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Figure 1 : A la découverte du chimiotropisme.
La figure (a) reproduit un dessin de Ramon y Cajal qui représente une coupe transversale 
de moelle épinière d’embryon de poulet à E4. De cette observation Ramon y Cajal proposa 
que les neurones commissuraux projettent leurs axones en direction ventrale en réponse à 
la secrétion de molécules par les cellules de la plaque du plancher. (Adaptée de Dickson & 
Zou, 2010, CSHL)
La figure (b) représente une co-culture de la région dorsale et de la plaque du plancher de 
la moelle épinière dans une matrice de collagène. Cette expérience suggère que la plaque 
du plancher, F, sécrète une molécule diffusible capable d’attirer les neurones commissuraux 
situés dans la partie dorsale de la moelle épinière,R. (Adaptée de Tessier-Lavigne, 1988, 
Nature)
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Figure 2 : la famille des Nétrines
(a) Arbre phylogénétique de la famillle des Nétrines (Adapté de Nakashiba et al, 2002) 
(b) Organisation structurale des nétrines.
Les Nétrines possèdent 3 domaines structuraux: un domaine VI, un domaine V et un domaine C. Les 
domaines VI et V des Nétrines -1, -2 et -3 sont homologues aux domaines VI et V de la chaine γ des lamin-
ines. En revanche, les domaines VI et V des Nétrine -G1, -G2 et -4 sont homologues aux domaines VI et 
V de la chaine β des laminines. Le domaine V des Nétrines possède trois répétitions EGF. Contrairement 
aux autres Nétrines, les Nétrines -G1 et -G2 sont liées à la membrane via une ancre GPI.
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Figure 3 : Les récepteurs à la Nétrine-1
- DCC présente dans son domaine extracellulaire quatre domaines immunoglobuline, suivis de 6 domaines fibronectine de type 
III, puis un domaine transmembranaire suivi d'un domaine intracellulaire avec trois régions conservées P1, P2 et P3. La néogé-
nine présente la même organisation extracellulaire que DCC, sans homologie dans son domaine intracellulaire.
- Les récepteurs appartenant à la famille Unc5h présentent dans leur domaine extracellulaire deux domaines immunoglobuline 
suivis par deux domaines thrombospondine. Dans leur domaine intracelullaire, ils possèdent un domaine ZU5, un domaine DB 
(DCC Binding Protein) et un domaine de mort (Death domain-DD)
- DSCAM possède un grand domaine extracellulaire avec neuf domaines immunoglobuline, suivi de 6 domaines fibronectine de 
type III interrompus entre le domaine 4 et 5 par un dixième domaine immunoglobuline. Le domaine intracellulaire de DSCAM ne 
présente pas d'homologie particulière.
- Les intégrines α6β4 et α3β1 sont composées de deux sous-unités: α et β. La sous unité β présente une succession de régions 
riches en cystéines.
- A2b est un récepteur transmembranaire sans domaine d'homologie particulier. Il est constitué de sept domaines transmembra-
naires connectés par trois boucles extracellulaires et trois boucles intracellulaires.
APP est un récepteur transmembranaire possédant dans son domaine extracellulaire un domaine KPI (Kunitz type Protease 
Inhibitor) et un domaine correspondant au peptide amyloïde-β.

S

S

S

S

S

S

S

S

S

S

β α

Intégrines 
α6β4/α3β1

KPI

amyloïde-β







Jour de 
gestation

8,5 9,5 10,5 11,5 12,5 13,5 14,5 15,5 16,5 17,5 18,5

neurogenèse
(en général)

cortex

striatum

hippocampe
bulbe olfactif

thalamus

hypothalamus

mésencéphale

cervelet

S
N

C

Figure 4: Représentation schématique du patron d’expression chez la souris de l’ARNm de DCC              
.   et de l’ARNm de néogénine     entre E8,5 et E18,5 dans et à l’exterieur du SNC. La longueur 
de la barre indique le temps d’expression et sa largeur l’intensité d’expression.
(1) indique que l’expression n’est pas localisée dans les région ventriculaire. m: mésenchyme,  
e: épithélium. (Adaptée de Gad et al, 1997)
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Figure 5 : Le récepteur APP et son processing
(a) Le récepteur APP présente un large domaine extracellulaire avec un domaine KPI, un domaine 
transmembranaire et un court domaine intracellulaire. La région correspondant au peptide 
amyloïde-β est à cheval sur les régions extracellulaire et transmembranaire.
Les figures (b) et (c) décrivent réspectivement la voie amyloïdogénique et la voie non amyloïdogé-
nique.
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Figure 6: Le guidage axonal et le chimiotropisme
(a) Le cône de croissance rencontre dans son environement de nombreux signaux qui lui 
permettent de suivre un trajet stéréotypé. Tout d’abord, le cône de croissance adhère sur 
un substrat (la route), ensuite il rencontre un substrat antiadhésif (les barrières) et enfin 
des signaux chimiotropiques (panneaux de signalisation) qui lui indiquent dans quelle 
direction il doit se déplacer.
(b) Les mécanismes de guidage axonal sont classés selon qu’ils sont attractifs ou répul-
sifs, puis qu’ils agissent à longue (chimioattraction versus chimiorépulsion) ou à courte 
distance (attraction contact dépendante ou répulsion contact dépendante).(Adaptée de 
Goodman,1996)
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Figure 7: Organisation du cône de croissance (Adaptée de Lowery and Van Vactor, 2009)
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Figure 8: la dynamique du cône de croissance
(a) Explication du tapis roulant et du flux rétrograde de l’actine-F
(b) Modèle expliquant les différentes étapes de la croissance axonale
(Adaptée de Lowery and Van Vactor, 2009)
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Figure 9: Représentation de la trajectoire des axones commissuraux sur une coupe transversale de 
moelle épinière. 1  décrit le trajet dorso-ventral. 2  décrit le franchissement de la ligne médiane. 3 
décrit le trajet rostral.
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Figure 10 : Défaut des commissures des souris invalidées pour la nétrine-1 ou DCC
(a) Dans la moelle épinière des embryons invalidés pour la nétrine-1 ou pour DCC, on
observe l’absence de commissure ventrale (*). Observation en immunohistofluorescence 
de coupes transversales marquées par un anticorps dirigé contre Tag-1.
(b) L’invalidation de la nétrine-1 conduit à l’absence de corps calleux (flèche noire), de com-
missure hippocampique (flèche jaune) et de commissure antérieure (flèche rouge). Obser-
vation après coloration à l’hématoxiline/éosine sur des coupes coronales de cerveau.
c: neurones commissuraux, mc: colone motrice, drez: zone d’entrée de la racine dorsale, d: 
racine ganglionnaire dorsal, fp :plaque du plancher, ctx: cortex cérébral, cc: corps calleux, 
hc: commissure hippocampique, AC: commissure antérieure                                               .
(Adapté de Serafini et al, 1996; Fazeli et al, 1997) 
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Figure 11 : Rôle de la Nétrine-1 dans le guidage axonal
(a) Rôle de la Nétrine-1 dans la mise en place des projections corticothalamiques et thalamocorticales 
(EG: Eminence Ganglionnaire)
(b) Rôle de la Nétrine-1 dans le développement du système visuel.
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Figure 12: Contribution de la Nétrine-1 à la migration neuronale
(a) Les noyaux pontins (pn) sont complètement absents chez l’embryon invalidé pour la nétrine-1. (Adapté 
de Serafini et al, 1996)
(b) Rôle attractif de la Nétrine-1 au cours de la migration des neurones précérébelleux vers la ligne médiane.
(1) Représentations en vue dorsale et latérale du tronc cérébral permettant de voir la migration des neuro-
nes du pont et de l'olive inférieure (OI). Les neurones de l'OI sont générés au niveau des lèvres rhombiques 
et migrent vers la ligne médiane en réponse à la Nétrine-1. Les neurones du pont migrent tout d'abord en 
direction rostrale puis dans un second temps vers la ligne médiane en réponse à la Nétrine-1.
(2) Représentation d'une coupe transversale partielle du tronc cérebral au niveau de la double flèche sur 
(1),permettant de mettre en évidence le flux de migration de trois types de neurones précérébelleux. Les 
neurones de l'OI s'arrêtent avant la ligne médiane, seuls traversent leurs axones. 
Les neurones des noyaux réticulaires latéraux (NRL) et les neurones des noyaux cunéatus externe (NCE) 
franchissent la ligne médiane pour atteindre leurs positions définitives du côté contralatéral.  
Ne sont représentés que les neurones issus de la lèvre rhombique gauche.
(c) Activité répulsive de la Nétrine-1 sur les neurones de la SVZ au niveau du striatum.
Coupes transversales au niveau du télencéphale à E14 et E18 chez la souris. La formation du primordium 
striatal au niveau de l'éminence ganglionnaire par les cellules patches est suivie de l'envahissement 
par les cellules de la matrice qui sont repoussées par la Nétrine-1 produite par la zone sous ventriculaire.
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Figure 13: La réception du Signal Nétrine-1
La présence de Nétrine-1 mène à la multimérisation de DCC conduisant à l’attraction du cône de 
croissance. Cette multimérisation est réalisée via le domaine P3.
En présence de Nétrine-1, le récepteur Unc5h2 se multimérise et produit un signal de répulsion 
pour le cône de croissance. De la même manière, les récepteurs DCC et Unc5h2 se multimérisent 
respectivement via leurs domaines P1 et DB pour aboutir aussi à un signal répulsif.
En présence de Slit-2, le récepteur Robo-1 intéragit avec DCC via les domaines P3 de DCC et CC1 
de Robo-1. Cette interaction inhibe l’attraction médiée par la Nétrine-1 sans abolir l’induction de 
croissance. Net: Nétrine-1
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Figure 14 : Trafic membranaire des récepteurs à la Nétrine-1, DCC et unc5h2.
(a) Lors de la multimérisation de DCC en présence de Nétrine-1, les réserves de DCC intracellulaire sont 
transloquées à la surface cellulaire ce qui augmente l’attraction médiée par la Nétrine-1. Cette transloca-
tion est favorisée lorsque la PKA est active. En outre, l’inhibition de RhoA promeut aussi la translocation de 
DCC à la membrane. 
(b) L’activation par A2b de la PKC-α permet son interaction avec Pick1/unc5h1 et conduit à l’internalisation 
de Unc5h1.  Par conséquent, l’effet répulsif du complexe Unc5h1/DCC est converti en attraction puisque 
DCC reste seul à la membane. Net: Nétrine-1
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Figure 15: Activité transactivatrice de DCC
DCC est clivé sucessivement par l’α- et la γ- sécrétase. Ces clivages conduisent respectivement 
à la production d’un α−CTF, suivi d’un DICD. Le DICD se transloque dans le noyau et 
transactive des gènes cibles.
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Figure 16: Formation d’une plateforme de signalisation en aval de DCC.
Les protéines FAK, Mek1/2 et PITP-α interagissent constitutivement avec DCC. Après dimérisation en 
présence de Nétrine-1, les protéines FAK, Src et fyn sont phosphorylées et se complexent sur DCC avec 
la protéine p130. De la même manière, les protéines Pak1, cdc42 et Rac1 interagissent avec nck-1 et 
forment un complexe en lien avec l’actine. La PITP-α est également activée. En outre, les protéines 
Erk1/2 et DOCK180 interagissent avec DCC lors de sa dimérisation. Net: Nétrine-1
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Figure 17: Activation des petites Rho GTPases par le couple DCC/Nétrine-1
Les petites Rho GTPases sont activées par différentes voies de signalisation. Leur contribution est fonda-
mentale pour le bon fonctionnement du cône de croissance puisqu'elles participent au remodelage de son 
cytosquelette.
(a) signalisation induite par Unc-40, (b) signalisation induite par Frazzled, (C) signalisation induite par 
DCC et (d) activation de rac-1 et cdc42 en aval de DCC.
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effectrices.
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la pro-caspase-9 en présence de Cytochrome C formant ainsi l’apoptosome. Au sein de
l’apoptosome, un changement conformationnel aboutirait à l’activation de la caspase-9.
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Abstract 

 

Netrin-1 a multifunctional protein was initially discovered as the main 

attractive cue for commissural axon guidance by acting through its receptor 

DCC. Recently, we have shown that netrin-1 also interacts with the orphan 

transmembrane receptor, Amyloid Precursor Protein (APP). While the 

physiological role of APP is mostly unknown, APP is cleaved by proteases 

generating amyloid-ββ (Aβ) peptide, the main component of the amyloid 

plaques that are associated with Alzheimerʼs disease. Our previous work 

demonstrated that netrin-1 via its interaction with APP is a key negative 

regulator of Aβ production in adult brain but the biological relevance of the 

APP/netrin-1 interaction in non pathological condition was unknown. We show 

here that during commissural axon navigation, APP, expressed at the growth 

cone, is part of the DCC receptor complex mediating netrin-1 dependent axon 

guidance. APP interacts with DCC in the presence of netrin-1 and enhances 

netrin-1 mediated-DCC intracellular signaling such as MAPK activation. 

Inactivation of APP in mice is associated with reduced commissural axon 

outgrowth. Thus, APP functionally acts as a co-receptor for DCC to mediate 

axon guidance.  

 



Introduction 

 
Netrin-1, a diffusible laminin-related molecule is now recognized as a 

multifunctional protein with roles as diverse as tissue morphogenesis, developmental 

angiogenesis or tumor progression 1-3. However, netrin-1 remains the first identified 

guidance cue implicated in neuronal navigation 4, 5. Specifically, netrin-1 is known to 

be expressed by the ventral structure of the neural tube, the floor plate, to 

guide/attract commissural axons during nervous system development 4, 5.  Definitive 

evidence to support netrin-1 as a central axon guidance cue was provided by the 

description of the netrin-1 mutant mice which exhibit severe malformations in the 

brain believed to be mainly due to aberrant axonal trajectories 6.   

A variety of functional netrin-1 receptors have been identified including DCC, 

UNC5H1, UNC5H2, UNC5H3, the adenosine receptor A2b, DSCAM 7-10.  DCC 

however appears to be the central receptor for netrin-1 mediated signaling not only 

because a DCC blocking antibody has been shown to inhibit netrin-1 biological 

effects on axon guidance 7 but also DCC mutant phenocopied netrin-1 mutant mice 

11. DCC is a large receptor that is homologous to NCAM family proteins and has been 

proposed to be tumor suppressor due to the loss of DCC expression in a large 

number of cancers 12.  The proposed function of the netrin-1/DCC interaction in axon 

guidance is that DCC, expressed on growth cones, is stimulated by an extracellular 

gradient of netrin-1, leading to the intracellular activation of small GTPases 13, the 

MAPK signaling pathway 14 or the activation of FAK15, 16. However, since the very fist 

initial work identifying DCC as the receptor for netrin-1, it was speculated that DCC 

was not the only receptor involved in transmitting the intracellular signal for 

commissural axon guidance but rather the transmitting receptor from a receptor 



complex 7. Along this line, additional receptors and ligands have been shown to 

modulate DCC-mediated commissural axon guidance. It includes the Robo1 receptor 

which interacts with DCC in the presence of Slit, a mechanism that is hypothesized to 

turn down DCC signaling once commissural neurons have reached the midline 17. 

Similarly, it has recently been shown that the sonic Hedgehog receptors  such as 

BOC participates to the guidance of commissural axons, DCC and BOC co-localizing 

at the growth cone 18, 19. In a recent search for proteins interacting with DCC, we 

recently identified, through a proteomic approach, the APP receptor, a protein mostly 

known as the precursor for Aβ peptide in Alzheimerʼs disease and we described APP 

as a novel receptor for netrin-1 20. 

Alzheimerʼs disease (AD), the most common form of dementia, is a 

progressive neurodegenerative disorder characterized by extracellular deposits of Aβ 

peptide in senile plaques, intraneuronal neurofibrillary tangles, synapse loss, and 

cognitive decline 21. It is widely believed that the accumulation of Aβ, a small peptide 

with a high propensity to form oligomers and aggregates, is central to the 

pathogenesis of AD. Aβ derives from the proteolytic cleavage of APP 22. We thus 

demonstrated that netrin-1 functions as a ligand for APP and that it negatively 

regulates Aβ peptide production in Alzheimer model transgenic mice. We also 

provided the proof-of-concept that netrin-1 brain administration may represent an 

appealing strategy to improve the Alzheimerʼs phenotype 20.   

However, although a considerable amount is known about interacting proteins 

and processing events for APP, the physiological role(s) of APP and its related family 

members, APLP1 and APLP2 (amyloid precursor-like proteins 1 and 2), is still poorly 

understood 22, 23. APP has been proposed to function in cell adhesion and motility, as 



well as synaptic transmission and plasticity (for a review, see 23). Of interest, analysis 

of the APP-null mice revealed defects similar to what was observed in both netrin-1 

and DCC mutant mice. These defects, the severity of which depends on genetic 

background, include abnormalities in the developing corpus callosum and other 

commissures 24. We here hypothesized that these similar defects argue for a role of 

APP in mediating netrin-1 dependent axon guidance and we thus analyzed whether 

APP may participate to the guidance of commissural neurons. 

 



Results 
 

We first analyzed whether APP is expressed in developing commissural 

neurons. Immunohistochemistry was performed on tissue sections from E11.5 mouse 

embryos. As shown in Figure 1a, APP is nicely detected and enriched in commissural 

axons tract. To further confirm the APP expression in these axons, APP expression 

was compared to DCC expression by confocal analysis, DCC being only expressed 

in commissural neurons at this stage. APP co-localizes with DCC in commissural 

neurons (Fig.1b). This observation fits with the pan-genome expression analysis 

performed on commissural neurons that showed that DCC mRNA expression was 

specifically increased in these neurons (M. Tessier-Lavigne, personal 

communication). 

We next assessed whether APP was somehow implicated in commissural 

guidance by analysis of commissural neurons bundles in APP mutant mice embryos. 

While we did not notice any major effect in the number bundles nor in the overall 

pathway of commissural extension, we did observe a change in the distribution of 

axon bundles with a significant thicker neurons bundles in APP -/- mutant than in 

wild-type animal (Fig.1bc). Such phenotype resembles to the one observed in BOC 

mutant mice embryos 19 thus supporting the view that APP is required for adequate 

commissural axon guidance.  

We thus undertook to determine the precise role of APP in commissural axon 

guidance. APP was initially picked via a search for DCC interactors by a proteomic 

approach. We thus analysed whether APP interacts with DCC. B103 cells, which do 

not express constitutively APP and DCC, were then forced to express APP and DCC 



in the presence or absence of netrin-1. As shown in Fig.2a, immunoprecipitation of 

DCC pulled down APP in the absence of netrin-1. However the presence of netrin-1 

dramatically enhanced the interaction APP/DCC. Similar interaction was observed 

using an APP pull-down (Suppl. Fig.1a). We further analysed APP/DCC interaction 

by confocal analysis in primary culture of E11.5 mouse commissural neurons. While 

in the absence of netrin-1, DCC and APP only poorly co-localized, netrin-1 addition 

was associated with a clear DCC/APP co-localization (Fig.2b and Suppl. Fig.1bc). 

This interaction between DCC and APP was also detected in vivo, as pull-down with 

an APP antibody allows the detection of DCC in brain of E11.5 mouse embryos 

(Fig.2c). 

We thus mapped the domains in DCC and APP implicated in this interaction. 

Immunoprecipitations were then performed using B103 cells forced to express 

different deletion mutants of either DCC or APP (Fig.2d). As shown in Fig.2ef, while 

the intracellular domain of DCC failed to interact with APP, the deletion of this domain 

has no impact on APP/DCC interaction. Thus the domain of interaction of DCC with 

APP lies in the ectodomain of DCC. Of interest a mutant of DCC-ΔEC including the 

intracellular domain of DCC but including its transmembrane domain (approximately 

up to the α-secretase cleavage of DCC 25 26 interacts with APP, thus suggesting that 

the transmembrane region of DCC is important for APP/DCC interaction. Along the 

same line, the carboxy-terminal C83 derived from the γ-secretase cleavage of APP 

fails to interact with DCC, hence showing that DCC interacts with APP ectodomain 

(Fig.2g). Interestingly, the C100 protein, derived from the β-secretase cleavage of 

APP (see scheme in Fig.2d), is pulled down with DCC supporting the view that the 

binding region of APP is localized between the β-cleavage site and the α-cleavage 



site – i.e., the 17 aminoterminal residues of Aβ, even though this may not be the only 

interacting domain of APP with DCC.  

Because APP interacts with DCC and because DCC is known to transduce 

netrin-1 signaling in commissural neurons 14, 27 11, 15, we then investigated the role of 

APP in DCC signaling. Two distinct general type of mechanisms for transducing 

downstream signals have been reported for DCC: one nuclear signaling upon DCC 

intracellular domain cleavage by γ-secretase, allowing DCC intracellular domain 

mediated gene transcription (Goldschneider et al., in prep.), and one cytoplasmic 

involving classic signaling pathways like MAPK activation, the latter one being key for 

commissural axon guidance 14, 15. In B103 cells forced to express DCC, APP 

presence efficiently blocked the γ-secretase cleavage of DCC (Fig.3a) and the 

transcriptional activity of DCC-Gal4 fusion protein in a Gal4-luc reporter assay 

(Fig.3b). Such inhibitory effect of APP on DCC cleavage was specific as UNC5H2, 

known to interact with DCC 28 had no effect on DCC cleavage while APP had no 

effect on Notch cleavage (Fig.3a). Thus APP antagonizes the nuclear signaling of 

DCC. On the opposite it enhances the cytoplasmic signaling of DCC. Indeed, as 

shown in Fig.3d, DCC expressed in B103 cells triggers ERK-1/2 phosphorylation in 

response to netrin-1 in a very transient manner –i.e., maximum at 5min and no more 

detected at 15min-. In the presence of APP, ERK-1/2 phosphorylation appeared 

increased in intensity and was prolonged up to 1hour (Fig.3d). Taken together, these 

data support the view that APP participates in DCC signaling by enhancing the 

activation of the MAPK. 

We thus analyzed whether APP is required for commissural axon guidance 

triggered by netrin-1. Netrin-1 is known to guide commissural axon and as such 



trigger both commissural axon outgrowth and orientation. Axon outgrowth can be 

monitored using explants from dorsal spinal cord from E11.5 mice embryos grown for 

16-18 hours in collagen gels in the presence or not of netrin-1. As shown in Fig.4ab, 

spinal cord explants from E11.5 wild-type mice embryos, showed a robust axon 

outgrowth. When a similar experiment was performed using APP -/- mutant embyos, 

axon outgrowth was significantly reduced (p<0.0001) (Figure 4ab).  

Together, we show here that during commissural axon navigation, APP, 

expressed at the growth cone, is part of the DCC receptor complex mediating netrin-

1 dependent axon outgrowth. We show that APP interacts with DCC in the presence 

of netrin-1 and enhances netrin-1 mediated-DCC intracellular signaling such as 

MAPK activation. Moreover we provide evidence that APP is functionally implicated 

in netrin-1 mediated outgrowth. Ongoing work will try to assay the relative importance 

of APP in netrin-1 mediated turning. However netrin-1, DCC and netrin-1 appears to 

play a ménage à trois which can have at least two distinct functions: during 

embryonic development, this trio is important for neuronal wiring, APP being in this 

system mainly a modulator of netrin-1 response. Indeed, it is quite clear from the 

present data that while loss of DCC is associated with a complete inhibition of netrin-

1 mediate axon outgrowth and turning, loss of APP only affect partially axon 

outgrowth and netrin-1 signaling. Yet APP may turn as a subtile regulator of netrin-

1/DCC function. The second aspect of this trio appears to occur through adulthood, 

and in this case DCC is the regulator and APP the main receptor. Indeed we showed 

that in adult brain, netrin-1 is a functional ligand of APP and negatively regulates the 

formation of the Amyloid peptide 20. This interaction may be important to regulate 

Alzheimer disease and it may be then very important for possible therapeutic strategy 



to understand what is the relative importance of DCC in netrin-1/APP interaction in 

normal and pathological brain.  

 



Materials and Methods 

APP mutant animals : 

Pregnant OF1 mouse females were purchased from Charles River Laboratory. APP 

mutant mice were genotyped as described in the reference (lourenco2009). 

Genotyping of APP embryos was performed by PCR using 5'-

GAGACGAGGACGCTCAGTCCTAGGG-3ʼ, 5'-

ATCACCTGGTTCTAATCAGAGGCCC-3' and 5'-

CGAGATCAGCAGCCTCTGTTCCACA-3' primers. 

 

Immunochemistry and in situ hybridization: 

Mouse embryos were fixed in PFA4 % overnight at 4°C and equilibrated in PBS 

sucrose 10%. Thereafter, mouse embryos were included in gelatin7.5%, sucrose 

10%. Transversal sections were performed with cryostat. For the mouse spinal cord, 

DCC and APP immunolocalization were performed on 20 μm sections. The sections 

or commissural neuron primary culture were permeabilized 30 minutes in PBS 0.2% 

TritonX100 and blocked 2 hours in PBS 2% normal donkey serum (NDS), 0.2% 

TritonX100. Sections were then incubated overnight at 4°C with anti-APP antibody 

(Sigma; A8717) (35 μg/ml) and anti-DCC antibody (DCC-A20; Santa Cruz)(0.5μg/ml) 

or (G97-449; BD Pharmingen)(5 μg/ml) respectively detected by Alexa488-Donkey 

Anti-rabbit (A21206) and Alexa647-Donkey Anti-goat (A21447) or mouse 

(A31571)(InVitrogen) 1/400. Tag-1 immunolocalization was performed as described 

in Serafini1996. In situ hybridization against APP was performed as described in 

(mazelin-2004) on 20 μm sections. The riboprobes were produced by PCR using 

specific primers. 

 

Image Analysis: 

For the measure of commissural axon bundles, images were acquired with Zeiss 

Axiovert 200 microscope and analysed with Axovision software, Zeiss. The width of 

commissural axon bundles was quantified at d/2 (see figure 1 c). The width of neural 



tube side (a) and commissural axon bundles (b) were measured. The ratio b/a was 

analyzed. For the colocalization analysis, the acquisition was performed on Zeiss 

Axioplan2 LSM510 confocal microscope and images were analyzed on ImageJ 

sotware with the plugins JACoP(ref:17210054). 

 

Plasmids: 

For in vitro experiments, the constructs used are the following. pCMV-DCC, pCR-

DCC-IC, pCMV-DCCΔEC were described in 29. pCDNA3-APP, pCDNA3-APPC100, 

pCDNA3-APP-C83, pGLUC, pCMV-Renilla, pMST, pMST-APP-Gal4 and pCMV-

Fe65 were described previously 20. pCMVneo-DCC- GIC, pGNT1-myc, pCDNA3.1-

Unc5h2, pCS2-Notch were respectively described in 4, 30, 31. 

 

Cells, Transfection and reagents: 

Transfections of B103 (rat neuroblastoma) cells were performed using the 

lipofectamine reagent (Invitrogen) according to the manufacturer instructions. For Co-

immunoprecipitation, B103 cells were transfected by calcium phosphate. The γ-

secretase inhibitor N-[N-(3,5-difluoro- phenylacetyl)-L-alanyl]-(S)-phenylglycine t-butyl 

ester (DAPT) and the protea- some inhibitor Z-Leu-Leu-Leu-al (MG132) were 

purchased from Sigma and used at 2 μM and 1 μM, respectively. 

 

Immunoprecipitation and western blotting: 

Co-immunoprecipitations were processed as it was described in (forcet2002) with 

anti-DCC antibody (G97-449; BD Pharmyngen) (0.5 μg/ml) or anti-APP antibody 

(Sigma; A8717) (015 μg/ml). For co-immunoprecipitation on fresh tissues, E11.5 

brains and spinal cords were homogenized in TrisHCl 0.05M pH7.5; NaCl 0.15M; 

TritonX100 0.5% ;Glycérol 5% ; protease inhibitor. Co-immunoprecipitations were 

performed using the microbeads system developed by Miltenyi Biotech. 



Immunoblots were performed using different commercially available antibodies: 

phospho-ERK-1/2(Cell Signaling Technology), ERK-1/2(Sigma), DCC(BD 

Pharmingen), APP (Sigma), c-Myc (Sigma) and HA (Sigma). 

 

Primary culture of spinal cord commissural neurons 

Commissural neurons were obtained from embryonic day 11.5 mice embryos by 

dissecting out the dorsal spinal cord. The tissues were then dissociated as described 

previously 32. The dissociated cells were plated on poly(L-lysine)-precoated 

coverslips at 3.105 cells per well on a 24-well plate. Commissural neurons were 

cultured 18 hours in neurobasal medium containing 5% Horse serum. Commissural 

neurons were then cultured 30 minutes in neurobasal medium containing 300 μg/ml 

of netrin-1 (apotech) and fixed in 4% paraformaldehyde (PFA). Immunocytochemistry 

against APP and DCC were performed and followed by colocalization assay. 

 

Transactivation assays: 

Transactivation assays were performed as described in 30. 

 

Axonal outgrowth assays: 

Commissural axon outgrowth assays were performed as described before 14 9. The 

outgrowth from E11.5 dorsal explants of mice embryos was quantified by measuring 

the total length of all axon fascicles leaving the explant (mean length of axon bundles 

by explant). 

 

APP/DCC/netrin-1 interaction detection by ELISA assay: 

96-well plates were coated 1 hour at room temperature with a secreted form of APP, 

6.25 nM (sigma) in PBS. After 2 hours blocking at RT with 5% fœtal calf serum (FCS) 

in PBS, wells were washed (0.05% Tween20 in PBS), and then incubated with DCC 

ectodomain (RD System) at a concentration range from 3.125 nM to 25 nM. This was 

done at room temperature (RT) for 1 h with or without netrin-1 at 5 nM(apotec). 



Washed wells were incubated with an anti-DCC, 0.1 μg/ml (Ab1-Calbiochem) in 

blocking buffer for 1 hour at RT. A Horseradish Peroxidase-conjugated antimouse 

antibody (Jackson ImmunoResearch Inc.) was added at a concentration of 0.8 μg/ml 

for 1 h at RT. Washed wells were then incubated with a chemiluminescent substrate 

(Pierce ECL Western Blotting Substrate). The luminescence was read on a Tecan 

Infinite P500 luminometer. 
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Figure Legends 

 
Figure 1: APP is expressed in commissural and is important during 

commissural axon navigation. 

a. In Situ hybridization against APP on mouse spinal cord at E10.5 & E11.5 shows 

that APP is expressed by commissural neurons. b. APP protein was detected on 

commissural axons (arrows) with DCC positive axons (arrowhead) by 

immunochemistry. c. General diagram for the measurement of commissural axon 

bundles width. d. Tag-1 immunostainning on E11.5 spinal cord shows an increase of 

commissural axon width in APP KO which was determined (e). Statistical test : 

Mann-Whitney. C: commissural neurons; M: motoneurons; P: neuronal progenitors; 

V: ventricular zone; DRG: dorsal root ganglion. 

 

Figure 2: APP interacts with DCC. 

a. Netrin-1 promotes APP & DCC complex formation in vitro. Coimmunoprecipitation 

(IP) performed in B103 cells transiently cotransfected with an APP-expressing vector 

with or without a DCC-expressing construct in presence of netrin-1 or not . b. 

Colocalization between APP (green) & DCC (red) is increased by netrin-1 in growth 

cone cultured commissural neurons. c. Endogenous APP & DCC interact in E11.5 

brain and spinal cord extracts. d. Diagram of the constructions used in Co-IP 

experiments in (e) and (f). e. DCCΔEC is still able to interact with APP independently 

of netrin-1. f, In presence of netrin-1, APP-C100 interacts with DCC, whereas APP-

C83 fails to interact with DCC. g. An ELISA test between αAPPs & DCC ectodomain 

was performed and showed that αAPPs & DCC ectodomain required netrin-1 to 

interact. αAPPs (6.25nM) was coated and DCC at various concentration was added 

with or without netrin-1 (5nM). 

 

Figure 3: APP modulates netrin-1-induced DCC signaling. 

a. APP inhibits the γ-cleavage of DCC resulting in the accumulation of the α-

fragment, whereas Notch & Unc5h2 have no effect (DAPT : 2μM; MG132 : 1μM). b. 

APP abolishes the DCC transactivation activity. c. APP transactivity is not modified 

by DCC. d. APP collaborates with DCC to strengthen the ERK1/2 phosphorylation in 



response to netrin-1. Statistical test : Mann-Whitney. e. APP does not modulate the 

DCC dimerization with netrin-1. 

 

Figure 4: APP is required for commissural axon outgrowth and turning 

a. WT or APP KO of E11.5 mouse dorsal spinal cord explants cultured alone or with 

netrin-1 (7.4nM). b. Quantitative analysis of axon bundle length. Statistical test : t-

test. 

 

 

Supp Figure 1:  APP and DCC co-immunoprecipitate and co-localize.  

b. Netrin-1 promotes APP & DCC complex formation in vitro (B103 cells-co-

immunoprecipitation). b. The colocalization between APP and DCC was quantified 

with JACoP plugin of ImageJ. Netrin-1 increases the colocalization. c. Control 

experiment of co-immunostaining without DCC or APP antibody. d. APP-C100 and 

APP-C83 failed to interact with DCC without netrin-1. 

 



d
d/2

a

b

b/a* : distribution of 
commissural axon bundles

+/+ +/- -/-
0.0

0.05

0.1

0.15

0.2

0.25

D
is

tr
ib

ut
io

n 
of

 c
om

m
is

su
ra

l 
ax

on
 b

un
dl

es

genotype :

p<0.05e

d

Fig1

b

a

n=6 n=4 n=4

WT

C V

DRG
M

P

C V

DRG
M

P

E10.5 E11.5

APP -/-
E11.5

WT APP -/-

α APP

α APP

α DCC

α DCC

Merge



Fig2

b

d

a

DCCΔEC DCC-IC
APP
Netrin-1

-
-

-
+

+
-

+
+

-
-

-
+

+
-

+
+

α DCC

α APP

α DCC

α APP

IP APP

Total

S

S

S

S

S

S

S

S

DCC
DCC−

IC

APP
APP-C

10
0

APP-C
83

DCCΔ
EC

br
ain

 ly
sa

te

α−
APP

Rab
bit

 Ig
G

IP

α DCC

α APP

e

c

netrin-1 - +

merge

α DCC

α APP

-
-
-

-
-
+

+
-
-

-
+
-

+
+
-

+
+
+

IP DCC
α APP

α DCC

α APP

α DCC
Total

DCC
APP
Net

f
APP-C

10
0

APP-C
83

DCC
Net

-
+

+
+

-
+

+
+

IP DCC

total

α APP

α APP

α DCC

α DCC

DCC nM

ch
em

ilu
m

in
es

ce
nc

e

g

+ 5nM netrin-1

no coating

no coating
αAPPs

αAPPs



IP APP

α APP

α DCC

α APP

α DCC
Total

DCC
APP
Net

-
-
-

-
-
+

+
-
-

+
-
+

-
+
-

-
+
+

+
+
-

+
+
+

a

Fig1 sup.

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0P
ea

rs
on

’s
 c

oe
ffi

ci
en

t

netrin-1 - +

b

c

*

merge

α DCC

α DCC α APP

α APP

antibody : 

IP DCC

total

α APP

α APP

α DCC

α DCC

APP-C100
APP-C83

DCC

+
-
+

-
+
+

d



Fig3

a

+
-
-
-
-

+
+
-
-
-

+
-
+
-
-

+
-
-
+
-

+
-
-
-
+

+
+
-
-
+

+
-
+
-
+

+
-
-
+
+

+
-
-
-
-

+
+
-
-
-

+
-
+
-
-

+
-
-
+
-

+
-
-
-
+

+
+
-
-
+

+
-
+
-
+

+
-
-
+
+

+
-
-
-
-

+
+
-
-
-

+
-
+
-
-

+
-
-
+
-

+
-
-
-
+

+
+
-
-
+

+
-
+
-
+

+
-
-
+
+

φ DAPT MG132

f.l.

α-frag.
γ-frag.

α DCC

α APP

α Notch

α Unc5h2

DCC
APP

Notch
Unc5h2
Netrin-1

DCC-Gal4
APP
DAPT

+
-
-

+
-
+

+
+
-

F
ol

d 
O

ve
r 

G
al

4

0

10

20

30

40

50

60

0

1000

2000

3000

4000

5000

F
ol

d 
O

ve
r 

G
al

4

APP
Fe65
DCC
DAPT

+
+
-
-

+
+
-
+

+
+
+
-

c

b

d e

α DCC

α APP

α ERK

α P-ERK

Cont. DCC APP DCC+APP

netrin-1 0 5 1015 30 60 0 5 1015 30 600 5 1015 30 600 5 1015 30 60

DCC-myc
DCC-HA

APP
Netrin-1

-
-
-
-

+
-
-
-

-
+
-
-

+
+
-
-

+
+
+
-

+
+
-
+

+
+
+
+

α myc

α HA

α APP

α myc

α HA

α APP

IP HA

Tot.

p<0.01

p<0.001



1

0.75

0.5

0.25

0

+/+ +/- -/-

In
de

x 
of

 m
ea

n 
le

ng
th

 o
f

ax
on

 b
un

dl
es

 p
er

 e
xp

la
nt

Fig 4

ba

WT KO APP

+ net

 netφ

Genotype :

n=46 n=68 n=38

p<0.0001



Fig 5

b

a
rDCC

siRNA-rDCC
+
+

+
-

+
+

+
-

24h 48h 24h 48h

α DCC α APP

α actin α actin

huAPPntsi
siRNA-rAPP

-
+

+
+

-
-

+
-

-
+

+
+

-
-

+
-

(A refaire pour un plus joli blot)

Turning Assay
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DCC (Deleted in Colorectal Cancer) is a putative tumor suppressor
whose expression is lost in numerous cancers and whose tumor
suppressor activity appears to be dependent on its ability to trigger
apoptosis when disengaged by its ligand netrin-1. In this sense,
netrin-1 is a survival factor that controls tumorigenesis. However,
netrin-1 is also the prototypical axon guidance cue and has been
shown to orient many neurons or axons, especially commissural
axons, during spinal cord development. Here we show that ne-
trin-1 is not only an attractive cue for developing commissural
axons but also promotes their survival. In primary neuronal culture,
in mice or in chick embryos, netrin-1 inhibits the proapoptotic
activity of DCC in developing commissural neurons. Thus, adequate
commissural neurons navigation requires both the attractive ac-
tivity of netrin-1 and the anti-apoptotic function of this cue.

apoptosis � deleted in colorectal cancer � nervous system development �
dependence receptor � axon guidance

The development of colonic carcinoma from normal colonic
epithelium is associated with the mutation of a specific set of

genes (1). Allelic deletions [loss of heterozygosity (LOH)] on
chromosome 18q in 70% of primary colorectal tumors prompted
the search for a tumor suppressor gene at that locus, leading to
the cloning of a putative cell-surface receptor, DCC (Deleted in
Colorectal Cancer) (2). DCC expression was then shown to be
markedly reduced in 50% of colorectal tumors. Moreover, the
loss of DCC expression is not restricted to colon carcinoma, but
has been observed in many other tumors, suggesting that DCC
is a tumor suppressor (3).

However, DCC is also the main component of a receptor
complex that mediates the activity of the secreted axon-guidance
molecule netrin-1 (4, 5). The key role of DCC and netrin-1 in
mediating growth cone extension is supported by a large number
of studies, such as the analysis of DCC and netrin-1 knock-out
mice, which display the disorganization of many axonal tracts in
the central nervous system (6).

The link between a tumor suppressor in colorectal cancer and
a receptor mediating axon outgrowth and turning remained
unclear until recently. We proposed that the tumor suppressor
function could be explained by the fact that DCC is a depen-
dence receptor (7). DCC is functionally related to other depen-
dence receptors such as p75NTR, the common neurotrophin
receptor, RET, Patched, UNC5H, neogenin, ALK, or TrkC
(8–13). Such receptors create cellular states of dependence to
their respective ligands by inducing apoptosis when unoccupied
but inhibiting apoptosis in the presence of their ligands (12). We
and others have shown that the in vitro expression of DCC
induces apoptosis in the absence of netrin-1 (7, 14), while the
presence of netrin-1 blocks this proapoptotic activity (15).

The fact that DCC displays such proapoptotic activity when
unbound to its ligand has led to the hypothesis that DCC
normally functions to kill tumor cells that grow in an inappro-
priate context (e.g., local growth in a setting of constant and
limited netrin-1 concentration or growth at a secondary site
where there is no netrin-1 expression). Accordingly, mice over-

expressing netrin-1 in the gut show a marked decrease of cell
death in the intestinal epithelium associated with an increased
predisposition to develop colorectal tumors (16). Thus, DCC may
be viewed as a tumor suppressor that controls tumorigenesis by
regulating apoptosis (17, 18) and netrin-1 expression as a selective
survival advantage for tumor growth and metastasis (19).

However, it is clear that the main role of netrin-1 in the
developing CNS is not survival but axon guidance. The main
defects of netrin-1 and DCC knock-out mice may, to a large
extent, be attributed to a loss of the DCC/netrin-1 axon-guidance
system. Yet, netrin-1 knock-out mice also display increased cell
death in the developing brainstem (20). Thus, one may wonder
whether netrin-1 in the developing nervous system also shows a
survival activity that may participate to the neuronal navigation
activity of this cue. Here we addressed this question in commis-
sural neurons that are the prototype neurons guided by the
netrin-1/DCC pair. We show that in primary cultures, commis-
sural neurons die except if netrin-1 is provided and that apoptotic
activity depends on DCC, as primary commissural neurons from
DCC knock-out embryos survive in the absence of netrin-1. We
also show enhanced apoptosis in developing mouse spinal cord
from netrin-1 knock-out embryos. Moreover, we show that in
developing chick neural tube, the DCC/netrin-1 pair acts as a
pair dependence receptor/ligand as electroporation of DCC
triggers cell death that is blocked by coelectroporation of
netrin-1 while down-regulation of netrin-1 is associated with
increased cell death.

Results
Netrin-1 Acts as a Survival Factor for Commissural Neurons. In the
dorsal spinal cord, commissural axons that express DCC are
attracted toward the ventral midline by floor-plate-derived
netrin-1. To assess whether netrin-1 may also display survival
activity toward these neurons, we cultured commissural neurons
from E13 rat or E11.5 mouse embryos. Dorsal spinal cords were
dissected out and dissociated and primary cells were then grown
in neurobasal medium (Fig. 1A). The cells grown in these
conditions were commissural neurons as they expressed the
neuronal marker class III �-tubulin and DCC as shown by
immunohistochemistry [Fig. 1B, specificity of the DCC antibody
shown in supporting information (SI) Fig. S1]. When the rat
commissural neuron cultures were analyzed 16 h after initial
plating, about all of the cells were dead (data not shown and Fig.
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1C). To confirm this observation, apoptosis was measured by
counting TUNEL positive cells or by quantification of caspase
activity. As shown in Fig. 1 C–E, commissural neurons grown in
neurobasal medium died by apoptosis within the first 16 h.
Interestingly, when the culture was performed in the presence of
z-VAD-fmk, a general caspase and cell death inhibitor, 50% of
the neurons survive after 16 h of culture and this effect was
associated with a marked decrease in TUNEL- (Fig. 1 C and D)
and active caspase-3 (Fig. 1E) -positive neurons. Netrin-1 was
then added, instead of z-VAD-fmk, to the cultures and as shown
in Fig. 1 C–E, netrin-1 presence increased cell survival and was

associated with decreased number of TUNEL- and active
caspase-3-positive cells to a similar extent than z-VAD-fmk (Fig.
1 C and E). Similar results were observed when mice commis-
sural neurons instead of rat were cultured (data not shown and
Fig. 1F). Thus, netrin-1 similarly to z-VAD-fmk enhances sur-
vival of commissural neurons.

Netrin-1 Acts as a Survival Factor by Inhibiting DCC Proapoptotic
Activity. In tumor cells, netrin-1 has been shown to act as a
survival factor inhibiting the proapoptotic activity of DCC or
UNC5H receptors (7, 16, 19–21). To determine whether this

control

netrin-1

z-VAD-fmk

C

A

B

hoechst

DCC

-tubulin III

merge

DCC +/+ DCC -/-

ne
t-1

z-
VA

D

ne
t-1

z-
VA

D

F
co

nt
ro

l

co
nt

ro
l

In
de

x 
of

 c
as

pa
se

-3
po

si
tiv

e 
ne

ur
on

s

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
*

*

**

**

***

*
**
***

: p<0.05
: p<0.01
: p<0.001

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

In
de

x 
of

 c
as

pa
se

-3
po

si
tiv

e 
ne

ur
on

s
co

nt
ro

l

ne
tri

n-
1

z-
VAD-fm

k

E

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

In
de

x 
of

  
T

U
N

E
L

po
si

tiv
e 

ne
ur

on
s

co
nt

ro
l

ne
tri

n-
1

z-
VAD-fm

k

D *
* : p < 0.05

Fig. 1. Netrin-1 is a survival factor for commissural neurons. (A) The dorsal spinal cord that contains the commissural neurons is represented. (B) The cultured
cells are commissural neurons. Immunostainings using an anti-DCC antibody (A20) (central panel) and an anti-beta-tubulin III antibody (below panel) of
commissural neurons from E13 rat embryos dorsal spinal cord culture. Merge signal between DCC and beta-tubulin signals is shown (Right) together with a
hoechst. Insets, control staining without primary antibodies. (C) Representative photographs of commissural neurons cultured 16 h in the absence (control) or
in the presence of netrin-1 (300 ng/ml) or of z-VAD-fmk (20 �M) and stained by TUNEL assay. Right panels are a magnification of left panels. (Scale bars, 50 �M.)
(D and E) Histograms representing cell death quantified by numbering cells stained with TUNEL assay (D) or with anti-active caspase-3 (E). Index of cell stained
with TUNEL or active caspase-3 is shown as the ratio between the number of cells stained in treated conditions (netrin-1 or z-VAD-fmk) to the number of cell
stained in control condition. Standard deviations are indicated (n � 3). (F) Commissural neurons from E11.5 mice embryos were cultured 16 h in the presence
or absence of netrin-1 (300 ng/ml) or z-VAD-fmk (20 �M). Cultures were from DCC�/� or DCC-/- embryos as indicated. Histogram representing cell death
measured by the number of cells stained with anti-active caspase-3. Index of cell stained with active caspase-3 is shown as the ratio between the number of cells
stained in treated conditions (netrin-1 or z-VAD-fmk) to the number of cell stained in control condition. Standard deviations are indicated (n � 3). *, **, and

***, respectively, indicates a P � 0.05, P � 0.01, and P � 0.001, calculated using a two-sided Mann–Whitney test.
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involves a neurotrophic factor-like effect of netrin-1 (i.e., acti-
vation upon ligand binding of survival signaling pathways like
PI3K or MAPK pathways) or occurs through the inhibition of
DCC proapoptotic activity, we then compared commissural
neuron survival in primary cultures from DCC mice mutant
embryos. If netrin-1 behaved as a classic neurotrophic factor, one
should expect the loss of DCC to be associated with a similar
effect on survival instead of a loss of the ligand (i.e., the DCC-/-
commissural neurons should die even in the presence of netrin-1
at a same level than DCC�/� commissural neurons cultured in
the absence of netrin-1). Alternatively, if netrin-1 were to act by
inhibiting DCC-induced apoptosis, the survival of DCC-/- neu-
rons should be higher than DCC�/� ones in the absence of
netrin-1. As shown in Fig. 1F, in the absence of netrin-1
treatment, commissural neurons from DCC�/� embryos died
and showed caspase activation, whereas DCC-/- commissural
neurons showed increased survival and decreased caspase acti-
vation. Moreover, adding netrin-1 to DCC�/� culture increased
neuronal survival, while it failed to increase the survival of
DCC-/- neurons. Taken together, these data demonstrate that
netrin-1 is a survival factor that inhibits the proapoptotic activity
of the DCC dependence receptor in spinal cord commissural
neurons.

Netrin-1 Controls Cell Survival in the Developing Neural Tube. The
phenotypic analysis of netrin-1 knockout mice revealed pro-
found defects in the organization of many axonal tracts, but no
increase in cell death was noted (5). Yet, because the numeration
of commissural neurons is not easy and was not done precisely,
and because these mutants were hypomorphic mice rather than
null mice, we then decided to assess whether netrin-1 inactivation
is associated with increased cell death in the developing spinal
cord. An increased caspase-3 activity was observed in spinal cord
extracts from netrin-1-/- embryos compared with wild-type
extracts (Fig. 2A). Interestingly, this increased caspase-3 activity
is specific for the spinal cord as when a similar caspase activity
measurement was performed in brain rather than spinal cord, no
similar increase of caspase activity was observed in netrin-1
mutant mice. Moreover, this increased caspase activity is asso-
ciated with an increased number of apoptotic (i.e., TUNEL-
positive cells) in the spinal cord of E13.5 of netrin-1 mutant
embryos (Fig. 2 B and C). These TUNEL-positive cells moreover
colocalize with DCC staining (Fig. 2D), further supporting the
view of commissural neurons death. Thus, netrin-1 appears to
inhibit apoptotic cell death in the developing spinal cord and
more specifically in commissural neurons.

We then investigated whether the survival activity of netrin-1
could also be observed in developing chick neural tube. As a first
approach, we analyzed whether forced expression of DCC in the
developing chick neural tube triggered cell death as previously
found for other dependence receptors (10, 11). HH10–11 em-
bryos were electroporated in one side of the neural tube with
DCC and GFP. As shown on Fig. 3 A–C, DCC electroporation
was associated on the electroporated side with cell death induc-
tion as measured by TUNEL staining. This was not related to a
toxic effect of the electroporation since an empty vector or a
mutated DCC (DCC D1290N) unable to induce apoptosis in
vitro (7) failed to trigger cell death in ovo (Fig. 3 A–C).
Interestingly, this cell death induction appears to be mainly
detected in the dorsal third of the neural tube (as opposed to the
ventral two third of the neural tube) (Fig. 3D), thus supporting
the view that (i) commissural neurons may be the target of
DCC-induced apoptosis and/or (ii) that ectopic DCC expression
is more effective in killing cells in the dorsal neural tube because
endogenous netrin-1 is produced ventrally and may somehow
inhibit DCC-induced apoptosis ventrally. Netrin-1 was then
coelectroporated with DCC. The ectopic expression of netrin-1
fully inhibited the proapoptotic activity of DCC on the electro-

porated side (Fig. 3A–C), thereby suggesting that the netrin/
DCC ligand/dependence receptor couple is active during chick
neural tube development.

We further analyzed whether down-regulation of endogenous
netrin-1 produced by the ventral neural tube by a shRNA
approach was associated to a DCC-dependent cell death. Ne-
trin-1 shRNA effectively down-regulates chick netrin-1 (Fig. 4A
and Fig. S2). We then electroporated netrin-1 shRNA at the level
of the ventral neural tube and apoptosis was assessed by TUNEL
staining (Fig. 4B). Electroporation of a netrin-1 shRNA but not
a scramble shRNA was associated with enhanced neural tube cell
death measured by TUNEL staining (Fig. 4 C and D) or active
caspase-3 staining (Fig. S3). As expected, cell death induction
was mainly observed in the dorsal third of the neural tube (Fig.
4D), demonstrating that netrin-1 is a survival factor that blocks
DCC proapoptotic activity in chick neural tube.

Discussion
We show here that beside its well known function as a guidance
cue, netrin-1 also acts a survival factor during nervous system
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development. Interestingly netrin-1 controls survival not like
classic neurotrophic factors such as neurotrophins. Neurotrophic
factors are usually believed to work by activation of survival
signaling pathways within the cell including for example PI3K- or
MAPK-dependent pathways (22). These positive signals en-
hance cell survival and the withdrawal of the neurotrophic factor
in vitro or the lack/limitation of this factor in vivo is speculated
to block these survival signals and consequently to trigger a
death by default. In the case of netrin-1, the survival activity may
not be based on activation of downstream survival signaling
pathways (e.g., dependent on DCC) but on the inhibition of the
proapoptotic activity of the DCC dependence receptor. It is then
intriguing to note that NT-3, a classic neurotrophin, has been

shown to behave like netrin-1 at least so far in primary culture,
because TrkC was recently identified as a dependence receptor
and as such directly implicated in the death of dorsal root
ganglion neurons observed upon loss of NT-3 (13). Conse-
quently, survival factors could probably be divided into two
categories depending on their ability to generate a cell survival
dependent state by activating survival pathways or on the
opposite by inhibiting proapoptotic pathways.

While there is no doubt that netrin-1 serves as an attractive
guidance cue for commissural neurons, we demonstrate here
that netrin-1 also acts as a survival factor for these neurons. Such
a dual of role for netrin-1 (axon guidance cue and survival factor)
may collaborate to adequately attract axons or neurons. Indeed,
the survival activity of netrin-1 may then be viewed as a
mechanism to avoid wiring errors. It may be tempting to
speculate that this survival activity is a mechanism that allows the
elimination of commissural neurons that would have extended
axons out of the guidance path. Neurons that would extend in
regions devoid of netrin-1 would then have unbound DCC and
consequently undergo apoptosis. Even though our present study
supports a ‘‘yes’’ or ‘‘no’’ situation in which no netrin-1 means
‘‘commissural neuron death’’ and netrin-1 presence means
‘‘commissural neuron survival,’’ it can also be speculated that
this regulatory mechanism may be local. Indeed, in regions of
local netrin-1 absence, the axon or the growth cone would die in
a mechanism that could morphologically resembles to a collapse
but would mechanistically imply ‘‘local death’’ that includes DCC
dependent caspase activation. Along this line, importance of
caspase in axon turning has previously been reported (23) and
our preliminary results suggest that addition of the general
caspase inhibitor z-VAD-fmk in chick neural tube is associated
with defects in commissural axon pathfinding that include ab-
errant projections (N. Rama, personal communication).

One would argue back that in such hypothesis, DCC mutant
mice should not phenocopy commissural defects observed in
netrin-1 mutant mice. However, while DCC inactivation should
indeed be associated with more survival of commissural neurons,
it is also associated with the loss of the ‘‘positive’’ function of
DCC that mediates most of the guidance effect of netrin-1; such
loss probably primes other accessory functions of netrin-1. Along
this line, it is of interest to note that while the caspase cleavage
site of DCC is required for DCC proapoptotic activity and is
conserved in all mammalian species, it cannot be found in
UNC40 of C. Elegans or Frazzled of D. melanogaster. Thus, it is
tempting to speculate that the survival activity of such an
important and conserved guidance cue among species has been
acquired in complex organisms and is consequently a relatively
late event in the evolution of these proteins. This may make sense
given the greater plasticity of the mammalian and avian nervous
systems, compared with those of the relatively simple hard-wired
invertebrates.

Materials and Methods
Animals and Genotyping. Pregnant OFA rat females were purchased from
Charles River Laboratory. Netrin-1 and DCC mutant mice were described in ref.
24. Genotyping of DCC embryos was performed by PCR using 5�-GGCCATT-
GAGGTTCCTTT-3�, 5�-AAGACGACCACACGCGA GDCC-3� and 5�-TCCTCGT-
GCTTTACGGTATC-3� primers. Genotyping of netrin-1 embryos was realized by
RT-PCR with 5�-TGACTGTAGGCACAACACGG-3�, 5�-GGCATTACCCAACAG-
CAAGT-3� and 5�-GCCTCCCATCTCAACTCT-3� primers.

Primary Cultures of Spinal Cord Commissural Neurons. Commissural neurons
were obtained from embryonic day 13 (E13) rat embryos or E11.5 mice
embryos by dissecting out the dorsal spinal cord. The tissues were then
dissociated by using 5 mg/ml trypsin and 0.1 mg/ml DNase I (Sigma) in Hanks’
balanced salt solution (HBSS) without calcium or magnesium (Invitrogen). The
dissociated cells that were obtained were plated on poly(L-lysine)-precoated
coverslips at 0.5 � 105 cells per well on a 24-well plate. Commissural neurons
were then cultured for 16 h in neurobasal medium containing B27 supple-
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Fig. 3. DCC behaves as a dependence receptor in the developing chick neural
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neural tube with a mock plasmid (cont.), DCC construct (DCC), DCC D1290N
mutant construct (DCC D1290N), or DCC and netrin-1 constructs
(DCC�netrin-1) together with a GFP-encoding plasmid. (A) Representative
phase, GFP, DCC (immunostaining with A20 antibody), netrin-1 (immunostain-
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shown. (Scale bars, 50 �M) (B) Enlargement of TUNEL staining of control vs.
DCC electroporation. (C) Quantification of TUNEL immunostaining. Three to
six embryos were analyzed for each condition. (D) Quantification of TUNEL
immunostaining in the neural tube (Dorsal, Medium, and Ventral). In C and D,
error bars indicate SEM; * indicates a P � 0.05 and ** indicates a P � 0.01
calculated using a two-sided Mann–Whitney test.
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ment. In some experiments, cells were treated with z-VAD-fmk (Biomol Inter-
national; 20 �M).

Netrin-1 Protein and Plasmid Constructs. Netrin-1, which is from Apotech
(Axora) is a human Flag-tagged netrin-1 produced from CHO cells. For the in
ovo chick electroporation, constructs were cloned in pCAGGS, which was also
used as empty vector. Empty pCAGGS was a kind gift from R. Sadoul (25).
pCAGGS-GFP has been obtained by cloning GFP into the EcoRI site of pCAGGS.
pCAGGS-DCC and pCAGGS-DCC-D1290N have been respectively constructed
by subcloning EcoRI-BglII fragments from pcDNA3-DCC and pcDNA3-DCC-
D1290N into the corresponding sites of pCAGGS. pCAGGS-netrin-1 has been
constructed by subcloning an XhoI-EcoRI fragment from pGNET1-myc into
pCAGGS. Netrin-1 shRNA was generated using PSilencerTM1.0-U6siRNA Ex-
pression vector (Ambion) and the sh sequences sh1: G GCG CTG CCG CTT CAA
CAT and sh2 : G GGT GCC CTT CCA GTT CTA. The Scramble sh sequence was: G
TGG CCC CGA AGC CTT TAC.

Chick Electroporation. Fertilized chicken eggs were obtained from a local
supplier (Morizeau. EARL, Danger, France) and incubated at 38°C. Neural tube
electroporation and cell death assay were perfomed as previously described
(11). The various pCAGGS plasmids (1 �g/�l) were introduced into stage
HH10–11chick embryos by in ovo electroporation using CUY-21 electropora-
tor and CUY-610 standard electrode (NEPA gene) as previously done (11). We
routinely carried out electroporation with 3 pulses of 50-ms duration at 20 V.
Green fluorescent protein (GFP) expression vector (0.5 �g/�l pCAGGS-GFP)
was coelectroporated to check the electroporation efficiency. Chick embryos
were collected 24 h after electroporation. Loss of function of netrin-1 was
induced by in ovo shRNA at stage HH10–11 chick embryos. Embryos were
injected with a solution containing shRNA plasmid (2.5 �g/�l) mixed with GFP
expression vector (0.5 �g/�l). Then embryos were electroporated with specif-

ically designed electrodes. These electrodes allowed us to fit the anode under
the embryo and to lay the cathode on the embryo with 3-mm spacing. We
carried out electroporation with 4 pulses of 50-ms duration at 20 V. The
embryos were collected 24 h after electroporation.

Cell Death Assays. Apoptosis was monitored by measuring caspase activation
either by counting cells stained with anti-active caspase-3 or with TUNEL
technique, or by measuring caspase activity in cell lysate as described before
(13, 26). Briefly, immunostaining with anti-active caspase-3 was performed on
cells fixed with 4% paraformaldehyde in PBS for 30 min, and permeabilized
with 0.2% Triton X-100 in PBS for 30 min. The endogenous peroxidase activity
was inhibited by preincubation in 5% H2O2 in PBS for 30 min. First antibody
incubation was performed by using anti-active caspase-3 antibody (Cell Sig-
naling Technology, Beverly, MA) followed by biotin-conjugated anti-rabbit
secondary antibody (Jackson ImmunoResearch). The peroxidase activity was
then provided by a biotin/avidin/peroxidase complex (ABC kit, Vector Labo-
ratories), and staining was performed using 3,3�-diaminobenzidine chromo-
gen. The percentage of caspase-3-stained cells was calculated by comparing
the number of active caspase-3-stained cells with the total number of cells
present on a given surface. An index is presented as the ratio between the
percentage of stained cells in the treated population and the percentage
obtained in the non-treated population. Caspase-3 activity was also measured
by using the Caspase-3 Fluorometric Assay Kit from Gentaur. This assay utilizes
the DEVD-AFC substrate. The activity was determined according to the man-
ufacturer’s instructions, and caspase activation is presented as the ratio be-
tween the caspase activity of the spinal cords of mutant embryos and that
measured in spinal cords of wild-type mice. Apoptosis was also analyzed by
counting cells stained by the TUNEL technique according to the manufactur-
er’s instructions (Roche Diagnostics). Fixation, permeabilization, and staining
were performed as for caspase-3 staining except that the antibody reaction
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Fig. 4. Netrin-1 is a survival factor in the developing chick neural tube. (A) Effect of netrin-1 shRNA on chick netrin-1. HEK293-EBNA cell producing chick netrin-1
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was replaced by cell incubation for 1 h at 37°C with terminal deoxynucleoti-
dyltransferase and biotin-dUTP. For Figs. 2, 3, and 4, TUNEL on sections was
performed as above except that it was revealed with streptavidine coupled
Cy-3 (Jackson ImmunoResearch).

Cell Death Quantification. For themousespinal cord, serial section20-�msections
were performed and TUNEL-positive cells located in the spinal cord were counted
blinded on 200 �m. For the electroporation of DCC and the coelectroporation of
DCC�netrin-1, the index corresponds to the number of TUNEL-positive cells on
the electroporated side versus the non-electroporated side. For the DCC electro-
poration experiment, on each slice the spinal cord was divided into three parts:
dorsal, median, and ventral via the use of computer analysis (Axovision software,
Zeiss). The number of TUNEL-positive cells was counted blinded and an average
calculated for each part. For the electroporation of shRNA, chick spinal cord was
divided in two parts: 1/3 dorsal and 2/3 ventral using the Axovision software. On
each section, the number of TUNEL-positive cells was counted blinded on each
part and an average was calculated. In each case, the counting was done in blind
by two independent experimenters.

Immunohistolocalisation. DCC and �-tubulin III immunostaining was realized
on mouse commissural neurons fixed and permeabilized as described. Anti-

DCC antibody (DCC-A20) (Santa Cruz) and anti-�-tubulin III (Tuj-1) (AbCam)
were detected with Alexa488-Donkey anti-goat antibody (Invitrogen) and
cyanin 3 donkey anti-mouse antibody (Jackson ImmunoResearch), respec-
tively. The coverslips were mounted in fluoromount (EMS) and sections pho-
tographed with a Zeiss Axiovert 200 microscope. To perform DCC immunos-
tainings on mouse spinal cord, sections were fixed and permeabilized as
described above for TUNEL assay. Anti-DCC antibody (DCC-A20; Santa Cruz)
was detected with Alexa488-Donkey anti-Goat (Invitrogen). Sections were
treated with Hoechst (Sigma) and were mounted as described above. DCC and
netrin-1 immunostaining on chick spinal cords was performed with anti-DCC
antibody (DCC-A20; Santa Cruz) and anti-c-myc antibody (Sigma), respectively,
which were detected with biotinylated-Donkey anti-Goat (Jackson Immu-
noResearch) and biotinated-Donkey-anti-mouse (Jackson ImmunoResearch),
respectively. The peroxidase activity was revealed as described.
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w/o DCC antibody Anti-DCC-A20

Phase

Fluorescence

Fig. S1. A20 DCC antibody recognized developing commissural neurons. Representative immunohistochemistries. The left and right columns are respectively
stained without and with anti-DCC antibody. The upper panels show the phase, the medium panels the DCC staining and the lower panel is a higher
magnification. Arrows indicate commissural axons. (Scale bars, 100 �m.)
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sonde 5’. La bande de 8,5 kb correspond à l’allèle sauvage, tandis que celle de 10,3 kb à l’allèle muté. Un 
second Southern blot de contrôle a été réalisé après digestion par Drd1 et hybridé avec la sonde 3’. Il 
montre une bande de 16,7 kb correspondant à l’allèle sauvage, tandis que celle de 8,2 kb représente 
l’allèle muté.
c) La signalisation positive de DCC n’est pas perturbée par la mutation DCC-D1290N. Des cellules B103 
ont été transfectées soit par un vecteur vide (Cont.), soit par DCC (sauvage) ou DCC-D1290N. 24 heures 
après transfection, un “time course” avec 500 ng/ml de Nétrine-1 a été réalisé, puis une analyse par    
western blot a permis d’analyser la phosphorylation de Erk1/2.
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Figure 26 : La survie neuronale est renforcée chez les souris homozygotes DCC-D1290N
a) Analyse TUNEL sur des cultures primaires de neurones commissuraux. Les neurones 
commissuraux sont prélevés sur des embryons à E11.5 et  cultivés  pendant 18h en 
absence de Nétrine-1.   
b) Le nombre de neurones olivaires par noyau a été quantifié chez des souris âgées de
trois mois. N=7 pour chaque groupe.
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Figure 27: Modèle expliquant le rôle de APP dans le guidage des axones commissuraux
1: lors de l’attraction à la ligne médiane, APP stimule l’activation de Erk1/2 induite par DCC en présence 
de Nétrine-1. En parallèle, l’accumulation du fragment α de DCC par APP, stimule la croissance axonale 
via la multimérisation des fragments α de DCC. Par conséquent, ces deux voies de signalisation fonc-
tionnent en synergie pour permettre l’attraction à la ligne médiane des axones commissuraux.
2: Lors du franchissement de la ligne médiane, DCC est “silencé” par le couple Slit/Robo. Cependant, 
l’accumulation du fragment α de DCC via l’intervention de APP, permet de stimuler la croissance axonale 
afin de franchir la ligne médiane indépendament de la Nétrine-1. Net: Nétrine-1
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Figure 28: Modèle de collaboration entre DCC et APP lors de l’induction de l’apoptose par DCC
a) En présence de Nétrine-1, DCC transduit une signalisation de croissance, orientation axonale et 
migration neuronale. En parallèle, APP subit un clivage par l’α-sécrétase via l’interaction entre DRAL-1 
et l’α-sécrétase qui aboutit à la production de sAPPα favorisant la survie neuronale.
b) En absence de Nétrine-1, DRAL-1 se délocaliserait de APP vers DCC. Ainsi, DRAL-1 recruterait et 
activerait la machinerie pro-apoptotique de DCC. En parallèle, la délocalisation de DRAL-1 vers DCC, 
conduirait au clivage β de APP aboutissant à la formation de Aβ qui activerait l’apoptose. Net: Nétrine-1
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Figure 29 : Contrôle qualité des projections axonales par la signalisation pro-apoptotique de DCC.
La projection aberrante d’un axone exprimant DCC en dehors du champ d’accessibilité de la Nétrine-1 
conduirait à l’activation générale de la caspase-3 dans tout le neurone, permettant son élimination par 
apoptose. Dans ces conditions, la signalisation pro-apoptotique de DCC joue un rôle de "contrôle qualité "
des projections axonales.
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Figure 30 : Contrôle de la polarisation du cône de croissance par la signalisation pro-apoptotique de DCC.
(a) Une distribution hétérogène de Nétrine-1 sur le cône de croissance conduirait à l’activation locale de 
la caspase-3 qui dégraderait les filaments d’actine des filopodes et des lamellipodes à l’opposé de la 
source de Nétrine-1. En revanche, du côté de la source de Nétrine-1, les lamellipodes et les filopodes 
continueraient leur croissance. La dualité d’action du récepteur DCC favoriserait donc la polarisation du
cône de croissance vers la source de Nétrine-1.
(b) Contrôle de l'activation de la caspase-3 par DCC dans le cône de croissance.
Du côté de la source de Nétrine-1, DCC activerait la voie PI3K/AKT qui pourrait inhiber l'activation des 
caspases. A l'opposé de la source de Nétrine-1, les caspases seraient activées par la signalisation pro-
apoptotique de DCC. De plus, DIP13-α préviendrait l'inhibition des caspases en inhibant AKT. De ce fait, 
les caspases seraient activées localement dans le cône de croissance. Les caspases pourraient ensuite 
remodeler le cytosquelette, favorisant la polarisation du cône de croissance vers la source de Nétrine-1.
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Nétrine-1  
et guidage axonal
Signalisation  
et traduction asymétrique
Patrick Mehlen, Nicolas Rama

Lorsque l’un de nos plus brillants neurobiologistes 
actuels, Marc Tessier-Lavigne, découvrit en 1994 la 
première molécule chimioattractive1 contrôlant le 
guidage des axones commissuraux et qu’il la nomma 
nétrine-1 - du sanscrit « celui qui guide » [1] - il 
était bien loin de s’imaginer que, plus de 10 ans 
après, naîtrait un engouement tout particulier pour 
cette molécule, bien sûr et d’abord, pour son impli-
cation dans le développement du système nerveux, 
mais aussi, plus récemment, pour son rôle dans 
l’angiogenèse [2, 3] et dans la tumorigenèse via son 
activité de facteur de survie [4, 5]. Si on ne connais-
sait rien ou presque rien jusqu’en 2002 de la signa-
lisation située en aval de la nétrine-1, tout semble 
s’accélérer aujourd’hui. La publication d’une série 
d’articles dans la revue Nature Neuroscience [6-8] 
décrivant, entre autre, l’effet de la nétrine-1 sur 
la traduction asymétrique de messagers spécifiques 
au niveau du cône de croissance - structure distale 
et effectrice du guidage axonal - nous conduit à 
faire un bref point des voies de signalisation de la 
nétrine-1 au cours du guidage axonal.

1 On parle d’attraction ou de répulsion lorsque le cône de croissance tourne respec-
tivement en direction ou à l’opposé d’un gradient de molécule chimiotropique.

En  aval du couple nétrine-1/DCC :  
que c’est déjà compliqué… 

Dans cet article, nous traiterons principalement la transduc-
tion du signal de la nétrine-1 via son récepteur principal DCC 
(deleted in colorectal cancer). DCC est un récepteur simple 
transmembranaire décrit dans les années 1990, et montrant 
des similitudes avec les protéines de la famille des NCAM 
(neural cell adhesion molecule). Cependant, l’absence de 
motif particulier dans son domaine intracellulaire a freiné 
la caractérisation des voies de signalisation en aval de cette 
protéine. La transduction du signal du couple nétrine-1/DCC 
dans les processus de migration et de guidage axonaux fait 
intervenir de nombreux acteurs et nécessite la localisation 
de DCC dans des zones membranaires favorisant les interac-
tions de protéines de signalisation : les radeaux lipidiques [9, 
10]. En particulier, l’activité chimiotropique de la nétrine-1 
fait intervenir les protéines de signalisation de la famille 
des Rho GTPases (guanine triphosphatases), comme Rac1 et 
Cdc42, qui sont activées en présence de nétrine-1 via DCC et 
favorisent respectivement la formation des lamellipodes et 
des filopodes (Figure 1).
Rac1 peut être activée par différentes voies. La première 
implique la protéine Nck1, qui est associée constitutivement 
au domaine intracellulaire (IC) de DCC via 2 domaines SH3, et 
pourrait, en présence de nétrine-1, participer à l’activation de 
Rac1 [11]. En effet, en présence de nétrine-1, Nck1 subirait 
un changement conformationnel lui permettant d’interagir via 
son domaine SH2 avec la protéine Fyn connue pour phospho-

> Plus de 10 ans après sa découverte, la nétrine-1 - 
première molécule chimioattractive contrôlant le 
guidage des axones commissuraux - suscite un 
engouement tout particulier pour son implication 
dans le développement du système nerveux, mais 
également pour son rôle dans l’angiogenèse et 
dans la tumorigenèse via son activité de facteur 
de survie. Nous traiterons successivement, dans 
cet article, des voies de la transduction du signal 
de la nétrine-1 via son récepteur principal DCC 
(deleted in colorectal cancer) et de la traduction 
asymétrique de -actine dans le cône de crois-
sance, en réponse à ce signal nétrine-1/DCC, un 
mécanisme du processus attraction/répulsion du 
cône axonal. <
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Figure 1. Voies de signalisation de la nétrine-1. (1) En présence de nétrine-1, DCC et Nck1 recrutent Fyn qui phosphoryle DCC activant ainsi 
Rac1 probablement par une GEF. Rac1 et Cdc42 activées forment un complexe avec Pak1 et le phosphorylent. Pak1 activée interagit avec 
Nck1 pour former un complexe contenant DCC, Nck1, Pak1, Rac1 et Cdc42. Cdc42 recrute alors N-WASP impliquée dans la polymérisation de 
l’actine et lie Arp2/3 qui favorise la nucléation et la formation de branchements d’actine. Cette cascade moléculaire aboutit à la formation 
de filopodes nécessaires au guidage axonal. (2) La nétrine-1 via DCC produit des seconds messagers. En présence de nétrine-1, l’activation 
de l’adénylate cyclase soluble (ACs) produit une augmentation de l’AMPc, tout comme par DCC. Cette production d’AMPc active la PKA qui 
active les LCC permettant l’augmentation du Ca2+ intracellulaire qui active des facteurs de transcription (TF). La nétrine-1 conduit aussi 
à l’ouvertue des TRP permettant l’entrée de Ca2+. (3) En présence de nétrine-1, La PI3K est activée aboutissant à la phosphorylation de 
facteur de traduction favorisant la croissance et l’orientation axonales. De plus, DCC active des protéines de la famille des MAPK : ERK ½. 
(4) L’activation de la PLC  par DCC en présence de nétrine-1 conduit à la formation de PIP2 permettant le relargage du calcium contenu 
dans le réticulum endoplasmique.
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ryler DCC sur la tyrosine (Y) 1418. Cette phosphorylation est 
nécessaire à l’activation de Rac1 par une protéine intermé-
diaire inconnue, probablement une GEF (guanosine exchange 
factor) qui permettrait le chargement en GTP de Rac1.
La seconde implique la protéine FAK [12] (focal adhesion 
kinase), une protéine tyrosine kinase impliquée dans la 
mobilité cellulaire, interagissant avec le domaine P3 de 
DCC. En présence de nétrine-1, la protéine FAK liée à DCC 
s’autophosphoryle sur le résidu Y397 conduisant ainsi au 
recrutement d’une protéine de la famille des Src. Ce com-
plexe va pouvoir à son tour phosphoryler des protéines cibles, 
notamment DCC sur la Y1420 qui pourrait aussi conduire à 
l’activation de Rac1 comme décrit précédemment. L’activa-
tion de Cdc42 a lieu en amont de l’activation de Rac1, mais 
les mécanismes moléculaires sont encore mystérieux.
Rac1 et Cdc42 ainsi activées vont phosphoryler la protéine 
Pak1 [13] (p21 activated kinase) connue pour favoriser 
la polymérisation de l’actine. Cette phosphorylation 

conduit à l’interaction de Pak1 avec Nck1 via son second domaine SH3 
entraînant la formation d’un complexe moléculaire contenant DCC, 
Nck1, Rac1, Cdc42 et Pak1 et nécessaire à la croissance axonale. En plus 
d’agir directement sur la polymérisation des filaments d’actine, Cdc42 
catalyse, par l’intermédiaire des protéines N-WASP (Wiskott-Aldrich 
syndrome protein) et ARP 2/3, la formation de branchements de fila-
ments d’actine favorisant l’extension axonale.
L’activation du récepteur DCC par la nétrine-1 provoque aussi la formation 
de seconds messagers comme l’AMP cyclique (AMPc) et/ou l’augmentation 
du calcium (Ca2+) intracellulaire favorisant la croissance et l’attraction 
d’axones (Figure 1). En effet, les variations de la concentration de Ca2+ dans 
le cône de croissance sont régulées par le rapport AMPc/GMPc [14]. Un rap-
port élevé (forte concentration en Ca2+) conduit à une attraction alors qu’un 
rapport faible (faible concentration en Ca2+) conduit à une répulsion. C’est 
l’activation par l’AMPc, ou l’inhibition par le GMPc, de la protéine kinase A 
(PKA) qui active ou inhibe les LCC (L-type Ca2+ channel) permettant l’entrée 
ou non du Ca2+. Par ailleurs, la nétrine-1 est à l’origine de l’ouverture des 
canaux TRP [15] (transient receptor potential) conduisant à une dépolarisa-

tion membranaire associée 
à l’entrée de Ca2+ et néces-
saire à l’orientation du cône 
de croissance. 
Plus récemment,  une étude 
a montré que des axones 
embryonnaires expriment 
une adénylate cyclase 
soluble (ACs) capable de 
produire de l’AMPc [6]. La 
surexpression de l’ACs ou 
la présence de nétrine-1 
conduit à l’augmentation 
du nombre de filopodes sur 
le cône de croissance sug-
gérant ainsi que la nétrine-1 
active l’ACs. De plus, l’utili-
sation soit d’un anticorps 
dirigé contre DCC, soit d’un 
inhibiteur de l’ACs ou de la 
PKA, bloque la réponse à la 
nétrine-1 via DCC et indique 
qu’en réponse à la nétrine-1, 
l’AMPc produit par l’ACs agit 
sur la PKA. Cette étude 
montre donc que l’activité 
de l’ACs est nécessaire à la 
croissance axonale induite 
par la nétrine-1.
Par ailleurs, l’augmenta-
tion du Ca2+ intracellulaire 
provient aussi de la mobi-
lisation du Ca2+ contenu 
dans le réticulum endo-

Figure 2. Modèle de la traduction polarisée sur le cône de croissance en présence de deux molécules chimio-
tropiques : la nétrine-1 et le BDNF. Voie violette : La fixation de la nétrine-1 sur DCC conduit à la localisation 
asymétrique des granules sur le cône de croissance du côté de la source de nétrine-1. Cette localisation des 
granules est associée à la phosphorylation asymétrique du facteur inhibiteur de la traduction 4EBP permettant 
la traduction polarisée du transcrit de la -actine. Voie verte : l’arrivée du BDNF sur les récepteurs Trk conduit 
aussi à la localisation asymétrique de Vg1RBP-transcrit de -actine sur le cône de croissance et à l’activation 
asymétrique de la protéine src. La protéine src phosphorylée va pouvoir à son tour phosphoryler Vg1RBP libérant 
ainsi le transcrit de -actine qui va pouvoir être traduit de façon polarisée sur le cône de croissance.



 314 M/S n° 3, vol. 23, mars 2007

plasmique (RE). En effet, en présence de nétrine-1, DCC interagit avec 
la PLC  qui hydrolyse du PIP2 (phosphatidylinositol 4,5 diphosphate) en 
diacylglycérol et IP3 (inositol 1,4,5 triphosphate). L’IP3 provoque un relar-
gage du Ca2+ présent dans le RE favorisant la croissance des neurites et 
stimulant des facteurs de transcription comme la calcineurine ou NFAT. 
Enfin, la nétrine-1, via DCC, active la voie des MAPK (mitogen activated protein 
kinases), en l’occurrence ERK 1-2 [16] (extracellular signal-regulated kinase) 
favorisant ainsi la croissance et l’orientation des axones (Figure1). Toutefois, 
les cibles transcriptionnelles de ERK 1-2 sont encore inconnues. Certaines cibles 
pourraient cependant être des facteurs impliqués dans la traduction [16], ce 
qui nous amène à commenter la série d’articles publiés le mois dernier.

Comment répondre à la nétrine-1  
lorsque l’on est un cône de croissance :  
moduler et régionaliser sa traduction ! 

En 2001, une publication « scandaleuse » paraissait : Christine Holt et al. [17] 
osaient prétendre que : (1) le cône de croissance pouvait répondre à la nétrine-1 
indépendamment du corps cellulaire, et (2) la traduction au niveau du cône de 
croissance pouvait être un régulateur clé de la réponse à la nétrine-1. Trois ans 
après ce crime de lèse-majesté, l’importance de la traduction dans le cône de 
croissance a été plusieurs fois confirmée et deux publications viennent encore 
conforter cette notion. Clairement, la nétrine-1 est impliquée dans la régulation 
de la traduction et de la dégradation protéique [17] puisque l’inhibition d’un 
de ces deux processus conduit à une absence de réponse du cône de croissance 
mis en présence de nétrine-1. Ainsi, la nétrine-1 activerait la PI3K (phosphoi-
nositide-OH-3 kinase) qui, via une cascade de phosphorylation, libère eIF-4E, 
un facteur d’initiation de la traduction qui permet le recrutement du complexe 
ribosomique sur l’ARNm. 
Plus récemment, Leung et al. [7] ont montré que la nétrine-1 participe au trans-
port, vers le cône de croissance, du transcrit de la -actine qui est essentielle à 
la mobilité du cône de croissance (Figure 2). En effet, une étude sur des cônes de 
croissance d’axones de xénope montre que le transcrit de la -actine est associé 
constitutivement, via sa région 3’ non transcrite (3’ UTR), à la protéine Vg1RBP 
(Vg1 RNA binding protein). Cette protéine est connue pour être impliquée dans 
le transport du transcrit de -actine dans des fibroblastes en migration. De plus, 
l’analyse de la dynamique des granules (transcrit de -actine/Vg1RBP) indique 
qu’en présence de nétrine-1, les granules se localisent au niveau des filopodes 
suggérant ainsi que la nétrine-1 induit un mouvement des granules dans le cône 
de croissances vers les filopodes par lesquels arrivent les signaux extracellulaires. 
Par ailleurs, en présence de nétrine-1, l’ARNm de -actine est traduit localement 
dans le cône de croissance puisqu’un inhibiteur de la traduction protéique empê-
che l’augmentation de -actine associée à la présence de nétrine-1. De plus, il 
semble que l’effet de la nétrine-1 sur la traduction de -actine est contrôlé par 
DCC car la présence d’un anticorps bloquant dirigé contre DCC inhibe la traduc-
tion de -actine. Cette régulation de la traduction de -actine par la nétrine-1 
est réalisée via l’extrémité 3’UTR du transcrit de -actine.
Ces résultats suggèrent donc que la nétrine-1 induit la translocation des 
granules à proximité du site de réception du signal et pourrait être à l’ori-
gine d’un transport polarisé des granules. Par conséquent, Leung et al. ont 
analysé la localisation des granules dans le cône de croissance en présence 
d’un gradient de nétrine-1. Ils ont effectivement mis en évidence un trans-

port polarisé des granules dans le cône de croissance vers 
la source de nétrine-1. De plus, en présence d’un gradient 
de nétrine-1, il y a aussi une distribution asymétrique de la 
forme phosphorylée (4EBP-P) de 4EBP qui se localise du côté 
de la source de nétrine-1. 4EBP-P initie la traduction, et la 
phosphorylation de cette protéine semble dépendre de la 
protéine kinase TOR (target of rapamycin) puisqu’un inhibi-
teur de TOR prévient l’asymétrie du facteur 4EBP-P dans le 
cône de croissance.
Par conséquent, la localisation asymétrique dans le cône de 
croissance des granules et de 4EBP-P du côté de la source de 
nétrine-1 suggère une production asymétrique de -actine, 
que confirme l’analyse de la synthèse de -actine en pré-
sence d’un gradient de nétrine-1. Par ailleurs, l’inhibition de 
la synthèse de -actine dans le cône de croissance prévient 
l’attraction du cône de croissance mais ni sa répulsion, ni 
la croissance axonale, suggérant ainsi que le transport des 
granules et la traduction asymétrique de -actine jouent un 
rôle majeur, mais spécifique, dans la réponse attractive de 
la nétrine-1.
Ces résultats tout à fait intéressants sur l’effet de la nétrine-
1 sur la traduction asymétrique de messagers spécifiques 
ont été renforcés par l’étude de Yao et al. [8]. Ces auteurs 
ont utilisé comme modèle un système artificiel d’analyse du 
guidage axonal, induit par l’activation d’un couple ligand/
récepteur à activité tyrosine kinase BDNF (brain derived 
neurotrophic factor)/récepteur Trk. Leurs résultats sont tout 
à fait similaires à ceux de Leung et al. (Figure 2). Les acti-
vités attractive et répulsive relayées par le BDNF requièrent 
la présence de Ca2+ et une synthèse protéique puisqu’en 
présence d’un gradient de BDNF, l’inhibition de la synthèse 
protéique abolit la réponse du cône de croissance. De plus, 
une augmentation locale de Ca2+ associée à des inhibiteurs 
de la synthèse protéique atténue l’attraction du cône de 
croissance habituellement observée, plaçant l’intervention 
de la synthèse protéique en aval des récepteurs Trk et de la 
signalisation du Ca2+. Tout comme le montraient Leung et al., 
en présence de BDNF, la protéine Vg1RBP colocalise avec le 
transcrit de -actine, alors qu’en son absence cette coloca-
lisation est faible suggérant que, comme le faisait la nétrine, 
le BDNF favorise la localisation du transcrit de -actine au 
niveau du cône de croissance via l’interaction de l’ARNm avec 
Vg1RBP. De plus, une stimulation localisée par du BDNF sur le 
cône de croissance conduit à l’augmentation de la coloca-
lisation de la protéine Vg1RBP et du transcrit de -actine à 
proximité de la source de BDNF. 
L’inhibition de l’interaction entre Vg1RBP et le transcrit de 

-actine en présence d’oligonucléotides antisens capables 
d’interférer avec la liaison Vg1RBP-transcrit de -actine, 
bloque à la fois l’attraction et la répulsion relayées par 
le BDNF et par le Ca2+, suggérant que l’interaction entre 
Vg1RBP et le transcrit de -actine est nécessaire lors d’une 
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réponse attractive ou répulsive du cône de croissance. Les 
auteurs ont ensuite analysé la localisation sur le cône de 
croissance de la protéine -actine. En présence d’un gra-
dient de BDNF, l’attraction du cône de croissance conduit à 
une distribution asymétrique de la production de -actine 
impliquant Vg1RBP, le Ca2+ et les protéines de la famille 
des src. En outre, une telle distribution asymétrique de 

-actine est également retrouvée lors de la répulsion du 
cône de croissance induite par le BDNF en présence d’un 
inhibiteur de la PKA, mais dans ce cas, elle est inversée. En 
effet, la -actine se concentre du côté opposé à la source 
de BDNF lorsque la PKA est inhibée. Une diminution locale 
de la synthèse de -actine associée à l’inhibition de la PKA 
pourrait ainsi être à l’origine de l’asymétrie inverse asso-
ciée à la répulsion.
Par ailleurs, on sait que la phosphorylation de Vg1RBP, 
contrôlée par la kinase src régule la traduction du transcrit 
de -actine via la levée de l’inhibition de la traduction de 

-actine. Or, le BDNF module l’activité des protéine kinases 
src. Yao et al. ont alors mis en évidence une distribution 
asymétrique de la phosphorylation de src du côté de la 
source de BDNF lorsqu’il y a attraction du cône de crois-
sance, mais du côté opposé à la source de BDNF lorsqu’il y a 
répulsion du cône de croissance, suggérant l’implication de 
P-src dans la régulation de la traduction de -actine.
Ces deux articles montrent donc que les molécules chimiotro-
piques induisent un transport et une traduction asymétriques 
de -actine par les protéines de la famille Vg1RBP dans le cône 
de croissance qui pourraient être à l’origine d’un remanie-
ment du cytosquelette du cône de croissance favorisant ainsi 
l’orientation des lamellipodes et des filopodes en direction de 
la source de facteur chimiotropique. Néanmoins, pour Leung et 
al., la régulation de la traduction de -actine par la nétrine-1 
passerait par la régulation du facteur 4EBP, alors que, pour Yao 
et al., la régulation de la traduction de -actine par le BDNF 
passerait par le Ca2+ et l’activité src. À ce jour, cependant, un 
lien entre Src, nétrine-1 et -actine n’a pas été démontré, 
même s’il est intéressant de noter que la nétrine-1 active fyn, 
une protéine de la famille des src. Même si ces deux articles 
semblent diverger quant au rôle de la -actine, qui, pour l’un 
agirait uniquement dans l’attraction, pour l’autre à la fois dans 
l’attraction et la répulsion, ils offrent une nouvelle perception 
des signaux de guidage du cône de croissance. Jusqu’ici notre 
vision, sans doute simpliste, relevait de la classique vision de 
la transduction du signal, activation en cascade de seconds 
messagers, de kinases et autre GTPases dans laquelle la tra-
duction protéique ne représentait que l’usine à produire les 
composants du cône de croissance. Aujourd’hui, notre vision 
doit considérer ce signal de guidage comme un signal intégrant 
la « régionalisation » - donc l’asymétrie possible - de la tra-
duction locale de protéines spécifiques comme un élément clé 
du système. ‡

SUMMARY
Netrin-1 and axonal guidance: indication and asymmetrical translation
More than 10 years after its initial discovery, netrin-1 - the first described 
chimioattractive molecule controlling the guidance of the commissural axons - has 
recently known a unsuspected wave of interest because of its implication in the 
development of the nervous system but also, more recently, fot its role in angio-
genesis and tumorigenesis. Because, of a series of recent publications on netrin-1 
signaling, we propose here to describe the recent insight in netrin-1 signaling via 
its main receptor DCC (deleted in colorectal cancer), and the recent discovery that 
netrin controls the assymetric distribution of -actin in the growth cone. Thus, it 
seems that netrin-1, but also the neurotrophic factor BDNF, controls acute growth 
cone responses such as collapse and turning by the regulation of localized protein 
translation, such as -actin. This process involves both transport of -actin mRNA, 
bound to Vg1RBP, to specific locations, and mRNA translation upon stimulation by 
local activation of the translation initiation regulator eIF-4E-binding protein 1. 
Indeed, Netrin-1 induces the movement of Vg1RBP granules into filopodia, and 
triggers a polarized increase in -actin translation on the near side of the growth 
cone before growth cone turning. The binding of BDNF to its receptor Trk has a 
similar effect for growth cone attraction, althought it is differentially regulated. 
Thus, this asymetrically synthesized -actin may direct actin polymerization and 
consequently the migration of the growth cone toward the cue. ‡
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Neogenin is a multifunctional receptor implicated in axon navigation, neuronal differentiation, morphogenesis,
and cell death. Very little is known about signaling downstream of neogenin. Because we found that the neogenin
intracellular domain (NeICD) interacts with nuclear proteins implicated in transcription regulation, we investi-
gated further whether neogenin signals similarly to the Notch receptor. We show here that neogenin is cleaved by
�-secretase, an event that releases the complete NeICD. We also describe that NeICD is located at the nucleus, a
feature regulated through a balance between nuclear import and export. NeICD triggers gene reporter transacti-
vation and associates with nuclear chromatin. Direct transcriptional targets of NeICD were determined and were
shown to be up-regulated in the presence of neogenin ligand. Together, we reveal here a novel aspect of neogenin
signaling that relies on the direct implication of its intracellular domain in transcriptional regulation.

The seminal work by Fearon and colleagues proposed the
200-kDa-type transmembrane receptor deleted in colorectal
cancer (DCC) to be a putative tumor suppressor (12). Even
though this role in tumor regulation is still a matter of debate
(11, 22), many reports have described the different functions of
DCC. More and more attention is now being given to neoge-
nin, a DCC homologue about which very little is currently
known (8).

Neogenin displays a large ectodomain homologous to the
NCAM protein family members and an intracellular domain
with no known specific motifs. Because of the homology be-
tween DCC and neogenin, the latter was initially reported to
be a receptor for the multifunctional netrin-1 protein (17, 35).
Netrin-1 was discovered by Serafini and colleagues as a soluble
cue that is key to guiding many axons and neurons during the
development of the nervous system (33, 34). Because of the
similar nervous system defects in netrin-1 and DCC mutant
mice (17, 33), DCC is considered to be the main receptor
involved in the role of netrin-1 in neuronal navigation. It has
been proposed that neogenin could also be implicated in
this guidance effect, although solid evidence is still missing.
Netrin-1 and netrin family members are important not only for
neuronal navigation but also beyond the brain (6), including in
cell adhesion, morphogenesis, cell survival, and angiogenesis.
Neogenin has been shown to play a role in mediating part of
netrin’s role in morphogenesis, especially during breast devel-
opment (35) and myotube formation (16).

However, the propensity of netrin-1 to act as a ligand for
neogenin was recently challenged (9, 18, 19, 32), and it has now
been proposed that it is, at best, a low-affinity ligand for neo-

genin. Rather, neogenin appears to be a high-affinity receptor
for the repulsive guidance molecule (RGM). RGM is actually
comprised of three family members, RGMa, RGMb, and
RGMc (18). Neogenin was proposed to mediate the axon guid-
ance function of RGMa (32), and the RGM/neogenin pair has
been shown to play a role in neuronal differentiation (18).
Besides this role in neuronal navigation and differentiation, the
RGM/neogenin pair also regulates cell survival. Indeed, both
DCC and neogenin have been shown to belong to the so-called
dependence receptor family (19, 21, 24). Such receptors share
the functional property of inducing cell death when disengaged
from their ligands, while the presence of their ligands blocks
this proapoptotic activity. Such receptors thus create cellular
states of dependence on their respective ligands (3, 25) and
may consequently act as tumor suppressors by limiting tumor
growth to settings of ligand availability (1, 20). This proapop-
totic effect of unbound receptors may also be involved in ner-
vous system development: the down-regulation of RGM or
overexpression of neogenin in chick embryos is associated with
massive cell death in the developing neural tube (19).

The molecular mechanisms that occur downstream of neo-
genin to promote morphogenesis, neuronal guidance, differ-
entiation, or cell death are unknown. By analogy with its DCC
homologue, it is believed that in the absence of RGM, neoge-
nin is cleaved by caspases, exposing a proapoptotic domain,
which in turn interacts with proapoptotic proteins (14, 19). On
the other hand, in the presence of ligand, neogenin would
activate classic positive pathways. Indeed, the RGM/neogenin
pair was recently shown to activate the small GTPase RhoA,
and it was shown that its role in neuronal navigation required
RhoA activation (9). While performing a two-hybrid screen on
the intracellular domain of neogenin, we observed that a large
fraction of the putative interactors obtained are proteins usu-
ally localized within the nucleus and/or involved in transcrip-
tion regulation. We thus investigated whether neogenin could
function similarly to the Notch or amyloid-beta precursor pro-
tein (APP) receptors, and here, we present evidence support-
ing neogenin cleavage by �-secretase, leading to the release of
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France. Phone: (33) 4 78 78 28 70. Fax: (33) 4 78 78 28 87. E-mail:
mehlen@lyon.fnclcc.fr.

† Supplemental material for this article may be found at http://mcb
.asm.org/.

� Published ahead of print on 7 April 2008.

4068

 at IN
IS

T-C
N

R
S

 D
R

D
 on M

arch 11, 2009 
m

cb.asm
.org

D
ow

nloaded from
 



a neogenin intracellular domain (NeICD) that is imported/
exported into/from the nucleus and regulates gene transcrip-
tion.

MATERIALS AND METHODS

Cell lines, transfection procedures, and reagents. Human embryonic kidney
HEK293T cells, human breast cancer MCF-7 cells, and mouse mammary tumor
67NR cells were cultured in Dulbecco’s modified essential medium (DMEM)
plus 10% serum and 50 �g/ml gentamicin. Transient transfections of HEK293T
cells were performed using FuGENE 6 reagent (Roche Diagnostics) according to
the manufacturer’s instructions. The �-secretase inhibitor N-[N-(3,5-difluoro-
phenylacetyl)-L-alanyl]-(S)-phenylglycine t-butyl ester (DAPT) and the protea-
some inhibitor Z-Leu-Leu-Leu-al (MG132) were purchased from Sigma and
used at 2 �M and 1 �M, respectively. The nuclear export inhibitor leptomycin B
(LMB) was purchased from LC Laboratories and used at 1 �M. Lactacystin was
purchased from Cayman and used at 10 �M. The 	-secretase/TACE/ADAM17
inhibitor TAPI-1 was purchased from Calbiochem and used at 10 �M. Treat-
ments with drugs or the same amount of dimethyl sulfoxide or ethanol vehicle
alone were performed at indicated times. Recombinant human RGMa (200
ng/ml) was obtained from Apotech Corp. Mouse embryo brains were rinsed in
DMEM-F12, manually dissociated, and incubated for 6 h with the indicated
drugs in DMEM-F12 at 37°C.

Two-hybrid analysis. The two-hybrid system Matchmaker II (Clontech) was
used according to the manufacturer’s instructions. As bait, we inserted the coding
sequence of Neogenin IC (positions 1127 to 1323), amplified from pCDNA3-
Neogenin, into plasmid pGBKT7 through the SmaI site. Saccharomyces cerevisiae
AH109 cells were cotransformed with the pGBKT7-Neogenin IC construct and
a human fetal brain cDNA library. Yeast cells were grown in the absence of
leucine, tryptophan, and histidine and in the presence of 	-Gal and 5 mM
3-amino-1,2,4-triazole. Putative candidate interactors were further analyzed
through DNA sequencing.

Plasmid constructs. The full-length human neogenin-expressing construct
pCDNA3-Neogenin was described previously (19). The Flag-Tip60 construct is a
kind gift from C. N. Robson (University of Newcastle Upon Tyne, Newcastle
Upon Tyne, United Kingdom). The green fluorescent protein (GFP)-neogenin
constructs were generated by inserting the corresponding coding sequences,
amplified by PCR using pCDNA3-Neogenin as a template, into pEGP-C1 (Clon-
tech) through ApaI-KpnI and XhoI-HindIII sites, respectively. Gal4-neogenin
constructs were made with the same method by insertion into plasmid pMst
through PstI-HindIII and EcoRI-HindIII sites, respectively. pMst is a modified
version of pM (Clontech) and is a kind gift from T. Sudhof. The R1129A/
R1130A, K1138A/R1139A, and L1455A neogenin mutations were created using
the QuikChange site-directed mutagenesis system (Stratagene). The sequences
of the primers that we used are available upon request. The Neo-Gal4 construct
was generated in multiple steps by PCR amplification and cloning of neogenin
fragments at positions 1 to 1144 and Gal4 at positions 1 to 147 into pCDNA3.
Neo-Gal4-IC was generated by inserting the neogenin fragment at positions 1145
to 1462 into Neo-Gal4: the resulting plasmid encodes full-length neogenin with
the Gal4 DNA binding domain inserted into the IC domain between positions
1144 and 1145 (more details of the strategy are available upon request). The
Flag-NeICD L1455A construct was obtained by PCR amplification using GFP-
NeICD L1455A as a template and inserted through NotI-KpnI sites into p3X-
Flag (Sigma).

Immunoblotting and immunoprecipitation. Antibodies against the neogenin
intracellular domain (C-20) and against lamin A/C (346) were purchased from
Santa Cruz. Antibody against 
-actin (C4) was purchased from Chemicon. Co-
immunoprecipitations were carried out on cotransfected 293T cells lysed in a
solution containing 50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, and 0.5%
NP-40 in the presence of protease inhibitors using anti-Flag M2 antibody and
protein A-Sepharose (Sigma) to pull down Flag-Tip60. Neogenin IC’s interac-
tion with Tip60 was detected with anti-Neogenin IC.

Subcellular fractionation. Cells were harvested and resuspended for 5 min in
CLB buffer (10 mM HEPES, 10 mM NaCl, 1 mM KH2PO4, 5 mM NaHCO3, 5
mM EDTA, 1 mM CaCl2, 0.5 mM MgCl2) supplemented with protease inhibitor
cocktail (Roche), phosphatase inhibitor cocktails (Sigma), and 1 mM trichostatin
A (Calbiochem). Forty strokes were applied using a Dounce grinder, and the
homogenate was then centrifuged at 4,000 � g for 5 min. The supernatant was
adjusted to 0.5% NP-40 and used as the membrane plus the cytosol fraction. The
nuclear pellet was resuspended in TSE (10 mM Tris, 300 mM sucrose, 1 mM
EDTA, 0.1% NP-40 [pH 7.5]) plus protease and phosphatase inhibitors and
trichostatin A and homogenized with 25 strokes. After centrifugation, the pure

nuclear pellet was resuspended in Laemmli buffer and sonicated to obtain the
nuclear extract.

Cell imaging. HEK293T cells seeded onto cell culture slides and transfected
with GFP constructs, treated or not with LMB, were fixed with 4% formalde-
hyde. Nuclei were stained with DAPI (4�,6�-diamidino-2-phenylindole). After
mounting with Mowiol, cells were visualized using an Axiovert 200 M epifluo-
rescence Zeiss microscope.

Gene reporter assay. Plasmid pGLuc, encoding the firefly luciferase reporter
gene under the control of the Gal4 upstream activation sequence (UAS), and
plasmid pCMV-Renilla, encoding the Renilla luciferase reporter gene under the
control of the cytomegalovirus promoter, were provided by T. Sudhof. HEK293T
cells were cotransfected with each pMst construct, the same amount of pGLuc,
and 1/50 of pCMV-Renilla. Transcriptional activities were determined 48 h after
transfection using a dual-luciferase reporter assay according to the manufactur-
er’s (Promega) instructions.

ChIP cloning. HEK293T cells (1 � 108 cells) were transfected with the Flag-
NeICD L1455A construct. Forty-eight hours later, cells were fixed in 2.5 mg/ml
dimethyladipimidate (Fluka) in phosphate-buffered saline for 30 min at room
temperature and subsequently fixed with 0.8% formaldehyde in phosphate-buff-
ered saline for 10 min at room temperature. Fixation was blocked by the addition
of glycine to 125 mM for 5 min at room temperature. Cells were centrifuged at
4°C, and the pellet was resuspended in sonication buffer (10 mM Tris [pH 8.0],
1 mM EDTA, 0.5 mM EGTA plus protease inhibitors). Chromatin was sonicated
on ice using a Branson cell disrupter. After centrifugation to remove debris, the
lysate was then adjusted to 10 mM Tris (pH 8.0), 1 mM EDTA, 0.5 mM EGTA,
150 mM NaCl, 0.1% Triton X-100, and protease inhibitors and incubated with
anti-Flag M2 antibody overnight. The lysate was combined with �MACS protein
G microbeads (Miltenyi Biotech) and incubated for 1 h. Lysate and beads were
allowed to flow through a MACS column and washed four times with a solution
containing 100 mM Tris (pH 8.0), 500 mM LiCl, 1% NP-40, and 1% deoxycholic
acid. Chromatin immunoprecipitation (ChIP) products were then eluted in 50
mM NaHCO3–1% sodium dodecyl sulfate buffer. Ten micrograms of RNase A
and 0.3 M NaCl were added for elution, and cross-linking was reverted by
incubation for 4 h at 67°C. DNA was further purified using QiaQuick columns
(Qiagen), digested by MboI, and cloned into BamHI-digested, calf intestinal
alkaline phosphatase-dephosphorylated vector pUC19. The clones obtained
were sequenced and localized on the human genome with the BLAT search
function of the University of California, Santa Cruz, genome browser (http:
//genome.ucsc.edu).

Quantitative reverse transcription-PCR (Q-RT-PCR). After RNA extraction
using a NucleoSpin RNA II apparatus (Macherey Nagel) and following reverse
transcription using an iScript cDNA synthesis kit (Bio-Rad) according to the
manufacturer’s instructions, quantitative PCR was performed using LightCycler
technology according to the manufacturer’s instructions. Primers used for
GRHL1 amplification were 5�-GCAAAAGAAAAGGCAAGTGTC-3� and 5�-
AGGGAAGCAGTGGCACTTTA-3�, those used for CCM2 amplification were
5�-AGGAGACCTACGAGGTGGAAG-3� and 5�-ACCACCCACATCCACAG
ATT-3�, and those used for 
2-microglobulin were 5�-ACCCCCACTGAAAAA
GATGA-3� and 5�-ATCTTCAAACCTCCATGATG-3�. Quantification was car-
ried out using the ��CT method.

Quantitative ChIP assay. Real-time PCR-based quantitative ChIP analysis
was conducted essentially as ChIP cloning but using either 1 � 107 HEK293T
cells transfected for full-length neogenin or 2 � 107 MCF-7 cells. Before immu-
noprecipitation, an aliquot (10% input) of sonicated chromatin was removed
from each sample, reverse cross-linked, treated with RNase A and proteinase K,
and then purified. The rest of the samples were incubated overnight with 4 �g of
control goat immunoglobulin G (IgG) or goat anti-NeICD (C-20). After purifi-
cation using the �MACS system, ChIP products were reverse cross-linked,
RNase A and proteinase K treated, purified using QiaQuick columns, and ana-
lyzed by real-time PCR (LightCycler). The enrichment of the GRHL1 or CCM2
promoter sequence in chromatin immunoprecipitated with control or anti-neo-
genin antibody was calculated with the ��CT method using a diluted 10% input
sample as a reference and an untreated sample with control IgG as a calibrator.
Primers used for the GRHL1 promoter were 5�-CCAGGCACCAGGAACATA
AAAATG-3� and 5�-TGTCTGTCTCCACCAAGTGTGAGC-3�, and those
used for the CCM2 promoter were 5�-GCAACATAGTGTGACCTTGTCTCA
AC-3� and 5�-AAGCAATCCTCCCATCTCAGCC-3�.

RESULTS

Neogenin is cleaved by �-secretase and interacts with pro-
teins involved in gene transactivation. In a search for neogenin
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interactors, we performed a two-hybrid screen on the N-ter-
minal half of the NeICD (amino acids [aa] 1127 to 1323) (this
domain was initially chosen because it was thought to be in-
volved in cell death induction) (19) (Fig. 1A). We were puzzled

when we identified putative partners known to be located in
the nucleus and to play a role in gene transactivation (Fig. 1B
and C). One of these candidates, the TIP60 histone acetyl-
transferase (5), was further analyzed, and its interaction

FIG. 1. The NeICD interacts with nuclear proteins including TIP60. (A) Scheme of neogenin showing the structure of the protein consisting
of Ig-like and fibronectin III-like domains for the extracellular part, a transmembrane domain (TM and Transmemb.), and an intracellular domain
(IC). The fragment used as bait for the two-hybrid screen is also shown. (B) Neogenin aa 1127 to 1323 interact with TIP60 in yeast. AH109 yeast
cells cotransformed with TIP60 fused to the transactivating domain of Gal4 together with the Gal4 DNA binding domain alone (empty vector) or
fused to neogenin aa 1127 to 1323 were grown in selective medium, as described in Materials and Methods. (C) Some of the putative interactors
of neogenin aa 1127 to 1323 revealed by the two-hybrid screen and known to display a nuclear activity. (D) Coimmunoprecipitation (IP) performed
in HEK293T cells cotransfected with a neogenin-expressing vector together with a Flag-tagged TIP60-expressing construct. Anti-Flag M2 antibody
was used for the pull down, which was revealed using a neogenin immunoblot (WB).
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with neogenin was confirmed by coimmunoprecipitation. Upon
forced expression in HEK293T cells, Flag-tagged TIP60 immu-
noprecipitation pulled down the intracellular domain of neogenin
(Fig. 1D).

TIP60 was shown to form a complex with the APP intracel-
lular domain and to be required for the gene transactivation
activity of APP, which makes it an interesting candidate. The
overall view regarding transmembrane receptors that interact
with nuclear proteins and/or proteins involved in transcription
regulation is that the cleavage of these receptors, e.g., Notch
and APP, by a secretase releases an intracellular domain that
in turn can be imported into the nucleus. Because DCC was
recently shown to be a substrate for �-secretase (30, 36), we
then investigated whether neogenin was also cleaved by secre-

tase. As a first approach, neogenin was expressed in HEK293T
cells incubated in the presence or absence of DAPT, a specific
�-secretase inhibitor, with or without the proteasome inhibitor
MG132. The resulting neogenin fragments were analyzed by
immunoblot using a neogenin C-terminal epitope. As shown in
Fig. 2A, in the absence of DAPT, a “�” fragment of about 45
kDa was detected and disappeared upon DAPT treatment to
the benefit of a higher-molecular-mass fragment (55 kDa),
which consequently acted as a substrate for �-secretase. We
called this fragment the 	-fragment, as it is associated with the
cleavage of neogenin by an 	-secretase. Indeed, 24 h of treat-
ment with 10 �M TAPI-1, a specific inhibitor of 	-secretase/
TACE/ADAM17, prevents the apparition of this fragment (see
Fig. S1 in the supplemental material). To discard a potential

FIG. 2. Neogenin is cleaved by �-secretase. (A) Neogenin immunoblot from lysates of neogenin-transfected HEK293T cells, from lysate of
MCF-7 cells or 67NR cells, or from brains from mouse embryos at embryonic day 13.5 and treated for 6 h with 2 �M DAPT and/or the proteasome
inhibitor MG132 (1 �M). Positions of the neogenin fragments cleaved by �-secretase (�) or 	-secretase/ADAM metalloprotease (	), i.e., as this
fragment is inhibited by treatment with TAPI-1 (see Fig. S1 in the supplemental material), are indicated. (B) Treatments of neogenin-transfected
HEK293T or MCF-7 cells with two proteasome inhibitors show the same neogenin profiles (lactacystin [Lacta.] was used at 10 �M for 6 h).
(C) Hypothetical model for the secretases cleavage of neogenin according to our results and the literature on other secretase-cleaved receptors.
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bias of overexpressed neogenin in HEK293T cells, we then
assessed whether endogenously expressed neogenin undergoes
dual cleavage by secretases. As shown in Fig. 2A, in the mam-
mary tumor cell lines MCF-7 and 67NR, but also in mouse
brain extract, neogenin is cleaved by �-secretase, which leads
to the appearance of a fragment encompassing the NeICD.
The �-fragment seems very unstable, as it was observed only in
presence of the proteasome inhibitor MG132. To confirm that
the �-fragment is rapidly degraded by the proteasome, and to
avoid a possible interference between MG132 and �-secretase,
as suggested previously by some authors (10), we compared the
cleavage profiles of transfected or endogenous neogenin in
presence of MG132 or lactacystin, another proteasome inhib-
itor (10 �M for 6 h). A similar profile was observed with both
proteasome inhibitors (Fig. 2B) and also with a third one,
epoxomicin (10 �M for 6 h) (data not shown). Therefore,
based on the results described above and what is known for
other secretase-cleaved receptors, such as Notch, neogenin
appears to be cleaved by secretases, as depicted in the scenario
shown in Fig. 2C.

The NeICD translocates to the nucleus. We then searched
whether the fragment corresponding to the complete NeICD
could translocate to the nucleus. As a first approach, we
searched for the location of endogenously expressed neogenin
in MCF-7 and 67NR cells following cytosolic/nuclear fraction-
ation. As shown in Fig. 3A, while the majority of neogenin was
recovered in the membrane/cytosolic fraction, a 45-kDa neo-
genin fragment was also detected in the nuclear fraction.
Treatment with DAPT is associated with the absence of the
neogenin �-fragment detected in the nuclear extract, indicating
that this fragment corresponds specifically to NeICD. Under
these conditions, the 	-product accumulates in the membrane/
cytosolic fraction. Thus, upon �-secretase cleavage, the NeICD
was detected in the nucleus. To further elucidate the nuclear
localization of the NeICD, we studied that of a GFP-tagged
NeICD upon expression in HEK293T cells. As shown in Fig.
3B, under normal settings, the GFP-tagged NeICD was de-
tected mainly in the cytosol. However, when LMB, an inhibitor
of nuclear export, was added to the culture, GFP-NeICD ac-
cumulated in the nucleus (Fig. 3B). Thus, the NeICD naturally
translocates to the nucleus but is also rapidly exported.

To map the domains responsible for the import and export
of NeICD, we first analyzed the location of the N-terminal first
half of the NeICD (aa 1127 to 1323) (Fig. 4A). As shown in
Fig. 4A, this fragment is constitutively located within the nu-
cleus, while the corresponding C-terminal other half (aa 1323
to 1462) is constitutively detected in the cytosol. Interestingly,
in the first amino acids of the fragment at aa 1127 to 1323, a
basic-rich domain was detected. As nuclear localization signals
(NLSs) are often motifs enriched in basic amino acids (7), we
deleted this region and observed that the remaining fragment
(aa 1153 to 1323) was no longer specifically located in the
nucleus. To further demonstrate that an NLS is present in the
region at aa 1127 to 1153, we directly mutated the basic resi-
dues (RRTTSHKKKR mutated in AATTSHKKKR or RRTT
SHKAA) and assessed the nuclear localization of the NeICD
in the presence of LMB. As shown in Fig. 4B, the two mutants
failed to adequately locate to the nucleus, demonstrating per se
that neogenin displays an NLS located at aa 1127 to 1153. As
we observed only nuclear localization of the NeICD in the

presence of LMB or the absence of the C-terminal region, we
surmised that a nuclear export signal (NES) was present in the
C-terminal region of the NeICD. NESs are often characterized
by sequences enriched in hydrophobic residues (38). We noted
a sequence enriched in leucines in the C terminus of NeICD
(L-[X]1-3-L-[X]2-3-L-X-X-I) and mutated one of the leucines
(L3A). As shown in Fig. 4C, NeICD L1455A was then located
to the nucleus, even in the absence of LMB. Thus, neogenin is
cleaved by �-secretase, which releases a fragment that translo-
cates to the nucleus through an NLS located in its N-terminal
end and is exported from the nucleus thanks to an NES located
in its C-terminal end. Interestingly, both the NLS and NES
appear to be conserved among species (Fig. 4D).

The NeICD triggers gene transcription. To monitor the role
of this fragment, we investigated whether the NeICD was able
to transactivate gene transcription. To assay this, the NeICD
was fused to a Gal4 DNA binding domain, and HEK293T cells
were forced to express Gal4-NeICD together with a construct
encoding a luciferase reporter gene under the control of the
Gal4 UAS. As shown in Fig. 5A, Gal4-NeICD is able to trans-
activate the Gal4 UAS (more than 12-fold over the Gal4 DNA
binding domain alone), thereby demonstrating that this frag-
ment displays a gene transactivation activity. To further dem-
onstrate that this gene transactivation activity depends on the
�-secretase cleavage of the full-length neogenin, a Gal4 DNA
binding domain was inserted within the intracellular domain of
full-length neogenin (Fig. 5B). HEK293T cells were then
forced to express Neo-Gal4ICD together with a construct en-
coding a reporter gene under the control of the Gal4 UAS and
further treated (or not) with the �-secretase inhibitor. As
shown in Fig. 5B, in the absence of DAPT treatment, Neo-
Gal4ICD transactivates the Gal4 UAS, whereas such transac-
tivation is strongly inhibited by DAPT treatment. Thus, neo-
genin is cleaved by �-secretase, which releases the NeICD that
displays gene transactivation activity.

This activity is located in the C-terminal second half of
NeICD (aa 1324 to 1462), as the deletion of this region was
sufficient to fully abrogate this activity (Fig. 5C). In the same
line, the expression of this C-terminal region only (fused to the
Gal4 DNA binding domain) is sufficient to transactivate the
Gal4 UAS (Fig. 5C). Intriguingly, the NeICD at aa 1324 to
1462 displays a stronger activity than does the NeICD, suggest-
ing that the N-terminal region of NeICD also contains an
inhibitory domain.

To formally prove that this cleaved fragment is associated
with DNA complexes and triggers/enhances specific gene tran-
scription, ChIPs were performed using NeICD L1455A for the
pull down (the L1455A mutant was chosen for the immuno-
precipitation to increase the level of the NeICD in the nu-
cleus). DNA was extracted from the pull down and further
vector cloned, demonstrating that the NeICD forms a complex
with DNA. DNA sequencing of a small amount of cloned DNA
(the goal here was not to describe new target genes but rather
to demonstrate that the NeICD regulates the transcription of
some of them) revealed a list of putative target genes that may
potentially be regulated by neogenin signaling (Fig. 6A). We
next assessed whether some of these genes were regulated by
neogenin signaling. Two candidate genes, GRHL1 and CCM2,
were selected on the basis of their relative known roles and
expression statuses with regard to those of neogenin (CCM2
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encodes a scaffold for mitogen-activated protein kinase
[MAPK] [37], a kinase involved in DCC/neogenin signaling
[13], and GRHL1 is a transcription factor implicated during
nervous system development). We then assessed the presence

of GRHL1 and CCM2 mRNA by Q-RT-PCR in HEK293T
cells forced to express full-length neogenin and further incu-
bated or not with RGMa. As shown in Fig. 6B, while neogenin
expression by itself failed to increase GRHL1 and CCM2 lev-

FIG. 3. The NeICD displays a nuclear localization. (A) Cellular fractionation of MCF-7 or 67NR cells treated or not treated with 2 �M DAPT
and/or the proteasome inhibitor MG132 (1 �M) for 6 h. Neogenin immunoblotting (WB) was performed on cellular fractions, the nucleus (n) and
the membrane and cytosol (m�c); two exposition times are shown. Please note that a shorter exposition of the blot allows a better visualization
of the migration difference between � and 	 products in cytosolic fractions. A lamin A/C immunoblot was used as a control for nuclear fraction,
while a 
-actin immunoblot was used to control the cytosolic fraction. (B) HEK293T cells transfected with GFP-NeICD, further incubated with
the inhibitor LMB (1 �M for 1 h), and monitored for fluorescence localization. DAPI staining was used to label the nucleus.
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els, RGMa treatment triggers a time-dependent increased ex-
pression of GRHL1 and CCM2. Of interest, this increased
expression is inhibited by DAPT treatment, thus suggesting
that RGMa triggers gene transcription via �-secretase cleavage
of neogenin. To further analyze whether the same effect would
be seen with endogenous neogenin, RGMa was added to

MCF-7 cells, and as shown in Fig. 6C, RGMa does indeed
trigger a GRHL1 mRNA increase, and this up-regulation is
inhibited by DAPT.

To more formally demonstrate that RGMa regulates the
nuclear signaling of the NeICD, which in turn directly en-
hances the transcription of GRHL1 and CCM2, as opposed to

FIG. 4. The NeICD displays an NLS and an NES to regulate its nuclear localization. HEK23T cells were transfected with the indicated
constructs, further incubated or not with the inhibitor LMB (1 �M for 1 h), and monitored for fluorescence localization. DAPI staining was used
to label the nucleus. (A, top) Scheme representing the different mutants of neogenin IC used in the following panels. (Bottom) Same as in Fig.
3B but with the indicated deletion mutants. (B) The neogenin NLS is in the N-terminal region of NeICD. Data are the same as described above
(A) but with the indicated point mutants. (C) The NES is the C-terminal region of NeICD. Data are the same as described above (A), with the
neogenin IC L1455A mutant. (D) Sequence alignments showing conservation of NESs and NLSs in the different species indicated. H. sapiens,
Homo sapiens; M. musculus, Mus musculus; R. norvegicus, Rattus norvegicus; G. gallus, Gallus gallus; X. tropicalis, Xenopus tropicalis; D. rerio, Danio
rerio.
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an indirect effect on RGMa/neogenin alternative signaling, we
investigated whether the NeICD could be detected within
GRHL1 and CCM2 promoter sequences and whether this de-
tection could be increased upon RGMa treatment. To do so,
ChIPs were performed using an anti-NeICD antibody for the
pull down in HEK293T cells forced to express neogenin or in
MCF-7 cells (which express endogenous neogenin) treated or
not treated with RGMa. NeICD binding to GRHL1 and
CCM2 promoter sequences was then quantitated by quantita-
tive PCR of GRHL1 and CCM2 promoter sequences. As
shown in Fig. 7, while RGMa treatment failed to enhance
NeICD binding when the ChIP assay was performed with a

control antibody, when the anti-NeICD antibody was used for
the ChIP, we detected an increase in NeICD binding to both
promoter sequences in response to RGMa. Together, these
data support the view that the nuclear translocation and trans-
activation activities of the NeICD are part of the RGM signal-
ing that occurs through the regulation of the transcription of a
specific set of genes.

DISCUSSION

We propose here that neogenin is cleaved at the membrane
by �-secretase, an event that releases an intracellular domain,

FIG. 5. The NeICD displays a gene-transactivating activity. (A) The NeICD promotes reporter gene transcription. The Gal4-expressing
construct or Gal4 DNA binding domain fused to the NeICD as indicated (top) was cotransfected with a Gal4-lucerifase reporter plasmid into
HEK293T cells, and luminescence signals were recorded. The relative luciferase activity index is shown as the ratio between the neogenin construct
and the control Gal4 vector. Standard errors of the means are indicated. (B) �-Secretase-dependent NeICD release from full-length neogenin
promotes reporter gene transcription. The Gal4 DNA binding domain was inserted into full-length neogenin. The resulting construct,
NeoGal4ICD, was cotransfected with a Gal4 luciferase reporter plasmid into HEK293T cells. The NeoGal4 construct lacking the intracellular
domain was used as a control. DAPT treatment (2 �M) was performed for 24 h. (C) Same as described above (A), with the indicated deletion
mutants of NeICD-Gal4. (D) Scheme representing different functional domains of the NeICD. A.U., arbitrary units.
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FIG. 6. The NeICD behaves as a transactivator of gene transcription. (A) Different genes in which the NeICD has been shown to interact within
their proximities (12 of over 25 clones analyzed). ChIP was performed on the NeICD, and immunoprecipitated DNA was cloned and sequenced.
(B) GRHL1 and CCM2 Q-RT-PCR performed on mock- versus neogenin-transfected HEK293T cells treated or not treated for 3 or 6 h with
RGMa in the presence or absence of DAPT. CCM2 and GRHL1 mRNA levels are regulated by neogenin/RGM signaling in neogenin-transfected
HEK293T cells. Normalization was done on 
2-microglobulin. The CCM2 or GRHL1 level is presented for each condition as a ratio between the
normalized neogenin sample to the mock-transfected sample. (C) Same as described above (B), but the GRHL1 mRNA level was determined in
RGMa/DAPT-treated MCF7 cells. Normalization was also done with 
2-microglobulin, and the GRHL1 level is presented as a ratio between
GRHL1 and 
2-microglobulin.
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which migrates to the nucleus to regulate the transcription of
a specific set of genes. Thus, functionally, neogenin resembles
the APP or Notch receptors. Interestingly, the Notch intracel-
lular domain is known to recruit histone acetyltransferases but
also a transcriptional regulator, RBP-J/CBF1, which is the
factor that activates gene transcription per se (2). As shown
here, the NeICD also interacts with a histone acetyltransferase,
but the factor present in the NeICD/DNA complex that acti-
vates transcription remains to be determined.

Another puzzling question is the role of the ligand in this
novel neogenin signaling cascade. It has been shown that pres-
ence of the ligand stimulates the �-secretase cleavage of the
Notch or Erbb-4 receptors (28, 29). This has not been shown
for other receptors such as the growth hormone receptor (10)
or APP, even though in the latter case, this is due to the fact
that no functional ligand is known for APP. Here, the func-
tional data strongly support the initiating role of the ligand
(RGMa) in this signaling: (i) neogenin-mediated transcription

of target genes is stimulated in the presence of RGMa, a
mechanism dependent on �-secretase activity, and (ii) in re-
sponse to RGMa, the NeICD shows an increased binding to
target gene promoters. Thus, it is tempting to speculate that
RGM controls this signaling. However, at this stage, we have
not detected a change in the �-secretase cleavage of neogenin
dependent on the presence of RGM (not shown). This could
either suggest that the ligand affects a downstream effect (e.g.,
nuclear import) or highlight technical difficulties in detecting a
subtle change in the amount of a fragment that appears to be
tightly regulated (e.g., the proteasome inhibitors MG132 and
lactacystin were used to detect the neogenin �-fragment indi-
cated in Fig. 2).

Even though the elucidation of molecular mechanisms will
require further investigation, it is tempting to speculate that
ligand-dependent nuclear signaling is important in the context
of the different functions of neogenin. For example, it may be
important for the guidance activity of RGM. However, one

FIG. 7. The NeICD binds target promoters after RGMa stimulation. (A) The NeICD binds GRHL1 and CCM2 promoters upon RGMa
stimulation in neogenin-transfected HEK293T cells. Cross-linked chromatin was isolated from untreated and RGMa-treated neogenin-transfected
HEK293T cells and precipitated with an NeICD-specific antibody or a control antibody. The precipitated chromatin was used as a template for
quantitative PCR. (B) The endogenous NeICD binds the GRHL1 promoter upon RGMa stimulation. Data are the same as described above (A),
but the experiment was performed with MCF7 cells untreated or treated with RGMa.
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could wonder how relevant the nuclear translocation of the
intracellular domain of a membrane-associated receptor lo-
cated in the growth cone of neurons would be in the context of
RGM-mediated axon guidance. Indeed, neogenin would be
cleaved by �-secretase at the level of the growth cone and then
transported to the soma, where the NeICD could enter the
nucleus and trigger specific gene transcription and subsequent
translation before being transported back to the growth cone,
where axon navigation occurs. The requirement of neotrans-
cription in axon guidance has already been supported: for
example, transcription factors like NFaT are activated in re-
sponse to netrin-1 and are required for the netrin-1 response
(15). Here, it is interesting that several of the target genes
pulled down with the NeICD could turn out to be important in
RGM-mediated axon guidance. As an example, CCM2 ap-
pears to act as a scaffold for MAPK (37), and the importance
of such a scaffold and MAPK activation has been demon-
strated in various systems of axon guidance, including netrin-
1-mediated axon guidance (4, 13, 27). Future studies should
reveal whether direct target genes for the NeICD are impor-
tant for RGM signaling.

Another putative role of the RGM/neogenin interaction is
the inhibition of neogenin’s proapoptotic activity. This RGM-
dependent nuclear signaling could antagonize the prodeath
signaling of neogenin. Even though we have not detected a
target gene with a clear antiapoptotic effect at this stage, an
interesting hypothesis is that RGM could inhibit neogenin-
mediated cell death via a signaling loop that would take neo-
genin to the nucleus and possibly involve the neogenin-medi-
ated transcription of antiapoptotic genes. In this respect, it is
intriguing that neogenin undergoes two antagonistic cleavages
in its intracellular domain. The �-secretase cleavage appears to
promote nuclear signaling speculated to be antiapoptotic, i.e.,
as being ligand mediated, while the caspase cleavage promotes
the proapoptotic activity neogenin (19). Of interest, the
caspase cleavage not only promotes apoptosis via the exposi-
tion of a proapoptotic domain (19) but also separates the NLS
domain of neogenin from the neogenin transactivating domain
(Fig. 5D). This should theoretically kill the gene transactiva-
tion activity of neogenin. Therefore, the engagement toward
neogenin-mediated apoptosis should be associated not only
with apoptosis promotion by the exposure of the neogenin
proapoptotic domain but also with the inhibition of NeICD-
mediated transcription.

Future studies will probably stress the importance of this
nuclear signaling in neogenin functions. It is then intriguing
that neogenin NLSs and NESs appear to be conserved in the
different species in which neogenin exists. Similarly, an in silico
analysis revealed that the NLS and NES of neogenin are also
conserved in DCC (not shown), thus suggesting a conserved
role of nuclear signaling in these receptors. We have prelimi-
nary results showing that DCC also interacts with TIP60 (not
shown). Thus, even though the intracellular domains of DCC
and neogenin are only modestly conserved (37%) (26), except
in three specific domains called P1, P2, and P3 (23), and taking
into account that Notch nuclear signaling is one of the few
signaling pathways that has been conserved throughout evolu-
tion and is key to controlling cell fate (31), it is tempting to
speculate that the neogenin/DCC nuclear signaling pathway is
a conserved and important signaling pathway as well.
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Netrin-1 mediates neuronal survival through PIKE-L 
interaction with the dependence receptor UNC5B
Xiaoling Tang1,5, Sung-Wuk Jang1,5, Masashi Okada1, Chi-Bun Chan1, Yue Feng2, Yu Liu3, Shi-Wen Luo3, Yan 
Hong3, Nicolas Rama4, Wen-Cheng Xiong3, Patrick Mehlen4 and Keqiang Ye1,6

Netrins, a family of secreted molecules, have critical 
functions in axon guidance and cell migration during neuronal 
development1,2. In addition to its role as a chemotropic 
molecule, netrin-1 also acts as a survival factor3–7. Both 
UNC5 (that is, UNC5A, UNC5B, UNC5C or UNC5D) and 
DCC are transmembrane receptors for netrin-1 (refs 8, 9). In 
the absence of netrin-1, DCC and UNC5 act as dependence 
receptors and trigger apoptosis3,6,10. However, how netrin-1 
suppresses the apoptotic activity of the receptors remains 
elusive. Here we show that netrin-1 induces interaction 
of UNC5B with the brain-specific GTPase PIKE-L. This 
interaction triggers the activation of PtdIns-3-OH kinase 
signalling, prevents UNC5B’s pro-apoptotic activity and 
enhances neuronal survival. Moreover, this process relies 
strongly on Fyn because PIKE-L is tyrosine phosphorylated in 
response to netrin-1, and the netrin-1-mediated interaction 
of UNC5B with PIKE-L is inhibited in Fyn-null mice. Thus, 
PIKE-L acts as a downstream survival effector for netrin-1 
through UNC5B in the nervous system.

PIKE-L is a brain-specific GTPase, which binds and stimulates PtdIns-
3-OH kinase (PI(3)K) in a GTP-dependent manner11,12. PIKE-L binds 
Homer, an adaptor protein for metabotropic glutamate receptor (mGluRI). 
Activation of mGluRIs enhances the formation of an mGluRI–Homer–
PIKE-L complex, leading to the activation of PI(3)K and the prevention 
of neuronal apoptosis13. PIKE is also a substrate for caspases. PIKE can 
be phosphorylated on tyrosine residues by Fyn, leading to its resistance to 
caspase cleavage14. To search for PIKE-L-binding proteins, we conducted 
yeast two-hybrid screening with the GTPase domain as bait. Four of 12 
clones are both His-positive and -Gal-positive and one of these four 
encodes the carboxyl terminus of UNC5B (Fig. 1a). In HEK293 cells, 
transfected green fluorescent protein (GFP)–PIKE-L selectively binds 
to the fragment containing amino-acid residues 569–946 of UNC5B but 
not other fragments. In comparison with the binding by the C-terminal 

motif (residues 569–946), truncation of death domain (residues 854–946) 
decreases the affinity of UNC5B for PIKE-L.  Reciprocal immunoprecipi-
tation reveals that the interaction occurs regardless of whether PIKE-L 
or UNC5B is precipitated by its antibody (Fig. 1b, middle panels). Full-
length UNC5B and its C-terminal fragment released after cleavage with 
caspase5,7 interact specifically with the GTPase domain but not with other 
regions of PIKE-L, which is consistent with our findings with yeast two-
hybrid screening (Fig. 1b, right panels). We also observed the robust inter-
action between endogenous PIKE-L and UNC5B in both the cortex and 
hippocampus of rat brain (Fig. 1c). Immunostaining of hippocampal and 
cortical primary neurons reveals that PIKE-L and UNC5B colocalize in 
the cell body and throughout all neuronal processes (Fig. 1d, left panel). 
The staining is specific, because antigen against glutathione S-transferase 
(GST)–PIKE-L (residues 268–384) but not against  control GST abolishes 
PIKE-L staining in neurons (Fig. 1d, right panels).

To examine whether netrin-1 modulates PIKE-L interaction with 
UNC5B, we co-transfected UNC5B into HEK293 cells with wild-type 
or dominant-negative PIKE-L-KS (K413AS414N). This mutant cripples 
the GTPase activity of PIKE-L, which binds PI(3)K but fails to activate 
it11,12. In comparison with the control, netrin-1 elicits PIKE-L interaction 
with UNC5B; by contrast, PIKE-L-KS fails to bind UNC5B regardless 
of stimulation with netrin-1 (Fig. 2a), indicating that GTPase activity 
is essential for the association. Coimmunoprecipitation demonstrates 
that PIKE-L does not bind to a death domain containing p75NTR or 
UNC5A, but it associates faintly with UNC5C irrespective of treatment 
with netrin-1 (data not shown), suggesting that PIKE-L interacts specifi-
cally with UNC5B in response to netrin-1.

PIKE can be phosphorylated on tyrosine residues by Fyn14. Netrin-1 
has also been shown to trigger the tyrosine phosphorylation of its recep-
tor, DCC15–18. To test whether phosphorylation on tyrosine modulates 
the interaction between PIKE-L and UNC5B, we pretreated the co-trans-
fected HEK293 cells with several tyrosine kinase inhibitors, followed by 
netrin-1. Netrin-1-mediated interaction between PIKE-L and UNC5B is 
selectively disrupted by genistein, PP2 and compound 5. PP2 is a selective 
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inhibitor of Fyn, whereas genistein and compound 5 are tyrosine kinase 
inhibitors. By contrast, daidzein and PP3, inactive controls for genistein 
and PP2, respectively, fail to dissociate the complex (Fig. 2b, top panel). 

Thus, netrin-1 triggers tyrosine phosphorylation on both PIKE-L and 
UNC5B, which are selectively blocked by genistein, PP2 and compound 
5 (Fig. 2b, second panel). In primary cortical cultures, netrin-1 elicits the 
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Figure 1 PIKE-L interacts with UNC5B. (a) PIKE-GTPase interacts with 
UNC5B (residues 569–946) in a yeast two-hybrid system. (b) Interaction of 
PIKE-GTPase and UNC5B in HEK293T cells. Left: diagram of PIKE-L and 
UNC5B. In one set of experiments, fragments of UNC5B were co-transfected 
with GFP–PIKE-L to HEK293T cells. In the other set, fragments of PIKE-L 
were co-transfected with UNC5B–HA. An immunoprecipitation assay showed 
that UNC5B residues 569–946 interacted with PIKE-L, and truncation of the 
death domain (residues 855–946) decreased the binding affinity (centre top 
panels); reciprocal immunoprecipitation of UNC5B confirmed this finding 
(centre third panels). The PIKE-GTPase domain bound to UNC5B (right 
top and third panels). (c) Interaction of PIKE-L and UNC5B in rat brain 
tissues. Brain homogenates from different sections were subjected to western 

blotting with UNC5B antibody and PIKE-N antibody, respectively (fifth and 
bottom panels). UNC5B antibody was incubated with brain homogenates 
and the immunocomplexes were probed with anti-PIKE-N antibody. PIKE-L 
strongly bound to UNC5B in cortex and hippocampus (top panel). Reciprocal 
immunoprecipitation (IP) with anti-PIKE-N showed similar results (third 
panel). IB, immunoblotting. Uncropped images of blots are shown in 
Supplementary Information, Fig. S6. The second and fourth panels show 
verification of PIKE-L and UNC5B in the immunocomplex. (d) PIKE-L and 
UNC5B colocalize in the cell body and neuronal processes of rat hippocampus 
and cortical neurons (left panels). Scale bar, 10 m. Preincubation with anti-
GST–PIKE-L (residues 268–384) antigen but not with control GST abolished 
PIKE-L neuronal staining (right panels). 
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binding of endogenous PIKE-L to UNC5B; this binding is blocked by pre-
treatment with PP2, and genistein also decreases the interaction (Fig. 2c, 
top panel). PIKE-L tyrosine phosphorylation is substantially abolished by 
pretreatment with PP2 or genistein. UNC5B tyrosine phosphorylation 
is clearly blocked by PP2 and is partly prevented by genistein (Fig. 2c, 
second and fifth panels).

To explore whether Fyn contributes to the phosphorylation of UNC5B 
or PIKE-L, we co-transfected UNC5B into HEK293 cells with various 
tyrosine kinases. Coimmunoprecipitation showed that constitutively 
active FynA, but not kinase-dead FynD or other tyrosine kinases includ-
ing Src and Pyk2, interacts with UNC5B (Supplementary Information, 
Fig. S1a, left panels). Moreover, FynA also elicits robust tyrosine phos-
phorylation on UNC5B. The 100-kDa band below UNC5B might be 
an unknown tyrosine-phosphorylated protein associated with UNC5B 
(Supplementary Information, Fig. S1a, top centre panel). We conducted 
similar experiments with PIKE-L and found that FynA, but not FynD or 
other tyrosine kinases, selectively bound and phosphorylated PIKE-L 

(Supplementary Information, Fig. S1b). Coimmunoprecipitation dem-
onstrates that PIKE-L binds UNC5B tightly in FynA-co-transfected, but 
not FynD-co-transfected, cells even in the absence of netrin-1, regardless 
of whether PIKE-L or UNC5B is immunoprecipitated (Supplementary 
Information, Fig. S1c, top left panels). Both UNC5B and PIKE-L are 
potently phosphorylated in FynA-transfected, but not FynD-transfected, 
cells (Supplementary Information, Fig. S1c, middle panels). In particular,  
in comparison with FynD cells, apoptotic cleavage of PIKE-L is partly 
decreased in FynA cells (Supplementary Information, Fig. S1c, right 
lower panel), an effect similar to that in netrin-1-treated cells. PIKE-A 
is mainly phosphorylated by Fyn on residues Y681 and Y774 (ref. 14), 
which correspond to Y1032 and Y1124 in PIKE-L. Immunoprecipitation 
assay reveals that wild-type PIKE-L interacts strongly with UNC5B, 
whereas Y1032F, Y1124F and Y1032, 1124F mutants fail to interact with 
UNC5B. As expected, wild-type PIKE-L is clearly tyrosine phosphor-
ylated, which is abolished in PIKE-L mutants (Fig. 3a, top and second 
panels). Reciprocal immunoprecipitation reveals similar results (Fig. 3a, 
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Figure 2 Netrin-1 mediates the interaction between PIKE-L and UNC5B 
through tyrosine phosphorylation. (a) Netrin-1 enhances binding of PIKE-L 
but not dominant-negative PIKE-L-KS to UNC5B. Both full-length UNC5B 
and its fragments strongly bound to PIKE-L (top and third panels). Equal 
amounts of HA–UNC5B and GFP–PIKE-L were immunoprecipitated (second 
and bottom panels). (b) PP2 and tyrosine kinase inhibitors disrupt the 
interaction between PIKE-L and UNC5B in HEK293T cells. GFP–PIKE-L 
and UNC5B–HA were co-transfected to HEK293T cells. After 24 h, cells 
were treated with different tyrosine inhibitors (10 nM PP2; 5.4 M PP3, 
an inactive analogue of PP2; 1 M genistein; 300 M daidzein, an inactive 
analogue of genistein; and 0.4 M compound 5 for 30 min, followed by 
treatment with 200 ng ml 1 netrin-1 for 24 h. UNC5B and PIKE-L were 
immunoprecipitated by anti-HA and anti-Myc antibodies, respectively. 
PIKE-L bound weakly to UNC5B under control conditions; netrin-1 enhanced 
the association. Geinistein, PP2 and compound 5, which substantially 

abolished PIKE-L and UNC5B phosphorylation, blocked the interaction 
between PIKE-L and UNC5B; in contrast, the inactive compounds did not 
(top, second, fourth and fifth panels). Uncropped images of blots are shown 
in Supplementary Information, Fig. S6. The third and bottom panels show 
verification of immunoprecipitated PIKE-L and UNC5B.  
(c) Tyrosine kinase inhibitor PP2 disrupts the interaction between 
endogenous PIKE-L and UNC5B in neurons. Rat cortical neurons were 
treated with various tyrosine kinase inhibitors. Endogenous UNC5B and 
PIKE-L were immunoprecipitated. PP2 completely disrupted the interaction 
between PIKE-L and UNC5B in rat cortical neurons, and genistein partly 
decreased the association (top and fourth panels). Netrin-triggered UNC5B 
and PIKE-L tyrosine phopshorylation was inhibited by PP2 and decreased by 
genistein (second and fifth panels). Uncropped images of blots are shown 
in Supplementary Information, Fig. S6. The third and bottom panels show 
verification of immunoprecipitated UNC5B and PIKE-L.
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fourth and fifth panels), suggesting that tyrosine phosphorylation of 
PIKE-L is necessary for its association with UNC5B. To explore further 
whether Fyn regulates the association between PIKE-L and UNC5B, 
we conducted immunoprecipitation with wild-type and Fyn /  mice. 

UNC5B robustly interacts with PIKE-L in wild-type but not Fyn /  
mouse brain (Fig. 3b), indicating that Fyn is required for the association. 
Anti-PY99 antibody, but not control IgG, selectively pulls down UNC5B 
and PIKE-L from wild-type, but not Fyn / , brain lysates, suggesting 
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Figure 3 Interaction of PIKE-L and UNC5B is regulated by Fyn tyrosine 
kinase. (a) Tyrosine phosphorylation of PIKE-L is required for the interaction 
between PIKE-L and UNC5B. HEK293T cells were co-transfected with 
UNC5B and PIKE-L wild-type, Y1032F, Y1124F and Y1032FY1124F, 
respectively, followed by treatment with netrin-1. PIKE-L, but not tyrosine 
phosphorylation-deficient mutants, selectively associated with UNC5B 
(top and fourth panels). Netrin-1 provoked tyrosine phosphorylation of 
PIKE-L (second panel). The third, fifth and sixth panels show verification of 
immunoprecipitated and transfected constructs. Netrin treatment decreased 
wild-type PIKE-L but not mutant cleavage (bottom panel).  
(b) Tyrosine phosphorylation of PIKE-L and UNC5B is required for 
interaction in the mouse brain. Brain homogenates from wild-type and 
Fyn /  mice were immunoprecipitated with control IgG and anti-PY99, 
respectively, followed by immunoblotting with anti-UNC5B or anti-PIKE-N. 
Tyrosine phosphorylated UNC5B can be detected only in wild-type but not 
Fyn-null brain lysates (left upper panel). PIKE-L tyrosine phosphorylation 
was diminished in the Fyn-null sample (left lower panel). The interaction 
between PIKE-L and UNC5B can be detected in wild-type but not in 

Fyn /  brain (middle panels). Expression levels of PIKE-L, DCC and UNC5B 
remained similar in both wild-type and Fyn /  brain (right panels). (c) 
Netrin-1-triggered Fyn activation is UNC5B dependent. HEK293 cells were 
transfected with Myc–PIKE-L and HA–UNC5B alone or in combination. The 
transfected cells were treated with netrin-1 for 24 h. Endogenous Fyn was 
immunoprecipitated and its activation was verified by immunoblotting with 
anti-PY99 antibody. Netrin-1 provoked Fyn activation only in cells expressing 
UNC5B. Co-transfection of PIKE-L and UNC5B elicited Fyn activation 
in the absence of netrin (left top panel, lane 5). Treatment with netrin-1 
further enhanced Fyn phosphorylation. An equal amount of Fyn was pulled 
down (second panel). The left third and bottom panels show verification of 
transfected UNC5B and PIKE-L. Right: depletion of UNC5B diminished the 
stimulatory effect of netrin-1 on Fyn. Cortical neurons were electroporated 
with microRNA (Mi-R) of UNC5B, followed by netrin-1 stimulation. In 
control neurons, netrin-1 triggered Fyn activation, which was diminished in 
UNC5B-depleted neurons (right bottom panel). Uncropped images of blots 
are shown in Supplementary Information, Fig. S6. The right top and second 
panels show verification of UNC5B expression and immunoprecipitated Fyn.
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Figure 4 PIKE-L and Fyn are necessary for netrin-1-triggered PI(3)
K activation. (a) Netrin-1 enhances PIKE-L-induced PI(3)K activity in 
HEK293T cells. HEK293T cells were transfected with Myc–PIKE-L in 
the presence or absence of UNC5B and treated as indicated. P110  
was immunoprecipitated and PI(3)K assay was conducted with the 
immunocomplex. In the absence of UNC5B, no PI(3)K activity was detected 
regardless of treatment with netrin-1. Netrin-1 increased PI(3)K activity when 
PIKE-L and UNC5B were co-transfected. PI(3)K activity was decreased by 
wortmannin (10 nM) or dominant-negative PIKE-L-KS (left bottom panel). 
The left top and second panels show verification of transfected constructs. 
Right bottom panel: wortmannin (50 nM) and LY294002 (10 M) completely 
blocked netrin-1 triggered PI(3)K activity. (b) PIKE-L is necessary for netrin-
1-induced PI(3)K activation in neurons. Cortical neurons were infected with 
control adenovirus, Si-PIKE, PIKE-L wild-type (WT) or PIKE-L-KS adenovirus 
followed by treatment with netrin-1 as indicated. In comparison with control, 
depletion of PIKE-L abolished netrin-triggered Akt phosphorylation, which 

was enhanced in PIKE-L-infected but not PIKE-L-KS-infected neurons 
(second panel). The expression of PIKE-L was verified (top panel). Akt and 
loading control tubulin were verified (third and bottom panels). (c) PP2 
blocks Akt activation. Cortical neurons were pretreated with PP2, followed by 
stimulation with netrin. Netrin-provoked Akt phosphorylation was abolished 
by PP2 (top panel). Netrin-provoked Akt phosphorylation was slightly 
decreased in Dcc /  neurons (third panel). Activation of Src family tyrosine 
kinases were attenuated in DCC-knockout mice, as manifested by anti-
PY416, an antibody specific for active Src tyrosine kinases (fifth panel). (d) 
Netrin-triggered PI(3)K/Akt activation is crippled in Fyn /  neurons. Wild-type 
and Fyn /  cortical neurons were infected with adenovirus expressing wild-
type PIKE-L or PIKE-L(Y1032, 1124F) mutant, and treated with netrin-1 
for 30 min. (e) UNC5B is critical for netrin-1-triggered activation of Akt. 
Depletion of UNC5B diminished Akt activation by netrin-1 in cortical neurons 
(second panel). PIKE-L remained intact regardless of UNC5B expression 
levels (top and bottom panels).
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Figure 5 PIKE-L and Fyn are essential for the neuronal survival effect 
induced by netrin-1. (a) Netrin-1 facilitates the anti-apoptotic effect of 
PIKE-L. Cortical neurons were infected with adenovirus at 7 days in vitro 
(DIV7) as indicated and treated with 80 M glutamate for 16–18 h in the 
presence or absence of netrin-1. Upper panel: quantification of apoptotic 
assay. Lower panels: verification of siRNA resistant PIKE-L clones. Error 
bars represent s.d. Asterisk, P < 0.005; hash sign, P < 0.01; P values were 
calculated with Student’s t-test. (b) Apoptotic assay with Fyn /  neurons. 
Wild-type and Fyn /  neurons were treated with or without netrin-1, followed 
by 80 M glutamate for 12–14 h. The anti-apoptotic effect of netrin-1 was 
impaired in Fyn /  neurons (upper panels). Error bars represent s.d. Asterisk, 
P < 0.01; hash sign, P < 0.005; P values were calculated with Student’s 
t-test. Lower panels: verification of DCC and UNC5B expression levels when 
PIKE-L was overexpressed or depleted in cortical neurons. (c) PIKE-L and 
Fyn are required for the anti-apoptotic activity of netrin-1. Cortical neurons 

were infected and treated as described above. (d) PIKE-L prevents the 
proteolytic cleavage of UNC5B, suppressing apoptosis. Mouse brain was 
injected with adenovirus expressing PIKE-L or its shRNA. After 5 days the 
mice were injected intraperitoneally with 25 mg kg 1 KA. After a further 
4 days, the samples were analysed by immunoblotting. Overexpression of 
PIKE-L inhibited kainic acid-triggered UNC5B cleavage, whereas depletion 
of PIKE-L escalated UNC5B degradation and PARP cleavage. Uncropped 
images of blots are shown in Supplementary Information, Fig. S6. (e) 
Elimination of UNC5B attenuates apoptosis. Mouse brain was injected 
with control adenovirus or adenovirus expressing shRNA of UNC5B. After 5 
days, KA was injected to trigger neuronal cell death in the mice. Five mice 
were used in each group for both control and shRNA of UNC5B. Adenoviral 
vector expressed GFP independently. Brain sections were examined under 
a fluorescent microscope. Cells labelled with GFP in brain also expressed 
UNC5B or PIKE-L-specific siRNA.
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that UNC5B and PIKE-L are strongly tyrosine phosphorylated in wild-
type, but not Fyn-null, mice (Fig. 3b, left panels). To explore whether 
netrin-1 triggers Fyn activation through UNC5B, we tested this notion 
in HEK293 cells, which were transfected with PIKE-L or UNC5B alone 
or in combination. Netrin-1 elicits a UNC5B-dependent Fyn activation. 
Co-transfection of both PIKE-L and UNC5B enhances Fyn activation 
on treatment with netrin-1 (Fig. 3c, top left panel). Depletion of UNC5B 
in cortical neurons abolishes netrin-1-provoked Fyn activation (Fig. 3c, 
bottom right panel), underscoring that UNC5B is crucial for Fyn acti-
vation. Thus, Fyn has a critical function in regulating UNC5B–PIKE-L 
complex formation in mouse brain.

Netrin-1 activates PI(3)K, which is essential to the role of netrin-1 in 
axon guidance19–21. To assess whether UNC5B–PIKE-L complex has any 
role in mediating netrin-1-provoked PI(3)K activation, we transfected 
HEK293 cells with PIKE-L and UNC5B. In the absence of UNC5B, 
netrin-1 fails to provoke PI(3)K activity in PIKE-L-transfected cells, 
whereas netrin-1 elicits robust PI(3)K activity in cells co-transfected 
with wild-type PIKE-L and UNC5B. This netrin-1-dependent PI(3)K 
activation is decreased in cells pretreated with wortmannin or LY294002, 
or when a dominant-negative PIKE-L mutant is transfected (Fig. 4a, bot-
tom panel). These data suggest that netrin-1-triggered PI(3)K activation 
is mediated by PIKE-L. To explore whether PIKE-L is necessary for this 
action, we infected cortical neurons with various adenoviruses express-
ing short hairpin (sh) RNA of PIKE, wild-type PIKE-L or PIKE-L-KS, 
and monitored Akt phosphorylation. Netrin-1-provoked PI(3)K activity 
is substantially decreased when PIKE-L is depleted. Infection of PIKE-L 
increases the stimulatory effect of netrin-1 on PI(3)K, which is massively 
attenuated in PIKE-L-KS-infected cells (Fig. 4b, second panel).

To evaluate whether Fyn mediates netrin-induced PI(3)K activity, we 
pretreated primary neurons with PP2, and stimulated cells with netrin-1 
for 30 min. Netrin-1 induces potent Akt activation, which is completely 
blocked by PP2 (Fig. 4c, top panel), suggesting that Fyn is essential for 
netrin-1 to elevate PI(3)K activity. In comparison with wild-type neu-
rons, netrin-1-triggered activation of Akt is decreased only slightly in 
Dcc /  neurons, indicating that DCC is not the major receptor for this 
effect (Fig. 4c, third panel). Moreover, activation of Src family tyrosine 
kinases is partly diminished in Dcc-null neurons (Fig. 4c, bottom panel), 
suggesting that DCC contributes to the activation of Src-family tyrosine 
kinases by netrin-1. To explore the physiological role of Fyn in regulat-
ing PI(3)K activation by netrin-1, we monitored the activation of Akt 
in wild-type and Fyn knockout neurons. Netrin-1 strongly elicits PI(3)
K activation in wild-type neurons, and PIKE-L further enhances its 
effect. Strikingly, PIKE-L(Y1032, 1124F) fails to increase the activation 
of Akt by netrin-1 (Fig. 4d, top panel), indicating that binding of PIKE-L 
to UNC5B is essential for PI(3)K activation by netrin-1. As expected, 
netrin-1 fails to activate Akt in Fyn /  neurons, regardless of PIKE-L 
expression (Fig. 4d, third panel). PI(3)K activation status tightly couples 
to Akt phosphorylation (data not shown). Depletion of UNC5B in corti-
cal neurons clearly attenuates Akt activation. Nonetheless, the expres-
sion level of PIKE-L remains constant irrespective of UNC5B alteration 
(Fig. 4e). Taken together, these findings support the notion  that UNC5B, 
but not DCC, is essential for mediating the netrin-1-provoked activation 
of PIKE-L-dependent PI(3)K/Akt signalling. 

To determine whether PIKE-L modulates the anti-apoptotic action of 
netrin-1, we infected primary neuronal cultures with various adenovi-
ruses and provoked apoptosis with glutamate, a broadly used excitatory 

amino acid neurotransmitter for neuronal cell death. In control neu-
rons, netrin-1 clearly  blocks glutamate-triggered apoptosis. Infection 
of wild-type PIKE-L with adenoviruses strongly suppresses apoptosis, 
and netrin-1 further enhances the protective effect. By contrast, the anti-
apoptotic effect of netrin-1 is reduced in PIKE-L-KS-infected neurons. 
Moreover, knocking down PIKE-L almost completely abolishes the sur-
vival activity of netrin-1. The shRNA-resistant PIKE-L mutant infec-
tion restores the survival effect, which is suggestive of the specificity of 
the short interfering RNA (siRNA) effect. The Fyn-phosphorylation-
deficient  mutant PIKE-L(Y1032, 1124F) also attenuates apoptosis, but 
it is non-responsive to netrin-1 (Fig. 5a). Thus, binding of PIKE-L to 
UNC5B is necessary for the anti-apoptotic effect of netrin-1. The anti-
apoptotic activity of PIKE-L couples to its stimulatory effects on PI(3)
K in netrin-1-treated cells. In Fyn /  neurons, the anti-apoptotic effect 
of netrin-1 is substantially impaired. PIKE-L(Y1032, 1124F) modestly 
represses apoptosis in a netrin-independent manner. Wild-type PIKE-L 
decreases apoptosis, but netrin-1 fails to enhance its survival activity 
(Fig. 5b, upper panel), supporting the notion that Fyn is required for 
PIKE-L to mediate the anti-apoptotic effect of netrin-1. Depletion of 
PIKE-L slightly decreases the expression level of UNC5B but not that of 
DCC. Overexpression of PIKE-L enhances the expression of UNC5B and 
DCC, indicating that PIKE-L stabilizes netrin-1 receptors in neurons 
(Fig. 5b, lower panels). In the absence of netrin-1, depletion of PIKE-L 
enhances UNC5B cleavage and poly(ADP-ribose) polymerase (PARP) 
fragmentation in wild-type neurons elicited by glutamate; these effects 
are attenuated by PIKE-L overexpression. Netrin-1 further elevates the 
anti-apoptotic effect of PIKE-L. In the absence of PIKE-L, netrin-1 fails 
to block apoptotic cleavage of PARP and UNC5B (Fig. 5c, left panel). 
In contrast, in Fyn /  neurons, netrin-1 loses its anti-apoptotic effect, 
because PARP and UNC5B are robustly cleaved whether netrin-1 is 
present or not. Nevertheless, overexpression of PIKE-L slightly decreases 
UNC5B cleavage (Fig. 5c, right panels).

Excitotoxic neuronal cell death in the brain is often induced experi-
mentally by the administration of kainic acid (KA), a potent agonist of 
the -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/kainate 
class of glutamate receptors22. Depletion of PIKE-L in the hippocampus 
by injecting adenovirus expressing its shRNA into mouse brain enhances 
UNC5B cleavage triggered by KA, whereas overexpression of PIKE-L 
completely suppresses UNC5B degradation. Accordingly, PARP cleav-
age, a marker for apoptosis, is tightly correlated with PIKE-L expression 
levels (Fig. 5d). Because UNC5B-knockout mice are embryonic lethal23, 
we cannot use the UNC5B-deficient mice to explore its role in neuronal 
apoptosis. Alternatively, we deplete UNC5B in mouse brain by using 
adenovirus expressing its shRNA. In comparison with control, elimi-
nation of UNC5B from the hippocampus clearly blocks KA-provoked 
apoptosis in mouse brain (Fig. 5e), underscoring the possibility that 
UNC5B is implicated in neuronal cell death in vivo. Taken together, our 
data show that netrin-1 triggers the formation of a PIKE-L–UNC5B 
complex, which is regulated by Fyn tyrosine kinase and represses neu-
ronal apoptosis. 

Our finding that PI(3)K is coupled to UNC5B through PIKE-L 
in response to netrin-1, suppressing neuronal apoptosis, provides a 
molecular mechanism that explains the stimulatory effect of netrin-1 
on PI(3)K. Conceivably, this active effect of netrin-1 activity on PI(3)
K is associated with the activation of PI(3)K by PIKE-L. PIKE activates 
PI(3)K in a GTP-dependent manner11. Phospholipase C (PLC)- 1 
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acts as a physiological guanine nucleotide-exchange factor (GEF) for 
PIKE12. It has recently been shown that netrin-1 induces the activation 
of PLC- 1, which is mediated by DCC but not by UNC5B or neogenin24. 
Presumably, PLC- 1 is activated by netrin-1 and functions as a GEF 
for PIKE-L. The in vitro binding study reveals that the cytoplasmic 
domain of DCC associates with PIKE-L, and coimmunoprecipitation 
also indicates that DCC interacts with PIKE-L in brain lysates, for which 
Fyn might not be essential (Supplementary Information, Fig. S2a–c). 
These data provide a molecular mechanism explaining the activation of 
PIKE-L in response to extracellular stimuli such as netrin-1. Netrin-1 
provokes the association between DCC and UNC5B (ref. 25). We found 
that PIKE-L or Fyn triggers DCC–UNC5B complex formation even in 
the absence of netrin-1. Netrin-1 further elevates the binding between 
DCC and UNC5B in the presence of PIKE-L or Fyn (Supplementary 
Information, Fig. S2d). Conceivably, Fyn and PIKE-L have critical func-
tions in mediating the netrin-1-triggered formation of a DCC–UNC5B 
heterodimer in neurons. UNC5B mediates apoptosis through death-
associated protein kinase (DAPK)7. However, neither PIKE-L nor Fyn 
affects the association between UNC5B and DAPK (data not shown). In 
addition, PIKE-L does not regulate UNC5B-dependent DAPK activation 
(Supplementary Information, Fig. S2e).

At embryonic day (E)12 in mutant mice deficient for netrin-1 expres-
sion, apoptosis is strongly enhanced in the whole brainstem and the 
ventricular zone5. However, it has been reported26 that Ntn1 is not a nec-
essary survival factor for UNC5A-expressing neurons in vivo, because the 
hypomorphic netrin-1 mutant mice failed to show increased apoptosis in 
neural-tube ventral neurons. To investigate the role of netrin-1 in neuro-
nal survival in vivo, we conducted TdT-mediated dUTP nick end labelling 
(TUNEL) staining on E18 brain sections. Evident TUNEL-positive cells 
in Ntn1 /  mice are found in the ventrolateral periaqueductal area, where 
both UNC5B and DCC are expressed (Supplementary Information, 
Fig. S3). Our findings therefore suggest that netrin-1 contributes to sup-
pressing neuronal cell death in a region close to the cerebral aqueduct 
in mouse brain.

Previous studies have revealed that a PKC–PICK1 complex medi-
ates the removal of UNC5A from the membrane surface on activation 
of PKC, which inhibits the netrin-1-dependent collapse of hippoc-
ampal growth cones27. Because PIKE-L does not bind UNC5A, we 
conducted immunofluorescent staining on hippocampal neurons to 
explore whether PIKE-L has any function in the surface expression of 
UNC5B. UNC5B surface expression is not altered by treatment with 
12-O-tetradecanoylphorbol-13-acetate (TPA); nevertheless, depletion 
of PIKE-L enhances its surface distribution, and TPA further esca-
lates it. By contrast, overexpression of PIKE-L decreases the surface 
expression of UNC5B, and combined treatment with TPA and netrin-1 
further attenuates its surface residency (Supplementary Information, 
Fig. S4a), supporting the possibility that PIKE-L might promote the 
internalization of UNC5B. Netrin-1 provokes UNC5B internalization, 
but PI(3)K inhibitors have negligible effect on the surface expression 
of UNC5B, indicating that PI(3)K signalling is not implicated in this 
event (Supplementary Information, Fig. S4b). Knockout of Fyn elicits 
the surface insertion of UNC5B, suggesting that netrin-1-triggered Fyn 
signalling, but not PI(3)K signalling, mediates UNC5B trafficking. In 
contrast, depletion of PIKE-L abolishes netrin-1-triggered actin fila-
ments in cortical neurons (Supplementary Information, Fig. S5). Taken 
together, these results support the idea that PIKE-L might be involved 

not only in the survival activity of netrin-1 but also in its putative role 
in the adhesion and migration of neuronal cells.

In this report we have shown that Fyn is sufficient and necessary for 
triggering the tyrosine phosphorylation and association of PIKE-L and 
UNC5B on treatment with netrin-1. Our finding that PIKE-L selectively 
associates with UNC5B but not with other family members of UNC5 or 
p75NTR provides strong evidence indicating that the PIKE-L–UNC5B 
complex is responsible for activating the PI(3)K cascade and suppressing 
apoptosis on stimulation with netrin-1. 

METHODS
Cells and reagents. HEK293T cells were maintained in DMEM medium sup-
plemented with 10% fetal bovine serum (FBS), 2 mg ml 1 glutamine and 100 
units of penicillin-streptomycin at 37 °C with a 5% CO2 atmosphere in a humidi-
fied incubator. Stable HEK293 cells expressing Myc-tagged chicken netrin-1 
were provided by Yi Rao (Northwestern University). The purified anti-PIKE-N 
antibody is against the amino terminus of residues 1 to 384 in PIKE-L. Anti-
haemagglutinin (HA)-tagged horseradish peroxidase and anti-DAPK antibody 
was from Sigma. Anti-PY99, anti-p110, anti-DCC, anti-GFP and anti-Akt 
antibodies were from Santa Cruz Biotech. Anti-phospho-Akt473 antibody was 
from Cell Signaling. Recombinant chicken netrin-1 protein and anti-UNC5B 
antibody were from R&D Systems. Anti-UNC5B (clone 1A9, antigen 27, 127 
residues) was from Novus Bio. Glutathione–Sepharose 4B was supplied by 
Pharmacia Biotech. All the tyrosine kinase inhibitors and anti-Myc antibody 
were from Calbiochem. The primer sequence for preparing siRNA-resistant 
PIKE-L was 5 -GCACTTAT(C)TTG(C)TATCGAATG-3 . The C nucleotides 
in parentheses were changed into T. The siRNA sequence for UNC5B (sense) 
was 5 -AGACTGGATTCCAGCTCAA-3 . Protein A/G-conjugated agarose 
beads were from Sigma.

Yeast two-hybrid screen. The yeast two-hybrid screen was performed with the 
MATCH-MAKER Two-hybrid System 2 (Clontech) in accordance with the man-
ufacturer’s protocol. The GTPase domain of PIKE was subcloned downstream of 
the Gal4 DNA-binding domain in pAS2-1 and was used as bait to screen a human 
fetal brain cDNA Library in pACT2. Clones that grew on plates lacking leucine, 
tryptophan and histidine with 50 mM 3-aminotriazole were selected and assayed 
for -galactosidase activity28.

Protein–protein interaction assays. Dishes (10 cm) of HEK293T cells were 
transfected with 10 g of DNA by the calcium phosphate precipitation method. 
After 48 h the transfected cells were treated as indicated, collected and washed 
once in PBS, lysed in 1 ml of lysis buffer (50 mM Tris pH 7.4, 40 mM NaCl, 1 mM 
EDTA, 0.5% Triton X-100, 1.5 mM Na3VO4, 50 mM NaF, 10 mM sodium pyro-
phosphate, 10 mM sodium -glycerophosphate, 1 mM phenylmethylsulphonyl 
fluoride, 5 mg ml 1 aprotinin, 1 mg ml 1 leupeptin, 1 mg ml 1 pepstatin A) and 
centrifuged for 10 min at 14,000g and 4 °C. Experimental procedures for co-
immunoprecipitation were performed as described29. Immune complexes were 
resolved by SDS–PAGE and were subjected to immunoblotting. The GST pull-
down assay was performed as described previously14.

PI(3)K assay. The cell lysate was prepared as described above. PI(3)K was immu-
noprecipitated with rabbit anti-p110 antibody from the cell extract, and washed 
with the following buffers: three times with buffer A (PBS, 1% Nonidet P40, 
1 mM dithiothreitol (DTT)); twice with buffer B (PBS, 0.5 M LiCl, 1 mM DTT); 
and twice with buffer C (10 mM Tris-HCl pH 7.4, 0.1 M NaCl, 1 mM DTT). 
Subsequent steps were performed as described12.

Primary rat cortical neuron culture and apoptotic assay. Primary cultured 
mouse cortical neurons were prepared as follows. P1 mouse pups were decapi-
tated and cortex was extirpated, cross chopped and suspended by pipetting for 
separation in DMEM containing 5% fetal calf serum (FCS), 5% horse serum 
(HS) gently. The cell suspension was then centrifuged at 250 x g for 5 min. 
This operation was repeated again. Cells were seeded into polyethyleneimine-
coated 10 cm dishes and 12-well plates including coated coverslips and incu-
bated at 37 °C in 5% CO2/95% air. After 3 h, culture medium was changed 
to Neurobasal containing B-27 supplement (Invitrogen) and incubated for 
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4 days. For maintenance, a half medium was changed to fresh Neurobasal/
B27 every 4 days. After 1 week, the dished cultured neurons were used in 
various experiments. After infection with various adenoviruses expressing 
PIKE-L, PIKE-L-KS and PIKE-L(Y1032, 1124F) and with control virus, 
wild-type cortical neurons were treated with 200 ng ml 1 netrin for 30 min 
before 80 M glutamate was introduced. After 16–18 h, propidium iodide 
and Hoechst 33342 were added. The stained neurons were fixed and studied 
under a fluorescent microscope. Neuronal apoptosis was also verified with 
an independent approach, namely the caspase-3-activated fluorescent dye 
MR(DEVD)2. Because of its sensitivity, 80 M glutamate was added to Fyn /  
cortical neurons to trigger apoptosis for 12–14 h.

njection of adenovirus into mouse hippocampus. We determined the viral 
titre by measuring the number of infected HEK293 cells expressing GFP, and 
adjusted all viral stocks to 108 plaque-forming units l 1 before use. For injection 
of adenoviral vectors into the hypothalamus, we anaesthetized male C57BL/6J 
mice aged 8–12 weeks (n = 6 per group) with 2.5% avertin. We performed stan-
dard surgical procedures to inject adenoviral vectors expressing either PIKE-L-
specific or UNC5B-specific siRNA with GFP or expressing GFP alone with the use 
of a stereotaxic table (David Kopf Instruments). The experiment was conducted 
as described previously30. After 4 days, we administrated 25 mg kg 1 kainic acid 
intraperitoneally. After a further 5 days, the hippocampal regions were dissected 
and homogenated, and analysed by immunoblotting.

Statistical analysis. Results are expressed as means  S.D. calculated from the 
specified numbers of determinations. Student’s t-test was used to compare indi-
vidual data with the control value.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure 1 Fyn phosphorylates both PIKE-L and UNC5B and regulates the 
interaction. Active Fyn tyrosine kinase binds UNC5B and phosphorylates 
UNC5B. UNC5B was cotransfected with various tyrosine kinases into 
HEK293T cells. The transfected tyrosine kinases were immunoprecipitated 
and analyzed with anti-HA-HRP and PY99 antibodies, respectively. Only 
active fyn selectively bound UNC5B and phosphorylated it (top left and 
middle panels). Verification of transfected constructs (left lower panels). The 
associated active FynA was also tyrosine phosphorylated (middle 2nd panel). 
Confirmation of transfected UNC5B, fyn and Src A (right panel). (B) Active fyn 
tyrosine kinase binds and phosphorylates PIKE-L. PIKE-L was cotransfected 

with various tyrosine kinases into HEK293T cells. Only active fyn specifically 
bound PIKE-L and phosphorylated it (left and middle panels). Reciprocal 
immunoprecipitation verified the similar results (right panels). (C) Active Fyn 
triggers the interaction between PIKE-L and UNC5B. HEK293T cells were co-
transfected with myc-PIKE-L, UNC5B-HA in the presence of fynA or fynD. The 
expression of PIKE-L, UNC5B and fyn were determined by western blotting. 
PIKE-L strongly bound to UNC5B in the presence of fynA but not fynD (left 
top panels). FynA but not FynD provoked tyrosine phosphorylation in PIKE-L 
and UNC5B (middle top panels). Compared to fynD sample, PIKE-L apoptotic 
cleavage was decreased when cotransfected with fynA (right lower panel). 
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Figure 2 PIKE-L interacts with DCC and mediates its association with 
UNC5B (A) In vitro binding between PIKE-L and DCC. Purified GST control, 
GST-DCC-CTD, GST-DCC-CTD-ΔP3 recombinant proteins were respectively 
incubated with cell lysates of HEK293, transfected with myc-PIKE-L. 
PIKE-L selectively bound to both DCC-CTD and ΔP3 but not GST control. 
(B) PIKE-L binds DCC in HEK293T cells. Flag-DCC was co-transfected with 
PIKE-L and its fragments into HEK293T cells. PIKE-L full-length showed 
the strongest binding with DCC (top panel). Verification of transfected 
constructs (middle and bottom panels). (C) Interaction of PIKE-L and DCC is 
not regulated by fyn. Brain homogenates from wild-type and fyn-/- mice were 
immunoprecipitated by anti-DCC and control IgG, respectively, followed by 
immunoblotting with anti-PIKE antibody. PIKE-L bound to DCC regardless of 
Fyn expression. (D) PIKE-L and Fyn mediate UNC5B and DCC association. 
UNC5B and DCC were cotransfected with either PIKE-L or Fyn into HEK293 
cells, followed by netrin-1 treatment. UNC5B was immunoprecipitated 

with anti-HA antibody, its associated proteins were analyzed with anti-myc 
antibody. In the absence of netrin-1, DCC did not bind to UNC5B; however, 
in the presence of PIKE-L or Fyn, DCC tightly associated with UNC5B 
even in the absence of netrin-1. Netrin-1 treatment further enhanced the 
interaction between DCC and UNC5B (top panel). Confirmation of transfected 
constructs (2nd to bottom panels). (E) PIKE-L does not regulate DAP-kinase 
autophosphorylation. HEK293T cells were transiently transfected with a 
control vector or Myc-tagged PIKE-L vector together with HA- tagged-UNC5B 
and Flag-tagged DAP-kinase expressing constructs. Recombinant netrin-1 
was added 48 h after transfection. Pull-down with a phospho-serine308-
DAPK antibody followed by western blot using anti-Flag was performed. 
Overexpression of PIKE-L did not mediate DAPK autophosphorylation, 
whereas netrin-1 treatment slightly increased DAPK phosphorylation 
irrespective of PIKE-L expression (top panels). Verification of transfected 
DAPK, UNC5B and PIKE-L constructs (2nd, 3rd and bottom panels).
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Figure 3 Netrin-1 deficiency triggers apoptosis in cerebral aqueduct 
around ventricular zone (A) TUNEL staining on wild-type and netrin-1 
knockout embryonic brain sections (E18). Evident TUNEL staining was 
found around the cerebral aqueduct region with most concentrated in 
the ventrolacteral periaqueductal gray area. No apoptosis was detected 

in other regions. Eighteen embryos were analyzed in this experiment. 
(B) Immunohistochemistry staining of UNC5B and DCC. DCC and 
UNC5B were expressed in the region close to the Aqueduct (white 
arrows) in both wild-type and Netrin -/- mouse brain. Bar =  
50 μm 

Netrin-1 -/- +/+A

B
UNC5B DCC
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Figure 4 Depletion of PIKE-L and Fyn enhances UNC5B surface expression 
in hippocampal neurons (A) Depletion of PIKE-L upregulates UNC5B 
surface expression. 14 DIV hippocampal neurons were infected with control 
adenovirus or adenovirus expressing wild-type PIKE-L or its shRNA. The 
infected neurons were treated with netrin-1 or PMA. Cell were live-labeled 
to immunostain surface UNC5B or fixed and permeabilized to stain the 
internalized UNC5B. The ratios between surface and internalized were 
calculated. Removal of PIKE-L increased UNC5B surface expression, which 
was enhanced by PMA treatment. Nevertheless, overexpression of PIKE-L 
diminished UNC5B surface expression. (*P<0.05; student t-test). (B) 
Knockout Fyn enhances UNC5B surface expression. Hippocampal neurons 

were cultured from wild-type and Fyn -/- mice. The wild-type neurons were 
pretreated with 100 nM wortmannin or 10 μM LY294002 for 30 min, 
respectively. The drug-treated neurons were stained as described. The 
ratios between surface and internalized were calculated. Depletion of Fyn 
increased UNC5B surface expression. Netrin-1 treatment decreased surface 
expression. However, PI 3-kinase inhibitors have no effect on UNC5B 
surface expression. (*P<0.05; student t-test). (C) Immnofluorescent staining 
of UNC5B. Surface or intracellular UNC5B was stained in hippocampal 
neurons from Fyn knockout hippocampal neurons. Neurons were live-labeled 
to immunostain surface UNC5B (right), then fixed and permeabilized to 
immunostain intracellular UNC5B (left).
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Figure S5 PIKE-L contributes to netrin-1-induced axonal F-actin polymerization 
(A) Immunofluorescent staining of F-actin and PIKE-L on cortical neurons. 
Rat E17 cortical neurons were infected with control or sh-RNA-PIKE-L virus 
for 6 hours, then changed medium and cultured for additional 48 hours. 
Prior to fixation and staining, netrin-1/control medium was treated for 1 hour. 

The fixed neurons were stained with anti-PIKE-L (red) + FITC-conjugated 
phalloidin (green). Netrin-1-induced filamentous actin (F-actin polymerization), 
particularly at neurite growth cones, was abolished by shRNA-PIKE-L. The 
circled regions were amplified at the bottom of the figure. (B) Quantification of 
actin polymerization on control and sh-RNA PIKE-L-infected neurons.
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L E T T E R S

The Patched dependence receptor triggers apoptosis 
through a DRAL–caspase-9 complex
Frédéric Mille1,3, Chantal Thibert1,3, Joanna Fombonne1, Nicolas Rama1, Catherine Guix1, Hideki Hayashi2, 
Véronique Corset1, John C. Reed2 and Patrick Mehlen1,4

Sonic hedgehog (Shh) and its main receptor, Patched (Ptc), are 
implicated in both neural development and tumorigenesis1,2. 
Besides its classic morphogenic activity, Shh is also a survival 
factor3,4. Along this line, Ptc has been shown to function as 
a dependence receptor; it induces apoptosis in the absence 
of Shh, whereas its pro-apoptotic activity is blocked in 
the presence of Shh5. Here we show that, in the absence 
of its ligand, Ptc interacts with the adaptor protein DRAL 
(downregulated in rhabdomyosarcoma LIM-domain protein; 
also known as FHL2). DRAL is required for the pro-apoptotic 
activity of Ptc both in immortalized cells and during neural 
tube development in chick embryos. We demonstrate that, 
in the absence of Shh, Ptc recruits a protein complex that 
includes DRAL, one of the caspase recruitment (CARD)-domain 
containing proteins TUCAN (family member, 8) or NALP1 (NLR 
family, pyrin domain containing 1) and apical caspase-9. Ptc 
triggers caspase-9 activation and enhances cell death through 
a caspase-9-dependent mechanism. Thus, we propose that 
in the absence of its ligand Shh the dependence receptor Ptc 
serves as the anchor for a caspase-activating complex that 
includes DRAL, and caspase-9.

There are now more than a dozen identified dependence receptors, which 
include DCC6 (deleted in colorectal cancer), UNC5H (uncoordinated 
5 homologue), some integrins, neogenin, p75NTR (p75 neurotrophin 
receptor), RET (rearranged during transfection), ALK (anaplastic lym-
phoma kinase), EphA4 (ephrin type A receptor 4) and TrkC (tyrosine 
kinase receptor C)7–10. They share several features in common (see 
reviews)7,8: (i) these receptors create cellular states of dependence on 
their respective ligands as they induce programmed cell death in the 
absence of their ligands and this pro-apoptotic activity is inhibited in 
the presence of their ligands; (ii) these receptors are typically involved 
in both neural development and neoplasia; (iii) apoptosis induction 
requires a caspase-cleavage site in the intracytoplasmic domain.

Ptc fulfills all of these criteria as a candidate dependence receptor. The 
expression of Ptc induces apoptosis, which is suppressed by its ligand, 
Shh. Besides its key role during development, Ptc is a tumour suppressor 
and mutations of Ptc are associated with neoplasia, especially basal cell 
carcinomas11 and medulloblastomas12. Moreover, apoptosis induction by 
Ptc requires the caspase-cleavage site at Asp 1392 (ref. 5).

However, the mechanism by which the withdrawal of trophic ligands 
from their respective dependence receptors leads to apoptosis is largely 
unknown. Previous studies on DCC have suggested that some of these 
dependence receptors may recruit a caspase-activating complex13. This 
complex, comprising the initiator apical caspase-9, is independent of 
the two main apoptosis-related caspase-activating complexes, the DISC 
(death-induced signalling complex) and the apoptosome14. Yet, the pre-
cise identification of such an apoptosis-inducing dependence receptor 
complex has been unsuccessful so far.

In an attempt to identify pro-apoptotic signalling components downs-
stream of Ptc, a two-hybrid screen was performed using the pro-apop-
totic domain of Ptc (residues 1165–1392; ref. 5) as bait and a human 
embryonic brain cDNA library as prey (Fig 1a). Of the seven putative 
Ptc interactors (Supplementary Information, Fig S1a), we focused our 
attention on DRAL. Indeed, DRAL is a multifunctional protein that 
consists of four and a half LIM protein–protein interaction domains15. 
DRAL participates in cellular processes that include regulation of gene 
expression, cytoarchitecture, cell adhesion, cell mobility, signal transduc-
tion and cell survival15. Interestingly, DRAL overexpression seems to be 
pro-apoptotic in a variety of cells, however, the mechanism for DRAL-
induced apoptosis is unknown16. DRAL has also been shown to interact 
with TUCAN17, which was proposed to function as an adaptor protein 
for caspase-1 (ref. 18) or caspase-9 (ref. 19).

To further confirm the interaction between the Ptc pro-apoptotic 
domain and DRAL, a targeted two-hybrid screen was performed. As 
shown in Fig. 1b, residues 1165–1392 of Ptc and DRAL interact in 
yeast. To monitor whether this interaction could be observed in mam-
malian cells, co-immunoprecipitation studies were performed on 
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Figure 1 The pro-apoptotic domain of Ptc interacts with DRAL. (a) A two-
hybrid screen with the pro-apoptotic domain of Ptc-1. 7IC refers to the 
seventh intracellular domain. (b) The Ptc–DRAL interaction was confirmed 
by a direct two-hybrid screen. AH109 yeasts were transformed with a mock 
Gal4BD plasmid and a Gal4AD plasmid fused with DRAL (DRAL), a mock 
Gal4AD plasmid and a Gal4BD plasmid fused with the Ptc pro-apoptotic 
domain (Ptc) or a Gal4AD plasmid fused with DRAL and a Gal4BD plasmid 
fused with Ptc (DRAL + Ptc). (c) Co-immunoprecipitations were performed 
on HEK293T cells transiently expressing Ptc–HA (Ptc) or DRAL–FlagM2 
(DRAL) or Ptc–HA and DRAL–FlagM2 (Ptc + DRAL) in the absence (–) 
or presence (+) of Shh (300 ng ml–1). Pulldown with an anti-HA antibody 
was used to immunoprecipitate (IP) Ptc and DRAL was revealed by 
western blotting (WB) using an anti-FlagM2 antibody. Western blotting 
on lysates before pulldown are shown (Total). (d) The same experiment as 
in c was performed, except DRAL pulldown was performed with an anti-
FlagM2 antibody and specific Ptc binding was revealed using an anti-HA 
antibody. See Supplementary Information, Fig. S7a for full blots. (e) DRAL 
co-immunoprecipitates with Ptc, but not with Ptc lacking its seventh 
intracellular domain (PtcΔ7IC). Pulldown results of Ptc in lysates from cells 

expressing DRAL–FlagM2 (DRAL) and Ptc–HA (Ptc) or PtcΔ7IC are shown. 
DRAL was revealed by western blotting using an anti-FlagM2 antibody. (f) 
Co-localization of Ptc and DRAL in transiently transfected HEK293T cells. 
Cells were stained with anti-Ptc (Ptc, green) and anti-DRAL (DRAL, red) 
antibodies. A representative field from three independent experiments is 
shown. See Supplementary Information, Fig. S1c for merge fluorescence 
analysis at the plasma membrane at positions 1 and 2. Phase contrast of 
transfected cells is shown (bottom right). (g) Co-immunoprecipitation of 
Ptc with DRAL deletion mutants was performed as described in c on cells 
expressing Ptc–HA and DRAL–FlagM2, DRALΔLim1–FlagM2 or DRALΔLIM1+2–
FlagM2. The presence of DRAL was revealed using an anti-FlagM2 antibody. 
(h, i) Co-localization of endogenous Ptc and DRAL in Daoy medulloblastoma 
cells (h) or in primary cultured cerebellar granule neurons (i), in the presence 
or absence of Shh. Cells were stained as described in f. See Supplementary 
Information, Fig. S1e for merge fluorescence analysis at positions 1, 2 and 3 
in h. (j) Immunoprecipitation on mice cortex of E16.5 embryos incubated in 
absence (–) or presence (+) of Shh was performed using an anti-Ptc antibody 
(or IgG as a control) and DRAL was detected by immunoblotting using an 
anti-DRAL antibody. Scale bars, 5 μm in f, h and i. 
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HEK293T cells co-transfected with tagged Ptc and DRAL. As shown 
in Fig. 1c, full-length DRAL was pulled down by full-length Ptc. When 
Shh was added to the culture medium, the Ptc–DRAL interaction was 
strongly decreased (Fig. 1c). Similar interaction data were observed when 
the reverse immunoprecipitation was performed (Fig. 1d). Moreover, as 
expected from the two-hybrid screen, the seventh intracellular region of 
Ptc, which includes the pro-apoptotic domain, was sufficient to interact 
with DRAL (Supplementary Information, Fig. S1b), whereas deletion of 
this region prevented the Ptc– DRAL interaction (Fig. 1e).

Confocal analysis of the two co-expressed full-length proteins 
showed co-localization of Ptc and DRAL in HEK293T cells (Fig. 1f; 
Supplementary Information, Fig. S1c). In an attempt to define the region 
of DRAL important for the Ptc–DRAL interaction, we tested whether 
DRAL lacking LIM domains 1 and 2 could be pulled down by Ptc. While 
deletion of the LIM1 domain had no effect on the Ptc–DRAL interac-
tion, deletion of both LIM1 and LIM2 domains, or deletion of the LIM2 
domain only, strongly decreased the ability of DRAL to interact with 
Ptc (Fig. 1g; Supplementary Information, Fig. S1d). Thus, both in yeast 

and in mammalian cells, Ptc interacts through its seventh intracellular 
domain with a region of DRAL that includes the LIM2 domain.

To address whether this interaction may be observed not only with 
ectopically expressed proteins but also with endogenous proteins, Ptc–
DRAL co-localization was analysed in the Daoy medulloblastoma cell 
line in the absence or presence of Shh. In the presence of Shh, DRAL 
was mainly cytoplasmic and failed to co-localize with Ptc, in the absence 
of Shh, DRAL and Ptc clearly co-localized at the membrane of these 
cells (Fig. 1h; Supplementary Information, Fig. S1e). Similar results 
were obtained with primary cultured cerebellar granule cells (CGN; 
Fig. 1i; Supplementary Information, Fig. S1f). We then addressed the 
in vivo interaction of Ptc and DRAL using co-immunoprecipitation in 
mouse developing brain extract. Semi-dissociated embryonic day (E) 
16.5 brains were either left untreated or exposed to Shh, and then fur-
ther processed for Ptc immunoprecipitation. In the absence of Shh treat-
ment, an anti-Ptc antibody pulled down DRAL, whereas Ptc–DRAL 
association was not observed with an unrelated isotypic antibody, 
confirming the specificity of the interaction. Addition of Shh inhibited 
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Figure 2. DRAL is required for Ptc pro-apoptotic activity. (a) HEK293T cells 
were transiently transfected with an empty vector, scrambled siRNA 
(scramble) or DRAL siRNA (si DRAL). At 48 h after siRNA transfection, 
cells were transfected a second time with an empty vector (control), a Bax 
encoding vector (Bax) or a Ptc encoding vector (Ptc) in the absence or 
presence of caspase inhibitor zVAD-fmk (zVAD). Cell death was analysed 24 
h after the second transfection using trypan blue exclusion as described 
peviously5 (data are mean ± s.d.). DRAL siRNA efficiency in reducing 
endogenous DRAL expression was shown by western blotting using an 
anti-DRAL antibody. An anti-GAPDH immunoblot is shown as a control of 
specificity and loading. (b) DRAL function in Ptc-induced apoptosis was also 
addressed in vivo in the absence of Shh, as achieved in chick embryos in ovo 

at E1.5 by removal of the caudal part of the Hensen node by microsurgery. 
Before the microsurgery, the left side of the neural tube was electroporated 
with GFP and DRAL shRNA or scrambled shRNA. Electroporation efficiency 
is shown (top; GFP) as is TUNEL staining of the same section (bottom; 
TUNEL). Scale bar, 100 μm. (c) The index of TUNEL-positive cells is 
represented as the ratio between the number of cells stained under the 
DRAL shRNA condition (shDRAL-electroporated side) to the number of 
cells stained under the control condition (Non-electroporated side) counted 
over 15 sections. Data are mean ± s.e.m., P = 0.008 as determined by U 
test. Note that DRAL shRNA electroporation alone or forced expression of 
DRAL had no significant effect on cell death (Supplementary Information,. 
Fig. 2e, f).
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Figure 3 Ptc–DRAL serves as a platform to recruit TUCAN or NALP1 and 
caspase-9. (a) Ptc pulldown in HEK293-EcrShh cells transfected with either 
Ptc (Ptc–HA), DRAL (DRAL–FlagM2), TUCAN (TUCAN–Myc) or caspase-9 
dominant negative (caspase-9 DN–HA) alone or the four constructs together 
in the absence (P D T C9 – Shh) or presence (P D T C9 + Shh) of Shh. DRAL, 
TUCAN and caspase-9 interaction with Ptc were revealed by anti-FlagM2, anti-
Myc or anti-caspase-9 immunoblots, respectively (IP, immunoprecipitation; 
WB, western blotting). See Supplementary Information, Fig. S7b for full blots. 
(b) TUCAN immunoprecipitation from HEK293T cells transfected with Ptc–HA, 
DRAL–FlagM2, TUCAN–Myc or caspase-9 DN–HA alone or the four constructs 
together in the absence (P D T C9 – Shh) or presence (P D T C9 + Shh) of Shh. 
Ptc and caspase-9 were revealed after pulldown with an anti-HA immunoblot 
and TUCAN was revealed with an anti-TUCAN antibody (Total: immunoblots 
on lysate before pull-down). (c) Schematic representations of TUCAN, the 
TUCAN mutant deleted of its N-terminal domain (TUCANΔNTer), NALP1 and 
ASC. Note the FIIND domain homology between TUCAN and NALP1 in their 

N-terminal region. (d) TUCAN immunoprecipitation (using an anti-TUCAN 
antibody with an epitope in the CARD domain) in HEK293T cells transfected 
with an empty vector and Ptc (Ptc–HA), TUCAN (TUCAN), N-terminal-deleted 
TUCAN (TUCANΔNter) or Ptc with either TUCAN (Ptc + TUCAN) or N-terminal-
deleted TUCAN (Ptc + TUCANΔNter). Ptc was revealed in pulldown experiments 
by anti-HA immunoblotting. (e) Ptc pulldown experiments in HEK293T cells 
transfected with an empty vector and Ptc (Ptc–HA) or NALP1 (NALP1–Myc) 
or Ptc and NALP1 (Ptc + NALP1). NALP1 pull-down with Ptc was revealed by 
immunoblotting using anti-Myc. (f) Co-immunoprecipitations were performed 
as in a except that TUCAN was replaced by NALP1 (NALP1–Myc). (g) Ptc 
pulldown experiments were performed on HEK293T cells transfected with Ptc 
(Ptc), caspase-9 DN (caspase-9 DN–HA), caspase-1 DN (caspase-1 DN–Myc) 
or ASC (ASC–Myc) alone or in combination with Ptc (Ptc + caspase-9 DN–HA; 
Ptc + caspase-1 DN–Myc; Ptc + ASC–Myc). Caspase-9, caspase-1 or ASC 
pulled down by Ptc were detected using anti-HA or anti-Myc antibodies. See 
Supplementary Information, Fig. S7c for full blots.
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the association of DRAL with Ptc (Fig. 1j). Thus, Ptc directly interacts 
with DRAL both in cell culture and in the developing brain, and this 
interaction is prevented by Shh.

As a first assay to monitor the functional role of the Ptc–DRAL inter-
action, Ptc-induced cell death was assessed by Ptc transient expres-
sion in HEK293T cells5 after DRAL gene silencing by short interfering 
RNA (siRNA). DRAL siRNA dramatically reduced endogenous DRAL 
expression in HEK293T cells, whereas the control siRNA did not (inset, 
Fig. 2a). Ptc-induced cell death was reduced when DRAL was downregu-
lated by siRNA (Fig. 2a). In contrast to Ptc, overexpression of the classic 
cell-death inducer Bax triggered HEK293T cell death to a similar extent 
irrespective of DRAL siRNA expression. Thus, in immortalized cells, Ptc 
requires DRAL to trigger cell death.

We next analysed whether Ptc-induced cell death requires DRAL 
in vivo. Whereas it has been extensively demonstrated that Shh acts 
as a morphogen during nervous system development1, several studies 
have shown that Shh may also act as a survival factor4,20. Consistently, 
it has been shown that the experimental withdrawal of Shh in chick 
embryos leads to massive death of neuroepithelial cells in the develop-
ing neural tube3,20. We have demonstrated that this survival activity is 
due to Shh-induced inhibition of Ptc pro-apoptotic activity5. In initial 
studies, we and others used surgical procedures to prevent Shh pro-
duction by the notochord and floor plate. We investigated whether a 
similar effect could be observed by the ectopic expression of HHIP1 
(hedgehog-interacting protein 1), a protein known to inhibit Shh sig-
nalling through direct interaction21. The left side of the developing 
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Figure 4 TUCAN/NALP1 and caspase-9 are required for Ptc-induced 
apoptosis. (a) TUCAN siRNA efficiency and specificity is shown by western 
blotting of endogenous TUCAN protein in HEK293T cells expressing 
scrambled siRNA (scramble), TUCAN siRNA (si Tu) or caspase-9 siRNA 
(si C9). The same was done with NALP1, but NALP1 siRNA efficiency was 
assessed in HEK293T cells overexpressing NALP1. An anti-actin immunoblot 
is shown as a control of specificity and loading. See Supplementary 
Information, Fig. S7d for full blots. (b) HEK293T cells were transfected 
with an empty vector (control), Bax or Ptc either without treatment (–) or 
in the presence of caspase inhibitor zVAD-fmk (zVAD), scrambled siRNA 
(scramble) or TUCAN siRNA plus NALP1 siRNA (si Tu + N) and cell death 
was analysed using a trypan blue exclusion assay. (c) Ptc-induced caspase 
activation is inhibited by a combination of TUCAN siRNA plus NALP1 siRNA 
as measured by relative caspase-3 activity. HEK293T cells were transfected 
with mock vector pcDNA3 (control) or with Ptc in the presence of scrambled 
siRNA (scramble) or TUCAN siRNA plus NALP1 siRNA (si Tu + N). The 

index of relative caspase activity is presented as the ratio of the caspase 
activity of the sample to that measured in the control. Cell death was also 
compared in primary cultured cerebellar granule neurons from either a CBA/J 
or a C57Bl/6/J genetic background when deprived of Shh. Whereas death 
of primary neurons was detected in the CBA/J culture, no cell death was 
detected in the C57Bl/6/J culture (Supplementary Information, Fig. S3). 
(d) HEK293T cells were transfected with an empty vector (control), Bax 
or Ptc either without treatment (–) or in the presence of zVAD-fmk (zVAD), 
scrambled siRNA (scramble), caspase-8 siRNA (si C8) or caspase-9 siRNA 
(si C9) and cell death was analysed using a trypan blue exclusion assay. 
Caspase-8 and 9 siRNA efficiencies are shown by western blotting using anti-
caspase-8 and 9 antibodies. An anti-actin western blot is shown as a control 
of specificity and loading. (e) HEK293T cells were co-transfected with an 
empty vector (control), Bax or Ptc plus either an empty vector (–), caspase-8 
dominant-negative (C8 DN) or caspase-9 dominant-negative (C9 DN). Cell 
death was analysed as in d. In b–e, data are mean ± s.d., n = 3.
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neural tube of HH11-13 chick embryos was co-electroporated in ovo 
with green fluorescent protein (GFP) and either a control or HHIP1 
expression construct. Whereas GFP was detected after electroporation, 
a significant increase in apoptosis, measured by TUNEL (TdT-mediated 
dUTP nick end labelling) staining, was observed in HHIP1 electropo-
rated neural tubes compared with mock electroporated embryos (as 
shown in Supplementary Information, Fig. S2a, b). To further confirm 
that this HHIP1-dependent cell death was related to the loss of Shh 
inhibition of Ptc-induced apoptosis, a dominant-negative mutant of Ptc5 
was co-electroporated with HHIP1. Consistent with our previous data5, 
the Ptc dominant-negative mutant inhibited HHIP1-induced apoptosis 
(Supplementary Information, Fig. S2a, b). Thus, HHIP1 electroporation 
triggers Ptc-induced apoptosis in vivo. We then assessed the importance 
of DRAL in Ptc-induced cell death by co-electroporating HHIP1 with a 
DRAL short hairpin RNA (shRNA)-expressing construct that is effec-
tive at inhibiting chick DRAL expression (Supplementary Information, 
Fig. S2c). Whereas scrambled shRNA failed to suppress HHIP1-induced 

apoptosis, DRAL shRNA significantly inhibited HHIP1-induced apop-
tosis (Supplementary Information, Fig. S2a, b). Moreover, similar inhi-
bition by DRAL shRNA was observed when electroporation of HHIP1 
was performed more ventrally through the use of an electrode located 
below the neural tube (Supplementary Information, Fig. S2d). It is, how-
ever, intriguing to note that HHIP1-electroporations were associated 
with cell death occurring mainly in the middle third and the dorsal 
third of the neural tube, but only modestly in the third ventral neural 
tube. The discrepancy between this apparent dorsal cell death and the 
higher Shh level detected ventrally, raised the possible limitation of 
Shh titration by HHIP1. However, similar cell-death inhibition after 
DRAL shRNA electroporation was observed when Shh production was 
reduced using a surgical procedure3,5 (Fig. 2bc). Thus, together these 
data support the view that cell death induced after inhibition of Shh in 
the developing neural tube requires DRAL. 

DRAL has been shown to interact with TUCAN, a protein initially 
thought to bind to caspase-9 (ref. 19). Because caspase-9 has been 
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Figure 5 Ptc pro-apoptotic complex recruits and activates caspase-9. (a) 
HEK293-EcRShh cells were transfected with either an empty vector (control) 
or Ptc encoding vector in the absence (Ptc) or in the presence (Ptc + Shh) of 
Shh (induction with Muristerone A plus addition of 300 ng ml–1 of recombinant 
Shh). The cell lysates were subjected to a caspase-9 activity assay over time 
using the LEHD-AFC substrate of caspase-9. Data are mean ± s.d., n = 4. (b) 
HEK293-EcRShh cells were transfected with DRAL–FlagM2, TUCAN–Myc and 
caspase-9 dominant negative (DN)–HA vectors plus an empty vector (D T C9), 
Ptc vector in the absence of Shh (P D T C9) or in the presence of Shh (P D T 
C9 + Shh; induction by Muristerone A plus recombinant Shh), or Ptc deleted of 

its seventh intracellular domain (PΔ7IC D T C9). Cell lysates were separated by 
gel filtration chromatography. Fractions were then analysed by western blotting 
for caspase-9, Ptc and Shh. The numbers of the fractions and the fractions 
in which the molecular mass markers were eluted are shown. (c) The 20 first 
fractions were pooled and Ptc pulldown experiments were performed. Anti-HA 
and anti-Myc immunoblots showed that caspase-9 and TUCAN interact with 
Ptc in these high molecular weight fractions. The relative quantity of proteins of 
interest (caspase-9 and TUCAN) in cell lysates of each condition was checked 
by immunoprecipitation and western blotting with anti-caspase-9 and anti-
TUCAN antibodies, respectively.
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implicated in the pro-apoptotic activity of many dependence recep-
tors9,13, we explored whether TUCAN might be part of a Ptc–DRAL 
complex that could allow the recruitment of caspase-9, using co-immu-
noprecipitation experiments with HEK293 cells. As shown in Fig. 3a, 
Ptc immunoprecipitation resulted in the pulldown of DRAL, TUCAN 
and caspase-9. Similarly, TUCAN immunoprecipitation pulled down 
Ptc and caspase-9 (Fig.3b). Interestingly, the presence of Shh strongly 
inhibited the interaction between TUCAN and Ptc, while also decreas-
ing the interaction between TUCAN and caspase-9 (Fig. 3ab). Thus, in 
the absence of the dependence ligand Shh, Ptc allows the recruitment 
of a complex that includes DRAL, TUCAN and caspase-9.

TUCAN is composed of two main domains: a FIIND domain located 
in the amino-terminal region and a CARD domain at the carboxyl ter-
minus which is known to interact with caspases (see scheme, Fig. 3c). 
Interestingly, deletion of the N-terminal region of TUCAN is sufficient 
to abrogate the interaction of Ptc–DRAL with TUCAN (Fig. 3d). This 
N-terminal domain is closely related to a domain found in NALP1 (NLR 
family, pyrin domain containing 1; 66% homology in human), another 
CARD domain-containing protein known to recruit caspases that has 
been implicated in both cell death regulation and inflammation22,23 
(Fig. 3c). Using a similar co-immunoprecipitation approach, NALP1 
was also pulled down with Ptc, but this interaction was strongly reduced 
in the presence of Shh (Fig. 3e, f). A control for specificity, ASC (apop-
tosis speck protein) a protein related to NALP1, failed to interact with 
Ptc (Fig. 3c, g). Interestingly, whereas TUCAN-knockdown by TUCAN 
siRNA expression (Fig. 4a), was not sufficient to fully and reproducibly 
inhibit Ptc-induced cell death (data not shown), TUCAN and NALP1 
siRNA co-expression completely inhibited the cell death observed after 
Ptc transfection in HEK293T cells (Fig. 4bc). Thus, NALP1 or TUCAN 
behave as adaptor proteins of the Ptc–DRAL complex, which includes 
caspase-9 and seems to be required for Ptc-induced cell death. Even 
though TUCAN and NALPs have been implicated in the classic sur-
vival pathway NF–κB (nuclear factor kappa-light-chain-enhancer of 
activated B cells) regulation22,24 we were able to exclude a putative link 
between the NF-κB pathway and the regulation of Ptc pro-apoptotic 
activity (Supplementary Information, Fig. S4a–c). Moreover, because 
TUCAN and NALP1 have been shown to also interact with caspase-1 
(refs 18, 22, 25), we next investigated the specificity of caspase-9 recruit-
ment to Ptc. Although Ptc interacted with caspase-9 after expression in 
HEK293T cells, Ptc failed to pulldown caspase-1 (Fig. 3g). Thus, the 
Ptc–DRAL interaction represents an anchor for a specific TUCAN/
NALP1-caspase-9-containing complex.

To assess the importance of this DRAL–TUCAN/NALP1–caspase-9 
complex in Ptc-mediated cell apoptosis, we next assessed whether Ptc-
induced apoptosis requires caspase-9. As shown in Fig. 4d, whereas Ptc-
induced cell death in HEK293T cells (and Bax-induced cell death as a 
control) was not modulated by siRNA-induced caspase-8 knockdown, it 
was strongly inhibited by siRNA-induced caspase-9 knockdown (Fig.4d 
inset). Similar results were obtained when dominant-negative mutants 
for caspase-8 and caspase-9 were used instead of siRNAs (Fig. 4e) or 
when using chemical caspase inhibitors (data not shown). To further 
address the requirement of caspase-9 in a biological system where 
endogenous Ptc induces apoptosis after Shh deprivation, developing 
neural tubes of HH11-13 chick embryos were co-electroporated in ovo 
by GFP and a HHIP1 expression construct together with a dominant-
negative mutant for caspase-9. While HHIP1 electroporation triggered 

apoptosis, co-electroporation with the mutant strongly inhibited Ptc-
mediated apoptosis (Supplementary Information, Fig. S5a, b).

Given that Ptc interacts with caspase-9 (through a DRAL–TUCAN/
NALP1 complex) and that Ptc requires caspase-9 to trigger apoptosis 
both in immortalized cells in culture and in the developing neural tube 
in vivo, we hypothesized that ligand-free Ptc activates caspase-9. To 
investigate this possibility, we analysed the activity of caspase-9 by meas-
urement of LEHD–AFC substrate cleavage in HEK293 cells transfected 
with Ptc. As shown in Fig. 5a, Ptc triggered caspase-9 activity whereas 
the presence of Shh strongly decreased this Ptc-induced effect. We 
next analysed whether this activation is associated with the formation 
of large caspase-9-containing complexes, by analogy to other initiator 
caspase-activating complexes26. To this end, gel-exclusion chromatog-
raphy analysis of caspase-9 was performed using lysates from control 
and Ptc-expressing HEK293 cells. Although in the absence of Ptc, cas-
pase-9 was detected at a small exclusion size (relative molecular mass, 
Mr, 50,000–100,000, 50K–100K), the presence of Ptc triggered a shift 
of caspase-9 toward the higher molecular weight fractions, such that 
caspase-9 was also detected to have Mr in the 1000K-2000K size frac-
tion (Fig. 5b). As a negative control, Ptc deleted of its pro-apoptotic 
domain (seventh intracellular domain) failed to trigger this shift toward 
larger fractions (Fig. 5b). Moreover, the presence of caspase-9 in higher 
fractions observed on Ptc expression was inhibited in the presence of 
Shh (Fig.5b). Interestingly, in the absence of Shh, when caspase-9 was 
detected in the high molecular weight fractions, caspase-9 was present 
in a complex containing Ptc and TUCAN, as shown by co-immunopre-
cipitation experiments (Fig. 5c). When endogenous caspase-9 was pulled 
down by Ptc, the caspase-9 recruited in the Ptc complex was proteolyti-
cally processed (Supplementary Information, Fig. S6), further confirm-
ing that, in the absence of Shh, Ptc induces a complex of high molecular 
mass that includes DRAL and TUCAN (and/or NALP1), which results 
in caspase-9 activation.

Our data support the view that cell-death initiation by the Ptc depend-
ence receptor occurs through the recruitment of a protein complex that 
results in the activation of caspase-9. In this regard, caspase-9 is an initia-
tor or apical protease involved in the control of a downstream cascade 
of caspase activation that leads to apoptosis. Initiator caspases are typi-
cally activated through formation of large multi-protein complexes (see 
review)27. Among the known caspase-activating complexes of mammals 
are the apoptosome (comprising Apaf-1, cytochrome c and caspase-9), 
the DISC (comprising Fas, FADD and caspase-8; ref. 14), the PIDDosome 
(comprising PIDD, RAIDD and caspase-2; ref. 28) and the inflammasome 
(comprising NALPs, ASC, caspase-1 and caspase-5; ref. 22). Here we report 
the existence of a fifth caspase-activating complex that signals downstream 
of the dependence receptor Ptc. Future work will aim to define whether 
this ‘dependosome’ is a common platform for dependence-receptor death 
signalling, as suggested by the interaction of DCC with caspase-9 and the 
requirement of caspase-9 for DCC to trigger cell death13. 

In addition to the adaptor protein DRAL, the Ptc-based activating 
complex also requires either TUCAN or NALP1. Whereas TUCAN 
directly binds to pro-caspase-9 through their CARD-domains, NALP1 
has been reported to indirectly bind through association with the pro-
caspase-9-binding protein Apaf-1 (ref. 29). Whether Apaf-1 can also be 
recruited to the Ptc-dependence receptor complex remains to be inves-
tigated. Similarly, it will be interesting to determine the stoichiometry of 
the Ptc complex that activates caspase-9, as the observation that caspase-9 
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is detected in a complex of Mr 1000K–2000K in Ptc-expressing cells sug-
gests the formation of a multimeric complex, similar to other caspase-
activating platforms. 

METHODS
Methods and any associated references are available in the online version 
of the paper at http://www.nature.com/naturecellbiology

Note: Supplementary Information is available on the Nature Cell Biology website.
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METHODS
Site directed mutagenesis and plasmid constructs. The different constructs used 
in this study are detailed in Supplementary Information, Methods. The pcDNA3-
Ptc-7ICmyr construct was obtained by polymerase chain reaction (PCR) on the 
pcDNA3-Ptc-7IC plasmid with the primers Ptc-myr7IC-F and Ptc-7IC-HA-R. 
The Ptc mutant with the deletion of its seventh intracellular domain (7IC; pRK5–
PtcΔ7IC) was obtained by directed mutagenesis through Quikchange strategy 
(Stratagene) on pRK5-Ptc with mPtc1-Δ7IC-F and mPtc1-Δ7IC-R. For two-hybrid 
screening, the coding sequence of Ptc-7IC from pcDNA3-Ptc-7IC was amplified by 
PCR using the primers mPtc1-Eco-7IC-F and mPtc1-Pst-7IC-R and then inserted 
into pGBKT7 plasmid by digestion through EcoRI-PstI. By directed mutagenesis 
using Quikchange strategy on the resulting plasmid, a stop amino acid was gener-
ated in position 1393, to obtain the pGBKT7-GAL4 DNA-binding domain–Ptc 
1165–1392 fusion plasmid (for primers sequence mPtc1-1393StopQC-F and 
mPtc1-1393StopQC-R, see Supplementary Information, Table S1). The construct 
pcDNA3-DRAL-3×FlagM2ΔLIM2 deleted only of its LIM2 domain was obtained 
by directed mutagenesis with Quikchange strategy using the primers DralΔLim2-F 
and DralΔLim2-R on the plasmid pcDNA3-DRAL-3×FlagM2 as matrix. A pcDNA3 
plasmid encoding haemagglutinin (HA)-tagged DRAL from chicken was generated 
by PCR on cDNAs of one-day-old chick embryos by using the primers Chick-
DRAL-F and Chick-DRAL-R. This plasmid was used as matrix to be amplified by 
PCR DRAL-encoding sequence using the primers pCAGGS-Chick-DRAL-XhoI-F 
and pCAGGS-Chick-DRAL-BglII-R. The PCR product was inserted into a pCAGGS 
vector. The pcDNA3-TUCANΔNTer plasmid was obtained by PCR using the prim-
ers TUCANΔNTerm-F and TUCANΔNTerm-Myc-R on the pcDNA3-TUCAN-
Myc plasmid. For the in ovo chick electroporation, most constructs were based 
in pCAGGS which was also used as empty vector. pCAGGS-caspase-9 dominant 
negative was constructed by subcloning from pcDNA3-caspase-9 dominant nega-
tive13 into a pCAGGS vector. Primers to construct pSilencer1.0-U6 containing small 
interfering hairpins of DRAL mRNA were designed with siRNA Target Designer 
program (Promega). See Supplementary Information, Table S1 for primers.

Cell cultures, transfection procedures, reagents and immunoblotting. Transient 
transfection of HEK293T cells and HEK293 cells expressing Muristerone 
A-inducible Shh (HEK293-EcRShh) was performed as described previously5. 
Daoy cells (ATCC, #HTB-186) were grown in 10% DMEM media on poly-L-
lysine (Sigma)-coated round coverslips. Primary cultured cerebellar granule neu-
rons (CGNs) were prepared from P6-aged mice (NMRI). 5e1 hybridoma cells 
producing a Shh-blocking antibody (Developmental Studies Hybridoma Bank), 
were maintained in 20% DMEM. Immunoblotting was performed as described 
previously6, except antibodies were obtained from different sources and differ-
ent dilutions were used (Supplementary Information, Methods). Recombinant 
Shh-N was from R&D systems. To induce Shh production in HEK293-EcRShh 
cells, Muristerone A (A.G. Scientific Inc.) was used (1 μM).

Yeast two-hybrid screen and co-immunoprecipitation. Matchmaker two-hybrid 
system III (Clontech) was used according to the manufacturer’s instructions, using 
the DNA-binding domain GAL4 fused to Ptc residues 1165–1392 as a bait and the 
GAL4 transcriptional activation domain AD fused to a human fetal brain cDNA 
library (Clontech) as prey. In vitro co-immunoprecipitation were carried out on 
HEK293T or HEK293-EcRShh cells transfected with various tagged constructs 
as described previously13. For experiments requiring Shh, after plating and at the 
time of transfection cells were untreated or treated with Muristerone A, and recom-
binant Shh was added (to a final concentration of 300 ng ml–1) 24 h before collect-
ing the cells. In vivo immunoprecipitations were performed in OF-1 mice cortex 
embryos. Two cortices were dissected from embryonic day (E) 16.5 embryos, cut 
in small species and triturated. Shh-treated cortices were incubated for 40 min 
at 37 °C in conditioned supernatant of HEK293-EcRShh-induced cells in which 
recombinant Shh-N (R&D systems) was added (900 ng per cortex). Non-treated 

cortices were incubated in the same condition in supernatant of non-induced 
HEK293-EcRShh cells and without addition of recombinant Shh-N. Dissociated 
cortices were further processed for immunoprecipitation using μMACS Protein 
G MicroBeads system (Miltenyi Biotec).

Co-localization studies. After transfection or treatment as described in 
Supplementary Information, Materials, HEK293T, Daoy or CGNs cells were 
fixed in 4% paraformaldehyde for 30 min, washed and permeabilized with 0.2% 
Triton X-100 in PBS for 30 min. The coverslips were mounted in crystal/mount 
(Biomeda) and photographed with a Zeiss Axioplan2 LSM510 confocal micro-
scope. Profiles were created using Axiovision 4.0V4.6.1.0 program.

Gel filtration. Gel filtrations were performed as described in Supplementary 
Information, Materials, using size-exclusion chromatography on High Prep 
Sephacryl S300 (HR 16/60) columns using an FPLC protein purification system 
(Biologic HR, Biorad). Proteins were separated with the lysis buffer. Columns 
were calibrated with protein standards (29K–2000K) according to the manufac-
turer’s instructions (Sigma). Aliquots of the fractions were analysed on Criterion 
XT Precast gels (Bis-Tris 4–12%; Biorad) and western blotting. Aliquots of the 
twentieth first fractions were also pooled and used for co-immunoprecipitation 
experiments as described for in vitro co-immunoprecipitation.

Cell death analysis and caspase assays. Cell death was analysed 24 h after trans-
fection using trypan blue staining procedures as described previously5. Cell death 
was also analysed using Toxilight assay (Lonza) according to the manufacturer’s 
instructions. For caspase-9 activity fluorometric assay, HEK293-EcRShh cells 
were treated twice (when seeded and when transfected) with Muristerone A for 
the condition with Shh, and recombinant Shh-N (300 ng ml–1) was added 1 h 
before collecting the cells. Caspase-9 activity was then measured by using the 
caspase-9 fluorometric assay kit (BioVision). Caspase-3 activity was measured by 
using the caspase-3 fluorometric assay kit (BioVision) as described previously5.

Chick in ovo experiments and TUNEL staining on chick embryos. Cell-death 
analysis in the developing chick neural tube was performed using fertilized 
chicken eggs obtained from a local farm and incubated at 38 °C. Embryos were 
staged according to Hamburger and Hamilton (HH). Chick embryos were elec-
troporated with purified plasmid DNA (4.5 μg μl–1; Sigma). For floor plate elec-
troporation, chick embryos of stage HH10-11 were injected with plasmid DNA 
into the lumen of the neural tube and electroporated with specifically designed 
electrodes. In each condition, GFP was co-electroporated to check the electro-
poration efficiency. Chick microsurgery was done as described in previously5, 
except that the electroporation performed before microsurgery was performed 
in only one side of the neural tube. Detection and quantification of apoptosis 
by TUNEL was performed using the In Situ Cell Death Detection Kit (Roche) 
as described previously3. For each embryo, GFP and TUNEL double-positive 
cells of the electroporated and non-electroporated sides of the neural tube were 
counted in more than six sections. The ratio of the number of TUNEL-positive 
cells from the electroporated side to that of the non-electroporated side was then 
calculated. For each condition, results from at least five embryos were used to 
calculate a mean of the ratio. A U test was done to evaluate if the difference 
between various conditions was significant. Fluorescent TUNEL was performed 
as described previously30.

NF-kB luciferase reporter assays. Analysis of NF-kB activation was performed 
according standard luciferase reporter assays as described in Supplementary 
Information, Methods.

30. Furne, C., Rama, N., Corset, V., Chedotal, A. & Mehlen, P. Netrin-1 is a survival factor 
during commissural neuron navigation. Proc. Natl Acad. Sci. USA 105, 14465–14470 
(2008).
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Figure S1 Mapping of Ptc and DRAL domains of interaction. (a) The 
putative seven Ptc partners found by two hybrid screen are shown. (b) 
Co-immunoprecipitations were performed on HEK293T cells transiently 
transfected with empty vector and either Ptc-7ICmyr (Ptc-7IC-HA) or DRAL 
vectors (DRAL-FlagM2) or transfected with Ptc-7ICmyr and DRAL vectors 
(Ptc-7IC + DRAL). Anti-FlagM2 antibody was used to immunoprecipitate 
DRAL (IP αFlagM2) and specific binding of Ptc-7ICmyr was revealed by 
Western blot by using anti-HA antibody. Western blot on lysates before pull 
down is shown (Total). (c) Ptc and DRAL in HEK293T cells co-localize at 
the plasma membrane. Profiles 1 and 2 correspond to Merge fluorescence 
analysis of the two positive transfected cells from the pictures shown in 
Fig1f. These profiles show that Ptc and DRAL fluorescence detection 
superimpose at the plasma membrane. (d) Co-immunoprecipitations were 
performed on HEK293T cells transiently transfected with empty vector 
and Ptc vector (Ptc-HA) or transfected with Ptc and either DRAL (Ptc + 

DRAL) or DRAL deleted of its LIM2 domain vectors (Ptc + DRALΔLIM2). 
Anti-FlagM2 antibody was used to immunoprecipitate DRAL (IP αFlagM2) 
and specific binding of Ptc was revealed by Western blot by using anti-HA 
antibody. Western blot on lysates before pull down is shown (Total). (e) Ptc 
and DRAL in Daoy cells co-localized at the plasma membrane mainly in 
the absence of Shh. Profiles 1, 2 and 3 correspond to Merge fluorescence 
analysis of three positive cells from the pictures shown Fig1h. These 
profiles show that Ptc and DRAL fluorescence detection superimposes 
at the plasma membrane. (f) Ptc and DRAL co-localization in cerebellar 
granular neurons is twice greater in the absence of Shh than in the 
presence of Shh. Total and yellow cells of five large fields were counted. 
The graphic is the representation of the % of the sum of yellow cells over 
the total number of cells counted on 5 randomly chosen fields (137 cells 
total were counted for the condition with Shh and 189 cells total were 
counted for the condition without Shh).
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Figure S2  DRAL is required for Ptc-induced apoptosis in vivo during 
neural tube development. (a) DRAL function in Ptc-induced apoptosis 
was addressed in vivo by lateral electroporation of HHIP1 with or without 
shDRAL-1. In control condition (Cont.), HH 11-13 stage chick embryos were 
electroporated in ovo with GFP and empty vector. In all other conditions, 
embryos were co-electroporated with GFP and HHIP1 with either control 
vector (HHIP1) or Ptc dominant-negative (HHIP1 + Ptc DN) or shDRAL-1 
(HHIP1 + shDRAL-1) or scramble (HHIP1 + scramble). A representative 
image of each condition is presented. Electroporated side of the neural tube 
is on the left side of the figures. Nuclei of cells and electroporation efficiency 
are shown on the left pictures (Dapi + GFP) and fluorescent TUNEL staining 
of the same sections are shown on the right pictures (TUNEL). The number 
of TUNEL positive cells is increased in the HHIP1-electroporated side 
of the neural tube. When co-electroporated with Ptc DN and shDRAL-1, 
HHIP1-induced apoptosis is inhibited. (b) Graphic representation of the 
TUNEL positive cells quantification as the mean of at least four embryos per 
condition (the exact number of embryo per each condition is indicated in the 
graphic). For each condition, the number of TUNEL positive cells in the ¾ 
ventral of the neural tube was quantified with respect to the electroporated 
area (GFP volume). Index of TUNEL positive cells is the ratio between the 
value of each condition and the value in the control condition (GFP). Error 
bars indicate SEM. U test was performed and p values are indicated. (c) A 

pcDNA3 plasmid encoding chicken DRAL HA-tagged was co-transfected 
with scramble or shDRAL-1 in HEK293T cells. Cell lysates were analyzed by 
Western blotting by using anti-HA antibody. Anti-Actin Western blot is shown 
as a control of loading. (d) Floor plate electroporation was performed in ovo 
in HH10-11 stage chick embryos. Conditions Cont., HHIP1 and HHIP1 
+ shDRAL-1 are same as described in (a). Fluorescent TUNEL staining 
was performed. A representative image of each condition is shown. (e) HH 
11-13 stage chick embryos were electroporated with GFP and shDRAL-1 
vectors. A representative image is presented. Electroporated side of the 
neural tube is to the left side of the figures. The section of the embryo is 
shown on top (DAPI). Electroporation efficiency is shown in the picture in 
the middle (GFP) and TUNEL staining of the corresponding section is shown 
in the bottom picture (TUNEL). The number of TUNEL positive cells is not 
modified in the shDRAL-electroporated side of the neural tube. (f) Same as 
in (e) but HH 11-13 stage chick embryos were electroporated in ovo with 
GFP and a vector encoding DRAL of chicken (cDRAL). A representative 
image is presented. Electroporated side of the neural tube is to the left 
side of the figures. The section of the embryo is shown on top (DAPI). 
Electroporation efficiency is shown in the picture in the middle (GFP) and 
TUNEL staining of the corresponding section is shown in the bottom picture 
(TUNEL). The number of TUNEL positive cells is not modified in the cDRAL-
electroporated side of the neural tube. Scale bars : 50 μm. 
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Figure S3 Effect of mice genetic background on Shh survival of primary 
cerebellum granular neurons. Primary culture of cerebellum granular neurons 
were prepared from C56Bl/6/J and CBA/J background mice. After 4 days of 
culture, cells were incubated during 24 hours in the presence of purified 

5e1 antibodies (4 μg/ml) for a condition without Shh (Shh -) or with the 
antibody purification’s buffer for a condition with Shh (Shh +). Cell death in 
each condition for the two genetic backgrounds was then assayed by Toxilight 
assay. Shh inhibition triggers cell death only in the CBA/J background.
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Figure S4 NF-κB pathway in Ptc-induced cell death. (a) HEK293-EcRShh 
cells were transiently co-transfected with Renilla luciferase expressing 
construct, a pFLRG-luciferase reporter and a Ptc-encoding vector in the 
absence of Shh (Ptc) or in the presence of Shh (Ptc + Shh) following both 
Muristerone A treatment plus addition of recombinant Shh. Cell lysates 
were prepared and luciferase activity associated with NF-κB activation 
and consequently with pFLRG driven luciferase reporter was measured in 
triplicate. Luciferase activity values were normalized to Renilla luciferase 
activity values to correct for variability in transfection efficiency between 

wells. Results are representative of at least six separate experiments. (b) 
HEK293T cells were transiently transfected with empty vector (Cont.), Bax 
encoding vector (Bax), Ptc encoding vector (Ptc), NF-κB pathway activator 
IKKβ encoding vector (IKKβ) or Ptc encoding vector plus IKKβ encoding 
vector (IKKβ + Ptc) and cell death was measured by Toxilight assay. The 
presence of IKKβ does not modify Ptc-induced cell death (n=5). (c) The 
efficiency of IKKβ as an activator of NF-κB pathway was checked by 
NF-κB Luciferase assay on HEK293T cells as described in (a). Results are 
representative of at least six separate experiments.
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Figure S5 Requirement of caspase-9 in Ptc-induced apoptosis in vivo. (a) 
HH 11-13 stage chick embryos neural tube were electroporated as described 
Supp.Fig.2a with GFP and empty vector (Cont.), HHIP1 with empty vector 
(HHIP1) or HHIP1 with caspase-9 dominant negative (HHIP1 + C9 DN). A 
representative image of each condition is shown. Electroporated side of the 
neural tube is to the left side of the figures. Electroporation efficiency is 
shown in the upper pictures (GFP) and TUNEL staining of the corresponding 

sections are shown in the lower pictures (TUNEL). The number of TUNEL 
positive cells is increased in the HHIP1-electroporated side of the neural 
tube. HHIP1-induced apoptosis is blocked by co-electroporation with 
caspase-9 dominant negative. Scale bar : 50 μm. (b) TUNEL quantification 
as the mean of at least five embryos per condition. Error bars indicate s.d. 
U test was performed (p<0.001). The exact number of analyzed embryos is 
indicated in the graphic.
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Figure S6 Full length and cleaved caspase-9 interact with Ptc.  
Co-immunoprecipitations between Ptc and endogenous caspase-9 
were performed on HEK293T cells lysates transiently transfected 
with either empty vector (Cont.) or Ptc-encoding vector (Ptc) using 
anti-Ptc antibody (IP αPtc). Caspase-9 was detected by Western 

blotting using anti-caspase-9 antibody which recognizes both the full 
length and cleaved forms of caspase-9. Full length caspase-9 (Pro-
caspase-9) and cleaved forms of caspase-9 (cleaved caspase-9) were 
co-immunoprecipitated by Ptc pull-down.  The molecular weight of each 
form of caspase-9 is indicated. 
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Figure S7 Full blots of key experiments. (a) Selected full blots for Fig.1d. (b) Selected full blots for Fig.3a. (c) Selected full blots for Fig.3g. (d) Selected full 
blots for Fig.4a.
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Supplementary Table 1 Oligonucleotides used for cloning. The oligonucleotides used for all the cloning required for this study are shown. 

5'-CCAACGAGTACTCATCCAAGTATGAGAAACAACATGCCATG-3'Dral Lim2-F

5'-CATGGCATGTTGTTTCTCATACTTGGATGAGTACTCGTTGG-3'Dral Lim2-R

5'-GCACCATGGGGAGTAGCAAGAGCAAGCCTAAGGACCCCAGCCAGCGCGGACCGTGTCCTG-3'Ptc-myr7IC-F

5'-AAGGAAATGCGGCCGCTTAAGCGTAATCTGGAACATCGTATGGGTAGTTGGAGCTGCTCCC-3'Ptc-7IC-HA-R

5'-AATTCTCGAGATGACTGAGCGTTTCGACTGCCAC-3'pCAGGS-Chick-DRAL-XhoI-F

5'-AATTAGATCTTTAGATATCCTTTCCACATTCAGG-3'pCAGGS-Chick-DRAL-BglII-R

5'-AATTAAAAAAGATGCCTGCATATGTAAATTCTCTTGAAATTTACATATGCAGGCATCGGCC-3'scramble DRAL1-R

5'-CACCATGGTAGCTGCATCAGCCCCTCCT-3'TUCAN Nterm-F

5'-TTACAGATCCTCTTCAGAGATGAGTTTCTGTTCCAAATTCTGCTGTCTAAGATAG-3'TUCAN Nterm-Myc-R

5'-CACCATGACTGAGCGTTTCGACTGCCAC-3'Chick-DRAL-F

5'-TTAAGCGTAATCTGGAACATCGTATGGGTAGATATCCTTTCCACATTCAGG-3’Chick-DRAL-R

5-AGCTACCCTGAGACTGATTAAGGGGTATTTGAG-3mPtc1-1393StopQC-F

5-CTCAAATACCCCTTAATCAGTCTCAGGGTAGCT-3mPtc1-1393StopQC-R

5'-GAGGCCGAATTCGGACCGTGTCCTGAGGTG-3'mPtc1-Eco-7IC-F

5'-TAGCTTGGCTGCAGGTCAGTTGGAGCTGCT-3'mPtc1-Pst-7IC-R

5'-GATGCCTGCATATGTAAATTTCAAGAGAATTTACATATGCAGGCATCTTTTTT-3'scramble DRAL1-F

5'-AATTAAAAAAGGCACAATGATTGCTTTAATCTCTTGAATTAAAGCAATCATTGTGCCGGCC-3'shDRAL1-R

5'-GGCACAATGATTGCTTTAATTCAAGAGATTAAAGCAATCATTGTGCCTTTTTT-3'shDRAL1-F

5'-CTCAGGACACGGTTAAAAGAAGGATAAGAGGAC-3'mPtc1- 7IC-R

5'-GTCCTCTTATCCTTCTTTTAACCGTGTCCTGAG-3'mPtc1- 7IC-F

© 2009 Macmillan Publishers Limited.  All rights reserved. 



Supplementary Methods 

 
Site directed mutagenesis and plasmid constructs.  

Plasmids encoding either entire mouse ptc-1 gene (pRK5-Ptc) or mutant ptc-1 

gene (pRK5-Ptc-D1392N) or domains of mouse ptc-1 gene (pcDNA3-Ptc-7IC, 

pcDNA3-Ptc-7IC-D1392N -Ptc dominant negative-, pcDNA3-Ptc 1165-1392) 

were described previously 1. The pcDNA3-Ptc-7ICmyr construct was obtained by 

PCR on the pcDNA3-Ptc-7IC plasmid with the primers Ptc-myr7IC-F and Ptc-7IC-

HA-R  (given in Suppl. Table1). All these plasmids encode HA-tagged Ptc 

proteins. pRK5-Ptc plasmid encoding Ptc without tag has been described in 1. Ptc 

mutant with the deletion of its last intracellular domain (pRK5-Ptc 7IC) was 

obtained by directed mutagenesis via Quikchange strategy (Stratagene) on 

pRK5-Ptc with the primers given in Suppl. Table1 (mPtc1- 7IC-F and mPtc1-

7IC-R). For two-hybrid screen, the coding sequence of Ptc-7IC from pcDNA3-

Ptc-7IC was amplified by PCR using the primers mPtc1-Eco-7IC-F and mPtc1-

Pst-7IC-R (given in Suppl. Table1) which introduced EcoRI and PstI restriction 

sites. The digested PCR product was then inserted into pGBKT7 plasmid by 

digestion through EcoRI-PstI restriction sites. By directed mutagenesis via 

Quikchange strategy (Stratagene) on the resulting plasmid, a stop amino acid 

was generated in position 1393, in order to obtain the pGBKT7-GAL4 DNA 

binding domain/Ptc 1165-1392 fusion plasmid (for primers sequence mPtc1-

1393StopQC-F and mPtc1-1393StopQC-R, see Suppl. Table1).  

© 2009 Macmillan Publishers Limited.  All rights reserved. 



The human DRAL/FHL2 gene containing plasmid pcDNA3-DRAL-FlagM2 was 

obtained from B.W. Schäfer 2. The constructs pcDNA3-DRAL-3xFlagM2 either 

wild type or with deletion of LIM1/2+1 (pcDNA3-DRAL-3xFlagM2 Lim1) or deletion 

of LIM1/2+1+2 (pcDNA3-DRAL-3xFlagM2 Lim1+2) were obtained from C. Sardet 

laboratory 3. The construct pcDNA3-DRAL-3xFlagM2 LIM2 -deleted only of its LIM2 

domain- was obtained by directed mutagenesis via Quikchange strategy 

(Stratagene) using the primers Dral Lim2-F and Dral Lim2-R (see Suppl. 

Table1) on the plasmid pcDNA3-DRAL-3xFlagM2 as matrix. A pcDNA3 plasmid 

encoding HA-tagged DRAL from chicken was generated by PCR on cDNAs of 

one day chick embryo by using the primers Chick-DRAL-F and Chick-DRAL-R 

given in Suppl. Table1. This plasmid was used as matrix to amplify by PCR 

DRAL-encoding sequence from chicken using the primers pCAGGS-Chick-FRAL-

XhoI-F and pCAGGS-Chick-FRAL-BglII-R (see Supp. Table1). The PCR product 

was digested by XhoI and BglII and inserted into pCAGGS vector.  

Human TUCAN (pcDNA3-TUCAN-Myc), NALP1 (pcDNA3-NALP1-Myc) and ASC 

cDNAs (pcDNA3-ASC-Myc) were previously described 4 5 6. The pcDNA3-

TUCAN NTer plasmid was obtained by PCR using the primers TUCAN NTerm-F 

and TUCAN NTerm-Myc-R (see Suppl. Table1) on the pcDNA3-TUCAN-Myc 

plasmid. pcDNA3-Bax was described before 7. PcDNA3 encoding the dominant-

negative caspase-9-HA and caspase-1-Myc with the mutation in the catalytic 

sites C287A or C285G respectively have been previously described 8 9 10. For the 

in ovo chick electroporation, most constructs were based in pCAGGS which was 
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also used as empty vector. Empty pCAGGS was a kind gift from R. Sadoul 11. 

pCAGGS-GFP has been described in 12. pCAGGS-HHIP1 was a kind gift from J. 

Briscoe 13. pCAGGS-caspase-9 dominant negative has been constructed by 

subcloning from pcDNA3-caspase-9 dominant negative 9 into pCAGGS vector by 

digestion through KpnI and NotI restriction sites. Primers to construct 

pSilencer1.0-U6 containing small interfering hairpins of DRAL mRNA were 

designed thanks to Promega siRNA Designer program. Primers (shDRAL1-F, 

shDRAL1-R, scrambleDRAL1-F, scrambleDRAL1-R, see Suppl. Table1) were 

hybridized by incubation in 500 mM NaCl, 60 mM TrisHCl pH 7.5, 10 mM DTT 3 

minutes at 90°C and 1 hour at 37°C (final concentration of oligonucleotides was 

40 ng/ml in 50 μl total). Hybridized oligonucleotides (8 ng) were ligated in 

linearized pSilencer 1.0-U6 (100 ng) with Roche T4 ligase DNA according to the 

manufacturer s instructions.  

 

Cell cultures, transfection procedures, reagents and immunoblots.  

Transient transfection of Human Embryonic Kidney 293T cells (HEK293T) and 

Human Embryonic Kidney 293 cells expressing Muristerone A-inducible Shh 

(HEK293-EcRShh 14) were performed as previously described 1 according to a 

modified calcium phosphate procedure or using Lipofectamine according to the 

manufacturer s instructions (Invitrogen). Daoy cells (ATCC, #HTB-186) were 

grown in 10% DMEM media on poly-L-lysine (Sigma) coated round coverslip. 

Primary cultured cerebellar granule neurons (CGNs) were prepared from P6-
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aged mice (NMRI) as described in 15. Primary cells were cultured on round 

coverslips previously coated with poly-D-lysin. 5e1 hybridoma cells producing a 

Shh blocking antibody (Developmental Studies Hybridoma Bank), a generous gift 

from the Centro Nacional de Biotecnologia (Madrid), were maintained in 20% 

DMEM media. Immunoblots were performed as described previously 16 using 

anti-Myc (Sigma, 1/1000) anti-FlagM2 (Sigma, 1/5000), anti-HA (Sigma, 

1/10000), anti-Ptc-1 (Santa Cruz Biotechnology, 1/1000), anti-DRAL (Abcam, 

1/1000), anti-TUCAN (Abcam, 1/1000), anti-NALP1 (Abcam, 1/300), anti-

caspase-8 (BD Biosciences, 1/500), anti-caspase-9 (Cell signaling, 1/1000), anti-

GAPDH (Sigma, 1/5000), anti-Actin (Chemicon, 1/1000) or anti-Shh (R&D 

systems, 1/1000). Recombinant Shh-N was from R&D systems. To induce Shh 

production by HEK293-EcRShh cells, Muristerone A (A.G. Scientific, inc) was 

used (1 μM).  

 

siRNA transfection. 

For siRNA experiments, cells were transfected by Lipofectamine 2000 according 

to the manufacturer s instructions (Invitrogen) with 60 pmols siRNA total for a 

single siRNA transfection, or with 120 pmols siRNA total for double siRNA 

transfection. DRAL, caspase-8, caspase-9, NALP1, scramble siRNAs were from 

Santa Cruz Biotechnology; TUCAN siRNA was from Dharmacon. For DRAL, 

caspase-8 and -9 siRNA assays, 48 hours after Lipofectamine 2000 transfection 

of siRNA, cells were transfected with either empty vector (pcDNA3), Bax vector 
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as controls and Ptc vector by Lipofectamine Plus (Invitrogen). For TUCAN and 

NALP1 siRNA assays, the cells were transfected at the same time with siRNA 

and plasmids using Lipofectamine 2000.  

 

Yeast two-hybrid screen.  

Matchmaker two-hybrid system III (Clontech) was used according to the 

manufacturer s instructions. As a bait, the pGBKT7 plasmid harboring the DNA 

binding domain GAL4 fused to Ptc 1165-1392 was used to transform AH109 

strain. The yeasts were further transformed with plasmids containing the GAL4 

transcriptional activation domain AD fused to a human fetal brain cDNA library 

(Clontech). Cells were grown in the absence of leucine, tryptophane, adenine 

and histidine and in the presence of 30 mM 3-amino-1,2,4-triazole and X- -Gal. 

For direct two-hybrid, the matchmaker two-hybrid system III (Clontech) was used 

with pGBKT7-Ptc 1165-1392 and pACT2-DRAL. As a negative control, yeast 

cells were co-transformed with Ptc 1165-1392 and empty Gal4AD vector, or with 

DRAL and empty Gal4BD vector. Cells were allowed to grow in the absence of 

leucine, tryptophane, adenine, histidine and in the presence of 30 mM 3-amino-

1,2,4-triazole and X- -Gal. 

 

Co-immunoprecipitation assays.  

In cellulo co-immunoprecipitation were carried out on HEK293T or HEK293-

EcRShh cells (for experiments requiring Shh) transfected with various tagged 
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constructs as described previously 8. For experiment requiring Shh, cells were 

treated or not with Muristerone A when plated and at the time of transfection, and 

recombinant Shh was added at a final concentration of 300 ng/ml 24 hours 

before harvesting the cells. Then, HEK293T or HEK293-EcRShh cells were lysed 

in 50 mM HEPES pH 7.6, 150 mM NaCl, 5 mM EDTA and 1% NP-40 in the 

presence of protease inhibitor cocktail (Roche), and further incubated with anti-

HA (Sigma, 2.4 μg/ml), anti-FlagM2 (Sigma, 2.4 μg/ml), anti-Myc antibody 

(Sigma, 2.4 μg/ml), anti-Ptc-1 (Santa Cruz Biotechnology, 0.8 μg/ml), anti-

TUCAN (Abcam, 4 μg/ml) or anti-caspase-9 (Cell Signaling, 4 μg/ml) and protein-

A  (Sigma) or protein-G Sepharose (GE Healthcare). Washes were done in 50 

mM HEPES pH 7.6, 150 mM NaCl, 5 mM EDTA (4 washes) plus one extra wash 

in 50 mM HEPES pH 7.6, 500 mM NaCl, 5 mM EDTA. In vivo 

immunoprecipitation were performed in OF-1 mice cortex embryos. Two cortices 

from E16.5 embryos were dissected out, cut in small species and triturated. Shh-

treated cortices were incubated 40 minutes at 37°C in conditioned supernatant of 

HEK293-EcRShh-induced cells in which recombinant Shh-N (R&D systems) was 

also added at 900 ng per cortex. Non-treated cortices were incubated in the 

same condition in supernatant of non-induced HEK293-EcRShh cells and without 

addition of recombinant Shh-N. Dissociated cortices were further incubated in 

lysate buffer (50 mM HEPES pH 7.6, 150 mM NaCl, 5 mM EDTA, inhibitor 

protease cocktail (Roche), 0.15% NP40) and subjected to potterisation. 

Immunoprecipitation was performed overnight at 4°C in lysis buffer 1% BSA 
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using 4 μg/ml of anti-Ptc-1 antibodies (Santa Cruz Biotechnology) or Normal goat 

IgG as control (R&D systems) and then purified with μMACS Protein G 

MicroBeads system (Miltenyi Biotec). Immunoprecipitates were immunoblotted 

using anti-DRAL polyclonal antibody (Abcam). 

 

Co-localization studies. 

HEK293T cells were plated on 24 well-plate round coverslips and transfected for 

24 hours either with empty vector or with pRK5-Ptc plus pcDNA3-DRAL-FlagM2. 

A day after seeding, Daoy cells were incubated for 4 hours either with medium 

enriched in recombinant Shh (900ng/ml) or with supernatant of 5e1 hybridoma 

cells producing a Shh blocking antibody, supplemented with purified Shh blocking 

antibody (10 μg/ml). For CGNs, 24h after platting, cells were treated with 10 μM 

of Cytosin- -D- arabinofuranoside (Sigma) and kept 4 days in culture. Cells were 

then incubated for 5 hours either with supernatant of Muristerone A-induced 

HEK293-EcRShh enriched with recombinant Shh (900ng/ml) or with supernatant 

of 5e1 hybridoma cells, supplemented with purified Shh blocking antibody (5 

μg/ml). Both medium were supplemented with 25 mM KCl and 10 mM HEPES. 

After transfection or treatment, 293T, Daoy or CGNs cells were fixed in 4% 

paraformaldehyde for 30 minutes, washed and permeabilized with Triton 0.2 % in 

PBS 30 minutes. Permeabilized cells were washed 3 times in PBS and then 

saturated for 1 hour with 2 % BSA and 2 % Normal Donkey Serum in PBS. After 

a PBS wash, cells were incubated for 1 hour at room temperature simultaneously 
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with the combination of the appropriate first antibodies diluted in PBS. After 

rinsing the cells 3 times with PBS, the Ptc-1 antibody at 0.44 μg/ml diluted in PBS 

(Santa Cruz Biotechnology) and the DRAL antibody at 2.2 μg/ml diluted in PBS 

(Abcam) were detected respectively using Alexa Fluor 488 monoclonal Donkey 

anti-Goat antibody (Invitrogen) and Alexa Fluor 647 monoclonal Donkey anti-

Rabbit (Invitrogen) in combination at 4.4 μg/ml each one during 1 hour at room 

temperature. After three washes in PBS, the coverslips were mounted in 

crystal/mount (Biomeda) and photographed with a Zeiss Axioplan2 LSM510 

confocal microscope. Profiles were created using Axiovision 4.0V4.6.1.0 

program. 

 

Gel filtration. 

For the condition with Shh treatment, HEK293-EcRShh cells were treated twice 

with Muristerone A (24 hours before transfection and at the time of transfection) 

and recombinant Shh (300 ng/ml) was added 1 hour before harvesting the cells. 

HEK293-EcRShh cells transfected by pcDNA3-DRAL-FlagM2, pcDNA3-TUCAN-

Myc and pcDNA3-caspase-9-DN with or without pRK5-Ptc-HA or pRK5-Ptc 7IC 

were lysed in 50 mM HEPES pH 7.6, 150 mM NaCl, 5 mM EDTA and 0.1% NP-

40 in the presence of protease inhibitors and sonicated 2 times 2 seconds per 

condition. The supernatant lysates were fractionated by size-exclusion 

chromatography on High Prep TM Sephacryl TM S300 (HR 16/60) columns using an 

FPLC protein purification system (Biologic HR, Biorad). Proteins were separated 
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with the lysis buffer. Columns were calibrated with protein standards (29 kDa-

2000 kDa) according to the manufacturer s instructions (Sigma). Aliquots of the 

fractions were analyzed on Criterion XT Precast gels (Bis-Tris 4-12%; Biorad) 

and Western blotting. Aliquots of the 20th first fractions were also pooled and 

used for co-immunoprecipitation experiments as described for in cellulo co-

immunoprecipitation.  

 

Cell death analysis and caspase assays. 

Cell death was analyzed 24h after transfection using trypan blue staining 

procedures as described previously 1. Cell death was also analyzed using 

Toxilight assay according to the manufacturer s instructions (Lonza). Briefly, 

HEK293T were seeded at 50 000 cells/well in 24-well plates.  The following day, 

cells were transfected using Lipofectamine Plus (Invitrogen) with 1 μg total DNA 

per well (0.7 μg pRK5-Ptc1-HA plus 0.3 μg IKK ; Total DNA was kept constant 

using empty pcDNA3-3xFlag plasmid). 24 hours after transfection, the release of 

adenylate kinase by cells was measured from the supernatant and normalized to 

total adenylate kinase from cell lysate by luminometer (Infinite-F500, Tecan). For 

caspase-9 activity fluorometric assay, HEK293-EcRShh cells were treated twice 

(when seeded and when transfected) with Muristerone A for the condition with 

Shh, and recombinant Shh-N was added (300 ng/ml) 1 hour before harvesting 

the cells. Caspase-9 activity was then measured by using the caspase-9 

fluorometric assay kit (BioVision). This assay uses the LEHD-AFC substrate. The 
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activity was measured every 30 minutes during 2 hours according to the 

manufacturer s instructions. For each condition, caspase-9 activation was 

calculated with the following way: we first calculated the average of the slopes of 

the affine regression curves representing the number of fluorescent units in terms 

of minutes; we then made the ratio between the caspase activity of the sample 

and that measured in 293T cells transfected with empty vector. The background 

level of the fluorescence (with lysis buffer only) has been substracted for each 

condition. Samples were also incubated with caspase-9 inhibitor zLEHD-fmk (20 

μM) in order to eliminate the non-apoptotic background of fluorescence. 

Caspase-3 activity was measured by using the caspase-3 fluorometric assay kit 

(BioVision) as described previously 1. 

 

Chick in ovo experiments and TUNEL staining on chick embryos. 

Cell death analysis in the developing chick neural tube was performed using 

fertilized chicken eggs obtained from a local farm and incubated at 38°C. 

Embryos were staged according to Hamburger and Hamilton (HH). Chick 

embryos were electroporated with Sigma purified plasmid DNA (4.5 μg/μl) with 50 

ng/ml Fast Green. For floor plate electroporation, chick embryos of stage HH10-

11 were injected with plasmid DNA into the lumen of the neural tube and 

electroporated with specifically designed electrodes. These electrodes allowed us 

to fit the anode under the embryo and to lay the cathode on the embryo with 3 

mm spacing. We carried out electroporation with 4 pulses of 50 ms duration at 20 
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V. The embryos were collected 24 hours after electroporation. For classical 

lateral electroporation of one side of the neural tube, plasmid DNA was injected 

into the lumen of HH stage 11-13 neural tubes and electrodes (CUY 613P3 

standard electrodes; NEPA Gene) were placed either side of the neural tube 

(with 4 mm spacing) and electroporation carried out using CUY21 electroporator 

(NEPA Gene) delivering three 50 ms square pulses of 18 V with interval of 500 

ms. In each condition, Green Fluorescent Protein (GFP) was co-electroporated 

(pCAGGS-GFP; 0.5 μg/μl) to check the electroporation efficiency. In the control 

condition, GFP was electroporated with empty vector alone (pCAGGS, 4 μg/μl). 

In all other conditions, GFP was co-electroporated with HHIP1 (pCAGGS-HHIP1, 

2.5 μg/μl) with either empty vector or Ptc dominant negative (pcDNA3-Ptc-7IC 

D1392N) or shDRAL (pSilencer1.0-U6shDRAL1) or scramble DRAL 

(pSilencer1.0-U6-scrambleDRAL) or caspase-9 dominant negative (pCAGGS-

caspase-9 DN), each then at 1.5 μg/μl. Chick microsurgery was done as 

described in 9, except that the electroporation performed before microsurgery 

was done in only one side of the neural tube.  Transfected embryos were allowed 

to develop for 24 hours, then dissected, fixed 12 hours at 4°C in 4% 

paraformaldehyde in PBS, rinsed, sunk in 30% sucrose in PBS solution, 

embedded in gelatine 7.5%/sucrose 10% and sectioned in a MICROM cryostat 

(HM560). Detection and quantification of apoptosis by TUNEL was performed 

using the in situ cell TUNEL detection kit from Roche, following manufacturer s 

instructions and as previously described 17. For each embryo, TUNEL-positive 
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cells of electroporated and non-electroporated side of the neural tube were added 

for more than six sections with adequate GFP expression. The ratio between the 

number of TUNEL-positive cells from the electroporated side to the non-

electroporated side was then calculated. For each condition, results of at least 

five embryos were used to calculate a mean of the ratio.  A U test was done to 

evaluate if the difference between various conditions was significant.  

Fluorescent TUNEL was done as described in 18. 

 

NF-kB luciferase reporter assays. 

HEK293-EcRShh or HEK293T cells were seeded respectively at 600 000 

cells/well and 120 000 cells/well in 12-well plates. The following day, cells were 

transfected using Lipofectamine Plus (Invitrogen) with 10 ng of Renilla luciferase 

expressing construct (pRL-Rluc, Promega), 250 ng of reporter pFLRG-Firefly 

luciferase 19 and various expression plasmids (1.2 μg pRK5-Ptc1  0.5 μg 

pcDNA3-IKK ) per well. Total DNA was kept constant using empty pcDNA3-

3xFlag plasmid. After 24 hours, cells were lysed and activity from Firefly and 

Renilla luciferases was measured using a Dual-Luciferase Reporter System 

(Promega) by a luminometer. 
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Abstract 

 

Cell-adhesion molecule-related/Downregulated by Oncogenes (CDO), a 

positive regulator of skeletal muscle development, was recently identified as a 

receptor for the classic morphogen Sonic Hedgehog (SHH). We show here that 

CDO behaves as a SHH dependence receptor: it actively triggers apoptosis in 

absence of SHH. The pro-apoptotic activity of unbound CDO requires a 

proteolytic cleavage in its intracellular domain allowing the recruitment and 

activation of caspase-9. We show that the pair SHH/dependence receptor CDO 

plays a crucial role in neural crest cell survival during the formation of the first 

branchial arch. We also show that CDO acts as a tumor suppressor by 

inducing apoptosis in settings of SHH limitation. Indeed, CDO expression is 

decreased in a large fraction of human cancers and is associated with good 

prognosis in aggressive neuroblastoma. Moreover, in a therapeutic 

perspective, we propose that the SHH up-regulation known to occur in various 

human cancers provides a selective tumor growth advantage by blocking 

CDO-induced apoptosis. Consistently, interference with SHH/CDO interaction 

triggers a CDO-dependent apoptosis in vitro and tumor regression in vivo. 

This latter observation qualifies CDO as a relevant target for alternative 

targeted anti-cancer therapy in SHH high tumors.  

 



Introduction 

Sonic Hedgehog (SHH) is a key diffusible cue with multiple known functions 

during both embryonic development and through adulthood. SHH is a classic 

morphogen known to regulate many developmental processes including ventrodorsal 

patterning of the neural tube, establishment of limb polarity and development of the 

foregut and axio-cranial skeleton (1, 2). However, SHH is not only implicated in the 

promotion of differentiation but was also more recently described as a survival factor. 

Indeed, inhibition of SHH in the developing neural tube induces massive 

neuroepithelial cell death (3, 4). Similarly, SHH produced by the ventral foregut 

endoderm promotes survival of facial neural crest cells (NCCs) that colonize the first 

branchial arch (BA1), induces the patterning of BA1 (5) and is therefore an early 

signal for jaw development during facial skeleton formation.  

In adults, SHH signaling is mainly quiescent, being physiologically reactivated 

only during specific processes such as tissue maintenance and repair. However, 

SHH signaling appears to be crucial during tumor progression (6-9). Abnormal 

induction of SHH signaling through different means -e.g., downregulation or mutation 

of SHH receptor(s) or effectors, autocrine or paracrine expression of SHH-, has been 

associated with many different types of human cancers (10-13). As a consequence, 

SHH and its downstream signaling effectors are considered as exciting targets for 

anti-cancer strategies (14, 15). 

SHH signaling in the target cells was shown to be mediated mainly via its 

interaction with the twelve-transmembrane receptor Patched 1 (Ptc). Binding of SHH 

to Ptc relieves its suppressive effect on Smoothened (Smo), an orphan seven-

transmembrane receptor that initiates a signaling pathway leading to the activation of 

the glioma-associated (Gli) family of transcription factors. However, a direct 

interaction has been described between SHH and other single-transmembrane 

proteins such as Cell-adhesion molecule-related/Downregulated by Oncogenes 

(CDO) and Brother of CDO (BOC), two homologous members of the Neural Cell 

Adhesion Molecule (N-CAM) family. 



While CDO and BOC were first demonstrated to positively regulate skeletal 

muscle development (16, 17), they were recently described as hypothetical co-

receptors of Ptc that positively regulate SHH signaling pathway in cooperation with 

other SHH-binding proteins such as Gas1 (18-20). CDO extracellular domain was 

then shown to directly bind SHH in a calcium-dependent and heparin-independent 

manner in mammals. This interaction enhances SHH-Ptc-Smo signaling in specific 

subregions of SHH expression (21). Distinct structural domains of CDO are involved 

in myogenesis and in SHH signaling pathway, thus suggesting multiple and 

independent functions of the receptor (19).  

Composed of five Ig-like and three FnIII-like domains in the extracellular part 

followed by a single transmembrane domain and an intracellular domain with no clear 

homology with other known proteins, CDO resembles in many aspects to DCC 

(Deleted in Colorectal Cancer), the prototypical netrin-1 dependence receptor. 

Dependence receptors share the property of creating cellular state of dependence 

upon their ligand by inducing apoptosis when unbound by their ligand (22). Such a 

dependence effect has been hypothesized to be crucial to dictate adequate territories 

of neural cells migration or localization in the developing nervous system and to 

eliminate tumor cells that would develop in settings of ligand unavailability (23). 

These dependence receptors now include more than fifteen different transmembrane 

receptors and Ptc was recently described as a dependence receptor able to trigger 

apoptosis via the recruitment of a caspase-activating complex called dependosome 

(4, 24). We investigated here whether CDO, may, similarly to Ptc, behave as a SHH 

dependence receptor and as such display a role in regulating cell survival during 

embryonic development and tumor progression.  



 

CDO induces apoptosis in the absence of SHH. 

To determine whether CDO and/or BOC (see graphic representation in Fig. 1A 

and Fig. S1A) are dependence receptors, HEK293T cells were transiently forced to 

express both receptors. Expression of CDO and BOC could be detected at the 

plasma membrane (Fig. 1B and not shown). While, as observed for Ptc, CDO 

expression was associated with increased cell death as measured by trypan blue 

exclusion assay (Fig. 1C), no significant effect was observed upon BOC expression 

(Fig. S1B). CDO-induced cell death was, at least in part, apoptotic since it was 

associated with a specific increase in caspase-3 activity (Fig. 1D) and DNA-

fragmentation as measured by TUNEL (Terminal deoxynucleotidyl transferase–

mediated deoxyUridine triphosphate Nick End Labeling) staining (Fig. 1E). Moreover, 

such a pro-apoptotic effect was caspase-dependent since the addition of the general 

caspase inhibitor z-VAD-fmk inhibited CDO-induced cell death (Fig. 1CD).  

We thus investigated whether, as expected for a dependence receptor, 

addition of the ligand could prevent CDO-induced cell death. As shown in Fig. 1CD, 

cell death associated with CDO expression was inhibited in a dose-dependent 

manner by addition of exogenous recombinant SHH. Treatment with recombinant 

netrin-1, the ligand of the dependence receptor DCC, had no significant incidence on 

CDO associated-cell death (Fig. 1C) while the addition of SHH had no effect on DCC-

induced apoptosis (Fig. S1C). Along the same line, deletion of the third fibronectin 

domain of CDO, known to mediate its interaction with SHH, turned CDO to a 

constitutive pro-apoptotic moiety even when SHH was added (Fig. S1D). Altogether, 

these data demonstrate that CDO behaves as a SHH dependence receptor in vitro. 

To first assay whether CDO triggers apoptosis in vivo, we took advantage of 

the chick developing neural tube model. In the developing neural tube, SHH is 

produced by the notochord (NT) and the floor plate (FP), which induces a 

ventrodorsal gradient of SHH and promotes the differentiation of ventral neurons 

(25). However, Le Douarin and colleagues elegantly demonstrated that SHH acts in 



the developing neural tube not only as a morphogen but also as a survival factor for 

neuroepithelial cells (3, 4). We first forced the expression of CDO in one side of the 

neural tube of E1.5 chick embryos in ovo via electroporation (See schematic 

representation in Fig. 1F). As shown in Fig. 1G and Fig. S1E, the expression of CDO, 

detected by immunofluorescence in the electroporated side of the chick neural tube, 

was associated with an increase in the number of TUNEL-stained cells as compared 

to the non-electroporated side, but also as compared to neural tubes electroporated 

with a mock construct. In agreement with the SHH distribution along the neural tube, 

apoptosis was rather detected in the third dorsal part of the neural tube (see 

quantification in Fig.1G).  Thus forced expression of CDO in the neuroepithelium is 

associated with apoptosis induction.  

 

CDO triggers apoptosis via a caspase-9 dependent mechanism. 

One common feature of most dependence receptors known so far is the 

cleavage of their intracellular part by caspases, a preliminary step required for their 

pro-apoptotic activity. We thus investigated whether CDO shares this property in 

vitro. As shown in Fig. 2AB, CDO intracellular domain (CDO-IC, amino acids 985 to 

1250) was cleaved in vitro when incubated with purified active caspase-3, suggesting 

the existence of at least one cleavage site in CDO-IC. To determine the putative 

caspase cleavage site, aspartic acid residues in CDO intracellular domain were 

successively mutated. While the Asp1178 to Asn mutation (CDO-IC D1178N) had no 

effect on CDO-IC cleavage, mutation of Asp1153 to Asn (CDO-IC D1153N) strongly 

inhibited cleavage by caspase (Fig. 2A, left panel). However, the Asp1153 to Asn 

mutation revealed the presence of a secondary caspase cleavage site in CDO-IC as 

incubation of CDO-IC-D1153N with active caspase-3 was associated with the 

presence of another faint but detectable cleavage fragment. We thus mutated 

different Asp residues in CDO-IC-D1153N and assessed cleavage by caspase-3. As 

shown in Fig. 2A (right panel), Asp1153/Asp1164 to Asn double mutation almost 

completely suppressed caspase-3 cleavage indicating that CDO was cleaved in vitro 



by caspase at Asp1153 and Asp1164, Asp1153 being the main cleavage site (Fig. 2B). 

We thus investigated whether endogenous CDO was cleaved in vivo. Full-length 

CDO and its putative cleavage fragment were detected in extracts from spinal cords 

from E12.5 mouse embryos. Incubation of the spinal cords with z-VAD-fmk inhibited 

the presence of the cleavage fragment, hence confirming the caspase cleavage of 

CDO in vivo (Fig. S2A). 

To evaluate the functional relevance of CDO-IC cleavage, the full length CDO 

D1153N and CDO D1178N (non-caspase cleavage site mutation used as a control) 

mutants were transiently expressed in HEK293T cells and cell death was assessed 

by measuring caspase-3 activity and DNA fragmentation (TUNEL staining). Whereas 

wild-type CDO and CDO D1178N both triggered apoptotic cell death, CDO D1153N 

mutant (Fig. 2CD), and CDO D1153N/D1164N double mutant (data not shown) failed 

to induce any increase in caspase-3 activity or DNA fragmentation. Thus, the 

cleavage of CDO intracellular domain at Asp1153 is a prerequisite for its pro-apoptotic 

activity. 

In an attempt to identify the region of CDO implicated in cell death induction -

i.e., defined as the Addiction Dependence Domain for dependence receptors-, the 

pro-apoptotic activity of the CDO fragment potentially released by the caspase 

cleavage (CDO1154-1250) or the remaining membrane-bound CDO truncated at 

Asp1153 (CDO1-1153) was assessed. As shown in Fig. 2E, the expression of CDO1-

1153 fragment triggered an increase in caspase-3 activation similar to that of full-

length CDO, whereas the CDO1154-1250 fragment had no effect. Moreover, while 

SHH addition in the medium suppressed CDO-induced apoptosis, it had no effect on 

CDO1-1153-induced apoptosis (Fig. S2B). Together these results support the view 

that CDO addiction dependence domain lies upstream of its caspase cleavage site 

and that in the absence of SHH, CDO is cleaved by caspase at Asp1153, leading to 

the exposure of a pro-apoptotic domain located in the N-terminal intracellular region 

(residues 985 to 1153). 



Recent data support the view that once cleaved by a first line of active 

caspase, at least some dependence receptors recruit a caspase-activating complex 

named dependosome which includes the apical caspase-9 (24, 26). We thus 

investigated whether CDO could recruit and activate caspase-9. As shown in Fig. 2F, 

in the absence of SHH, CDO nicely pulled down caspase-9 when co-expressed in 

HEK293T cells. CDO-induced apoptosis is dependent on caspase-9 but not on 

caspase-8 since a caspase-9 dominant negative mutant efficiently blocked CDO-

induced apoptosis while a caspase-8 dominant negative mutant did not (Fig. S2C). 

Moreover, we show that CDO triggered caspase-9 activation which was blocked by 

SHH treatment or if CDO was mutated at its caspase cleavage site (Fig. 2G). Thus 

together, these data support a model in which in the absence of SHH, CDO is initially 

cleaved by a first set of active caspases (or other proteases), leading the exposure of 

a pro-apoptotic domain recruiting and activating caspase-9 probably through a 

caspase-activating platform which remains to be determined.  

Because CDO was shown to participate in the Ptc-Smo-Gli canonical pathway 

when engaged by SHH (18) and because Ptc was shown to trigger apoptosis through 

caspase-9 in the absence of SHH (24), we investigated possible crosstalks between 

CDO-induced apoptosis and Ptc-mediated signalings. We first analyzed whether 

forced expression of CDO alters the gene transcription response triggered by the 

Smo-Gli pathway. CDO expression or the expression of various CDO mutants 

generated above did not trigger transactivation of a Gli-1 reporter gene, nor affected 

the Gli-1 reporter gene activation mediated by Gli-1 activation (induced through Gli-1 

transfection itself or through treatment with the Smo agonist SAG) (Fig. 2H). 

Conversely, CDO-induced apoptosis was affected neither by activation of the Smo-

Gli-1 pathway (induced through Gli-1 transfection or through treatment with SAG, Fig. 

S2D) nor by inhibition of this pathway through treatment with the Smo antagonist 

cyclopamine (not shown). We next investigated whether Ptc pro-apoptotic activity is 

implicated in CDO-mediated apoptosis. As also observed for other dependence 

receptors -i.e., DCC, UNC5H, or TrkC- the intracellular domain of Ptc mutated at its 



caspase cleavage site (Ptc-7IC-D1392N here called Ptc-DN) specifically behaves as 

a dominant negative for the pro-apoptotic activity of endogenous Ptc (4, 27, 28). Ptc-

DN, while efficiently blocking Ptc-induced apoptosis (Fig. S3BCD), did not affect 

CDO-induced apoptosis both in HEK293T cells (Fig. 3A) or in electroporated chick 

neural tube (Fig. S3CD). Thus, the death signal induced by unbound CDO is 

independent of Ptc and is not related with or does not impact on the canonical Ptc-

Smo-Gli pathway but is rather dependent on caspase-9 recruitment and activation.  

 

The pair SHH/dependence receptor CDO controls the death of neural crest 

cells during the first branchial arch development. 

We thus searched for the functional relevance of CDO pro-apoptotic activity in 

vivo. To do so, we first looked for a tool that would specifically inhibit CDO pro-

apoptotic activity. As described above, the intracellular domain of most dependence 

receptor mutated at its caspase cleavage site(s) specifically behaves as a dominant 

negative for the pro-apoptotic activity of the respective endogenous dependence 

receptor (4, 27, 28). We thus analyzed whether the intracellular domain of CDO 

mutated at the caspase cleavage site(s) antagonized CDO-induced apoptosis. As 

shown in Fig. 3A, CDO-IC-D1153N markedly inhibited full-length CDO-induced 

HEK293T cell death, as measured by caspase-3 activity and by TUNEL staining (Fig. 

S3A). Furthermore, the CDO intracellular domain mutated on both caspase cleavage 

sites Asp1153 and Asp1164 (CDO-IC-D1153/1164N) completely inhibited full-length 

CDO-induced apoptotic cell death (Fig. 3A and Fig. S3A) while it had no effect on 

DCC or Ptc-induced apoptosis (Fig. S3B). It does not alters the gene transcription 

response triggered by the Smo-Gli pathway (Fig.2H). Thus, CDO-IC-D1153/1164N, 

named hereafter CDO-DN, acts as a specific dominant negative mutant for CDO full-

length pro-apoptotic activity in vitro. Along this line, CDO failed to recruit caspase-9 

when CDO-DN was co-expressed while Ptc-DN had no effect on CDO/caspase-9 

interaction (Fig. 3B). We then assessed whether CDO-DN acts as a dominant 

negative in vivo. To do so, CDO-DN alone or in combination with full-length CDO was 



overexpressed in E1.5 chick neural tube via unilateral electroporation. As shown in 

Fig. S3CD, while CDO overexpression induced an increased number of apoptotic 

cells specifically in the electroporated side of the chick neural tube as measured by 

TUNEL staining, this effect was completely prevented in presence of CDO-DN. CDO-

DN was however unable to inhibit the death induced upon Ptc electroporation (Fig. 

S3CD). Thus, CDO-DN specifically represses full-length CDO pro-apoptotic activity 

and so acts as a dominant negative in vivo. 

SHH has recently been implicated in the facial skeleton development and 

more precisely it was shown that SHH produced by the foregut endoderm is crucial 

for the survival of facial neural crest cells (NCCs) that colonize the first branchial arch 

(BA1) (5, 29). In chick embryos, the experimental excision of the entire forehead 

before HH-7/8 stage (seven somites) is associated with massive NCCs death in the 

first branchial arch, an effect blocked by addition of recombinant SHH. To assay 

whether CDO, which is known to be expressed in the BA1 during the early 

development (30), is implicated in the observed NCCs death in the BA1, we 

electroporated chick embryos with CDO-DN or mock constructs while interfering with 

SHH by injecting SHH-blocking antibody-secreting hybridoma cells (5E1) in the 

lateral mesenchyme before HH-7/8 stage (31) (experimental setting in Fig. 3C). The 

blocking antibody secreted by hybridoma cells was detected 24 hours after injection 

in the lateral mesenchyme (Fig. S4A). As shown in Fig. 3D and Fig. S4B, the SHH-

blocking antibody, but not the non-related isotypic immunoglobulin (IgG1), induced a 

wave of cell death in the BA1 of control-electroporated embryos. In this setting, CDO-

DN electroporation fully blocked cell death in the developing BA1 (Fig. 3D). Of 

interest, when a similar experiment was performed using Ptc-DN instead of CDO-DN, 

cell death was not inhibited (Fig. S4B), thus suggesting that in this model, SHH acts 

as a survival factor by specifically blocking CDO-mediated apoptosis. 

 

CDO acts as a tumor suppressor. 

It has been suggested that the pro-apoptotic activity of unbound dependence 



receptors is a mechanism for eliminating tumor cells that would proliferate in an 

environment with constant and limited ligand availability or migrate toward tissues 

devoid of ligand during metastatic dissemination (23, 32). As such, dependence 

receptors behave as tumor suppressors. In agreement with this view, dependence 

receptors expression is usually decreased or lost in various cancers (33, 34). To 

assess whether CDO expression is affected in human cancers, we first analyzed 

CDO expression in a panel of 209 human tumors and their corresponding normal 

tissues using a dot blot array or Q-RT-PCR. As shown in Fig. 4A, CDO expression 

was decreased in a large fraction of ovary, uterus, thyroid, colon and lung cancers as 

compared to their normal corresponding tissues, even though at this stage we cannot 

conclude whether this decrease accounts for a decrease in CDO expression in tumor 

cells or for a change in the stromal environment. A marked decrease of CDO 

expression in epithelial tumor cells as compared to adjacent normal tissues was yet 

detected by immunohistochemistry in a fraction of human colon adenocarcinoma 

(Fig. S5).  

We more specifically focused on neuroblastoma (NB), the most frequent 

extracranial solid tumor of early childhood, which is diagnosed according to 5 stages 

–i.e., 1,2,3,4 and 4S-. CDO expression was analyzed by Q-RT-PCR in a panel of 119 

NB. While CDO was detected at a relatively high level in stages 1 or 2 that gather 

localized NB with low aggressiveness, CDO expression decreased with 

aggressiveness (Fig. 4B). Stage 4 NB that are highly aggressive and metastatic 

tumors displayed the lowest level of CDO. Of interest, the stage 4S NB which 

specifically affects neonates and encompasses highly metastatic tumors that yet 

often spontaneously regress displayed a level of CDO similar to that observed in 

stage 1-2 (Fig. 4B). Similar expression pattern was seen at the protein level as 

shown in Fig. 4C. This is of particular interest as CDO gene resides at human 

chromosome 11q24.2, a region very often included in the 11q23-24 deletion detected 

at high frequency in NB (35, 36). Moreover, high CDO expression appeared as a 

good prognostic marker. The overall survival at 10 years in all NB tested was 68% for 



high CDO tumors and only 28% for low CDO tumors (p=0.002) (Fig.4D). When 

considering only metastatic NB (stage 4 and stage 4S), the overall survival at 10 

years was 43% for high CDO tumors and 15% for low CDO tumors (p=0.0077) (Fig. 

4D). Similarly, analysis of CDO protein level in a panel of 45 colorectal 

adenocarcinoma, revealed that CDO expression is inversely correlated with tumor 

grade according to the TNM classification (Fig. S5, χ2 test: p=4.3E-5). Thus, high CDO 

expression in human tumors appears as a constraint for tumor progression and 

aggressiveness. 

We thus looked for cellular models to study the implication of CDO in 

tumorigenesis. We screened a panel of human cancer cell lines for expression of 

CDO and its ligand SHH (Table S1). One would expect that, in agreement with the 

expression of CDO in human tumors, some tumor cells lines have acquired a loss of 

CDO expression as a survival selective advantage. The neuroblastoma cell lines 

SHSY-5Y and SHEP, and the lung cancer cell lines H358 and H322 did show weak 

or no expression of CDO. The forced CDO expression in these four cell lines was 

associated with a significant increase in caspase-3 activity (Fig. 4E and not shown) 

and a loss of anchorage-independent growth in soft agar (Fig. 4F, left panels). In 

agreement with the dependence receptor model, both effects were prevented by 

addition of recombinant SHH (Fig. 4EF and not shown). In agreement with the 

dependence receptor model, while SHH presence was sufficient to block the CDO-

mediated anchorage-independent growth inhibition, the Smo agonist SAG while 

stimulating per se anchorage-independent growth did not interfere with CDO 

inhibitory activity (Fig.4F right panels).  Together these data support the view that 

CDO downregulation observed in a large fraction of cancers allows tumor cell 

survival in settings of limited SHH availability.  

 

Targeting SHH inhibits tumor growth via CDO-induced apoptosis. 

The therapeutic relevance of CDO as a tumor suppressor is obviously minimal 

in the fraction of cancers with downregulation of CDO. However, it is expected that 



rather than a loss of CDO expression, some tumors may have selected up-regulation 

of SHH, which according to the mode of action of dependence receptors, should also 

be associated with a loss of dependence on SHH availability. In agreement with this 

hypothesis, autocrine or paracrine expression of SHH has been extensively 

described in different human cancers (13, 14). The general view is that this autocrine 

or paracrine SHH expression is a selective mechanism that constitutively activates 

Ptc-Smo signaling (13, 14). We thus investigated whether in SHH-expressing tumors, 

interference with SHH would trigger CDO-mediated tumor cell death.  

The A549 and H522 cell lines were selected for their significant expression of 

CDO mRNA (Table S1) and protein (Fig. 5A). These cell lines both expressed a 

secreted form of SHH that could be quantified by ELISA (respectively, 10.0 ± 2.4 pg 

and 4.0 ± 1.6 pg per mL of culture medium) thus arguing for an autocrine expression 

of SHH (Fig. 5B).  To investigate the role of this SHH autocrine production in 

regulating CDO-induced apoptosis, SHH expression was reduced by a RNA 

interference-based strategy. Transfection of both A549 and H522 cell lines with SHH 

and/or CDO respective siRNAs was associated with a specific and significant 

decrease of each targeted mRNA (Fig. 5C) and protein (Fig. S6AB). As shown in Fig. 

5D, SHH siRNA transfection induced an increase in apoptosis monitored by an 

increase in caspase-3 activity (Fig. 5D, left panel) and in the number of TUNEL-

labeled cells (Fig. 5D, right panel). Of key interest, co-transfection of a CDO siRNA 

abrogated SHH siRNA-induced cell death in both cell lines. Similar results were 

observed by co-transfecting a dominant negative mutant of CDO (Fig. S6C). In this 

setting, a dominant negative mutant of Ptc displayed no effect on caspase-3 activity 

associated with SHH siRNA (Fig. S6C). Moreover, in A549 cells, SHH siRNA 

transfection was associated with caspase-9 activation, which was inhibited when 

CDO siRNA was co-transfected (Fig. 5E).  Thus together these data support the view 

that in SHH/CDO expressing tumor cells, SHH constitutively inhibits CDO-induced 

apoptosis.  

To assess whether this CDO-mediated cell death upon SHH interference 



observed in vitro could be translated in vivo in a therapeutic perspective, the A549 

cell line was engrafted in nude mice. Animals with palpable tumors were treated twice 

a week by i.p. injection of either scramble siRNA or SHH siRNA alone or in 

combination with CDO siRNA during 28 days. Such siRNA i.p. injection allowed the 

detection of the siRNA within the tumor (Fig. S6D) and was shown to affect the target 

gene (37-39)(40, 41). As shown in Fig. 5FGH, SHH siRNA was associated with tumor 

growth inhibition as compared to scramble siRNA-treated mice. Of key interest, 

injection of CDO siRNA impaired the SHH siRNA anti-tumor effect, hence 

demonstrating that, in this model, the anti-tumor effect associated with SHH inhibition 

required CDO. As shown in Fig. 5I, caspase-3 activity was significantly increased in 

tumors from SHH siRNA-treated mice, as compared to tumors from scramble siRNA-

treated mice, while such effect was not observed in tumors from CDO/SHH siRNAs-

treated mice. Moreover, histological analysis of tumors at the end of the treatment 

revealed a large central area devoid of proliferating tumor cells specifically in SHH 

siRNA-treated mice but not in SHH/CDO siRNAs-treated animal (Fig. 5J). Taken 

together these data support the view that SHH expression in SHH-high cancer cells 

is a survival selective advantage that prevents CDO-induced apoptosis. 

The prevalent hedgehog related therapeutic strategy assessed so far is the 

inhibition of the Smo/Gli-1 canonical pathway which is believed to be activated in 

many cancers either because of Ptc/Smo mutation(s) or because of a high SHH level. 

Smo antagonists such as cyclopamine have shown interesting tumor cell death effect 

in vitro and tumor growth inhibition activity in animal models (14, 15). Of interest CDO 

expression was shown to be down-regulated by the Smo/Gli-1 canonical pathway 

(18). We thus investigated whether tumor cell death observed upon Smo antagonists 

may be related to CDO pro-apoptotic activity. In agreement with Tenzen and 

collaboratorsʼ work, while A549 cells treated with cyclopamine showed increased 

level of CDO, SAG treatment was associated with a decrease in CDO level (Fig. 6A). 

In this setting, cyclopamine treatment was associated with A549 cell death. However 

this death effect was fully blocked when cells were transfected with CDO siRNA (Fig. 



6B). Similar results were observed in H522 cells (not shown). Thus, tumor cell death 

induced by cyclopamine is, at least in part, due to the up-regulation of CDO. We then 

assessed whether the tumor growth inhibition effect of cyclopamine could be 

explained by an increase in CDO-induced apoptosis in vivo. A549 cells were 

engrafted in nude mice and animals with palpable tumors were treated by intra-

tumoral injection of cyclopamine (or HBC vehicule) together with scramble siRNA or 

CDO siRNA for 2 weeks. As shown in Fig. 6C, while cyclopamine showed a potent 

tumor growth inhibition effect, this anti-tumor effect was in large part inhibited when 

CDO expression was silenced. Together, these data suggest that the Smo antagonist 

cyclopamine displays anti-tumor efficacy in part because it enhances CDO 

expression level and consequently CDO-induced apoptosis.  

 

Early pre-clinical development of an inhibitor of SHH/CDO interaction. 

The in vitro and in vivo data presented above strongly moot that interfering 

with SHH/CDO interaction may be an efficient anti-cancer strategy in SHH high 

tumors. We thus developed a drug candidate able to inhibit CDO/SHH interaction. To 

do so, the third fibronectin domain of CDO known to interact with CDO (21) was 

fused to a human IgG1 Fc fragment to create a stabilized recombinant protein (see 

schematic representation in Fig. 6D) with adequate pharmacokinetic properties 

(terminal half-life in mice blood 38 hours, not shown). This Fc-CDO3FbnIII recombinant 

protein titrates out SHH and prevents SHH from interacting with CDO (not shown). Of 

interest, Fc-CDO3FbnIII efficiently triggered apoptosis of A549 and H522 cells, a 

process blocked when an excess of recombinant SHH was added (Fig.6E and not 

shown). The in vivo activity of Fc-CDO3FbnIII was then assessed against A549 cells 

engrafted in nude mice. As shown in Fig. 6F, twice a week injection of Fc-CDO3FbnIII 

(10mg/kg) was associated with a potent tumor growth inhibition.  

 

Discussion. 



The data presented here suggest that CDO displays all the traits to belong to the 

functional family of the dependence receptors: CDO triggers apoptosis in the 

absence of its ligand SHH, CDO is cleaved at aspartic acid residue(s) by caspase-

like protease(s) and CDO triggers caspase-9 dependent apoptosis through a domain 

exposed after this proteolytic cleavage. These in vitro features have been shown to 

be common to the vast majority of dependence receptors (22). In addition, we have 

shown here that these traits confer to the pair SHH/CDO a key regulatory role both 

during embryonic development –e.g. shown here by the role of SHH in blocking CDO 

pro-apoptotic activity in the first branchial arch- and cancer progression.  An 

intriguing consequence of this work is the fact that among the known SHH receptors -

i.e., Ptc, Hip1, Gas-1, BOC and CDO- at least two of them, Ptc and CDO, behave as 

dependence receptors. Thus, SHH mediates cell survival by blocking both CDO and 

Ptc dependence receptors pro-apoptotic activity, two receptors that are often 

expressed in the same cells and have been shown to work together to mediate the 

classic SHH/Gli signaling (18, 19). Why a cell would need more than one SHH 

receptor to undergo apoptosis upon SHH unavailability? This could suggest either 

redundancy in a common mechanism of cell death induction upon limitation in SHH 

availability to ensure apoptosis of an unwanted/inadequately located cell or 

conversely a double-check mechanism that secures only the death of unwanted cells. 

If the mechanism by which CDO, together with or independently of Ptc, 

triggers apoptosis remains to be further analyzed, this observation may have clear 

consequences in term of alternative therapeutic anti-cancer strategy. SHH signaling 

is indeed of major focus for drug development as SHH and its signaling have 

extensively been shown to be deregulated in cancer. We show here that SHH 

expression in cancers may be a survival selective advantage to escape SHH 

dependence. Previous reports have shown that a large fraction of tumors from 

various cancer types show up-regulation of SHH (6, 8, 9, 42). Even though this 

observation has been mostly investigated under the classic view of the 

hyperactivation of SHH-Ptc-Smo-Gli signaling (14) or more recently under the 



challenging view of a paracrine role of SHH on stromal cells (13), considering our 

results here, it is tempting to revisit this expression of SHH as a mechanism to block 

CDO-induced apoptosis.  

The in vitro tumor cell death effect and the in vivo anti-tumor effect of SHH 

interference on SHH-expressing tumor cells support the view that the SHH/CDO 

interaction is a possible target for drug development. We propose here that a drug 

interfering with the interaction between SHH and its dependence receptor CDO, such 

as the presented Fc-CDO3FbnIII, could potentially benefit to the large fraction of 

patients suffering from cancers with high SHH levels. Even though further preclinical 

and clinical testings remains to be performed, the proposed strategy is fundamentally 

different from the undergoing strategies that aim at antagonizing Smo-mediated 

signaling. 

 



Materials and Methods 

 

Cell lines, transfection procedures, reagents: 

Human embryonic kidney HEK293T and lung cancer A549 cell lines were cultured in 

DMEM medium (Gibco®, Invitrogen) containing 10% fetal bovine serum. Human 

H358, H322 and H522 lung cancer cell lines were cultured in RPMI 1640 Glutamax 

medium (Gibco®, Invitrogen, Inc, Carlsbad, CA) containing 10% fetal bovine serum. 

Cell lines were transfected using lipofectamine 2000 reagent (Invitrogen) for small 

interfering RNA (siRNA) or lipofectamine Plus reagent (Invitrogen) for plasmids.  

Recombinant human SHH was purchased from R&D system (Minneapolis, MN). 5E1 

hybridoma cells producing a SHH-blocking antibody (Developmental Studies 

Hybridoma Bank) and IgG1 hybridoma cells producing an isotypic unrelated mouse 

antibody were maintained in Hybri-Care medium (ATCC).  

 

Human tumors samples and biological annotations: 

Following patientsʼ consents, surgical human tumors material was immediately 

frozen. Human colorectal cancer samples and matched normal tissues (n=99) were 

provided by the tumor bank at the Hospices civils de Lyon, fresh tumor tissue being 

obtained during colorectal surgery prior to any systemic therapy. Human ovary 

cancer samples and normal tissues (n=15) were obtained from the Biological 

Resource Center of Centre Léon Bérard, Lyon, France. Human NSCLC samples 

(selected on the basis of at least 70 % tumor cells in frozen samples) and paired 

normal tissues were retrieved from the tumor bank of the Pathology Department of 

the Centre Hospitalier Universitaire, Grenoble, France. Neuroblastoma material 

(n=119) and annotations were obtained from the Biological Resource Centers of 

Centre Léon Bérard, Lyon, France and Institut Gustave Roussy, Villejuif, France. The 

use of all patient tissue specimens was carried out according to French laws and 

regulations.  

 



Plasmid constructs and siRNA: 

Mouse CDO fragments were PCR amplified using pBABE-mCDO-Myc (16) as a 

template and cloned in pcDNA3.1 vector using pcDNA™3.1 Directional TOPO® 

Expression Kit strategy (Invitrogen). A Flag tag was added to each construct. Mouse 

CDO IC fragments encompass sequences coding for CDO residues Leu984 to Thr1250.  

Point mutations Asp (GAT or GAC) to Asn (AAT or AAC) were created using the 

QuickChange site directed mutagenesis strategy (Stratagene) using CDO full-length 

(for cell death assays) or CDO IC (for in vitro caspase cleavage assay) constructs as 

templates. The dominant negative mutant for CDO (CDO-DN) thus corresponds to 

CDO IC fragment with Asp1154 to Asn and Asp1163 to Asn point mutations. Patched1 

construct and dominant negative mutant for Patched1 (pcDNA3.1-PTC1-DN-HA) 

have been previously described (4). Dominant negative caspase encoding plasmids 

(pcDNA3.1-DNcasp8 and pcDNA3.1-DNcasp9) have been previously described(26). 

For in ovo chick electroporation, most constructs were based on pMiW vector which 

was also used as empty vector. Mouse full-length CDO was cut from pcDNA3.1-

mCDO-Flag and cloned between HindIII and BglII sites of pMIW. Mouse CDO 

fragments cut from pcDNA3.1-CDO-DN-Flag and pcDNA3.1-PTC1-DN-HA were 

cloned between HindIII and NotI sites of pMIW. List of all primers used is available 

upon request. 

For cell culture use and in vivo experiments, human CDO and SHH siRNAs were 

designed by Santa Cruz (CA) as a pool of 3 to 5 target-specific 20-25nt siRNAs. For 

detection of siRNA within the xenografts in vivo, biotinylated SHH or scramble siRNA 

were purchased from Sigma.  

 

In vitro translation and caspase-3 cleavage assay: 

Plasmids pcDNA3.1-CDO-IC with different point mutations were transcribed using T7 

polymerase and then translated using the TNT system (Promega) in the presence of 

50 μCi [35S]methionine (Perkin Elmer) for 3 h at 30 8C. Translation products were 

incubated for 2 h in 20mM PIPES pH 7.2, 100mM NaCl, 1% Chaps, 10% sucrose, 



10mM dithiothreitol and 0.1mM EDTA, at 37 °C in the presence of purified active 

caspase-3 kindly provided by G. Salvezen. Samples were loaded on a 14% Tris-

Glycine acrylamide gel (Invitrogen).  

For the detection of endogenous CDO caspase cleavage fragment, four E12.5 

mouse embryonic spinal cords (SC) were dissected and incubated at 37°C in Hanks' 

balanced salt solution (HBSS, Invitrogen) for 6 hours with the general caspase 

inhibitor z-VAD-fmk or DMSO as a control. SCs were then lysed in the presence of 

the general caspase inhibitor z-VAD-fmk or DMSO and immunoblot was performed 

on these lysates using a CDO C-terminal domain specific antibody (Santa Cruz). 

 

Cell death assays: 

1.8 x 105 cells were grown in serum-poor medium and transfected with plasmids 

using Lipofectamine Plus Reagent (invitrogen) or with siRNAs using Lipofectamine 

2000 (Invitrogen). Cell death was analyzed using trypan blue staining procedures as 

previously described (43), 24 hours after transfection. The extent of cell death is 

presented as the percentage of trypan blue-positive cells in the different cell 

populations. Apoptosis was monitored by measuring caspase-3 activity as described 

previously (43) using Caspase 3/CPP32 Fluorimetric Assay Kit (Gentaur Biovision, 

Brussel, Belgium) 24 hours after transfection. For detection of DNA fragmentation, 

treated cells were cytospun 48 hours after transfection and Terminal deoxynucleotidyl 

transferase mediated dUTP-biotin Nick End Labeling (TUNEL) was performed with 

300U/mL TUNEL enzyme (300U/mL) and 6 μM biotinylated dUTP (Roche 

Diagnostics, Meylan, France), as previously described (44). 

 

Soft agar assay for colony formation: 

For bottom agar, 2 ml of 1.4% agarose were diluted with 2 ml of 2x DMEM (2x 

DMEM, 20% fetal bovine serum, 0.2% gentamycin, 500 μg/ml fungizone). A 4-ml 

volume of bottom agar was plated in a 60-mm tissue culture dish and allowed to 

harden. Cells were trypsinized and resuspended at 1.106 cells/ml in DMEM medium. 



The top agar cell suspensions were composed of 100 μl of cell suspension, 1 ml of 

2x DMEM, and 1 ml of 0.7% agarose and were overlaid on dishes containing bottom 

agar. The final plating concentration was 105 cells per dish. Treatment with 

recombinant SHH, DMSO or Smoothened Agonist (SAG, 200nM) were added in the 

culture medium and replaced every two days. 14 days later, clones were fixed with 

4% paraformaldehyde for 5 minutes, stained with 1 ml of 0.005% Crystal Violet for 30 

minutes and washed with distilled water. 

 

Quantitative RT-PCR: 

To assay SHH and CDO expression in human tumor and healthy tissues and in 

human cell lines, total RNA was extracted using the Nucleospin RNAII kit (Macherey-

Nagel) and 1 μg was reverse-transcribed using the iScript cDNA Synthesis kit 

(BioRad). Real-time quantitative RT-PCR was performed on a LightCycler 2.0 

apparatus (Roche) using either the Light Cycler FastStart DNA Master SYBERGreen 

I kit (Roche) for CDO and LightCycler® TaqMan® Master kit (Roche) for SHH. 

Reaction conditions for all optimal amplifications, as well as primers selection were 

determined as already described. The ubiquitously expressed human HPRT gene 

was used as an internal control. The sequences of the primers are available upon 

request. 

 

Dot Blot analysis of CDO expression in human tissues: 

CDO gene expression in human tumor and normal paired tissues was monitored by 

using the Cancer Profiling Array (CLONTECH) following the manufacturerʼs 

suggested procedure. CDO probe was prepared by using Amersham Megaprime 

DNA Labeling System (GE Healthcare) with human full-length CDO cDNA as 

template. The following primers were used: 5ʼ-GCATCTCGTCCTTATCAAGTGG-3ʼ 

and 5ʼ-TATGGTATTCTGCTGGCGATTC-3ʼ. The dot blot was quantified by using 



Quantity one 4.6.1 software (Biorad). CDO loss of expression was defined by a fold 

change (normal versus tumor) of greater than 2. 

 

Immunohistochemistry, co-immunoprecipitation and immunoblotting analysis: 

For immunohistochemistry on cells, 6.5*104 cells were grown on coverslips. For 

immunohistochemistry on chick embryos and tumors, samples previously fixed in 4% 

paraformaldehyde were embedded in 7.5% gelatin – 0.12M sucrose and 20 μm 

sections were performed. Slides were then incubated at room temperature for two 

hours with a primary antibody recognizing the human CDO (1:200, R&D systems, 

Minneapolis, MN), the FlagM2 tag (1/400, Sigma), Ptc (1/200, Santa Cruz) or the HA 

tag (1/500, Sigma). After rinsing in phosphate buffer saline, the slides were incubated 

with an Alexa-488-Donkey or Cy3-Donkey anti-Goat antibody (Molecular Probes), or 

Cy5-Donkey anti-Mouse/anti-rabbit/anti-goat antibodies (Jackson ImmunoResearch, 

Suffolk, UK) (Molecular Probes) respectively. Nuclei were visualized with Hoechst 

staining. Fluorescence imaging was performed with AxioVision Release 4.6 software. 

Co-immunprecipitations and immunoblots were performed as already described 

using anti-CDO (1/2000, R&D Systems), anti-FlagM2 (1/5000, Sigma), anti-HA 

(1:7500, Sigma) or anti-β-actin (1:1000, Chemicon) primary antibodies. 

 

SHH ELISA assay: 

For SHH determination in cell culture supernatants, white 96-well plate (CORNING) 

were coated with a monoclonal anti-mouse SHH N-term peptide antibody (MAB4641 

- R&D systems), blocked with bovine serum albumin, incubated with the samples, 

followed by detection of SHH using a biotinylated anti-mouse SHH antibody 

(BAM4641 – R&D systems), a streptavidin-peroxidase polymer (S2438 – Sigma) and 

a chemiluminescent substrate (Pierce ECL Western Blotting Substrate). The 

luminescence was read on a Tecan Infinite F-500 luminometer. 

 

Chick in ovo experiments and TUNEL staining on chick embryos: 



Cell-death analysis in the developing chick neural tube was performed using fertilized 

chicken eggs obtained from a local farm and incubated at 38°C. Embryos were 

staged according to Hamburger and Hamilton (HH). Chick embryos were 

electroporated with purified plasmid DNA (4.5 μg/μl) allowing expression in chicken 

(constructs based on pMIW vector).  

For neural tube electroporation, chick embryos of stage HH10 11 were injected with 

plasmid DNA into the lumen of the neural tube and electroporated with specifically 

designed electrodes, only in one side of the neural tube. In each condition, GFP was 

co-electroporated to check the electroporation efficiency. Twenty-four hours after 

electroporation, live embryos were harvested, fixed overnight in 4% PFA, embedded 

in 7.5% gelatin – 0.12M sucrose and 20 μm sections were performed. Detection and 

quantification of apoptosis by TUNEL was performed using the In Situ Cell Death 

Detection Kit (Roche). For each embryo, TUNEL positive cells of the electroporated 

and non-electroporated sides of the neural tube were counted in more than ten 

sections. The ratio of the number of TUNEL-positive cells from the electroporated 

side to that of the non-electroporated side was then calculated. For each condition, 

results from at least six embryos were used to determine a mean ratio.  

For in ovo experiments on NCCs migrating to BA1, chick embryos were bilaterally 

electroporated at 3ss- to 5-ss with pMIW empty vector, pMIW-CDO-DN-Flag or 

pMIW-PTC1-DN-HA. When embryos reached 5-ss to 7-ss stage, a glass needle was 

placed at the midbrain–hindbrain level, and 5E1 or IgG1 secreting hybridoma cells 

were pressure injected into the lateral head mesenchyme, as previously described 

(31). Thirty six hours later, live embryos were harvested, fixed overnight in 4% PFA 

and subjected to whole mount immunofluorescent staining to detect antibodies 

secreted by injected hybridoma cells or TUNEL staining to detect apoptotic cells in 

the BA1.  

 

SHH inhibition in A549-engrafted nude mice:  



Seven-week-old (20-22 g body weight) female athymic nu/nu mice were obtained 

from Charles River animal facility. The mice were housed in sterilized filter-topped 

cages and maintained in a pathogen-free animal facility. A549 cells were implanted 

by s.c. injection of 107 cells in 200μL of PBS into the right flank of the mice. Once 

tumors were established (V≈100 mm3), mice were treated with scramble siRNA, SHH 

siRNA and/or CDO siRNA by i.p. injection of 6 μg total siRNA during 4 weeks, twice a 

week or with 10 mg/kg Fc-CDO3FbnIII (using PBS-glycerol as a control) during three 

weeks twice a week. Tumor sizes were measured with a caliper. The tumor volume 

was calculated with the formula v = 0.5*(length*width2). At the end of the treatment, 

tumors were harvested, weighted and were embedded in 7.5% gelatin – 0.12M 

sucrose and sectioned into 20 μm slices. Tumors histology was studied after 

Hematoxylin-PhloxinB-Safran staining of tumor slides. To measure apoptotic cell 

death, some tumors were harvested after one week of treatment, immediately frozen 

and then mechanically lysed in caspase-3 activity lysis buffer. Then, caspase-3 

activity was quantified using Caspase 3/CPP32 Fluorimetric Assay Kit (Gentaur 

Biovision). 

For the cyclopamine/siRNA co-treatment experiment, cyclopamine was prepared as 

a complex with 2-hydroxypropyl-β-cyclodextrin (HBC, Sigma) (1 mg cyclopamine per 

milliliter of 45% HBC in sterile PBS stirred for 60 minutes at 65°C (45)). Once tumors 

reached approximately 40 mm3, 3 μg of scramble or CDO siRNA were than added to 

100 μL of cyclopamine-HBC or HBC alone and the mix was injected intra/peri-

tumorally daily during 12 days.  
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Figure Legends 

 

Figure 1: CDO induces apoptosis in vitro and in vivo, depending on SHH 

availability. 

A. Schematic representation of CDO protein structural domains. B. CDO 

immunofluorescence staining of HEK293T transfected with a full-length mouse CDO 

expression plasmid. CDO (green) and nuclei (Hoechst in blue) staining are shown.  

C-E. Cell death induction in HEK293T cells was quantified by trypan blue exclusion 

assay (C), caspase-3 activity assay (D) or TUNEL staining (E) after transfection with 

mock, CDO or Ptc expression vectors. Increasing amounts of recombinant SHH 

added in the cell culture medium are displayed above the graphs. Recombinant 

netrin-1 (NTN1) was added in the culture medium as a negative control. The general 

caspase inhibitor z-VAD-fmk was used as a control to block apoptotic cell death. In 

D, lower panel shows detection of CDO and Ptc proteins by Western Blot. In E, 

TUNEL stained cells (orange) and nuclei (Hoechst staining in blue) are shown. Data 

are means of at least three independent assays. Error bars indicate s.e.m. Statistical 

treatment of the data was performed using a two-sided Mann-Whitney test compared 

to mock-transfected condition (* P < 0.05). F. Schematic representation of the in ovo 

electroporation method of HH-10 chick embryos. Electrodes are represented by + 

and – schemes. G. Left panel: Quantification of the number of TUNEL positive cells 

in the electroporated side versus the non-electroporated side for each condition 

shown in right panels. Quantification was performed separately in the dorsal third and 

in the ventral two-thirds of the neural tube. The number of embryos used for each 

condition is indicated above the graph. Error bars indicate s.e.m. Statistical treatment 

of the data was performed using a two-sided Mann-Whitney test compared to mock-

transfected condition (* P < 0.05). Right panels: Representative images of CDO 

immunofluorescence staining (in red) and TUNEL staining (in green) of chick 

embryos neural tubes electroporated with mock or CDO encoding plasmids are 

shown. 



 

Figure 2: CDO triggers apoptosis through CDO proteolytic cleavage and 

recruitment and activation of caspase-9. 

A. In vitro-translated CDO intracellular domains (CDO-IC) wild type (wt) or mutated 

on one (left panel) or two (right panel) aspartic acid residues were incubated in the 

absence or in the presence of recombinant purified active caspase-3. 

Autoradiographs show the cleavage by caspase-3 of CDO-IC wt, whereas CDO-IC-

D1153N was weakly cleaved and CDO-IC-D1153N-D1164N was almost completely 

resistant to cleavage. B. Schematic representation of CDO intracellular domain and 

its different mutant constructs. CDO-IC main (D1153) and secondary (D1164) 

caspase cleavage sites are displayed. C-D. Apoptotic cell death induction as 

measured by caspase-3 activity (C) and TUNEL staining (D) was quantified in 

HEK293T cells transfected with wild type (CDO) full-length or mutated full-length 

CDO expression plasmids. In C, upper panel shows the western blot analysis of wt 

and mutant CDO proteins. In D, TUNEL positive cells (orange) and nuclei (Hoechst in 

blue) are shown. E. Apoptotic cell death induction as measured by caspase-3 activity 

was quantified in HEK293T cells transfected with constructs encoding full-length 

CDO or the CDO hypothetical fragments resulting from its cleavage by caspase at 

D1153 (CDO1-1153 and CDO 1154-1250). Data are means of at least three 

independent assays. Error bars indicate s.e.m.. Statistical treatment of the data was 

performed using a two-sided Mann-Whitney test compared to mock-transfected 

condition (* P < 0.05; ** P<0.01). F. HEK293T cells were transfected with constructs 

encoding CDO and/or caspase-9 and cell lysates were subjected to 

immunoprecipitation with a CDO specific antibody. CDO and caspase-9 proteins 

were detected by western blot in immunoprecipitated and input fractions. G. 

Caspase-9 activity was quantified in HEK293T cells transfected with wild type (CDO) 

full-length or mutated full-length CDO (D1153N) expression plasmids.  H. Gli1 

transcriptional activity was measured in NIH3T3 cells transfected with a Gli1-

responsive element cloned upstream the firefly luciferase reporter gene. Cells were 



co-transfected with constructs encoding Gli1 and/or different CDO fragments, and/or 

treated with 50nM Smoothened Agonist (SAG). Firefly luciferase activity was indexed 

on renilla luciferase activity used as an internal transfection control. For G and H, 

data are means of at least three independent assays. Error bars indicate s.e.m.. 

Statistical treatment of the data was performed using a two-sided Mann-Whitney test 

compared to mock-transfected condition (* P < 0.05). 

 

Figure 3: The pair SHH/dependence receptor CDO controls neural crest cells 

death during first Branchial Arch development. 

A. Apoptotic cell death induction as measured by caspase-3 activity was quantified in 

HEK293T cells transfected with full-length CDO alone or together with CDO-IC 

domain mutated on one (CDO-IC-D1153N) or two (CDO-IC-D1153/64N) caspase 

cleavage site(s), or Ptc dominant negative (Ptc-DN). Upper panel shows detection of 

CDO (α-CDO), CDO-IC mutants (α-Flag) and Ptc-DN (α-HA) proteins by immunoblot. 

CDO-IC-D1153/64N, named hereafter CDO-DN, behaves as a dominant negative for 

CDO pro-apoptotic activity. Data are means of at least three independent assays. 

Error bars indicate s.e.m. Statistical treatment of the data was performed using a two-

sided Mann-Whitney test compared to mock-transfected condition (** P < 0.01). B. 

HEK293T cells were transfected with constructs encoding CDO, CDO-DN, Ptc-DN 

and/or caspase-9 and cell lysates were subjected to immunoprecipitation with a CDO 

specific antibody. Each protein was then detected by western blot in 

immunoprecipitated and input fractions. C. Upper panel: Schematic representation of 

the in ovo electroporation method of HH-7/8 chick embryos, followed by injection of 

antibody-secreting hybridoma cells in the lateral mesenchyme. Lower panel: 

Representative image of a chick embryo electroporated with a GFP-construct (in 

green), injected with control antibody-secreting hybridoma cells and then subjected to 

TUNEL staining (in orange). The dotted area highlights the zone observed at higher 

magnification in D. D. In toto TUNEL staining performed on chick embryos 36 hours 

after electroporation of mock or CDO-DN encoding constructs and injection of SHH-



blocking antibody (5E1) secreting hybridoma cells. Electroporation efficiency is 

controlled with GFP green fluorescence. TUNEL staining is shown in orange. Arrows 

point at the first branchial arch in formation. The number of embryos analyzed is 

indicated on each illustrated condition. 

 

Figure 4: CDO expression is decreased in human cancers. 

A. Quantification of CDO expression by Q-RT-PCR and/or by dot blot array in a panel 

of 209 human tumors and paired normal tissues. For each type of tissue, the 

percentage of tumors showing loss of CDO expression as compared to paired normal 

tissue is indicated. Loss of CDO expression is considered when a more than 2-fold 

decrease of expression is observed. B. Quantification of CDO expression by Q-RT-

PCR in a panel of 119 human stages 1-2, 3, 4 and 4S neuroblastoma. The number of 

cases for each stage is indicated below the graph. Error bars indicate s.e.m. 

Statistical treatment of the data was performed using a two-sided Student t-test. C. 

Representative CDO immunostainings on stage 2, stage 4 and stage 4S tumors. 

Inset: control without primary antibody is presented. D. CDO high expression is a 

marker of good prognosis in NB. Ten-year overall survival in a panel of 108 patients 

(left panel, every NB stages) or 86 patients (right panel, aggressive metastatic NB) 

diagnosed with NB showing either CDO low (in grey) or CDO high (in black) level 

was analyzed. Statistical treatment of the data: Kaplan-Meier method, p value is 

indicated. E. Apoptotic cell death was quantified by caspase-3 assay in SHSY-5Y 

and SHEP cell lines transfected with CDO encoding construct. SHH availability in the 

culture medium was modulated by addition of recombinant SHH (+SHH). F. Soft agar 

assay for colony formation was performed on HEK293T cells 14 days after 

transfection with CDO encoding construct alone or after addition of recombinant 

SHH, Smoothened Agonist (SAG) or DMSO (SAGʼs diluent). The mean number of 

clones per dish and per condition is presented in the right panel. For E and F data 

are means of at least three independent assays. Error bars indicate s.e.m. Statistical 

treatment of the data was performed using a two-sided Mann-Whitney test compared 



to mock-transfected condition (* P < 0.05, ** P< 0.01, *** P< 0.001). 

 

Figure 5:  Inhibition of SHH triggers tumor growth arrest and regression via 

CDO-induced apoptosis. 

A. CDO immunofluorescence staining of A549 and H522 cells using anti-CDO 

antibody to reveal CDO endogenous expression. Inset: immunostaining without 

primary antibody is presented as a control. B. Quantification of endogenous secreted 

SHH by ELISA assay in A549, H522 and H460 cells culture medium. C. 

Quantification of SHH and CDO expression by Q-RT-PCR was performed to check 

the efficiency and specificity of SHH and CDO siRNAs 24 hours after transfection of 

A549 cell line. D. Apoptotic cell death induction as measured by caspase-3 activity 

(upper panel) and TUNEL staining (lower panel) was quantified in A549 and H522 

cells transfected with SHH siRNA alone or together with CDO siRNA. E. Caspase-9 

activity was measured in A549 cells 18 hours after transfection with SHH siRNA 

alone or together with CDO siRNA. For C-E, data are means of a minimum of three 

independent assays. Error bars indicate s.e.m. Statistical treatment of the data was 

performed using a two-sided Mann-Whitney test compared to scramble siRNA-

transfected condition (* P < 0.05). F. Nude mice were engrafted with A549 cells by 

subcutaneous injection of 10 millions cells. When the mean tumor volume reached 

approximately 100 mm3, animals were treated twice a week by i.p. injection of 

scramble or SHH siRNA alone or in combination with CDO siRNA during 4 weeks. 

Mean tumor volume and number of animals for each group are indicated. G. 

Representative images of scr siRNA, SHH siRNA or SHH siRNA + CDO siRNAs-

treated tumors on day 35. H. Mean tumor mass of scr siRNA, SHH siRNA or SHH 

siRNA + CDO siRNAs-treated tumors on day 46, at the end of treatment. Error bars 

indicate s.e.m. Statistical treatment of the data was performed using a two-sided 

Mann-Whitney test compared to scramble siRNA-treated condition (* P < 0.05). I. 

Apoptosis quantification by caspase-3 activity assay on xenografted tumor lysates 

analyzed after 1 week of treatment with siRNAs. Error bars indicate s.e.m. J. 



Xenografts histology was analyzed by Hematoxylin-PhloxinB-Safran (HPS) staining 

on tumors harvested at the end of the treatment. Note that SHH siRNA-treated 

xenografts are characterized by a vast central area devoid of tumor cells. Scale bar: 

1mm 

 

Figure 6: Interference with SHH/CDO interaction as a promising therapeutic 

strategy. 

A. Quantification of CDO mRNA was performed after treatment of A549 cells either 

with 1μM or 5μM cyclopamine (cyclo.) or with 50nM or 200nM Smoothened Agonist 

(SAG). B. Apoptotic cell death induction as measured by caspase-3 activity was 

quantified in A549 cells treated with cyclopamine (cyc.) and transfected either with 

scramble (siScr.) or with CDO siRNA. A549 cells were also treated with SAG and 

transfected either with siScr. or with SHH siRNA. Data are means of a minimum of 

three independent assays. Error bars indicate s.e.m. Statistical treatment of the data 

was performed using a two-sided Mann-Whitney test compared to scramble siRNA-

transfected condition (* P < 0.05). C. Nude mice were engrafted with A549 cells by 

subcutaneous injection of 10 millions cells. When the mean tumor volume reached 

approximately 40 mm3, animals were treated daily by intra-tumoral injection of 

cyclopamine and either scramble or CDO siRNA alone during 13 days. Mean tumor 

volume and number of animals for each group are indicated. D. Schematic 

representation of the Fc-CDO3FbnIII recombinant protein comprising the CDO 

juxtamembrane fibronectin domain associated with a human IgG1 Fc fragment. E. 

Apoptotic cell death induction as measured by caspase-3 activity was quantified in 

A549 cells treated with 2μg/mL Fc-CDO3FbnIII alone or together with an excess 

recombinant SHH added in the culture medium. Data are means of a minimum of 

three independent assays. Error bars indicate s.e.m. Statistical treatment of the data 

was performed using a two-sided Mann-Whitney test compared to control condition (* 

P < 0.05). F. Nude mice were engrafted with A549 cells by subcutaneous injection of 

10 millions cells. When the mean tumor volume reached approximately 100 mm3, 



animals were treated twice a week by i.p. injection of 10mg/kg Fc-CDO3FbnIII during 

two weeks. Mean tumor volume and number of animals for each group are indicated. 

 

 

Supplementary Figure 1: CDO, but not BOC, induces apoptosis in vitro 

depending on SHH binding. 

A. Schematic representation of BOC protein structural domains. B. Cell death 

induction in HEK293T cells was quantified by trypan blue exclusion assay after 

transfection with mock or BOC expressing constructs and treatment with recombinant 

SHH added in the cell culture medium. C. Apoptotic cell death induction as measured 

by caspase-3 activity was quantified in HEK293T cells transfected with full-length 

DCC alone or with recombinant SHH (rSHH) added in excess in the culture medium. 

Upper panel shows detection DCC-HA protein by immunoblot using anti-HA antibody. 

D. Apoptotic cell death induction as measured by caspase-3 activity was quantified in 

HEK293T cells transfected either with full-length rat CDO or with rat CDO deleted 

from its SHH-binding site (CDOΔFbn3) alone or with recombinant SHH (rSHH) added 

in excess in the culture medium. For B, C and D, data are means of a minimum of 

three independent assays. Error bars indicate s.e.m. Statistical treatment of the data 

was performed using a two-sided Mann-Whitney test compared to control condition (* 

P < 0.05). E. CDO immunofluorescence staining of chick embryos neural tubes 

electroporated with mock or CDO encoding plasmids. CDO immunodetection is 

shown in orange. Electroporation efficiency is controlled with GFP green 

fluorescence. Hoechst staining is in blue. 

  

Supplementary Figure 2: CDO intracellular cleavage is inhibited by the 

presence of SHH. 

A. Detection of endogenous full length CDO and CDO fragment released by its 

intracellular cleavage by Western Blot in E12.5 mouse embryonic spinal cords (SC) 

lysates in the presence of the general caspase inhibitor z-VAD-fmk or DMSO as a 



control, using a CDO C-terminal domain specific antibody. B. Apoptotic cell death 

induction as measured by caspase-3 activity was quantified in HEK293T cells 

transfected with constructs encoding CDO or CDO hypothetical fragment resulting 

from its cleavage by caspase at D1153 (CDO 1-1153) and treated or not with 900 

ng/mL recombinant SHH added in the culture medium. C. Apoptotic cell death 

induction as measured by caspase-3 activity was quantified in HEK293T cells 

transfected with a construct encoding CDO together with Caspase-9 dominant 

negative (DN-C9) or Caspase-8 dominant negative (DN-C8) constructs. Upper panel 

shows detection of CDO (α-CDO), DN-C9 (α-Flag) and DN-C8 (α-HA) by 

immunoblot. D. Apoptotic cell death induction as measured by caspase-3 activity was 

quantified in HEK293T cells transfected with a construct encoding CDO alone or 

together with Gli1, or after treatment with 200 nM SAG. For B-D, data are means of a 

minimum of three independent assays. Error bars indicate s.e.m. Statistical treatment 

of the data was performed using a two-sided Mann-Whitney test compared to control 

condition (* P < 0.05). 

 

Supplementary Figure 3: CDO-DN specifically blocks CDO-induced cell death 

in vitro and in vivo. 

A. Apoptotic cell death induction as measured by TUNEL staining was quantified in 

HEK293T cells transfected with full-length CDO alone or together with CDO-IC 

domain mutated on two caspase cleavage sites (CDO-IC-D1153/64N). TUNEL 

positive cells (in orange) and nuclei (Hoechst in blue) are shown on representative 

images for each condition (left panels). B. Apoptotic cell death induction as measured 

by caspase-3 activity was quantified in HEK293T cells transfected with Ptc or DCC 

alone or together with CDO-DN or Ptc-DN constructs. Upper panel shows detection 

of Ptc, DCC and Ptc-DN (α-HA), and CDO-DN (α-Flag). For A and B, error bars 

indicate s.e.m. Statistical treatment of the data was performed using a two-sided 

Mann-Whitney test compared to mock-transfected condition (* P < 0.05). C. 

Immunofluorescence (upper panels) and TUNEL staining (median panels) on chick 



embryos neural tubes electroporated with mock, CDO or Ptc alone or together with 

CDO-DN or Ptc-DN encoding plasmids. Immunodetection of full length CDO (anti-

CDO antibody), CDO-IC domain (detection of both CDO and CDO-DN with anti-Flag 

antibody), Ptc (anti-Ptc antibody) and Ptc-DN (anti-HA antibody) is shown in red. 

TUNEL staining is in green. TUNEL and immunofluorescence staining are shown as 

merge in lower panels. The number of embryos used for each condition is indicated 

above the panels. D. Quantification of the number of TUNEL positive cells in the 

electroporated side versus the non-electroporated side for each condition presented 

in C. Error bars indicate s.e.m. Statistical treatment of the data was performed using 

a two-sided Mann-Whitney test compared to mock-transfected condition (** P < 0.01; 

* P < 0.05).  

 

Supplementary Figure 4: CDO dependence receptor controls neural crest cells 

death during first Branchial Arch development. 

A. Immunodetection of hybridoma cells injected in the lateral mesenchyme of chick 

embryos 24 hours after injection. The secretion of mouse immunoglobulins by 5E1- 

or IgG1-secreting hybridoma cells was evidenced with a cy3-anti-mouse antibody 

(white arrowhead). B. In toto TUNEL staining performed on chick embryos 36 hours 

after electroporation of mock or Ptc-DN encoding constructs and injection of control 

(IgG1) or SHH-blocking antibody (5E1) secreting hybridoma cells. TUNEL staining is 

shown in orange. Electroporation efficiency is controlled with GFP green 

fluorescence. Arrows point at the first branchial arch in formation. The number of 

embryos analyzed is indicated on each illustrated condition.  

 

Supplementary Figure 5: Loss of CDO protein is correlated with colorectal 

adenocarcinoma aggressiveness.   

A. Table recapitulating CDO protein level (quantified by immunohistochemistry) in 9 

isolated (Tis), 16 Stage 1/2 (T1/2) and 20 Stage 3/4 (T3/4) human colorectal 

adenocarcinomas according to the TNM classification. The number of cases showing 



either a higher, an equal, a lower or no CDO expression in the tumor as compared to 

the normal tissue is indicated. B. Representative CDO immunohistochemistry on a 

human colon adenocarcinoma. N: Normal tissue; T: Tumor tissue. Note that CDO is 

clearly detected in the normal tissue (arrows) whereas the tumor tissue is only 

weakly, if not, stained.  

 

Supplementary Figure 6:  

A. Quantification of endogenous secreted SHH by ELISA assay in the culture 

medium of A549 cells transfected with scramble or SHH siRNA. B. CDO 

immunofluorescence staining of A549 cells transfected with scramble or CDO siRNA 

using a CDO specific antibody (in green). Nuclei were stained with Hoechst. C. 

Apoptotic cell death was quantified by caspase-3 assay in A549 cells transfected with 

SHH siRNA alone or together with CDO-DN or Ptc-DN constructs. For C, data are 

means of a minimum of three independent assays. Error bars indicate s.e.m. 

Statistical treatment of the data was performed using a two-sided Mann-Whitney test 

compared to control transfected condition (* P < 0.05). D. A biotinylated SHH siRNA 

(siSHH-[btn]) was injected i.p. in nude mice bearing A549 xenografts. Thirty minutes 

after injection, tumors were harvested and siSHH-[btn] was detected within the tumor 

with Cy3-Streptavidine (in orange). Nuclei were stained with Hoechst (in blue). PBS 

intra-peritoneal injection was used as a control.  

 

Supplementary Table 1: 

Quantification of CDO and SHH expression by Q-RT-PCR in 21 NSCLC, 23 

neuroblastoma, 10 colorectal cancer, 4 ovarian cancer and 1 pancreatic cancer cell 

lines. 
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s 
fe

m
el

le
s 

dé
ve

lo
pp

en
t u

ne
 f

or
ce

 d
'a

gr
ip

pe
m

en
t s

up
ér

ie
ur

e 

au
x 

m
al

es
 (

gr
ou

pe
 s

au
va

ge
 : 

+
17

%
 ; 

gr
ou

pe
 tr

an
sg

én
iq

ue
 : 

+
16

%
).

  

  
A

n
al

ys
e 

d
e 

la
 f

o
rc

e 
et

 d
e 

la
 r

és
is

ta
n

ce
 à

 la
 f

at
ig

u
e 

: 
W

ir
e 

te
st

 

 
T

ab
le

au
 1

3 
&

 F
ig

ur
e 

13
; 

T
ab

le
au

 1
4 

&
 F

ig
ur

e 
14

; 
T

ab
le

au
 1

5 
&

 F
ig

ur
e 

15
;T

ab
le

au
 

16
 &

 F
ig

ur
e 

16
 

 
’L

es
 r

és
ul

ta
ts

 m
on

tr
en

t 
qu

e 
le

s 
in

di
ce

s 
de

 c
om

po
rt

em
en

t 
ob

te
nu

s 
po

ur
 l

es
 4

 

gr
ou

pe
s 

so
nt

 s
im

ila
ire

s.
 C

e 
te

st
 p

er
m

et
 c

ep
en

da
nt

 d
e 

m
et

tr
e 

en
 é

vi
de

nc
e 

qu
e 

le
s 

so
ur

is
 

fe
m

el
le

s 
tr

an
sg

én
iq

ue
s 

so
nt

 p
lu

s 
pe

rf
or

m
an

te
s 

pa
r 

ra
pp

or
t 

au
x 

fe
m

el
le

s 
sa

uv
ag

es
, 

av
ec

 

en
tr

e 
au

tr
e 

un
e 

au
gm

en
ta

tio
n 

du
 

te
m

ps
 

m
ax

im
al

 
de

 
su

sp
en

si
on

 
(+

30
%

).
 

Lo
rs

 
de

 

l’a
na

ly
se

 d
e 

la
 r

ép
ar

tit
io

n 
de

s 
ch

ut
es

 a
u 

co
ur

s 
du

 te
m

ps
, l

es
 m

al
es

 tr
an

sg
én

iq
ue

s 
so

nt
 le

s 

m
oi

ns
 

pe
rf

or
m

an
ts

, 
av

ec
 

un
 

sc
or

e 
fin

al
 

de
 

6.
9±

1.
5 

co
nt

re
 

9.
2±

0.
5 

po
ur

 
le

s 
m

al
es

 

sa
uv

ag
es

 (
p<

0.
10

) 
et

 d
e 

9.
2±

0.
2 

po
ur

 le
s 

fe
m

el
le

s 
 tr

an
sg

én
iq

ue
s 

(p
<

0.
05

).
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 b
) 

E
xp

lo
ra

ti
o

n
 f

o
n

ct
io

n
n

el
le

 a
u

 d
eu

xi
èm

e 
st

ad
e 

d
e 

d
év

el
o

p
p

em
en

t 
: 

24
 s

em
ai

n
es

 

d
’a

g
e 

  
A

n
al

ys
e 

d
e 

la
 c

o
o

rd
in

at
io

n
 m

o
tr

ic
e 

et
 r

és
is

ta
n

ce
 à

 l
a 

fa
ti

g
u

e 
: 

R
o

ta
ro

d
, 

vi
te

ss
e 

cr
o

is
sa

n
te

 d
e 

4 
à 

40
 r

p
m

 

 
T

ab
le

au
 1

7 
&

 F
ig

ur
e 

17
; T

ab
le

au
 1

8 
&

 F
ig

ur
e 

18
; T

ab
le

au
 1

9 
&

 F
ig

ur
e 

19
 

  
Le

s 
ré

su
lta

ts
 

m
on

tr
en

t 
qu

e 
le

s 
te

m
ps

 
de

 
m

ai
nt

ie
n 

su
r 

la
 

ba
rr

e 
en

 
ro

ta
tio

n 

dé
te

rm
in

és
 

po
ur

 
le

s 
4 

gr
ou

pe
s 

ne
 

so
nt

 
pa

s 
si

gn
ifi

ca
tiv

em
en

t 
di

ff
ér

en
ts

. 
O

n 
no

te
 

ce
pe

nd
an

t 
un

e 
di

m
in

ut
io

n 
de

 c
e 

pa
ra

m
èt

re
 e

nt
re

 le
s 

m
al

es
 s

au
va

ge
s 

et
 t

ra
ns

gé
ni

qu
es

 (
-

5%
) 

et
 d

e 
la

 m
êm

e 
m

an
iè

re
 p

ou
r 

le
s 

fe
m

el
le

s 
(-

10
%

).
 D

es
 v

ar
ia

tio
ns

 i
nv

er
se

s 
ét

an
t 

ob
se

rv
ée

s 
à 

8 
se

m
ai

ne
s 

de
 d

év
el

op
pe

m
en

t, 
à 

sa
vo

ir 
un

e 
au

gm
en

ta
tio

n 
du

 t
em

ps
 d

e 

m
ai

nt
ie

n 
de

s 
so

ur
is

 t
ra

ns
gé

ni
qu

es
 p

ar
 r

ap
po

rt
s 

au
x 

sa
uv

ag
es

, 
ce

s 
ré

su
lta

ts
 s

ug
gè

re
nt

 

un
e 

at
te

in
te

 d
e 

la
 c

oo
rd

in
at

io
n 

m
ot

ric
e 

ch
ez

 l
es

 s
ou

ris
 t

ra
ns

gé
ni

qu
es

 â
gé

es
 d

e 
24

 

se
m

ai
ne

s.
 C

on
ce

rn
an

t 
la

 c
om

pa
ra

is
on

 e
nt

re
s 

le
s 

so
ur

is
 d

e 
se

xe
 d

iff
ér

en
t 

et
 d

e 
m

êm
e 

gé
no

ty
pe

, 
le

s 
fe

m
el

le
s 

so
nt

 p
lu

s 
pe

rf
or

m
an

te
s 

qu
e 

le
s 

m
al

es
 (

+
20

%
 p

ou
r 

le
s 

sa
uv

ag
es

, 

+
14

%
 p

ou
r 

le
s 

tr
an

sg
én

iq
ue

s)
.  

   
A

n
al

ys
e 

d
e 

l’a
ct

iv
it

é 
lo

co
m

o
tr

ic
e 

h
o

ri
zo

n
ta

le
 e

t 
ve

rt
ic

al
e 

: 
ac

ti
m

èt
re

 IR
 

 
T

ab
le

au
 2

0 
&

 F
ig

ur
e 

20
; 

T
ab

le
au

 2
1 

&
 F

ig
ur

e 
21

; 
T

ab
le

au
 2

2 
&

 F
ig

ur
e 

22
;T

ab
le

au
 

23
 &

 F
ig

ur
e 

23
 

 

 
D

e 
fa

ço
n 

gé
né

ra
le

, 
co

m
m

e 
le

 m
on

tr
e 

le
 T

ab
le

au
 2

0,
 o

n 
no

te
 u

ne
 d

im
in

ut
io

n 
de

 

l'a
ct

iv
ité

  
lo

co
m

ot
ric

e 
gl

ob
al

e 
ch

ez
 l

es
 s

ou
ris

 t
ra

ns
gé

ni
qu

es
 p

ar
 c

om
pa

ra
is

on
 a

ux
 s

ou
ris

 

sa
uv

ag
es

. 
C

et
te

 v
ar

ia
tio

n 
es

t 
à 

no
uv

ea
u 

pl
us

 im
po

rt
an

te
 p

ou
r 

le
s 

fe
m

el
le

s,
 a

ve
c 

: 
1)

 u
ne

 

di
m

in
ut

io
n 

si
gn

ifi
ca

tiv
e 

du
 n

om
br

e 
to

ta
l 

de
 m

ou
ve

m
en

ts
 (

-2
3%

),
 l

ié
e 

à 
un

e 
ré

du
ct

io
n 

du
 

no
m

br
e 

de
 m

ou
ve

m
en

ts
 s

té
ré

ot
yp

és
 (

-2
7%

) 
et

 d
es

 m
ou

ve
m

en
ts

 a
ss

oc
ié

s 
à 

la
 lo

co
m

ot
io

n 

(-
23

%
) 

; 
2)

 u
ne

 d
im

in
ut

io
n 

de
 l

a 
di

st
an

ce
 p

ar
co

ur
ue

 (
-3

7%
) 

; 
3)

 u
ne

 a
ug

m
en

ta
tio

n 
du

 

te
m

ps
 d

e 
re

po
s 

(+
25

%
).

 C
es

 v
ar

ia
tio

ns
 s

on
t 

pl
us

 i
m

po
rt

an
te

s 
qu

e 
ce

lle
s 

ob
se

rv
ée

s 
à 

8 

se
m

ai
ne

s 
d’

ag
e.

 
A

us
si

, 
la

 
di

m
in

ut
io

n 
du

 
no

m
br

e 
de

 
m

ou
ve

m
en

ts
 

as
so

ci
és

 
à 

la
 

lo
co

m
ot

io
n 

es
t 

si
gn

ifi
ca

tiv
e 

dè
s 

la
 8

em
e  m

in
ut

e 
da

ns
 l'

ac
tim

èt
re

. 
Le

s 
m

al
es

 t
ra

ns
gé

ni
qu

es
 

pr
és

en
te

 é
ga

le
m

en
t 

un
e 

lé
gè

re
 d

im
in

ut
io

n 
de

s 
di

ff
ér

en
ts

 p
ar

am
èt

re
s 

an
al

ys
és

, 
m

ai
s 

ce
s 

va
ria

tio
ns

 n
e 

so
nt

 p
as

 s
ig

ni
fic

at
iv

es
 e

t 
de

 l
a 

m
êm

e 
am

pl
eu

r 
qu

e 
ce

lle
s 

ob
se

rv
ée

s 
à 

8 

se
m

ai
ne

s 
d’

ag
e.

 C
om

pa
ré

es
 a

ux
 m

al
es

 d
e 

m
êm

e 
gé

no
ty

pe
, 

le
s 

fe
m

el
le

s 
sa

uv
ag

es
 s

on
t 

lé
gè

re
m

en
t p

lu
s 

ac
tiv

es
, a

lo
rs

 q
ue

 le
s 

fe
m

el
le

s 
tr

an
sg

én
iq

ue
s 

le
 s

on
t m

oi
ns

. 
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A
n

al
ys

e 
d

e 
la

 f
o

rc
e 

d
’a

g
ri

p
p

em
en

t 
: 

G
ri

p
 t

es
t 

 
T

ab
le

au
 2

4 
&

 F
ig

ur
e 

24
; T

ab
le

au
 2

5 
&

 F
ig

ur
e 

25
; T

ab
le

au
 2

6 
&

 F
ig

ur
e 

26
 

  
D

e 
fa

ço
n 

gé
né

ra
le

, 
le

s 
ré

su
lta

ts
 d

u 
T

ab
le

au
 e

t 
de

 la
 F

ig
ur

e 
24

 n
e 

m
on

tr
en

t 
pa

s 
de

 

m
od

ifi
ca

tio
n 

de
 la

 f
or

ce
 r

el
at

iv
e 

dé
ve

lo
pp

ée
 lo

rs
 d

e 
la

 c
om

pa
ra

is
on

 t
ra

ns
gé

ni
qu

es
 v

er
su

s 

sa
uv

ag
es

 (
m

al
es

 o
u 

fe
m

el
le

).
 P

ar
 c

on
tr

e,
 le

s 
fo

rc
es

 d
év

el
op

pé
es

 p
ar

 le
s 

so
ur

is
 f

em
el

le
s 

so
nt

 s
up

ér
ie

ur
es

 à
 c

el
le

s 
dé

ve
lo

pp
ée

s 
pa

r 
le

s 
so

ur
is

 m
al

es
 d

u 
m

êm
e 

gé
no

ty
pe

 e
t 

ce
 d

e 

fa
ço

n 
si

gn
ifi

ca
tiv

e 
po

ur
 le

s 
fe

m
el

le
s 

tr
an

sg
én

iq
ue

s 
(p

at
te

s 
an

té
rie

ur
es

 : 
+

18
%

 ; 
4 

pa
tte

s 
: 

+
15

%
).

  

  
A

n
al

ys
e 

d
e 

la
 f

o
rc

e 
et

 d
e 

la
 r

és
is

ta
n

ce
 à

 la
 f

at
ig

u
e 

: 
W

ir
e 

te
st

 

 
T

ab
le

au
 2

7 
&

 F
ig

ur
e 

27
; 

T
ab

le
au

 2
8 

&
 F

ig
ur

e 
28

; 
T

ab
le

au
 2

9 
&

 F
ig

ur
e 

29
;T

ab
le

au
 

30
 &

 F
ig

ur
e 

30
 

  
E

n 
ce

 q
ui

 c
on

ce
rn

e 
ce

 t
es

t, 
le

s 
so

ur
is

 f
em

el
le

s 
tr

an
sg

én
iq

ue
s 

so
nt

 g
lo

ba
le

m
en

t 

m
oi

ns
 p

er
fo

rm
an

te
s 

qu
e 

le
s 

fe
m

el
le

s 
sa

uv
ag

es
, 

av
ec

 u
ne

 d
im

in
ut

io
n 

de
 l

’in
di

ce
 d

e 

co
m

po
rt

em
en

t 
(-

18
%

),
 d

u 
te

m
ps

 m
ax

im
al

 d
e 

su
sp

en
si

on
 à

 l
a 

ba
rr

e 
(-

4%
) 

et
 d

es
 c

hu
te

s 

pl
us

 fr
éq

ue
nt

es
 a

u 
co

ur
s 

du
 te

m
ps

. P
ou

r 
le

s 
m

al
es

, l
’o

bs
er

va
tio

n 
es

t i
nv

er
se

. E
n 

ef
fe

t, 
le

s 

so
ur

is
 t

ra
ns

gé
ni

qu
es

 s
on

t 
pl

us
 p

er
fo

rm
an

te
s 

qu
e 

le
s 

so
ur

is
 s

au
va

ge
s 

po
ur

 c
e 

te
st

, 
av

ec
 

un
e 

au
gm

en
ta

tio
n 

d’
en

vi
ro

n 
80

%
 d

e 
l’i

nd
ic

e 
de

 c
om

po
rt

em
en

t 
et

 d
u 

te
m

ps
 m

ax
im

al
 d

e 

su
sp

en
si

on
 à

 la
 b

ar
re

.  

 3 
-A

n
al

ys
e 

d
u

 p
o

id
s 

d
es

 o
rg

an
es

 e
t 

d
es

 m
u

sc
le

s 
lo

rs
 d

u
 s

ac
ri

fi
ce

 (
24

/2
5 

se
m

ai
n

es
 

d
’a

g
e)

 

 
T

ab
le

au
 3

1 
&

 F
ig

ur
e 

31
; T

ab
le

au
 3

2 
&

 F
ig

ur
e 

32
;T

ab
le

au
 3

3 
&

 F
ig

ur
e 

33
 

  
Le

s 
ré

su
lta

ts
 m

on
tr

en
t 

po
ur

 le
s 

m
al

es
 t

ra
ns

gé
ni

qu
es

, 
pa

r 
co

m
pa

ra
is

on
 a

ux
 m

al
es

 

sa
uv

ag
es

, 
un

e 
au

gm
en

ta
tio

n 
si

gn
ifi

ca
tiv

e 
du

 p
oi

ds
 (

en
 m

g/
g)

 d
u 

di
ap

hr
ag

m
e 

(+
13

%
).

 

C
he

z 
le

s 
fe

m
el

le
s 

tr
an

sg
én

iq
ue

s 
pa

r 
co

m
pa

ra
is

on
 

au
x 

fe
m

el
le

s 
sa

uv
ag

es
 

un
e 

au
gm

en
ta

tio
n 

si
gn

ifi
ca

tiv
e 

du
 p

oi
ds

 (
m

g/
g)

 d
e 

pl
us

ie
ur

s 
or

ga
ne

s 
es

t 
no

té
e 

: 
le

s 
re

in
s 

(+
13

%
) 

et
 

le
 

di
ap

hr
ag

m
e 

(+
15

%
).

 
B

ie
n 

qu
e 

no
n 

si
gn

ifi
ca

tif
, 

le
 

po
id

s 
du

 
cœ

ur
 

es
t 

ég
al

em
en

t 
au

gm
en

té
 (

+
11

%
) 

ch
ez

 l
es

 f
em

el
le

s 
tr

an
sg

én
iq

ue
s 

pa
r 

ra
pp

or
t 

au
x 

so
ur

is
 

sa
uv

ag
es

.  
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C
O

N
C

L
U

S
IO

N
S

 G
É

N
É

R
A

L
E

S
 

 
L‘

an
al

ys
e 

de
 l

a 
fo

nc
tio

n 
m

ot
ric

e 
a 

ét
é 

co
nd

ui
te

 s
ur

 d
es

 s
ou

ris
 t

ra
ns

gé
ni

qu
es

 d
es

 

de
ux

 s
ex

es
 e

t 
co

m
pa

ré
es

 a
ux

 s
ou

ris
 s

au
va

ge
s.

 L
e 

ré
su

lta
t 

m
aj

eu
r 

de
 c

et
te

 é
tu

de
 m

on
tr

e 

de
 f

aç
on

 g
lo

ba
le

 u
ne

 m
od

ifi
ca

tio
n 

de
s 

pe
rf

or
m

an
ce

s 
lo

co
m

ot
ric

es
 d

es
 s

ou
ris

 f
em

el
le

s 

tr
an

sg
én

iq
ue

s.
  

A
in

si
, 

ch
ez

 
ce

s 
so

ur
is

, 
on

 
no

te
 

un
e 

di
m

in
ut

io
n 

de
 

l’a
ct

iv
ité

 
de

 
dé

pl
ac

em
en

t, 

si
gn

ifi
ca

tiv
e 

dè
s 

8 
se

m
ai

ne
s 

de
 d

év
el

op
pe

m
en

t 
et

 a
cc

en
tu

ée
 à

 2
4 

se
m

ai
ne

s.
 A

 2
4 

se
m

ai
ne

s 
de

 d
év

el
op

pe
m

en
t, 

à 
l’a

id
e 

du
 te

st
  d

u 
ro

ta
ro

d,
 u

ne
 a

lté
ra

tio
n 

de
 la

 c
oo

rd
in

at
io

n 

a 
ég

al
em

en
t 

ét
é 

m
is

e 
en

 
év

id
en

ce
 

po
ur

 
le

s 
so

ur
is

 
fe

m
el

le
s 

tr
an

sg
én

iq
ue

s.
 

C
es

 

al
té

ra
tio

ns
 d

e 
l’a

ct
iv

ité
 l

oc
om

ot
ric

e 
ne

 s
on

t 
pa

s 
as

so
ci

ée
s 

à 
un

e 
di

m
in

ut
io

n 
de

 l
a 

fo
rc

e 

dé
ve

lo
pp

ée
 a

u 
gr
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