3A was able to directly induce oct4 expression. 

WNT3A treated limbs show an elongation of the oct4 expression in the apical 

ectoderm. Moreover, WNT3A is able to locally enhance the expression of oct4 in the 

preexistent AER, 22 hours post bead implantation (Fig. 34D). We can, therefore, 

conclude that oct4 expression is being directly controlled by WNT canonical 

pathway most probably through ß-catenin. 

 

II.7 BMPs negatively control oct4 expression prior to induction of cell death 

 
Bone Morphogenic Proteins (BMPs), such as FGFs and WNTs, are key signalling 

molecules involved in limb development, establishing the dorso-ventral axis, 

inducing apoptosis and maintaining the integrity of the ridge (Geetha-Loganathan et 

al., 2006). Although with different functions in different stem cell compartments, 

accumulated evidence indicate that BMPs play an important role in the regulation of 

stem cell properties (Chen et al., 1998; Ying et al., 2003; Zhang et al., 2003; He et 

al., 2004; Bai et al., 2010). 

To study the BMP role in the control of oct4 and to avoid the early activation of 

apoptotic genes, embryos were sacrificed before 6 hours post bead implantation.  

The results show a gap on AER’s oct4 expression on the area of influence of BMPs 

both 3 and 5 hours post bead implantation (Fig. 34E, arrow), supporting a role for 

BMP activity in oct4 inhibition. 
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II.8 RA activity controls oct4 expression but cannot induce an ectopic AER 

 
Retinoic acid (RA) promotes proximalization of limb cells (Mercader et al., 2000) 

and massive excess of RA produces ectopic or extra limbs in mouse embryos and 

frog tail regeneration (Mohanty-Hejmadi et al., 1992; Niederreither et al., 1996). 

Moreover, RA controls interdigital cell death through BMP signalling (Rodriguez-

Leon et al., 1999) 

To ascertain whether RA is able to control AER’s oct4 expression like in ES cells, 

where RA-induced differentiation is known to rapidly downregulate oct4 expression 

(Lavial et al., 2007), we applied RA-soaked beads to the developing limb and 

sacrificed the embryos 10h and 20 hours post bead implantation. 

Our data show a strong inhibition of oct4 expression in the manipulated limb (Fig. 

34F) when comparing to the control one (Fig. 34F’). 

 

II.9 Other candidate genes for oct4 co-regulation during AER renewal 

 
The expression of regulatory networks and related signalling pathways that are 

responsible for the molecular mechanisms of pluripotent cell fate decisions of ESC 

are intricate.  

Oct4, along with sox2 and nanog are master transcription factors for maintenance of 

the undifferentiated state and self-renewal (Chew et al., 2005; Loh et al., 2006; 

Lavial et al., 2007; Wei et al., 2009). In mouse, they form a regulatory circuitry with 

co-regulators, such as ß-catenin, Stat3, Myc, Klfs, and Sall4 to control the expression 

of pluripotency-related genes including themselves (Li, 2010). 

Our purpose was to identify candidate genes for oct4 co-regulators in the renewal of 

Apical Ectodermal Ridge cells, and therefore unravel a bit more of the coordinated 

molecular mechanisms responsible for the cell decision between maintaining itself as 

a progenitor and differentiate. 

We analyzed several candidate genes. Some of them as sox2 and nanog (Canon et al., 

2006), were, surprisingly, not expressed during limb development.  
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II.9.1 Retinoic acid metabolic enzymes, cyp26 and raldh2 

 
We have observed that RA-soaked beads have a strong inhibitory effect over oct4 

expression at the AER. Moreover, RA is known to induce interdigital cell death in 

later stages of limb development (Rodriguez-Leon et al., 1999) and to act as 

differentiating signal (Weston et al., 2000; Stavridis et al., 2010). 

Due to the differentiation effect of RA during limb development we have looked into 

the expression patterns of RA synthesizing, raldh2, and degrading, cyp26, enzymes 

at the distal tip of the limb, in order to try to find a pattern for cyp26 and raldh2 that 

could fit our data so far. 

We observed, as described (Swindell et al., 1999), expression of cyp26 in a similar 

pattern as oct4, in two basal twin stripes along the A-P axis of the AER (Fig.36A, B, 

arrows). Moreover, we have found a never before described, raldh2 expression at the 

tip of the AER (Fig. 36 C, D). 

 

 
 

Figure 36.  Candidate genes involved in oct4 regulation and self-renewal of the AER 
cells. Whole-mount in situ hybridisation to stage 21HH embryos with cyp26 (A, B), raldh2 
(C, D), sox14 (E-F), and p27 in stage 19HH (H) and 20HH (I) embryos. (F) Transverse 
section of E. (G) Immunohistochemistry against SOX14. 
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II.9.2 Sox14 
 
Upon evidence of sox2 lack of expression in the limb, we searched for a different 

Sox family member that might accomplish oct4 gene regulation in AER cells.  

From the SOX family genes we tested, sox14, a sub-group B2 SOX family gene 

described as a negative transcription regulator and a onset of neural differentiation in 

Xenopus laevis (Hartenstein, 1993; Uchikawa et al., 1999; Popovic and Stevanovic, 

2009) shares 93% of identity with Sox2 within the High mobility Group (HMG) box 

domain, and 28% outside of the HMG box domain (Fig. 37). 

Sox14 has come to our attention due its expression pattern (Fig. 36E, F) and 

imunolocalization (Fig. 36G) in the AER, at its most distal tip, in a complementary 

pattern to oct4, suggesting that it might be involved in the committement of AER 

cells to differentiate.  

We have gather tools, by cloning its full-length cDNA into a pCAGGS expression 

vector and producing RCAS virus (annex III.5) that drive sox14 expression, to 

pursue studies on this subject at the lab. 
 

 
 
Figure 37.  Comparative analysis of the amino acid sequences of chicken sox2 and 
sox14. ClustalW alignment of SOX2 and SOX14 proteins. Amino acids are color-coded by 
consensus, from red to blue. Identical residues are indicated by dots, different residues in red. 
The pink line above the sequence indicates the region of the HMG box domain. 

High mobility Group 
(HMG) box domain 
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II.9.3 p27Kip1 
 
Cell cycle genes are an obvious choice on a search for cell fate decision-taking 

genes. p27Kip1, belongs to the Cip/Kip family of cyclin dependent kinase (Cdk) 

inhibitor proteins, it binds to and prevents the activation of Cyclin E/CDK2 or Cyclin 

D/CDK4 complexes, and thus controls G1-to-S phase transition of the cell cycle. 

CDKs and their inhibitors are shown both in the context of proliferation regulators 

and as contributors to the apoptotic machinery (Maddika et al., 2007; Mitsuhashi and 

Takahashi, 2009). Also, in mouse, p27 in known to play a key role in regulation of 

osteoblast differentiation by controlling proliferation-related events in bone cells 

(Drissi et al., 1999). 

We have found p27 expression in the limb, at the AER in a single, most distal strip of 

stained cells (Fig. 36H, I), outside the AER proliferating areas we described before, 

suggesting a possible role for p27 in getting these cells to exit the cycle at G1. 

As for sox14, we have gather tools, by cloning its full-length cDNA into a pCAGGS 

expression vector and producing RCAS virus that drive p27kip1 expression, to pursue 

studies on this subject at the lab. 

 

II.9.4 Lgr5 
 
The Wnt signalling pathway plays a key role in the maintenance and activation of 

proliferation of stem cell niches (Haegebarth and Clevers, 2009). Recently, lgr5, a 

Wnt target gene, was identified as a stem cell marker in colon and small intestine, a 

system that share similarities with our findings on proliferation and cell death 

patterns in the AER (Barker et al., 2007). Moreover, we described a role for Wnt 

signalling in the positive regulation of oct4. Therefore, we decided to check if, as for 

the small intestine, lgr5-positive cells co-localized with proliferating areas in the 

AER during limb development. 

cLgr5 transcripts can be found in the neural tube of stage 17HH chicken embryos, 

and in the fore and hindlimb fields (Fig. 38). As the limb develops and the 

ectodermal cells condensate at the most distal part of the limb forming the AER, 
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lgr5-positive cells get restricted to two twin stripes of expression at the base of the 

AER (Fig. 38C). At stage 24HH, lgr5 starts to invade the wing and footplate and 

begins to disappear from the AER. By stage 29HH it is absent from the structure. As 

the digits become defined, lgr5 gradually disappears from the interdigital space and 

surrounds the phalanges (Fig. 38F-I). 

Our results suggest that Lgr5 is a good candidate gene as a positive co-regulator of 

AER cells renewal, along with oct4. 

 

 
 
Figure 38.  Expression Pattern of lgr5 in Gallus gallus. Whole-mount in situ hybridisation 
to cLgr5 transcripts. (A) Chicken embryo at stage 17HH; lgr5 transcripts can be found in the 
neural tube, and in the limb field. (B-D) Chicken embryo at stage 18HH, 19HH and 21HH; as 
the ridge gets defined, lgr5 expression gets restricted to two twin stripes of expression on the 
AER. At stage 24HH (E), lgr5 starts to invade the footplate and begins to disappear from the 
AER. By stage 29HH (G) it is absent from the structure. (F-I) Chicken embryo at stage 
27HH, 29HH, 30HH and 31HH; lgr5 can be detected in the footplate around the developing 
digits. 
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I Flrt3 and vertebrate limb development 
 
The coordinated and intricate network of signalling pathways is a consequence of the 

interaction between the organizing centres that constitute the developing vertebrate 

limb and is responsible for the outgrowth and patterning of the limb in its three axis: 

anterior-posterior (AP), proximo-distal (PD) and dorso-ventral (DV).  

These interactions are mediated by several families of signalling molecules such as 

WNTs, BMPs and FGFs and the integration of this information results in the final 

and proper positioning of the tissues that will form the limb reviewed in (Capdevila 

and Izpisua Belmonte, 2001).  

FGFs are very important molecules during embryonic development, being involved 

in numerous cell processes such as cell proliferation, differentiation, cell survival and 

motility (Capdevila and Izpisua Belmonte, 2001; Tickle, 2002a). FGF8 signals from 

the AER to the underlying mesenchyme promoting the survival of the mesoderm 

while sensitizing the mesodermal tissue for the pro-apoptotic effects of BMPs 

(Montero et al., 2001). The intracellular response to FGF8 stimuli is mediated by 

FGF receptors (FGFRs), which trigger several signalling pathways, namely the Ras-

MAPK/ERK and the PI3K pathways.  

Due to the wide range of FGFs’ biological roles, and due to the variety and 

complexity of signalling pathways activated, FGF signalling must be tightly 

regulated (Xu et al., 1998; Sun et al., 2002; Thisse and Thisse, 2005). A growing 

number of proteins have been identified as specific regulators of FGFR-mediated 

FGF signalling. These molecules affect the FGF signalling cascade at different 

levels. Most belong to the FGF synexpression group, a set of genes that share 

complex spatio-temporal expression patterns and have a functional relationship. 

Sprouty, spred, sef, shisa and mkp3 are known negative modulators of FGF 

signalling, whereas erm, er81 and pea3 promote FGF signalling (Raible and Brand, 

2001; Zhang et al., 2001; Furthauer et al., 2002; Dikic and Giordano, 2003; 
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Kawakami et al., 2003; Tsang and Dawid, 2004; Sivak et al., 2005; Furushima et al., 

2007). 

 

I.1 Flrt3 is essential for AER integrity and activity 
 
Flrt3 has been described in Xenopus laevis as a FGF signalling positive modulator, 

activating the MEK/ERK signalling cascade, as opposed to MKP3, an inhibitor of 

the cascade through specific ERK1/2 dephosphorylation (Bottcher et al., 2004).  

Our results support not only that flrt3 is expressed in areas with FGF activity, as 

previously reported in Xenopus laevis (Bottcher et al., 2004), but also that it is 

confined to places where ERK is phosphorylated, such as the AER (Kawakami et al., 

2003). In the limb mesenchyme, where MKP3, the ERK inhibitor, is expressed, we 

found no expression of flrt3, suggesting that flrt3 expression is excluded from areas 

where ERK is not activated. In fact, when we overexpress flrt3 in the limb ectoderm 

we observe an increase of mkp3 expression in the mesenchyme as a result of the 

enlarged AER, and subsequent enhancement of FGF signalling. A similar phenotype 

was obtained when FGF-soaked beads were applied in the limb bud (Eblaghie et al., 

2003; Kawakami et al., 2003).  
 
In chicken, ectopic expression of mkp3 results in the disruption of limb outgrowth, a 

phenotype characteristic of FGF signalling blockage (Eblaghie et al., 2003; 

Kawakami et al., 2003; Bottcher et al., 2004). When a constitutive active form of 

mkp3 is overexpressed, cells at the AER are unable to translocate active ERK to the 

nucleus, resulting in truncations and indentations of the manipulated limbs 

(Kawakami et al., 2003), which mimics the effects of ridge removal or 

pharmacological inhibition of FGF or Ras/MAPK signalling. We observe identical 

phenotypes by silencing the expression of flrt3 using RNAi technology. Not only 

AER markers are affected by flrt3 silencing. The impairment of FGF signalling from 

the AER to the mesenchyme underneath provides also another evidence that ERK 

phosphorylation is essential for AER integrity and activity. The importance of flrt3 

signalling from the ridge to the correct progress of the limb outgrowth becomes clear 
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by observing how a small cluster of isolated AER cells is still able to promote 

outgrowth of part of the limb (Fig. 24F). The wide range of phenotypes observed is 

most probably due to the variability in the efficiency of both siRNA interference and 

electroporation. Notwithstanding, they all converge into the disruption of the AER 

integrity and consequent impairment of limb outgrowth.  

 

I.2 Flrt3 is necessary but not sufficient for proper AER formation and 
maintenance 

 
Different studies have shown that en-1 plays a role during migration and compaction 

of AER cells restricting the expression of r-fng and wnt-7a to the dorsal ectoderm 

(Loomis et al., 1998), while Wnt/ß-catenin signalling is required to maintain the 

AER after AER initiation and maturation (Kengaku et al., 1998; Barrow et al., 2003). 

Wnt-7a instructs the dorsal mesoderm to adopt dorsal characteristics, such as lmx-1 

expression, which in turn specifies dorsal pattern. Thus, en-1 has a dual function in 

AER positioning and dorsal specification and hence acts to coordinate the two 

processes (Johnson and Tabin, 1997). 

Overexpression of flrt3 in the limb ectoderm produces fgf8-positive enlargements 

and projections of the pre-existing AER. The enlarged regions of the AER show also 

a broadening of the fgf8 expression domain and a local inhibition of en-1 expression 

(Fig 21F). Flrt3-electroporated limbs present a clear deregulation of the en-1 ventral 

ectoderm territory. There is evidence that in mice lacking en-1, the correct 

positioning of the AER depends on correct en-1 expression (Loomis, 1996; Loomis 

et al., 1998), and that homozygous mice for a null allele of en-1 present both DV and 

PD axes defects. The same phenotype is observed upon removal of bmp2 and bmp4 

from the AER (Maatouk et al., 2009). In these mice, such as in flrt3-overexpressed 

chicken limbs, the AER is significantly broadened and fgf8 expression is expanded, 

suggesting that the en-1 domain may be affected by loss of BMP signalling from the 

AER.  

Ectopic AERs induced upon flrt3 overexpression are fgf8-positive only in the vicinity 

of the original AER (Figs. 21B arrows, 22B, B’). The proximity to the pre-existent 
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AER seems to be a key factor, suggesting that the cells that compose the ectopic 

structure are not completely committed to AER fate, denoting the presence of AER-

like structures and emphasizing the importance of distinguishing between AER 

structure and function.  

Therefore, flrt3 seems to be necessary but not sufficient for proper AER formation 

and maintenance. This is supported by our observation that overexpression of flrt3 in 

the flank between the forelimb and the hindlimb does not induce ectopic AERs, 

although the region has ectodermic competence for AER induction, as shown with 

FGF bead implantation in the flank (Cohn et al., 1995; Mahmood et al., 1995; Mima 

et al., 1995; Crossley et al., 1996; Vogel et al., 1996; Yonei-Tamura et al., 1999) 

 

I.3 Limb territorial borders are shiffted but identities are not altered upon 
Flrt3 overexpression in the limb ectoderm 

 
Our results also show that the projections from the pre-existing AER are not altered 

in their positional identity. Lmx-1, an established dorsal mesoderm identity marker is 

absent from both sides of ventrally-derived outgrowths. The same happens with en-1 

absence on dorsal outgrowths, suggesting a double-dorsal identity of those ectopic 

AERs. 

BMP signalling, besides being essential for AER induction, is also necessary and 

sufficient to regulate en-1 expression in the ventral ectoderm. Therefore, the loss of 

BMP signalling from the limb bud ectoderm results in failure of AER formation and 

bi-dorsal limbs (Ahn et al., 2001; Pizette et al., 2001; Soshnikova et al., 2003). This 

might explain the partial bi-dorsal identity in one of our flrt3 electroporated limbs, 

probably through gremlin, a BMP signalling inhibitor known to promote a decrease 

in cell death and to expand the AER domain. In mice lacking ectodermal BMP 

signalling, there is a failure in AER maturation and a subsequent loss of en-1 and 

msx2 in the AER. This promotes the expansion of the AER and the expression of 

FGF genes at high levels, decreasing gremlin in the distal mesenchyme and affecting 

the FGF/BMP loop (Maatouk et al., 2009). 
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The formation of perpendicular, connected or not, ridges after flrt3 overexpression, is 

explained by Loomis’ Zipper Hypothesis for the AER Maturation (Loomis et al., 

1998). They propose a model that compares the final phase of AER constriction to 

the closing of a zipper, being the dorsal and ventral AER domains the two halves of 

the zipper. The zipping would occur with the dorsal half remaining relatively fixed 

and the ventral half being pulled towards it in a posterior-to-anterior fashion. Upon 

deregulation of en-1, the cells in the middle of the broadened AER are pulled 

towards the dorsal and ventral AER borders. In some cases distinct secondary AERs 

are formed due to the self-zipping of the ectopic rim. This theory support the range 

of phenotypes observed upon flrt3 overexpression. 

 

I.4 Flrt3 expression: the effect of FGF and WNT signalling 
 
Studies on xenopus and mice show that flrt3 expression can be induced by activation 

of FGF signalling (Bottcher et al., 2004; Haines et al., 2006). However, unpublished 

data from zebrafish flrt3 by Fürthauer M., Thisse, B. and Thisse, C (2005), suggest 

that in zebrafish FLRT3 may be involved in directing cell movements but do not 

appear to be related to the FGF pathway, since neither gain nor loss of FGF 

signalling appears to directly affect FLRT3 expression (Furthauer et al., 2002). In 

addition, flrt3 expression is not increased in stem cells treated with FGFs and its 

antagonist (SU5402) (Mallo, M., personal communication). In our hands, no signs of 

flrt3 induction by FGFs were obtained. Moreover, FGF8 appears to have a negative 

effect on flrt3. In fact, the FGF antagonist SU5402 does not reduce flrt3 transcripts’ 

level, as expected. Instead, it has no effect over flrt3 expression. Taking into account 

the unpublished data on zebrafish and stem cells, we hypothesize that the FGF 

signalling pathway exerts a negative effect on flrt3 expression, however an inhibition 

of the pathway is not enough to activate flrt3 expression.  

We have obtained ectopic flrt3 induction around the WNT3A bead (Fig. 25D) in a 

short time window, suggesting a direct activation of flrt3 by WNT3A. Wnt3a signals 

through ß-catenin, being expressed in AER precursors and in the established AER 
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(Kengaku et al., 1998; Kawakami et al., 2001). In fact, injection of RCAS dominant-

active β-catenin into chick limb buds induces the appearance of ectopic ridge-like 

spikes (Capdevila et al., 1998; Kawakami et al., 2004). Therefore, we propose a 

direct induction of flrt3 by wnt3a, even before it activates fgf8 expression. 

 

I.5 Flrt3 regulate AER’s BMP signalling through gremlin 
 
As already referred, BMPs are expressed in the AER and since they assure the 

correct balance between apoptosis and survival of the AER cells, are responsible for 

the integrity of the structure. BMP soaked beads applied into the developing limb 

promoted the inhibition of flrt3 expression (Fig. 25E), but mkp3 expression in the 

mesenchyme is not affected, suggesting that flrt3 expression in the AER could be 

maintained by the activity of the BMP antagonist gremlin (Capdevila et al., 1999; 

Merino et al., 1999; Zuniga et al., 1999). Our results suggest that upon flrt3 

overexpression, an increase of gremlin expression (Fig. 21J) and the subsequent loss 

of AER’s BMP signalling affects cell death equilibrium at the AER resulting in a 

broadened AER. When gremlin expression disappears, BMP activity induces the 

regression of the AER and downregulation of flrt3. 

 

I.6 Proposed model for flrt3 action in chick limb development 
 
In summary, flrt3 is a key player during chicken limb development. Gain and loss-of-

function studies show that flrt3 is necessary but not sufficient for proper AER 

formation and maintenance.  

We favour a model (Fig. 39) in which FGF10 from the mesenchyme signals to the 

AER through Wnt3a, inducing FGF8 activity. Wnt3a would induce Flrt3 expression, 

and FGF signalling, together with flrt3 in the ectoderm, would activate ERK, 

maintaining, this way, AER integrity. Simultaneously, FGF8 signals to the 

underlying mesenchyme via PI3K, inducing expression of mkp3 and, thus, promoting 

the survival of progress zone cells. 
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Figure 39.  Proposed model for flrt3 role in chick limb bud development. FGF signalling 
from the AER maintains fgf10 expression in the PZ and induces PI3K signalling which is 
responsible for Mkp3 activation. MKP3 would promote cell survival by inhibiting ERK 
activation. FGF activity from the PZ induces wnt3a and fgf8 at the AER. Wnt3a would be 
responsible for inducing flrt3 expression and this, together with FGF signalling, would 
activate ERK to maintain AER integrity and activity.  
 

I.7 Flrt3 in zebrafish fin development 
 
Pectoral and pelvic fins are homologous to the tetrapod fore and hindlimb, 

respectively. 

As Mercader explains, in a recent review that compares fin and limb development 

(Mercader et al., 2000), although the genetic network that prompts paired fin 

development seems to be similar to the developmental program of the tetrapod limb, 

there are evidences for some differences. It is probable that different solutions 

evolved to solve the distinct problems arising from the different morphological 

constraints. It may also be that although genes are considerably conserved between 

species, their regulatory regions diverged during evolution, producing alterations in 

the expression domains of “limb genes”. This could subsequently have led to 

changes in the gene regulatory network triggering limb outgrowth (Mercader et al., 

2000).  
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The paired fins arise from mesenchymal proliferations that form fin buds in the 

ventrolateral body wall. While the buds are growing, the apical epidermis produces 

an apical fold, which circumferences the buds in an anteroposterior direction. It is 

subsequently transformed into the fin fold as it is populated by migrating 

mesenchymal cells (Grandel and Schulte-Merker, 1998).  

According to our gene expression results (Fig. 13), we detect flrt3 at known FGF 

signalling centers, such as the developing brain, eye, ear and fin. It becomes evident 

that flrt3 expression in the pectoral fins is restricted to the mesenchyme at 36hpf, 

when the apical thickening condenses and forms the apical fold, in a complementary 

pattern observed in the chicken and mice homologues, where flrt3 is expressed in the 

AER (Haines et al., 2006; Smith and Tickle, 2006; Tomás et al., 2010).  

Moreover, we have located FLRT3 protein (Fig. 14)in cells that constitute the 

dermomyotome, branchial arches, and the developing retina, correlating with the 

structures where the flrt3 mRNA is expressed. However, in the pectoral fin, we have 

immunolocalized FLRT3 to the apical fold, instead of the mesenchyme, as for the 

mRNA. This might be due to the unspecific ability of the antibody to recognize the 

zebrafish FLRT3, but rather be recognizing another zebrafish flrt family gene, since 

the antibody was raised against the human protein and there are significant 

differences between the aminoacid sequences of both species (Fig. 12A)). Other 

members of the family should be studied to further understand flrt gene family role 

in zebrafish fin development. 
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II Flrt3 in other FGF signalling centers 
 
We have shown that flrt3 expression in both zebrafish and chick (also in Smith and 

Tickle, 2006), coincide with regions known to express FGF signalling components or 

to be regulated by FGF signalling during development, including the limb bud, the 

dermomyotome, the otic and optic placodes/ vesicles, and the midbrain-hindbrain 

boundary. This feature is observed also in frog (Bottcher et al., 2004) and mouse 

(Haines et al., 2006; Gong et al., 2009). In fact, sustained domains of MAPK/ERK 

activation by FGF signalling were identified during mouse embryonic development 

in the ectoplacental cone, extra-embryonic ectoderm, limb buds, branchial arches, 

frontonasal process, forebrain, midbrain-hindbrain boundary, tailbud, foregut and 

liver. Transient activation was seen in neural crest, peripheral nervous system, 

nascent blood vessels, and anlagen of the eye, ear and heart (Corson et al., 2003).  

 
At the dermomyotome the temporal pattern of flrt3 expression and evidences from 

cell-cell interaction studies (Haines et al., 2006; Karaulanov et al., 2006; Karaulanov 

et al., 2009) suggest that flrt3 might be involved in the detachment of muscle 

precursor cells. In that structure, cells that have an epithelial morphology transforms 

into a less adhesive myoblast morphology allowing their migration from the 

demomyotome to their final destination. The signals that regulate the timing of the 

epithelio-mesenchymal transition (EMT) of the central dermomyotome remain 

unknown, however it has been shown to depend on the triggering of MAPK/ERK 

pathway (Delfini et al., 2009).  

 
The midbrain-hindbrain boundary (MHB), also known as the Isthmic Organizer 

(IsO), is the best-characterized signalling center within the CNS. Located at the level 

of the isthmus (Marin and Puelles, 1994; Liu and Joyner, 2001), the IsO secretes 

signalling molecules from the WNT (mainly Wnt1) and the FGF (FGF8, FGF17, 

FGF18) families (Liu and Joyner, 2001; Mason, 2007). FGFs, FGF8 in particular, are 
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considered the principal molecules that exert patterning functions while WNT signals 

are typically associated with proliferative control (Raible and Brand, 2004). 

We observed Flrt3 expression in the anterior part of the neural tube at the MHB in a 

restricted manner. This expression correlates with FGF expression and the role for 

FGFs in the formation, patterning and signalling from the isthmus (Carl and 

Wittbrodt, 1999; Trokovic et al., 2003; Mason, 2007). 

 
Also, flrt3 is expressed at the retina of the developing eye. Early development of the 

lens and retina depends upon reciprocal inductive interactions between the 

embryonic surface ectoderm and the underlying neuroepithelium of the optic vesicle. 

FGF signalling has been implicated in this signal exchange, via MAPK/ERK(Gotoh 

et al., 2004). Moreover, retinal regeneration studies proved a role for FGF2 in 

stimulating Pax6 expression during induction of transdifferentiation of the RPE 

through FGFR/MEK/ERK signalling cascade (Spence et al., 2007). 

 
A conclusion that can be extracted from the overall analysis of flrt3 expression is that 

its expression is dynamic throughout the FGF signalling centers, and like in limb 

development, promotes cell-cell communication and ERK-mediated patterning. 
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III Flrt2 

 
Contrarily to flrt3, flrt2, the only other gene from flrt family indentified in Gallus 

gallus, does not seem to be associated to the FGF signal transduction in the 

developing limb. 

During AER induction and limb outgrowth, the peek of FGF activity in the limb bud, 

flrt2 expression is not found in the limb, but in the embryo flank (Fig. 27D). Only at 

stage 25HH, a small zone of flrt2 expression starts to become evident in the limb’s 

central mesenchyme, whilst the flank flrt2 expression begins to get fainter.  

This pattern is similar to that of raldh2, responsible for Retinoic acid (RA) synthesis 

from retinal, overlaping at the flank and proximal mesenchyme. RA is a potent 

morphogen, with a prominent role in limb initiation, by the positioning of the ZPA 

through induction of hoxb8 (Stratford et al., 1996; Berggren et al., 1999; Berggren et 

al., 2001). Recently, RA signalling was shown not to be required for limb expression 

of Shh and Meis2, acting outside the limb field in the body axis during forelimb 

induction, but unnecessary at later stages when hindlimb budding and patterning 

occurs (Zhao et al., 2009).  

Although apparently not necessary for the P-D patterning of the limb, RA has an 

important role in the formation of the limb cartilage, being pivotal for the initial 

induction and condensation of prechondrogenic tissues (Weston et al., 2000; 

Berggren et al., 2001), condrocyte proliferation and maturation, regulation of 

longitudinal bone growth (Koyama et al., 1999; De Luca et al., 2000) and control of 

interdigital cell death by promoting BMP gene expression and simultaneously 

repressing the chondrogenic potential of BMPs (Rodriguez-Leon et al., 1999).  

In later stages, flrt2 is detected in the tip and around the digits, in the precartilaginous 

condensations, suggesting a possible role for flrt2, along with RA in the control of 

chondrogenic differentiation. This is supported by flrt2 colocalization with raldh2, in 

the flank and limb proximal mesoderm, although further studies must be done for 

both genes in order to one be able to sustain this hypothesis. 
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IV AER cell dynamics 
 
The importance Apical Ectodermal Ridge in vertebrate limb development has been 

extensively demonstrated. Classical experiments of AER removal have shown that 

progressive late structure surgical ablations result in progressive loss of distal 

elements of the limb, which can be partially rescued by exogenous application of 

FGFs (Saunders J. W., 1948; Summerbell, 1974). 

This specialized ectoderm ridge along the distal edge of the limb bud has been 

known to control proximal-distal growth by maintaining PZ cells in an 

undifferentiated and proliferative state. However, one lacks the knowledge on how 

do AER cells behave and how is the dynamic of cell renewal at the most distal tip of 

the limb in order to maintain the organizing centre structure, and function, during 

development. We have characterized this process during chick limb development. 

 
Immunolocalization of phospho-Histone H3 and different BrdU-pulse assays enable 

us to describe a niche of proliferating cells located at the base of the AER (Fig. 

29C,I), both on the ventral and dorsal sides of the AER along all its length. Also we 

have indirectly inferred cell movement within the structure and determine the half-

live of those cells. Our results suggest that a BrdU-positive cell that has incorporated 

BrdU while dividing itself in the AER proliferating region at the base of the structure 

took around 45 minutes, from their proliferating niche at the AER’s base, to reach 

the tip of the ridge. 

There, a constant pattern was also observed throughout the limb bud development. 

AER cells dye on the most distal and central part of the ridge along the anterior-

posterior axis of the limb bud (Fig. 29B,I), most probably through a process of 

Anoikis (apoptosis following loss of cell anchorage), as described for other systems 

such as normal skin, the involuting mammary gland, epithelial tissues of the colon, 

and in the first cavitation step of embryogenesis (reviewed in Zhan et al., 2004; 

Chiarugi and Giannoni, 2008).  
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Throughout limb development, the structure of this organizing centre must be 

maintained through a genetically controlled fine-tuned balance between proliferation 

and cell death, self-renewal and differentiation. 

 

IV.1 Other epithelial cell renewal systems: the small intestine 
 
Ever since embryonic stem cells (ESCs) were first isolated in the early 1980s, they 

have gained notoriety as invaluable tools for research and a promising resource for 

cell replacement therapies. These cells present the unique property of self-renewal 

and the ability to generate differentiated progeny in all embryonic lineages both in 

vitro and in vivo. They have been, and continue to be, extensively studied for the 

molecular characteristics that permit them to achieve and maintain their pluripotency.  

Somatic stem cells (SSCs) are maintained by self-renewal and, in contrast to ESCs, 

differentiate into function-specific cells in order to replace dead and injured cells in 

various tissues. They have been identified in numerous tissues in the adult mammal 

namely the central nervous system, epidermis, mammary gland, muscle, bone 

marrow, gonads and intestine epithelium (reviewed in Naveiras and Daley, 2006; 

Teo and Vallier, 2010).  

 
The intestinal epithelium contains a rapidly proliferating and perpetually 

differentiating epithelium, being its principal functional unit the crypt–villus axis. In 

mouse, stem cells located in the crypts give rise to proliferating progenitor or transit 

amplifying (TA) cells that undergo approximately 4 to 5 rounds of rapid cell 

division, move out of the crypt and terminally differentiate into enterocytes, goblet 

cells, and enteroendocrine cells. These differentiated cells continue to move up the 

villus flanks to die upon reaching the villus tip after 2 to 3 days (Marshman et al., 

2002; Shaker and Rubin, 2010).  

Although we could not characterize the rounds of division for the AER cells, this 

portrays a very similar system of epithelial cell renewal to the one we describe in the 

chicken AER (Fig. 29I): they proliferate in the base of the structure, migrate toward 

the tip, and dye. 
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V Oct4 in AER development and renewal 
 
Oct4, along with the transcriptional co-regulators sox2 and nanog, is critical for the 

maintenance of the undifferentiated state and self-renewal state of human and mouse 

embryonic stem cells as well as early embryonic cells (Nichols et al., 1998; Pesce 

and Scholer, 2001; Avilion et al., 2003; Chambers et al., 2003; Mitsui et al., 2003; 

Chew et al., 2005; Loh et al., 2006; Lavial et al., 2007; Niwa, 2007; Wei et al., 

2009), being an obligatory component of the cocktail needed to, in vitro, induce 

pluripotency in different somatic cell types (Takahashi and Yamanaka, 2006; Yu et 

al., 2007; Aasen et al., 2008; Aoi et al., 2008). In mouse, they form a regulatory 

circuitry with co-regulators, such as ß-catenin, Stat3, Myc, Klfs, and Sall4 to control 

the expression of pluripotency-related genes including themselves (Li, 2010). 

In 2007, Lavial and colleagues, showed that it was also required for chicken 

embryonic stem cells pluripotency maintenance and continued proliferation, 

establishing that mechanisms by which genes like oct4 regulate pluripotency and 

self-renewal are not exclusive to mammals. 

 
We have found oct4 expression during limb development, although in lower levels 

than those observed in the PGCs (primordial germ cells). Initially spawned over the 

limb ectoderm, as the ectoderm condenses to form the AER at its distal tip, oct4 

expression can be observed in the ectoderm and in the forming AER (Fig. 28H) in a 

“two stripes” pattern running along the anterior-posterior axis of the limb, that 

corresponds to areas of cell proliferation. At later stages when a decrease in 

proliferation rate accompanies the regression of the structure and the commitment 

towards the cartilage differentiation pathway, oct4 is no longer expressed, suggesting 

a role for oct4 in the maintenance of the ridge during limb development.  

In mouse ES cells, RNAi-mediated suppression of oct4 have been shown to cause a 

decrease in proliferation and induction of differentiation even in the presence of 

serum and LIF (leukemia inhibitory factor), inhibitors of ES cell differentiation 

(Velkey and O'Shea, 2003; Hough et al., 2006). Moreover, ectopic activation of oct4 
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in the intestine or skin results in rapid expansion of progenitor cells and invasive 

tumour formation indicating that oct4 can also act as a powerful oncogene in somatic 

cells (Hochedlinger et al., 2005). 

These findings support our evidence that oct4 controls the proliferative balance 

within AER cells. The AER cell’s response to oct4 overexpression results in the 

alteration of the AER’s cell dynamics favoring a local increase of proliferating cells 

and producing an expansion of the AER (Fig. 31B, E’). As a result of that event, an 

enlargement of the limb mesenchyme and increased number of chondrogenic 

precursors occur, as seen by an increased sox9 expression, and consequently by the 

formation of extra skeletal pieces on oct4-electroporated limbs (Fig. 31J’). 

 

V.1 RA and BMPs negativelly regulate oct4  
 
The self-renewal process is generally described as a parallel cellular event of 

proliferation, differentiation and apoptosis, and is known to be controlled by intrinsic 

genetic pathways that are regulated by extrinsic signals from the microenvironment 

in which those cells reside (Zhang and Li, 2005; Haegebarth and Clevers, 2009).  

Along with their known roles in AER induction, maintenance and regression during 

limb development, several extrinsic signals such as RA, BMP, FGF and WNT 

support self-renewal and pluripotency of ES cells by regulating “pluripotent genes”. 

Giving its critical role in maintaining pluripotency, oct4 activity must be tightly 

regulated.  

 
The retinoic acid (RA) effect on limb bud initiation has long been established, 

however, its role on proximo-distal limb patterning is far from consensual. Although 

prior studies stated that RA promoted proximalization of limb cells and endogenous 

RA signalling is required to maintain the proximal Meis domain in the limb 

(Mercader et al., 2000; Mic et al., 2004), Zhao and colleagues show that, in mice, RA 

signalling is not required for limb expression of Shh and Meis2. Moreover, they say 

that RA action is required outside the limb field in the body axis during forelimb 
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induction, but that RA is unnecessary at later stages when hindlimb budding and 

patterning occurs (Zhao et al., 2009).  

As we mentioned before, Retinoic Acid is synthesized in the proximal mesenchyme, 

mainly by RALDH2, and spreads into the distal limb bud, where it is degraded by 

CYP26 (Okamoto et al., 1990; Yashiro et al., 2004). Moreover, RA has a key role in 

chicken interdigital BMP-mediated cell death, activating msx genes in the interdigital 

space, and repressing the chondrogenic effect of BMPs (Rodriguez-Leon et al., 

1999). 

In the mouse and chick embryonic axis, RA promotes differentiation by inhibiting 

expression of fgf8 as cells leave the tailbud (Wilson et al., 2009), a step that may be 

analogous to the RA-mediated downregulation of fgf4 in ES cells (Stavridis et al., 

2010). In both ESCs and embryonic carcinoma cells, expression of oct4 is strong and 

rapidly downregulated during RA-induced differentiation (Pikarsky et al., 1994; 

Schoorlemmer et al., 1994; Lavial et al., 2007). We obtained similar effects on AER 

oct4 expression with RA bead implantation (Fig 34F), supporting the data from 

ESCs. 

The existence of complementary domains of retinoic acid production (by raldh2) and 

degradation (by cyp26), and the fact that cyp26 expression on the AER (Swindell et 

al., 1999) is coincident with oct4’s, strengthens our model for oct4 function in the 

AER cells and RA signalling involvement in keeping these particular niche of cells 

self-renewing.  

BMP family members bmp2, bmp4 and bmp7 are expressed in the AER (Geetha-

Loganathan et al., 2006) and are the main source of BMP signalling in the limb.  

Their main roles are to establish the dorso-ventral axis, to induce apoptosis and to 

maintain the integrity of the ridge (Pizette and Niswander, 1999; Geetha-Loganathan 

et al., 2006). Bmp5 is expressed at the distal mesenchyme being accountable for the 

induction of apoptosis in the undifferentiated mesoderm and growth in the 

prechondrogenic mesenchyme (Zuzarte-Luis et al., 2004). 

Studies indicate that, although with different functions in different stem cell 

compartments (Chen et al., 1998; Ying et al., 2003; Zhang et al., 2003; He et al., 
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2004; Bai et al., 2010), BMPs play an important role in the regulation of stem cell 

properties. Among others, in intestinal stem cells, BMP signalling is responsible for 

the inhibition of stem cell self-renewal through suppression of WNT-β-catenin 

signalling (He et al., 2004).  

Our results shown that oct4 AER expression is downregulated in the area of 

influence of the BMP-soaked bead (Fig. 34E), supporting a role for BMP activity in 

the negative regulation of oct4 expression, as it happens with RA, and supporting the 

data from SC systems for both molecules.  

 
V.2 Oct4 is upregulated through exogenous application of FGFs and WNT3A  
 
Several FGF family genes are responsible for AER activity. Of the 17 known FGF 

genes, 5 are expressed in the distal part of the established limb bud, 4 in the AER 

(Fgf2, Fgf4, Fgf8, Fgf19), and 2 in the mesenchyme underlying it (Fgf2, Fgf10). 

Their role is to provide AER function, either directly or indirectly, controlling 

proximal-distal outgrowth of the bud maintaining the distal progress zone cells in a 

proliferative state (Niswander, 1992; Mahmood et al., 1995; Savage and Fallon, 

1995; Martin, 1998; Montero et al., 2001; Boulet et al., 2004; Kurose et al., 2004) 

.Moreover, data from ESCs studies have shown that FGF signalling is required for 

maintaining the self-renewal activity (Eiselleova et al., 2009; Gotoh, 2009). The 

transcriptional program responsible for the pluripotency of human ESCs is believed 

to be co-maintained by exogenous FGF2, which activates FGF receptors and 

stimulates the mitogen-activated protein kinase (MAPK) pathway (Eiselleova et al., 

2009; Gotoh, 2009). 

 
Evidences have been pointing to the Wnt signalling pathway as a major signalling 

pathway during embryonic development and a key regulator of self-renewal 

homeostasis in several adult tissues, such as in the adult epithelial stem cells of the 

skin and intestine (Korinek et al., 1998; Haegebarth and Clevers, 2009). These 

studies support our data from FGF and WNT3A bead implantation, where an 
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upregulation of AER’s oct4 expression with these factors can be observed (Fig. 

34D).  

 
Also, enhancing FGF signalling through flrt3 overexpression in the limb ectoderm, 

has proved to be effective in inducing oct4 expression on ectopic ridge-like 

structures produced (Fig. 35B), supporting our results from regulatory studies upon 

bead implantation. Moreover, oct4 is expressed in a salt-and-peper fashion in ectopic 

limbs induced in the flank between the forelimb and the hindlimb by FGF8 bead 

implantation in the flank (Fig. 34A), supporting a role for oct4 in the maintenance of 

the ridge during early limb development.  

 

 
 
Figure 40.  Schematic representation of oct4 regulation in Gallus gallus’s early limb 
development.  
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VI Oct4 co-regulators of AER renewal 
 
An interesting fact is that, although favouring AER cell’s self-renewal, oct4 it is not 

sufficient, by itself, to induce the formation of ectopic ridge-like structures in the 

non-AER ectoderm nor in the flank between the forelimb and the hindlimb, even 

though the region has ectodermic competence for AER induction as shown with FGF 

bead implantation in the flank (Cohn et al., 1995; Mahmood et al., 1995; Mima et al., 

1995; Crossley et al., 1996; Vogel et al., 1996; Yonei-Tamura et al., 1999).  

Additional factors must be necessary to “reprogram” non-AER cells into an AER 

fate in coordination with oct4, therefore emphasizing the unique microenvironment 

that AER provides.  

We can exclude nanog from the candidate list for AER cell renewal co-regulator 

since it has been described as not expressed during limb development (Canon et al., 

2006). 

 

VI.1 Sox14 and p27, onsets for AER cell differentiation? 
 
Due to the synergistic interaction between oct4 and sox2 in ESCs (Chew et al., 2005; 

Okumura-Nakanishi et al., 2005), we have looked into its expression in the AER 

during limb development. However, we could not find sox2 expression there. When 

generating iPS (induced pluripotent stem) cells, sox2 can be replaced by sox1 or sox3 

(Nakagawa et al., 2008). We then looked for a different Sox partner that might 

accomplish oct4 gene activation in AER cells.  

The Sox gene family codes for a group of developmental transcription factors that 

belong to the group of High Mobility Group (HMG) box domain proteins (Uchikawa 

et al., 1999; Bowles et al., 2000). The Sox group B has been further divided into two 

subgroups, B1 and B2, based on homology in the C-terminal domains. SoxB1 

proteins (SOX1, SOX2, SOX3) have been demonstrated to act as transcription 

activators whereas the SoxB2 proteins (SOX14, SOX21) act as repressors (Uchikawa 

et al., 1999). 
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Sox proteins act in a wide range of developmental processes with the Group B 

proteins acting in the development of the nervous system. Specifically, SoxB1 

proteins are generally thought to be involved in maintaining a neural stem cell or 

progenitor population (Wegner and Stolt, 2005). Functional analysis of chick sox21 

suggests that it specifically counteracts SoxB1 proteins, and as a consequence, 

promotes the progression of neurogenesis in the developing CNS (Sandberg et al., 

2005). Also sox14, it has been described as a mediator of cell death and dendritic and 

axonal pruning (Osterloh and Freeman, 2009), and as an interneuron differentiation 

factor (Popovic et al., 2010). 

Ours results show that sox14 is expressed at the central and distal portion of the 

AER, in an almost complementary pattern to oct4 (Fig. 36E,F). Immunohisto-

chemistry analysis has confirmed (Fig. 36G), that sox14 it is absent from the 

proliferation areas of the AER. These results, together with oct4 expression data, 

suggest a role for sox14 in promoting differentiation of the cells that leave the oct4-

positive proliferating area. Further studies should be done in order to dissect sox14 

role in this process. 

 
The cyclin-dependent kinase (CDK) inhibitor p27Kip1 binds to and prevents the 

activation of Cyclin E/CDK2 or Cyclin D/CDK4 complexes, and thus controls G1-

to-S phase transition of the cell cycle. p27 is one of the proteins induced when mES 

cells enter a differentiation pathway (Savatier et al., 1996; Bryja et al., 2004). 

Moreover, in Xenopus laevis has been shown to be involved in exit from the cell 

cycle and differentiation of cells into a quiescent state in the nervous system, muscle 

tissue, heart and retina (Ohnuma et al., 1999; Ohnuma et al., 2002; Vernon et al., 

2003; Vernon and Philpott, 2003; Movassagh and Philpott, 2008; Naylor et al., 

2009). Also, in mouse, p27 in known to play a key role in regulation of osteoblast 

differentiation by controlling proliferation-related events in bone cells (Drissi et al., 

1999). 

As for Sox14, we have found p27 expression at the AER in a single, most distal strip 

of stained cells (Fig. 36H, I), outside the AER proliferating areas. Our results, 
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together with observations that imply p27 as a regulator of proliferation and 

differentiation in numerous systems, suggest a possible role for p27 in getting AER 

cells to exit the cycle at G1 and differentiate, as they move towards the tip of the 

structure. 

We have gather tools, by cloning its full-length cDNA into a pCAGGS expression 

vector and producing RCAS virus that drive p27kip1 expression (as we did for sox14), 

to pursue studies on this subject at the lab, and further understand the mechanism by 

which p27 might be regulating AER cells differentiation. 

 

VI.2 Lgr5 
 
We have previously discussed (II.1) the similarities between the dynamic we 

describe here for the epithelium renewal at the most distal tip of the limb during 

development and the intestinal epithelium: cells proliferate at the base of the 

structure, migrate towards the tip, and dye (Fig.29 I). 

The crypt is a unique cell biological system as proliferation (transit cell lineages), 

differentiation and cell migration are all distributed linearly along the axis of the 

crypt (Potten et al., 2009).  

The Wnt signalling pathway plays a key role in the maintenance and activation of 

proliferation of stem cell niches (Haegebarth and Clevers, 2009). The Wnt target 

gene lgr5 has been recently identified as a novel stem cell marker of the intestinal 

epithelium and the hair follicle. The lgr5 gene encodes an orphan G protein-coupled 

receptor characterized by a large leucine-rich extracellular domain and seven 

transmembrane domain (Haegebarth and Clevers, 2009). 
 
In the intestine, lgr5 is exclusively expressed in cycling crypt base columnar cells 

(Barker et al., 2007; Snippert et al., 2010). Genetic lineage-tracing experiments 

revealed that crypt base columnar cells are capable of self-renewal and multipotency, 

thus representing genuine intestinal stem cells. Expression of lgr5 in multiple other 

organs indicates that it may represent a global marker of adult stem cells (Barker et 

al., 2007; Haegebarth and Clevers, 2009) 
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We have shown that lgr5-positive cells co-localized with proliferating areas in the 

AER during limb development (Fig. 38C), point to a role for lgr5 in sustaining, 

together with oct4, the maintenance of a proliferating niche of cells at the base of the 

AER. 

Thus we believe that Lgr5 is a good candidate gene as a positive co-regulator of AER 

cells self-renewal, along with oct4.  

 

 
 

 
 

 
 

Figure 41.  Proposed model for AER activity and renewal in Gallus gallus limb 
development.  
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VII Proposed model for AER activity and renewal and involved players 
 
In conclusion, flrt3 is a key player during chicken limb development. Gain and loss-

of-function studies show that flrt3 is necessary but not sufficient for proper AER 

formation and maintenance.  

We propose a model (Fig. 41) in which FGF10 from the mesenchyme signals to the 

AER through Wnt3a, inducing FGF8 activity. In this model, Wnt3a will induce the 

expression of flrt3 and FGF signalling, together with flrt3 in the ectoderm, would 

activate ERK, maintaining, this way, AER integrity.  

AER epithelial cell renewal would be sustained by two multipotent, non-committed, 

oct4-positive, cell populations at the base of the structure and running along the 

anterior-posterior axis of the limb, in constant proliferation. These cell populations 

would be nurtured by FGF, FLRT3 and WNT signalling, and protected in their niche 

from differentiation signals from BMP and RA. These cells possess a very short half-

live and as they move towards the AER tip, they loose their stemness-like capability, 

differentiate, dye and leave the AER by anoikis. At the same time, a new batch of 

oct4-positive cells are dividing at the base and moving towards the top, assuring the 

AER maintenance.  

Simultaneously, at the underlying mesenchyme, FGF8 signals through PI3K, 

inducing expression of mkp3 and, thus, promoting survival of progress zone 

mesenchymal cells. 
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• Flrt3 expression during limb development is restricted to the AER and coincides 

with that of fgf8 and pERK activity. 

• Flrt3 is necessary but not sufficient for proper AER formation and maintenance. 

• Flrt3 expression is not regulated by FGF activity, although ectopic Wnt3a is 

able to induce flrt3; BMPs specifically inhibit flrt3 in the AER. 

• Flrt3 regulate AER’s BMP signalling through gremlin. 

• AER renewal is very dynamic: cells proliferate at the base of the structure, both 

on the ventral and dorsal sides of the AER and all over its length, and as they move 

towards the AER’s tip, they loose their stemness-like capability, differentiate, dye, 

loose contact to the extracellular matrix and leave the AER by anoikis. At the same 

time, a new batch of cells are dividing at the base and moving towards the top, 

assuring the AER maintenance 

• At the AER, oct4 expression coincides with AER proliferation niches  

• AER Cell Dynamic upon oct4 overexpression is altered: the recruitment for 

cells that will contribute for the AER or proliferation within AER cells is increased 

in Oct4-electroporated limbs; cell death is not affected 

• FGF signalling is needed to maintain oct4 expression in the AER 

• The canonical WNT, WNT3A, controls oct4 expression in the AER 

• BMPs and RA negatively regulate oct4 expression  

• Cyp26, Sox14, p27Kip1, Lgr5 might be candidate genes for oct4 co-regulators of 

AER renewal 
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I Embryo Models 
 
Most of the experiments carried out in this thesis work were performed in chick 

embryos. However, zebrafish embryos were used to perform a comparative 

expression pattern analysis during limb development and therefore used in the 

corresponding developmental stage range. 

All experimental procedures were carried out following protocols approved by the 

CMRB (Center of Regenerative Medicine in Barcelona) and IGC (Instituto 

Gulbenkian de Ciência) ethical committees. 
 

I.1 Staging, collection and processing of the biological material 
 
The zebrafish embryos were wildtype AB kept and bred under standard conditions at 

28ºC. Embryos were staged and fixed at specific hours post-fertilization (hpf) as 

described in (Kimmel et al., 1995)  

To facilitate visualization of in situ hybridisations, 0.2 mM phenylthiourea (PTU) 

was added to the embryo media at approximately 24hpf to block pigment formation. 

For the purpose of this work were studied from ~10hpf to 3 1/2 days. 

Chicken (Gallus gallus) eggs were supplied by a local farm. Eggs were incubated at 

37,5ºC and 40% humidity. Chicken embryos used in this work ranged from stages 10 

to stages 31 and were classified according to Hamburger and Hamilton (HH) stage 

series (Hamburger and Hamilton, 1951; Hamburger and Hamilton, 1992)(See annex 

II).  

Chicken embryos were collected in cold PBS, and depending on the stage of the 

embryos, embryonic membranes were removed, heads pierced and guts removed 

(from chicken embryos above stage 20HH). 

All embryos used for ISH were fixed overnight (ON) in paraformaldeyde (PFA 4%) 

in phosphate buffered saline (PBS; pH7.4) at 4ºC. After fixation embryos were 
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dehydrated in crescent serie of Methanol (MetOH) solutions in PBT, until 100% 

MetOH and then stored at -20ºC for at least 6 hours prior use. 

Embryos used for immunohistochemistry studies were only fixed for 2h in 4%PFA 

and then stored appropriately, according to the protocols to use.  

 

II Cloning of full-length and dsRNA constructs 
 
II.1.1 Full-length flrt3  
 
Full-length flrt3 (XM_426107) was obtained after a two-step PCR amplification of 

chicken RNA collected from embryos at stage 14, 21 and 25 HH using High Fidelity 

PCR Master kit (Roche) and subsequent cloning into an empty modified expression 

vector, pCAGGS-PL4 (provided by A. Raya). The following primers were used for 

PCR amplification: PA (FW), 5’-ATGGCAACCATCACAAAATTTACTC-3’; PB 

(RV), 5’-TCATGAGTGTGAATGATCTGAATCTGG-3’; P1 (FW), 5’-CCA 

CGGATTAGGAGACAAGG-3’; P2 (RV), 5’-GCTGAGTTATGTTGTCCAGG-3’.  

Briefly, PCR products PA+P2 (1239 bp, RI) and P1+PB (1289 bp, RII) sharing a 

common middle part with a HindIII restriction site, were cloned into pGEM®-T easy 

(Promega) and pCR®II-TOPO® (Invitrogen™), respectively. RII was extracted from 

pCR®II-TOPO® with HindIII and subcloned into RI’s pGEM®-T easy. Full-length 

flrt3, RI+RII, was finally excised with NotI from and subcloned into an empty 

modified expression vector, pCAGGS-PL4 (provided by A. Raya).  

Successful cloning at all steps was confirmed by DNA sequencing.  
 

 
 

Figure 42.  Schematic representation of full-length flrt3 cloning process. 
 
II.1.2 Full-length oct4  
 
Full-length oct4 (XM_425352) was obtained by PCR amplification as for flrt3, and  
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cloned into pCR®II-TOPO® (Invitrogen™). The following primers were used for 

PCR amplification: ClaI-P1-FW, 5’-ATCGATATGCATGTAAAAGCC-3’ and P2-

RV, 5’-TTAGTGGCTGCTGTTGTTCATGG-3’. Successful cloning was confirmed 

by DNA sequencing. Full-length oct4 was excised with ClaI/XbaI and directionally 

cloned into an empty modified expression vector pCAGGS (provided by A. Raya). 

Successful sub-cloning was confirmed by DNA sequencing.  

 

II.1.3 dsRNA against flrt3  
 
In several organisms, introduction of double-stranded RNA (dsRNA) has proven to 

be a powerful tool to suppress gene expression through a process known as RNA 

interference (RNAi) (Sharp, 1999). pSUPER RNAi system (oligoengine™) provides 

an expression vector that directs intracellular synthesis of short interfering RNAs 

(siRNA)-like transcripts. The resulting transcript of the recombinant vector is 

predicted to fold back on itself to form a 19–base pair stem-loop structure, wich is 

quicky cleaved in the cell to produce a functional siRNA (Brummelkamp et al., 

2002). 

According to the pSUPER RNAi manufacturer system, a unique 19-nt sequence 

derived from the mRNA transcript of the gene targeted for suppression was designed 

(through iRNAi software from Mekentosj Inc.) (Brummelkamp et al., 2002), and the 

following oligos containing BglII and HindIII sites, as well as the hairpin sequence, 

were assembled as described by the manufacturer (detailed protocol in annex III): 

Forward primer, 5’-GATCCCCTTTCAGGCTACTGCTGCGATTCAAGAGATCG 

CAGCAGTAGCCTGAAATTTTTGGAAA-3’;  

Reverse primer, 5’-AGCTTTTCCAAAAATTTCAGGCTACTGCTGCGATCTCTT 

GAATCGCAGCAGTAGCCTGAAAGGG-3’;  

43,5% GC content; target sequence: 5’-AATTTCAGGCTACTGCTGCGATT-3’.  

Briefly, pSUPER vector was linearized with BglII and HindIII, forward and reverse 

strands of the oligos containing the siRNA-expressing sequence targeting flrt3 were 

annealed and cloned into the vector. Competent bacteria were transformed with the 
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vector, and checked for presence of positive clones. After digestion with EcoRI and 

HindIII, positive clones will have a fragment approximately 360 bp in length. An 

empty pSUPER vector has a fragment of 300 bp. The presence of the correct insert 

was confirmed by DNA sequencing.  

A mismatch RNAi (target sequence: 5’-AATTTCAGGCTAGATCTGTGGTT-3’) 

was used as a control.  

 

III Chicken Embryo Manipulation 
 
Experimental manipulations of limb buds were performed always in the right wing 

leaving the left one as a control. Upon manipulation, eggs were sealed with tape, 

incubated for different periods of time and treated for further processing. 

 

III.1 Bead implantation 
 
Ion exchange (AG1-X2, Bio-Rad) or heparin acrylic beads (Sigma®) were washed in 

DMSO and PBS with 0.1% BSA, respectively, and then incubated in the selected 

molecule. Retinoic acid was absorbed in AG1-X2 microspheres at 50 µg/ml as 

described previously (Helms et al., 1994). AG1-X2 beads were soaked in the FGF 

receptor kinase inhibitor SU5402 (Calbiochem), at a final concentration of 2 µg/µl in 

DMSO. The remaining proteins used in this work were embedded in heparin acrylic 

beads at the following concentrations: FGF2, FGF8, FGF10 and FGF19 at 1 µg/µl; 

BMP2, BMP4, WNT3A at 0.1 µg/µl; Beads were implanted into stage 19-21 HH 

developing chick limb buds as described previously (Montero et al., 2001).  

Briefly, eggs were windowed at the desired stages and the right limb bud was 

exposed. Beads, ranging between 100 and 200µm in diameter, incubated in the 

different factors (1 hour at room temperature) or in PBS with 0.1% BSA or DMSO 

(controls) were implanted into the anterior margin mesoderm of the chick wing bud, 

close to the AER. RA and SU5402 beads were kept protected from the light. 

 

 



AER ACTIVITY AND LIMB OUTGROWTH DURING VERTEBRATE DEVELOPMENT 

 

A.R.TOMÁS, 2010 117 MATERIALS AND METHODS 

III.2 Electroporation of limb ectoderm 
 
Loss-of-function studies were achieved by co-electroporation of both pCAGGS-

AGFP and dsRNA-flrt3. Gain-of-function studies were achieved by co-

electroporation of both pCAGGS-AGFP and pCAGGS-flrt3; pCAGGS-AGFP and 

pCAGGS-oct4. A mix of 0.1% Fast Green (Sigma®), 1 µg/µl of pCAGGS-AGFP and 

5 µg/µl of dsRNA-flrt3 or pCAGGS-oct4 was prepared.  

In both experiments, controls with single electroporation of a GFP expression vector 

(a kindly gift from A. Tavares), pCAGGS-AGFP were performed. 

Eggs were allowed to cool down to room temperature before starting the procedure. 

Eggshell was swabbed with 70% ethanol and a small window opened (2 cm2) 

overlying the embryo. The viteline membrane above the limb field was carefully torn 

off with fine tweezers and the right-dorsal surface of the lateral plate mesoderm was 

covered with the DNA or dsRNA mix, using a borosilicate glass capilar (Kwik Fil™-  

 

 
 
Figure 43.  Schematic representation of the electroporation procedure and expected result. 
Injection and electroporation of RNAi and GFP plasmids. Region of the lateral plate 
mesoderm expected to be transfected. 
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WPI) coupled to a mouth pipette. Electrodes were placed in position over and under 

the prospective limb, in a parallel position to each other and to the neural tube with 

the negative electrode over the embryo. The DNA will be driven into the surface 

ectoderm of the prospective limb. Electroporation was performed with an Intracel 

TSS20 Ovodyne electroporator (Intracel LTD) using 3 pulses of 50 ms length (8 V 

each) with 60 ms interval. A drop of PBS/0,1% Pen/Strep was applied. Eggs were 

sealed with clear tape, incubated for the desired period of time and then fixed as 

previously described.  
 

IV In situ hybridisation 
 
IV.1 Probes 
 
Probes for flrt2, flrt3, fgf8, en-1, msx1, lmx-1, lgr5, sox14, p27, cyp26 and raldh2 

were obtained from chicken ESTs as shown in the table below, from Geneservice 

(Boardman et al., 2002). Mkp3, gremlin and sox9 were obtained as previously 

described (Merino et al., 1999; Chimal-Monroy et al., 2003; Kawakami et al., 2003). 
 

Probe Reference Enzime Pol. for AS 
flrt2 ChEST873n14 NotI T3 
cflrt3 ChEST840j5 NotI T3 
zflrt3 Cloning SalI T7 
oct4 Cloning Ecl136II T3 
fgf8 ChEST320b9 NotI T3 
en-1 ChEST92p12 NotI T3 
msx1 ChEST660e20 KpnI T7 
lmx-1 ChEST100c17 NotI T3 
lgr5 ChEST999g16 NotI T3 

sox14 ChEST847i12 NotI T3 
p27 ChEST639l15 NotI T3 

cyp26  ChEST423d23 NotI T3 
raldh2  ChEST819m8 NotI T3 
mkp3 Kawakami et al., 2003 XhoI T3 

gremlin Merino et al., 1999 NcoI T7 
sox9  Chimal-Monroy et al., 2003 NotI T3 

 
Table 4 - Probes used: linearization enzyme and polymerase required for transcription 
of antisense probe  
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IV.1.1 Cloning of the zebrafish flrt3 probe 
 
Total RNA was isolated from 24 hpf and 48 hpf embryos using Trizol reagent 

(Invitrogen) according to manufacturer’s instructions. cDNA was synthesised using 

the 1st Stand cDNA Synthesis Kit for RT-PCR (AMV) (Roche) using Random 

Primer p(dN)6. An 817 bp fragment generated by PCR amplification of cDNA with 

primers zflrt3fw (5´-GGTTCTGGATGGCAACCTCC-3´) and zflrt3rv (5’-

CCAGCTTTAGCCAACTGAGC-3’) was cloned into pGEM®-T easy (Promega). 

The sequence was confirmed by nucleotide sequencing. 

 

IV.1.2 Cloning of the chicken oct4 probe 
 
Full length oct4 was excised from pCAGGS and subcloned into pBluescript II KS(+) 

(Stratagene) to be able to produce both sense and antisense probes.  

 

IV.2 Protocols 
 
In situ and double in situ hybridization were performed as described (Schulte-Merker 

et al., 1992; Wilkinson, 1992; Pott and Fuss, 1995; Furthauer et al., 2002; Thisse and 

Thisse, 2008)(See annex III for detailed protocols used for chicken and zebrafish). 

Several Proteinase K digestion times were used to access the optimum one for each 

stage. Specific labelling was controlled using sense RNA probes. Alkaline 

phosphatase reactions were developed using BM Purple (Roche) substrate.  

For chicken double in situ hybridisation, both digoxigenin- and fluorescein-labeled 

probes, synthesized according to standard protocols, were added simultaneously at 

day one. After developing one of the probes with BM Purple, the reaction was 

stopped in PBT, the embryos incubated with MABT without levamisole at 70ºC for 1 

hour to stop alkaline phosphatase activity and then soaked in pre-antibody blocking 

for 30 minutes. The antibody against the second probe was then added, and the 

protocol followed as for the first probe, except for the alkaline phosphatase substrate.  

INT/BCIP (Roche) was used as manufacturer’s description.  
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V Cryopreservation and sectioning  
 
Chicken embryos were fixed as described above and cryoprotected in 10% sucrose in 

PBS overnight at 4ºC. Embryos were then embedded in 30% gelatine in the previous 

solution for 1 h at 37ºC, oriented as desired into cryomolds and snap-frozen at -80ºC. 

Cryosections of 10-12 µm were placed into pre-coated slides and processed for 

immunostaining.  

Sections of embryos that had undergone in situ hybridisation were also performed, at 

20-25µm, mounted in Aquatex medium and analysed under a microscope. 

 

VI Immunohistochemistry 
 
Single or double immunohistochemistry for laminin (Sigma; 1:300) and FLRT3 

(MAB, R&D Systems; 1:150) was performed using the manufacturer's recommended 

dilutions, and following standard protocols for immunohistochemistry in sections.  

Briefly, tissue sections were dried at room temperature for 30 minutes and gelatine 

was removed by heat (37ºC) in PBS and then rinsed in TBS. The tissue was 

permeabilized with 0.5% Triton, 3% heat inactivated goat serum in TBS for 30 min, 

and incubated with the primary antibody/antibodies. Primary antibodies were 

incubated overnight at 4ºC, and ALEXA-conjugated (Invitrogen™) secondary 

antibodies were incubated for 1 h at 37°C. Staining with Propidium Iodide or DAPI 

for DNA were carried out following standard procedures at a final dilution of 1.5 

mM and 1.5 µg/ml, respectively. 

 

Antibody Specie Dilution Brand - Ref. 
MAB FLRT3 Mouse 1:150 R&D AF2795 

Phospho Histone H3 Rabbit 1:100 Upstate 06-570 
Phospho Histone H3 Rat 1:100 Sigma H9908 

Laminin Rabbit 1:300 Sigma L9393 
 

Table 5 - Primary antibodies 
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VII Proliferation assays 
 

VII.1 Phospho-Histone H3 
 
Chicken embryos were fixed, cryoprotected, and sectioned as described above. 

Immunohistochemistry for phospho-Histone H3 (Ser10) (UpState #06-570 (rabbit); 

1:100 and Sigma H9908 (rat), 1:100) was performed according to the manufacturer's 

protocols for dilutions, and following standard protocols for immunohistochemistry 

in sections and whole-mount. Staining with Propidium Iodide or DAPI for DNA was 

carried out as described above.  

 

VII.2 BrdU incorporation and detection 
 
Eggs were windowed and 100 µl of 5-bromodeoxyuridine (BrdU) solution (100 

µg/µl) were pipetted directly on top of stage 20-21HH embryos. Subsequently, eggs 

were sealed and incubated for 30 minutes, 45 minutes, 1, 5, 7, 18, and 24 hours at 

37.5°C. Embryos were fixed and then processed for cryosectioning and 

imunohistochemistry as previously described. BrdU incorporation was detected using 

Roche 5-Bromo-2′-Deoxy-Uridine Labelling and Detection Kit I according to the 

manufacturer’s instructions, incorporation some minor changes. Briefly, tissues were 

treated with Citrate Buffer pH 6 for 10 minutes at 96-99ºC and allowed to cool on 

ddH2O. They were then washed twice in TBS for five minutes and incubated in 0.5% 

Triton, 3% heat inactivated goat serum in TBS for 30 min. The anti-BrdU antibody, 

diluted in its own nucleases-containing buffer, was incubated overnight at 4ºC. 

Detection of BrdU by a specific antibody conjugated to fluorescein was performed 

by incubating sections for 1 h at 37°C. An Alexa Fluor® 488 labeled anti-

Fluorescein/Oregon Green® goat IgG antibody (Invitrogen™) was used to enhance 

the green-fluorescent signal. Slides were then washed in TBS, counterstained with 

Propidium iodide and mounted. 
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VIII Cell Death assays 
 
In Situ Cell Death Detection Kit POD, TMR red or Fluorescein from Roche 

Diagnostics, was used according to manufacturer’s instructions and standard 

imunostaining protocols. Whole-mount and in sections’ terminal deoxynucleotidyl 

transferase-mediated deoxyuridinetriphosphate nick end-labeling (TUNEL) assays 

were performed as previously described (Kanzler et al., 2000).  

 

VIII.1 In sections 
 
After the removal of gelatine from the tissue, the slides were first washed two times 

in Tris buffered saline (TBS) for 10 minutes before they were permeabilised in TBS 

plus 0.02% Triton and 0.05% tween-20 for 30 minutes at RT. They were then 

washed twice in TBS for five minutes, incubated in 10 mM Tris-HCl plus 5 mM 

EDTA at pH 8 for 5 minutes before proteinase K treatment (20 µg/ml) in the same 

Tris buffer as before for 15 minutes. Two washes in 5 mM EDTA for five minutes 

were followed by incubation in the TdT buffer (25 mM Tris-HCl, 200 mM Sodium 

Cacodylate, 1mM Cobalt Chloride) pH7.75 for 10 minutes to equilibrate for the 

TUNEL reaction.  

For the TUNEL reaction (2 h at 37°C), and according to the experiment, the In Situ 

Cell Death Detection Kit POD, TMR red or Fluorescein from Roche Diagnostics, 

Barcelona, Spain was used according to manufacturer’s instruction with an 

enhancement step: an anti-fluorescein antibody POD conjugated and 3,3'-

Diaminobenzidine (DAB) or an Alexa Fluor® 488 labeled anti-fluorescein/Oregon 

Green® goat IgG antibody was used, accordingly, to enhance the signal. 

For single TUNEL detections, slides were washed in TBS, counterstained with DAPI 

and mounted. If an imunostaining step should follow, sections were to be washed in 

Saline- sodium citrate (SSC) plus EDTA buffer twice for 10 minutes to stop the 

TUNEL reaction, followed by two washes in TBS for 10 minutes.  
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VIII.2 Wholemount  
 
Limbs were treated as previously described for in situ hybridisation until the post-

fixation step. The tissues were then treated with 0.1% Sodium Borohydride, rocking 

at RT for 30 minutes, prior the incubation in the TUNEL reaction mixture for 2 hours 

at 37ºC. Depending on the experiment, an anti-fluorescein antibody POD conjugate 

and 3,3'-Diaminobenzidine (DAB) was used, or an Alexa Fluor® 488 labeled anti-

fluorescein/Oregon Green® goat IgG antibody was used to enhance the green-

fluorescent signal (Kanzler et al., 2000). 

In TUNEL plus Proliferation assays, after TUNEL reaction, tissues were washed in 

TBS, blocked for 30 minutes in 0.5% Triton, 3% heat inactivated goat serum in TBS, 

and incubated overnight at 4ºC with anti-phospho-H3 antibody. Samples were 

washed every other hour in 0.1% Triton, 3% heat inactivated goat serum in TBS, and 

then incubated overnight with secondary antibody and ribonuclease A (10 µg/ml) if 

TO-PRO 3 (Molecular Probes, 1:1000) was to be used for nuclear staining. 
 

IX Imaging 
 
Imaging of sections/wholemount embryos were performed with a standard Leica 

Fluorescent microscope or a Leica SP5A OBS confocal microscope using DPSS 

(diode-pumped solid-state lasers), argon, blue diode and HeNe lasers, and analysed 

using LAS AF software from Leica Microsystems and/or ImageJ. 

 

X Alcian green cartilage staining 
 
Chicken embryos were also examined by Alcian green cartilage staining as described 

(Ganan et al., 1996). Briefly, embryos were sacrificed, fixed in 5% trichloroacetic 

acid overnight at RT and stained with 0.1% Alcian green for another ON. The 

embryos were then cleared from alcian green remains in alcohol acid solution (0,1N 

HCl in 70% Ethanol) and dehydrated with absolute ethanol. Finally, the embryos 

were cleared in methyl salicylate.  
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XI Scanning Electron Microscopy 
 
Chicken embryos were fixed in 2.5% glutaraldehyde/cacodylate buffer (0.1 M, pH 

7.4) for 4 h at 4°C, washed three times in cacodylate buffer, and subsequently 

processed for critical point and sputtering following standard procedures. Sputtering 

of limbs buds was performed for 4 minutes. Imaging was performed in a JEOL JSM 

6390LV scanning microscope. 
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Figure 19. Immunolocalization of FLRT3 at the developing limb. 
Immunohistochemistry for FLRT3 (red), Laminin (green), and phaloidin(Blue) in a 
serie of tranverse section of the AER of a stage 22HH chicken embryo. Nuclei are 
counterstained with DAPI (blue/cyan). ......................................................................47 
Figure 20. Gain-of-function studies for flrt3 in Gallus gallus. Control of GFP-
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(I, I’) and top (J-J’) view of a 48h post-electroporation embryo stained for fgf8 (red) 
and gremlin (blue); note the enlarged fgf8-stained AER (J, black arrows) and the 
extended gremlin domain in I and J........................................................................... 50 
Figure 22. Ectopic ridges are formed upon transformation of the ectoderm with 
excess flrt3. Embryos electroporated with an expression pCAGGS vector harbouring 
the full-length chicken flrt3 cDNA: 48h and 72h after manipulation. A, double in situ 
hybridisation for fgf8 (red) and lmx-1 (blue) expression 72h post-electroporation; 
ectopic AERs induced after flrt3 ............................................................................... 51 
Figure 22. overexpression are fgf8-positive in all its A-P extension but only in the 
vicinity of the original AER, and maintain their ventral identity. B-B’, double in situ 
hybridisation for flrt3 (blue; B prior to fgf8 probe developing) and fgf8 (red) 
expression 48h post-electroporation; ectopic AERs (B, black arrows) induced after 
flrt3 overexpression are flrt3-positive in all their extension but only fgf8-positive in 
the vicinity of the original AER (B’, arrows). C-D, Scanning Electron Micrograph of 
pCAGGS-flrt3 electroporated embryos 72h after manipulation; Control in Anex I; C’ 
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gap (arrows) on flrt3’s AER expression on the area of influence of BMPs. *, Bead 
location. ......................................................................................................................56 
Figure 27. Expression pattern of flrt2 in Gallus Gallus. A, B, flrt2 transcripts are 
detected acompaning the formation of blood vessels. A, flrt2 is detected at stage 
14HH in the anterior limb field. C-E, flrt2 is expressed in the flank, between the 
limbs, through stages 16 HH, 18 HH e 23 HH, respectively. F, at stage 27, flrt2 can 
be detected at the insertion point of the forelimb in the flank and at its distal 
mesenchyme. H, I, flrt2 expression at the most distal part of the forming fingers of 
the wing (H) and leg (I, 32HH). From Tomás, 2006. .................................................58 
Figure 28. Expression Pattern of oct4 in Gallus gallus. Whole-mount in situ 
hybridisation to cOct4 transcripts. (A) Chicken embryo at stage 8HH; oct4 
transcripts can be found in the neural plate and the forming neural tube. (B) Chicken 
embryo at stage 13HH. Localized ..............................................................................63 
Figure 28. expression of oct4 can be observed around the otic placodes, at the lateral 
plate mesoderm, spinal chord and in the blood islands (arrow). (C-E) Chicken 
embryo at stage 15HH, 17HH and 21HH; oct4 expression is observed at the 
primordial germ cells (PGCs; C, arrow) and gonads primordia (E, arrow). At 17HH 
(D) is clear the expression of oct4 in the limb field and at 21HH (E) oct4 is expressed 
in the distal limb ectoderm and at the AER, in a two-stripe pattern (G, arrows) along 
the anterior-posterior axis. From F to J, a series of stages can be observed where the 
condensation of epithelial cells that will form the AER (G, H) becomes evident due 
to oct4 staining. At stage 24HH (I) oct4 transcripts can still be found at the AER, 
however beyond stage 25HH we cannot detect oct4 expression in the limb. (J) 
Transverse section of a stage 21HH limb bud (H), showing oct4 expression in a 
baso-lateral, two-stripe pattern. ..................................................................................64 
Figure 29. Cell Dynamic at the Apical Ectodermal Ridge. (A-B) stage 24HH limb 
bud stained with TUNEL (brown and green; DAPI nuclear staining in blue). In the 
transverse sections A’ and B, cell death can be observed at the tip of the AER. (C) 
Immunostaining against phospho-Histone H3 (pH3; red) marks the proliferating cells 
located on the basis, both on the ventral and dorsal sides of the AER. D-F, Different 
BrdU pulses (30 min, 1 hour, and 18 hours) were given to stage 20-21HH developing 
embryos, in order to be able to infer about cell movement in the AER. BrdU staining 
in green; Propidium Iodide counterstaining in red. AER cells of embryos sacrificed 
30 (D) and 45 minutes after the BrdU incorporation showed the same pattern as the 
p-Histone H3 (C), with stained cells in the lower 1/3 of the ......................................65 
Figure 29. AER, on both sides of the groove on the base of the AER. AER cells of 
embryos that have been exposed to BrdU during 1h show BrdU positive cells at a 
more central and apical position (E). From 5 hours onwards (F, 18 hours) BrdU 
stained cells are often observed at all levels of the AER. G-H, confocal imaging of a 
stage 22HH limb bud processed for TUNEL (green) and immunostaining against 
phospho-Histone H3 (red). DAPI nuclear counterstain in blue. (G) Top and sagital 
view of the limb bud showing phospho-Histone H3 (red) staining at both sides of the 
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strip of cells undergoing apoptosis, close to the base of the AER. (H) Transverse 
section. It is also possible to find periectoderm cells undergoing mitosis (H, *). (I) 
We propose a model in which in the developing AER there are two pools of cells at 
the base of the structure (H, arrow; I, in red) that are responsible for the renewal of 
the AER, and that, as cells loose contact to the extracellular matrix and dye at the tip 
of the AER (H, I, in green), a new batch of cells are dividing at the base and moving 
towards the top. These areas of proliferation at the base of the AER and running 
through the anterior-posterior axis of the limb (G) coincide with oct4 expressing 
areas. .......................................................................................................................... 66 
Figure 30. Gain-of-function studies for oct4 in Gallus gallus. Control of GFP-
fluorescence in electroporated embryos, 48h post-manipulation. Embryos were co-
electroporated with an expression pCAGGS vector harbouring the full-length 
chicken oct4 and pCAGGS-AGFP. ........................................................................... 68 
Figure 31. Gain-of-function studies for oct4 in Gallus gallus. Embryos 
electroporated with an expression pCAGGS vector harbouring the full-length 
chicken oct4, 24 hours (C, C’), 48 hours (A, B, B’, C-H), 72 hours (I, I’) and 96 
hours (J, J’) after manipulation. (A) oct4 electroporated limb showing GFP-positive 
AER cells. (B), in situ hybridisation for fgf8 expression (blue) show an enlargement 
of the AER of the oct4-electroporated limb when comparing to the control one (B’). 
(C-D’) Transverse sections of whole-mount fgf8 in situ hybridisations. C and D, 
controls. C’ and D’, experimental limbs. (E-E’, arrows), the proliferating rate at the 
AER is increased in oct4-electroporated limbs. F-H, the limb territories are altered 
upon oct4 electroporation: double in situ hybridisation for fgf8 (red) and lmx1 (F-F’, 
blue, dorsal mesenchymal marker) or en-1 (G,H), blue, ventral ectodermal marker). 
The ventral ectoderm appears to be deregulated in key points where an enlargement 
of the AER is evident, locally disrupting the dorso-ventral boundary. (I-I’) Double in 
situ hybridisation for fgf8 (red) and sox9 (blue), showing an enlargement of the AER; 
the sox9-positive domain of the oct4-electroporated limb (I, arrows) is enlarged 
when comparing to the control one (I’). (J, J’) Alcian green cartilage staining of 96 
hours post-electroporation limbs. The experimental limb (bottom) presents extra 
skeletal pieces (*)....................................................................................................... 69 
Figure 32. Cell death remains unaltered upon oct4 electroporation of chicken 
limb ectoderm. Embryos co-electroporated with pCAGGS-cOct4 and pCAGGS-
AGFP, 48 (A) and 72 (B, B’) hours after manipulation. pCAGGS-AGFP was used as 
control of the electroporated area and is showed in green in A. TUNEL assay (red in 
A, brown in B) shows no significant alteration on cell death in the limbs that 
undergone electroporation with full-length oct4 (A, left limb; B), comparing with the 
counterlateral control ones (A, right limb; B’). ......................................................... 70 
Figure 33. Gain-of-function studies for oct4 in Gallus gallus. Wholemount 
detection of Apoptosis (TUNEL) and proliferation (phospho-Histone H3) in a oct4-
electroporated limb, 48h post-manipulation. Embryos were co-electroporated with an 



AER ACTIVITY AND LIMB OUTGROWTH DURING VERTEBRATE DEVELOPMENT 

 

A.R.TOMÁS, 2010 149 INDEX OF FIGURES 

expression pCAGGS vector harbouring the full-length chicken oct4 and pCAGGS-
AGFP. .........................................................................................................................71 
Figure 34. Regulation studies of oct4 expression in Gallus gallus limb 
development. B, E, G and I, are control limbs of A, D, F and H, respectively. (A) 
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after treatment. (B) Inhibition of oct4 expression, 20 hours after treatment with FGF 
inhibitor SU5402. (C) Unaltered expression of oct4, 10h after treatment with FGF10. 
(D) WNT3A-soaked beads enhanced oct4 expression on the pre-existent ridge, 20h 
after treatment. (E) Inhibition of oct4 expression, 3 hours after treatment with BMP4. 
(F) Inhibition of oct4 expression, 10 hours after treatment with Retinoic acid. *, 
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Figure 35. (A-B) Oct4 upregulation in ectopic ridge-like upon electroporation of 
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Figure 36. Candidate genes involved in oct4 regulation and self-renewal of the 
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(A, B), raldh2 (C, D), sox14 (E-F), and p27 in stage 19HH (H) and 20HH (I) 
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I Supplementary data 

 

 
 
Figure 44.  Scanning electron microscopy of flrt3 gain and loss-of-function experiment 
embryos. A, Scanning Electron Micrograph of a flrt3-dsRNA electroporated limb; note that a 
small cluster of isolated AER cells is still able to promote outgrowth of part of the limb; B, 
control limb. C, Scanning Electron Micrograph of pCAGGS-flrt3 electroporated embryos 72h 
after manipulation; C’ is a detail of the phenotype shown in C, zooming on the projections 
towards the dorsal side of the limb bud and enlargement of the pre-existing AER. D, control 
limb.  
 
 

 
 

Figure 45.  Control experiments of flrt3 regulation by bead implantation. A, In situ 
hybridisation showing unaltered expression of flrt3 10h after treatment with a PBS bead. B-
D, Example of the effect of FGF bead application; from (Kawakami et al., 2004). B, C, sp8 
induction 8h after FGF10 bead implantation. D, in situ hybridisation for sp8 showing 
inhibition of sp8 expression 12h after treatment with SU5402-soaked beads. *, Bead location. 
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II Embryonic stages of the animal models used 

II.1 Gallus gallus 

 
HH Stage Somite number Incubation period 

1  < 6 hours 
2  6-7 hours 
3  12-13 hours 
4  18-19 hours 
5  19-22 hours 
6  23-25 hours 
7 1 somite 23-26 hours 
8 4 somites 26-29 hours 
9 7 somites 29-33 hours 

10 10 somites 33-38 hours 
11 13 somites 40-45 hours 
12 16 somites 45-49 hours 
13 19 somites 48-52 hours 
14 22 somites 50-53 hours 
15 24-27 somites 50-55 hours 
16 26-28 somites 51-56 hours 
17 29-32 somites 52-64 hours 
18 30-36 somites 63-79 hours 
19 37-40 somites 68-72 hours 
20 40-43 somites 70-72 hours 
21 43-44 somites 3 1/2 days 
22  3 1/2 days 
23  3 1/2-4 days 
24  4 days 
25  4 1/2 days 
26  4 1/2-5 days 
27  5 days 
28  5 1/2 days 
29  6 days 
30  6 1/2 days 
31  7 days 
32  7 1/2 days 
33  7 1/2-8 days 
34  8 days 
35  8-9 days 
36  10 days 
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HH Stage Somite number Incubation period 
37  11 days 
38  12 days 
39  13 days 
40  14 days 
41  15 days 
42  16 days 
43  17 days 
44  18 days 

 

II.2 Danio rerio 
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III Detailed Protocols 
 
III.1 Wholemount in situ hybridisation protocol for chicken embryos 
 
RNA probe transcription  
 

Transcription buffer (5X) 4µL 
Linearized DNA 1µg 

Dig mix 2µL 
RNasin, RNase inhibitor (Roche) 0,5µL 

RNA polymerase (accordingly) (Roche) 1µL 
RNase free MiliQ ddH2O  to 20µL 

 

Leave the reaction at 37ºC for 2h30, control for efficient transcription with an 
electrophoresis gel, and precipitate accordingly, ressuspending in 20µl of ddH2O. 
Store at -20ºC or dilute in Hybmix buffer. 
 

First day (hybridisation) 
1. Rehydrate in decreasing concentrations of MetOH in PBT (PBS with 0,1% 
Tween-20), 5 min each, rocking 
2. Wash in PBT, rocking at Room Temperature (RT) for 2 x 5 min  
3. Wash in Hydrogen Peroxide 6% in PBT for 1hr at RT (protect from light). 
4. Wash 3 x 5 min in PBT at RT 
5. Digest with Proteinase K (10µg/mL) (see Table for time details) 

 

Stage HH PK time (min) Stage HH PK time (min) 
9-11 6 22-24 10 

12-14 7 25-27 12 
15-17 8 28-30 13 
19-21 9 

 

6. Wash with Glycine (2mg/mL in PBT), prepared fresh 
7. Pos-fixate in 4% PFA, 0,2% Glutaraldeide for 20 min at RT 
8. Wash 2 x 5 min in PBT at RT 
9. Substitute PBT for Hybridisation mix (HybMix) 
10. Pre-hybridize for at least 3h at 70ºC 
11. Hybridize with RNA-Dig/RNA-Fluo probe, or both in case of a double in 
situ hybridisation, dissolved in hybridisation mix (20µL of transcription in 20mL 
of HybMix) ON at 70ºC 
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Second day (washes and antibody) 
1. Wash 2 x 60 min in ISH sol I (pre-heated at hybridisation temperature)  
2. Wash 2 x 30’ in ISH sol III (pre-heated at hybridisation temperature of 70ºC) 
3. Wash 2 x 5’ in MABT 
4. Block with blocking solution for at least 3 hrs RT 
5. Incubate ON, rocking, at 4ºC with anti-DIG/FLUO diluted from 1:2000/ 
1:4000 in 2% heat inactivated sheep serum (HISS)/ 10% blocking solution 
(Roche)/ MABT 

 

Third day (washes and staining) 
1. Wash 2 x 5 min in MABT, 2mM levamisole and then every other hour at RT  
2. Wash 2 x 10 min with NTMT solution, freshly prepared 
3. Add BM Purple AP Substrate (Roche), and monitor under a dissecting scope 
4. Stop reaction with PBT (2 x 10 min) and fixate ON with 4% PFA at 4ºC 
5. Wash in PBT 
6. Store in a solution of 1% sodium azide in PBT at 4ºC 

 

In case of a double in situ hybridisation, stop the reaction, inactivate AP enzymatic 
activity by heat (70ºC) in MABT for 1hour, block in antibody blocking solution for 
1h, and incubate with the antibody against the reporter molecule of the second probe.  
Continue by redoing day 3 of the previous protocol, this time using a different 
substrate, like INT/BCIP (Roche) or Fast Red Tablets (Roche). 
 

Solutions 

HybMix 
50% Formamide; 5x SSC pH 7.5; 10% Tween-20; 50 µg/ml tRNA; 50 µg/ml 
Heparin 

In situ hybridisation solution I 
50% Formamide; 5X SSC pH4,5; 0,2% Tween-20 

In situ hybridisation solution III 
50% Formamide; 2X SSC pH4,5 

MAB 5X 
500mM Maleic Acid; 450mM NaCl; Adjust pH to 7.5; Treat in an autoclave 

MABT  
MAB 1X, 0,1% Tween-20 (v/v) 

MABT w/ Levamisole 
0,4816g levamisol per litre of MABT 
NTMT  
0.1 M Tris-HCL pH 9.5; 0.1 M MgCl2; 0.5 M NaCl; 1% Tween-20 
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III.2 Wholemount in situ hybridisation protocol for zebrafish embryos 

 
First day (hybridisation) 

1. Rehydrate in decreasing concentrations of MetOH 5’ each, rocking 
2. Wash in PBT, rocking at RT for 5’ x 2 
3. Dechorion (if necessary, depending on embryo stage) 
4. Refix in 4% PFA/PBT, for 20’ on ice 
5. Wash in PBT, rocking at RT for 5’ x 2 
6. Incubate with Proteinase K (10µg/mL), see Table 13 for incubation times 
 

Embryo age (hpf) PK time (min) 
<10 hrs embryos 3’ 
12 hrs embryos 5’ 
24 hrs embryos 7’ 
36 hrs embryos 8’ 
48 hrs embryos 9’ 
60 hrs embryos 11’ 
72 hrs embryos 12’ 

 
7. Wash in PBT, rocking at RT for 5’ x 2 
8. Refix in 4% PFA/PBT, for 20’ on ice 
10. Wash in PBT, rocking at RT for 5’ x 2 
11. Prepare Fish ISH Hybridisation mix (HM) 
12. Rinse with sterile water 
13. After removing the water, immediately add acetic anhidride/triethanolamine 
mix, leave for 10 min without rocking. Prepare mix just before use. 
14. Wash in PBT, rocking at RT for 5’ x 2 
15. Pre-hybridize embryos in HybMix for a minimum of 1 hour at 70ºC 
16. Remove HM and hybridize ON at 70ºC with RNA-Dig probe (100-200ng of 
transcription dissolved in 200 µL of HM)  
 

Second day (washes and antibody) 
1. Wash briefly with 5xSSC, 0,1% Tween-20, 50% Formamide at 70ºC  
2. Wash for 30’ with 5xSSC, 0,1% Tween-20, 50% Formamide at 70ºC  
3. Wash for 30’ with 2xSSC, 0,1% Tween-20, 50% Formamide at 70ºC  
4. Wash for 30’ with 2xSSC, 0,1% Tween-20, 25% Formamide at 70ºC  
5. Wash for 2 x 30’ with 2xSSC 0,1% Tween-20 at 70ºC 
6. Wash in PBT, rocking at RT for 5’ x 2 
7. Incubate with blocking solution (5% HISS in PBT) for at least 1 hour 
8. Incubate ON with anti-DIG antibody 1:8000 in blocking solution with 
agitation at 4ºC 
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Third day (washes and staining) 

1. Remove the anti-DIG antibody solution 
2. Wash in PBT, very briefly 
3. Wash in PBT 6 x 15’ 
4. Wash 2 x 10’ with NTMT solution 
5. Incubate embryos in BM Purple AP Substrate at RT in the dark and monitor 
6. Stop reaction with PBT 
7.  Fix ON in 4%PFA 
8. Wash in PBT and store embryos in PBT azide 

 

Solutions 

Acetic anhidride/ Triethanolamine mix 
Add 2,5µl acetic anhidride to 1ml 0,1M triethanolamine  

HybMix 
60% Formamide; 5x SSC pH 7.5; 0,1% Tween-20; 500 µg/ml tRNA; 50 µg/ml 
Heparin 

NTMT  
0.1 M Tris-HCL pH 9.5; 0.1 M MgCl2; 0.5 M NaCl; 1% Tween-20 

 

 

III.3 Immunohistochemistry protocol for wholemount zebrafish embryos 

 
First day 

1. Rehydrate in decreasing concentrations of MetOH 5’ each, rocking 
2. Wash in PBT, rocking at RT for 5’ x 2 
3. Dechorion (if necessary, depending on embryo stage) 
4. Incubate 30 min in 0,5% TPBS (PBS, 0,5% Triton X-100) 
5. Rinse with sterile water 
6. Fix in Acetone, for 10’ on ice 
7. Rinse with sterile water 
8. Block in PBS/BSA/DMSO/Triton +FBS for 1 hour 
9. Dilute the 1st Antibody in the blocking solution (w/o FBS) and leave it from 
1h at (37ºC) to ON (4ºC) – adapt according to the antibodies 
 

Second day 
(save the 1st Antibody) 
1. Wash in 4-5 x 30 min in 0,1% TPBS 
2. (If not DAB jump to 3) If DAB, do Blocking of Endogenous Peroxidase with 
6% H2O2 in PBT for 1 hour at RT 
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3. 2 x 5 min 0,1% TPBS 
4. Dilute the 2st Antibody in the blocking solution (w/o FBS) and leave it from 
1h at (37ºC) to ON (4ºC) – adapt according to the antibodies 
 

Third day  
1. Remove the antibody solution 
2. Wash in 4-5 x 30 min in 0,1% TPBS 
3. If DAB, Add substrate and develop. Stop reaction with PBT 

 

Solutions 

Acetic anhidride/ Triethanolamine mix 
Add 2,5µl acetic anhidride to 1ml 0,1M triethanolamine  

PBS/BSA/DMSO/Triton 
10 ml 10 x PBS; 1g BSA; 1 ml DMSO; 0,5 ml 10% Triton X-100; H2O to 100 ml. 
Add 15 µl FBS per ml of blocking solution. 

 

 

III.4 RNAi cloning  

 
Before transfection with pSuper plasmid it is necessary to: select target sequence and 
design primers, anneal primers, phosphorylate oligos, dephosphorylate pSuper, ligate 
and transform E. coli. 
Specific oligo primers had to be constructed for each gene; these were made using 
iRNAi software (www.mekentosj.com). This program selects a target sequence for 
the gene we intent to silence, according to the following parameters: sequences as 
close as possible from to the initiation codon, GC content between 40-60%, no 
symmetry and a Thymine in the middle of the sequence. Oligos with 64bp were 
purchased from MWG-Biotech AG (Ebersberg, Germany). 
Each primer was resuspended to 100pmol/µL, of DEPC water. Then 1µL of each 
(forward and reverse) primer was mixed with 48µL RNAi annealing buffer (100mM 
Potassium acetate, 30mM HEPES (KOH pH 7,4), 2 mM Magnesium acetate) in a 
PCR tube. To promote annealing of the two primers the termocycler was 
programmed for 4’ at 95ºC, 10’ at 70ºC and finally 4ºC.  
 

Phosphorylation of primers and dephosphorylation of pSuper 

To enhance the efficiency of the ligation the extremities of the primers were 
phosphorylated and those of pSuper dephosphorylated. Primers were phosphorilated 
using polynucleotide kinase (PNK) as follows: 
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Reaction mix  Reaction conditions 

Annealed primers 1µL  37oC 30’ 
PNK buffer 1µL  70oC (PNK inactivation temperature) 10’ 

ATP (1mM) 1µL    
T4 PNK enzyme 1µL    

H2O 5µL    
 

pSuper vector was first linearized with BglII  and HindIII, and then dephosphorilated 
with Shrimp Alkaline Phosphatase (SAP), this enzyme removes the phosphate group 
from 5’ ends, as follows: 
 

Reaction mix  Reaction conditions 
pSuper 20ng  37 oC 45’ 

SAP (1000U) 1µL  65 oC 20’ 
SAP buffer 1µL    

H2O 4µL    
 

Primers and pSuper ligation 

For ligation of primers into pSuper T4 DNA ligase was used, this enzyme has the 
ability to create phosphate bonds between the extremities. Reaction mix (see bellow) 
was incubated for 1 hour at RT. 
 

Phosphorylated primers 2µL 
Dephosphorylated pSuper 1µL 

T4 DNA ligase buffer 1µL 
T4 DNA ligase 1µL 

H2O 5µL 
 
 
The plasmid was transfected to E. coli competent cells, colonies picked, and their 
pDNA extracted. To confirm the insertion the plasmid was double digested with 
EcoRI and HindIII. DNA was migrated in a 0,8% agarose gel. Positive recombinant 
clones should present a 360bp band and clones without insert should have a 300bp 
band. Positive clones were then sequenced, only clones with 100% homology in the 
64bp where selected since a single nucleotide mismatch could abrogate the ability to 
suppress gene expression. 
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III.5 Production of RCAS virus  

Previously, clone the full-length cDNA of the gene of interest into an empty RCAS 
vector. 
 

1. Split chicken embryonic fibroblast (CEF). 
 From a nearly confluent 10-cm dish, suspend cells in 20 mL, and plate 1 mL 
into a 6cm dish. 
2. Let the cells grow until they reach 50-70% confluence in a (normally in 12-
16 hours). 
3. Transfect RCAS construct using Fugene6 (Roche).The following condition is 
for a 6-cm dish. 

 a) add 3 mg of RCAS construct, 0.5 mg of pCAGGS-GFP and opti-MEM 
to a total of 100 mL.  

 b) 9 mL of Fugene6, opti-MEM to a total of 100 mL.  
 c) add b) to a), mix, spin briefly, and leave at RT for 15 min. 
 d) while waiting, change media to fresh growth media (2 mL). 
 e) add DNA-Fugene6 complex, by dropping onto cells. 
4. Confirm the transfection efficiency by the GFP signal after 24 hours. 
5. Wait until 48 hours post-transfection, then trypsinize cells and transfer into a 
10cm dish.  
6.  When the cells reach confluence, trypsinize cells, suspend in 10-mL media, 
and transfer 2.5mL into a new 10cm dish. 
 Also transfer 5 mL of old media, and add ~8 mL of fresh media. 
7. When the cells reach confluence, expand the cells into a 15cm dish. Transfer 
all the old media containing RCAS virus to the 15cm dish. 
 
8. When the cells reach confluence, expand the cells into 4 x 15cm dishes.  
 Transfer all the old media containing RCAS virus to the 4 x 15cm dish.  
 
9. When the cells reach confluence, change the media to harvesting media 
(11mL/dish).  
10. Collect the media and feed the cells with fresh collecting media every day.  
 Spin the media at 1,500 rpm at RT, collect the supernatant and keep it at 4ºC 
(only for a few days). 
11.  Repeat step 10 for 3-4 days. 
 
12. Combine all supernatant, and filter 0.45 mm using a filter unit plus a 
glassfiber filter. 
13. Spin the supernatant 
  Beckman SW28 rotor, 22000 rpm, 4ºC, 2 hours, Accel=1, decel=7 
14. Decant the sup. Wipe 1/2 of the tube using kimwipe with the tube inverted. 
15.  Stand the tubes on ice for 30-60 min. Suspend virus in the remaining media, 
and combine them. Transfer the virus solution into a 1.5mL tube. 
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16. Spin at 12,000 rpm at 4ºC for 5 min, and take the supernatant to a new tube. 
 Calculate the degree of concentration by the volume. 
17. Divide into 10 mL aliquot, and store at -80ºC. 
18. If necessary, determine the titer by serial dilution and immunostaining using 
anti-gag antibody (AMV3C2). 

 
 

Media 

growth media 
D-MEM (high glucose) + 10% FBS, 1% chicken serum, Glutamine, antibiotics 

harvesting media 
Opti-MEM + 2% FBS, 0.1% chicken serum, Glutamine, antibiotics 
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IV Sequences 
 
Gallus Gallus‘s Flrt2 (ChEST873n14; 816 pb) 

GGATTATGATCGGTGCCGGCGAGGGATTCCCAGACACTGTCAGGCAGGCCAGAT
CCAGCTGATAGCTGTTATGAGGACTTTGCTGACTTCAGAAAGCTGAGCATAACAT
CAACAGACTTCAGTGAAAGGAAATATTATCACTCCAAGCAACTTGTACACAGAC
AACTTTTGGTAGCTTTAAATTAACTGGTTGCTCACCTACAAGGACACAGCTAGTG
TTTCTTTCGGCACAAATGGAGGAAAGCAACAAGATTTGTAACCCTGGCTAATAGG
ACTGTGGCTTTCTTATCAAAAGTAGGAGGTGGGCCAAGTGTAAAAGGATTATTTT
ATACTTAGCCTGAACACTGGACATAAACTGAAGCCAATTTTAATGACCTGAGATT
TTGCTACTTGTCCTTTATTATTGTTATCAGTTCTTTAACACTTTGATACTTTCTTTC
TTTAAATTGGACATGGGTTCCTGGACTAGAATGTGGCCCTCAGACTGGGCTGTTC
TCATGAAATCATGGCTTATCTTTTCCCTGGGGCTCTACATGCAGGTCTCCAAAACT
TTGGCCTGTCCAAAAGTGTGCCGCTGTGACCGAAACTTTGTCTACTGTAATGAGC
GAAGCTTGACCTCAGTGCCTCTTGGGATACCAGAGGGTGTAACCGTCCTCTACTC
CATAATAACCAAATTAATAATGCTGGATTTCCTGCAGAGTTGCACAGTGTCCAGT
CTGTGCACACAGTCTATCTGTATGGCACCAATTGGATGATTCCCAATGAACCTGC
CCAAAAATGTCAGGGTTCTCCACTTGCAGGAAAACAATATCAGAC 
 

Gallus Gallus‘s Flrt3 (ChEST840j5; 730 pb) 

TCCAAGATCATTACAATATTTGTGAAATCGGTGAGCACAGAGACCATCCACATCT
CCTGGAAAGTTGCGCTGCCAATGACAGCCTTACGGCTCAGCTGGCTCAAGATGGG
CCACAGCCCTGCCTTTGGATCTATAACTGAAACCATCGTAACAGGGGACAGGAGT
GACTACCTGCTTACAGCACTCGAACCAGAGTCGCCATACCGCGTCTGCATGGTCC
CCATGGAAACCAGCAACATCTATCTCTCTGACGAGACACCTGAATGCATCGAGAC
CGAGACAGCTCCCCTCAAGATGTACAACCCGACAACCACACTCAACCGGGAGCA
GGAAAAGGAGCCCTACAAGAACTCCAGCGTGCCTCTGGCCGCCATCATCGGTGG
CGCGGTGGCACTGGTGGCCCTGGCACTGCTGGCCCTGGTGTGCTGGTACGTCCAC
AGGAATGGGGCCCTCTTCTCCCGGCACTGCGCCTACAGCAAGGGGCGCAGGAGG
AAGGACGACTATGCTGAGGCGGGTACCAAGAAGGACAACTCCATTCTAGAAATC
AGGGAGACTTCTTTTCAGATGATACCCATCACTAACGACCAGGTGTCCAAGGAGG
AGTTTGTAATACACACCATTTTCCCCCCTAATGGCATGAATCTGTATAAGAACAG
CCACAGTGAAAGCAGTAGTAACAGGAGCTACAGAGACAGTGGTATTCCAGATTC
AGATCATTCACACTCATGAT 
 

Danio rerio‘s Flrt3 (710 pb) 

CTGAAGCGACTGGTTCTGGATGGCAACCTCCTGAACAACAGGGGCATCGGGGAG
ATGGCCTTGGTGAATTTAGTAAATCTGACCGAGCTCTCATTGGTACGAAACTCCC
TGACGTCCCCACCAGCCAACTTGCCTGGCTCAAGCCTAGAGAAGCTAAATCTTCA
AGACAACCACATCAATCACGTACCACCAGGTGCCTTTGCTTTTCTGCGACAGCTG
TACCGCTTGGATTTGTCAGGCAACAACTTGAGCAGTCTGCCCATGGGGGTATTTG
AGGACCTGGATAACCTTACCCAACTGCTCTTGCGCAACAACCCCTGGCATTGCAA
CTGCAGGATGAAGTGGGTACGTGATTGGCTGCGCACTCTTCCATCTAAGGTCAAT
GTGCGTGGCTTCATGTGCCAGGGTCCCGATAAGGTCAAAGGGATGGCCATCAAA
GACTTATCCACTGAGCTGTTTGGCTGTTCAGACACAGAGATTCCAACCACATACG
AGACCAGCACAGTCTCAAACACTTTGCCTCCCTCTCGACCCCAGTGGCCCTCATA
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TGTAACTAAAAGACCTGTGGTTAAGGGTCCAGATCTAGGAAGAAACTATCGTAG
CACGACACCGTCTAGTCGTAAGATCATCACAATAAGTGTCAAATCAAGTAGCGCT
GAGACAGTGCACATATCTTGGAGAGTATCTCAGCCCATGACAGCCCTGAGGCTC 
 

Gallus Gallus‘s Oct4 (probe=full length, 742bp) 

ATGCATGTAAAAGCCAAAAACCTGCTGCGAATGTGTAAATGGCTTAAAGGATTG
CGAAATGCCCGCGGCAGCACTTGGGGCCGTAGCGGTGGCAGGAAGCCGATGCGC
TCGAGTGAGCGGCTGCCCCGAAGTGCGGATCCTGGCTGGGGGAACCACGCGAAC
CGCGCGGCTGTTGTCACCCGCGGTATCTCGAGCCATTCACCGCGTGTCTGCCTCT
GCCTCTGCCAGGATGCGCCAACCTCAGAGGAGCTGGAGCAGTTTGCCAAGGACC
TCAAGCACAAGCGCATCATGCTGGGCTTCACTCAGGCTGACGTGGGGCTGGCTCT
GGGCACGCTCTATGGGAAGATGTTCAGCCAGACCACCATCTGCCGCTTCGAAGCT
CTCCAGCTCAGCTTTAAGAACATGTGCAAGCTGAAGCCACTGCTGCAGCGTTGGC
TCAATGAGGCAGAGAACACGGACAACATGCAGGAGATGTGCAATGCAGAGCAA
GTGCTGGCCCAAGCCCGGAAGAGAAAACGCAGGACCAGCATCGAGACCAACGTG
AAGGGAACGCTGGAGAGCTTCTTCCGCAAATGTGTGAAGCCCAGTCCCCAGGAG
ATCTCCCAGATCGCTGAGGACCTCAACCTGGACAAAGACGTTGTCCGGGTCTGGT
TCTGCAACCGGCGTCAGAAAGGCAAGCGGCTGCTGCTGCCCTTTGGCAACGAGTC
GGAGGGGGTGATGTACGACATGAACCAGTCCCTGGTGCCCCCTNGTCTGCCCATC
CCAGTGACATCCCAGGGCTACAGCCTGGCGCCGTCCCCCCCCGTCTACATGCCAC
CTTTCCACAAGGCCGAGATGTTCCCCCCGCCTCTGCAGCCCGGGATCTCCATGAA
CAACAGCAGCCACTAA 
 

Gallus Gallus‘s Lgr5 (ChEST999g16; 355 bp) 

GCTGCGGCGGGCAGGAGGGCATGCTGCTCTGCGCCGACTGCTCCGACCTGGGGC
TGACGGCCGTGCCCGCCAACCTCAGTGCCTTCACCTCCTACCTTGATCTCAGTATG
AACAACATTACTAAGCTGCCCTCGAACCCCGTGCACAATCTCCGCTTCCTGGAAG
AGCTACGTCTTGCAGGAAATGGCTTGACATACATTCCTAAGGGAGCATTTGCTGG
CCTTTTCAGTCTTAAAGTGCTAATGCTGCAGAATAACCAACTACGCCAGGTTCCT
ACTGAAGCACTCCAGAACTTGCGCAGCCTGCAGTCTCTACGCCTGGATGCCAACC
ACATCAACTACGTGCCCCCCAAAAA 
 

Gallus Gallus‘s flrt3 (full length, 2028bp) 

ATGGCAACCATCACAAAATTTACTCTTACCTTTAAATACGATTTTGAAGATCAGA
ACTGTATACAGATCTCATCATTCCTGACCATGATTACTGTACCCTGGAGCGTCTTC
CTAATTTGGACTAAAATAGGGCTGTTACTTGACATGGCACCTTATTCTGTCGCTGC
CAAACCGTGCCCATCAGTATGTCGCTGTGATGTGGGTTTCATATATTGTAATGAT
CGCGATTTGACATCTATTCCTACAGGAATCCCAGAGGATGCTACTAACCTCTTCC
TTCAGAACAATCAAATAAATAATGCTGGGATTCCGTCCGAACTGAAGAACTTGCG
TAGGGTGGAGAGAATATTTTTATACCACAACAGCCTAGATGAATTCCCCACTAAC
CTCCCTAAGTACGTCAAAGAACTGCATTTGCAGGAGAATAATATAAGGACCATC
ACTTACGATTCACTTTCACAAATTCCTTATCTGGAAGAACTGCATTTGGATGATA
ATTCTGTTTCCGCTGTTAGCATTGAAGATGGAGCTTTCAGGGACAACATCTATCTC
AGACTTCTTTTTCTCTCTCGAAATCACCTTAGCACCATTCCCTGGGGTTTGCCTAA
AACAATAGAAGAGCTACGCTTGGATGATAATCGTATTTCCACGATTTCAGAGCTG
TCCCTTCAAGACCTTACAAATCTAAAACGCCTTGTTCTAGATGGAAATCTTCTAA
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ATAACCACGGATTAGGAGACAAGGTCTTTATGAATCTAGTCAATCTTACAGAACT
GTCATTGGTTCGCAATTCACTTACAGCCGCACCAGTAAATTTGCCAGGAACAAAC
CTAAGGAAGCTTTATCTGCAAGAAAACCATATCAATCACGTGCCACCCAATGCTT
TCTCTTACTTAAGGCAGTTGTATCGACTAGATATGTCCAATAACAATCTCAGCAA
TTTACCTCAGGGTGTCTTTGATGACCTGGACAACATAACTCAGCTGTTTCTTCGCA
ACAACCCTTGGCACTGTGGGTGCAAAATGAAGTGGGTCCGTGACTGGTTACAGTC
ATTGCCTTTGAAAGTGAACGTACGTGGGCTGATGTGCCAGGCGCCGGAAAAAGT
GCGCGGAATGGCTATCAAAGACCTGAACGCGGAACTGTTCGATTGTAAGGATGA
CATGAGCACCATCCAGATCACTACTGCGGTACCCAACACGCTGTACCCGGCCCAG
GGACACTGGCCGGTTTCTGTGACCAAACAACCAGACATCAAGACCCCCAACCTA
AACAAGAACTACAGAACCACGGCCAGCCCAGTACGCAAGATCATTACAATATTT
GTGAAATCGGTGAGCACAGAGACCATCCACATCTCCTGGAAAGTTGCGCTGCCA
ATGACAGCCTTACGGCTCAGCTGGCTCAAGATGGGCCACAGCCCTGCCTTTGGAT
CTATAACTGAAACCATCGTAACAGGGGACAGGAGTGACTACCTGCTTACAGCAC
TCGAACCAGAGTCGCCATACCGCGTGTGCATGGTCCCCATGGAAACCAGCAACA
TCTATCTCTCTGACGAGACACCTGAATGCATCGAGACCGAGACAGCTCCCCTCAA
GATGTACAACCCGACAACCACACTCAACCGGGAGCAGGAAAAGGAGCCCTACAA
GAACTCCAGCGTGCCTCTGGCCGCCATCATCGGTGGCGCGGTGGCACTGGTGGCC
CTGGCACTGCTGGCCCTGGTGTGCTGGTACGTCCACAGGAATGGGGCCCTCTTCT
CCCGGCACTGCGCCTACAGCAAGGGGCGCAGGAGGAAGGACGACTATGCTGAGG
CGGGTACCAAGAAGGACAACTCCATCCTAGAAATCAGGGAGACTTCTTTTCAGAT
GATACCCATCACTAACGACCAGGTGTCCAAGGAGGAGTTTGTAATACACACCATT
TTCCCCCCTAATGGCATGAATCTGTATAAGAACAGCCACAGTGAAAGCAGTAGTA
ACAGGAGCTACAGAGACAGTGGTATTCCAGATTCAGATCATTCACACTCATGA 
 

Gallus Gallus‘s Sox14 (ChEST847i12; probe, 742bp; full length, 723bp) 

GCAGCATGTCCAAACCCAGCGACCACATCAAGCGCCCCATGAACGCCTTCATGG
TGTGGTCCCGCGGCCAGCGGCGCAAGATGGCCCAGGAGAACCCCAAAATGCACA
ACTCGGAAATCAGCAAGCGGCTGGGCGCGGAGTGGAAGCTGCTCTCCGAGGCGG
AGAAGCGGCCCTACATCGACGAGGCCAAGCGGCTGCGGGCGCAACACATGAAGG
AACACCCCGACTACAAGTACCGGCCCCGGCGCAAGCCCAAGAACCTGCTCAAAA
AGGACAGGTATGTCTTCCCTTTGCCTTACCTGGGGGAAACCGATCCCTTAAAGGC
TGCCGGGCTTCCCGTGGGGGCCACTGACTCGCTGCTGAGCTCCCCGGAGAAGGCC
AGGGCTTTCCTGCCCCCCACCTCAGCACCTTACTCCTTACTTGACCCCAGCCAGTT
CAGCTCCAGCGCCATTCAGAAGATGACCGAGGTTCCTCACACCTTGGCCACCGGC
ACCCTGCCCTACGCCTCCACCTTGGGATACCAGAACGGGGCGTTCGGCAGCCTGA
GCTGCCCCAGCCAACACACCCACACCCACCCCTCGCCGACCAACCCGGGCTACGT
GGTGCCGTGTAACTGTACCGCTTGGTCGGCCTCCAGTTTGCAGCCTCCGGTTGCCT
ACATATTATTCCCGGGCATGACCAAGACTGGCATAGACCCCTATTCTTCAGCACA
CGCGACTGCTATGTAACACCCGCCCACAAC 
 

Gallus Gallus‘s p27 (ChEST639l5; probe, 742bp; full length, 594bp) 

CGAGAAAACCCACCGCCATCGGTGACGGCAGAAAGGGAGGGGGAGATGTCAAA
CGTCCGCATTTCTAATGGGAGCCCTACCCTGGAGCGCATGGAGGCGCGGCAGTCG
GAGTACCCGAAGCCGTCGGCCTGCAGGAACCTCTTCGGGCCGGTAAACCACGAA
GAGTTAAACAGGGACTTGAAGAAGCACCGCAAGGAAATGGAAGAGGCATGCCA
GAGGAAGTGGAATTTCGATTTCCAGAACCACAAGCCGCTGGAAGGCAGGTACGA
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GTGGCAAGCCGTGGAGAAGGGGAGCTCGCCCGACTTCTACTTCAGGCAGCCGAG
GCTATCCAAAGCCGTCTGCAAGTCCGCCGGCCGTCAGAGCCTGGATGTAAACGG
GAATTGCCAAACCGCGATTTGCGCCGCTTCTCAGGGAATCTCAGAGGACACTCAC
TGTGTAGGCCGAAAGACTGATGTTGCTGGCAGTCAGACGGACTTTGCAGAGCAG
TGCGCCGGGCAGAGGAAAAGACCCGCCGCCGACGATTCCTCTCCTCAAAATAAA
AGAGCCAACACAACAGAAGAGGAGGTTTCAGAAGACTCCCCCAGTGCCAGTTCA
GTGGAGCAAACACCCAAGAAATCGAGCCCGAGACGACATCAAACGTAAACTCCC
TAAGGCGGAGGACTCGCGTTTCCTTGCTCATCGGGGGGGCGGTGAAGCCAGGAA
GATATAAGTTGTAGTAGAGATGAATACCTATCGTCGGTCTCCATGGGATTGGGGA
CCCTGTGCAAGCACTTGAAAAACAACGACCGAAAAC 
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V Plasmids vectors 

 

 
Map 1 – pGEM-T easy plasmid map. 

 

 

 

Map 2 – pBluescript II KS+ plasmid map. 

 



AER ACTIVITY AND LIMB OUTGROWTH DURING VERTEBRATE DEVELOPMENT 

 

A.R.TOMÁS, 2010 172 ANNEXES 

 

Map 3 –  pCR®II-TOPO plasmid map. 

 

 
Map 4 – pCAGGS AGFP plasmid map. 
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Map 5 – pCAGGS-PL4 modified plasmid map. 

 

 

 
Map 6 – pSuper plasmid map. 
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Map 7 – RCAS BP (A) plasmid. 

 

 


