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Abstract. Netrin-1 has been shown to play a crucial role 
in neuronal navigation during nervous system develop-
ment mainly through its interaction with its receptors 
DCC and UNC5H. However, initially the DCC (deleted 
in colorectal cancer) gene was proposed as a putative 
tumor suppressor gene. It was then diffi cult to recon-
cile the two activities of DCC until the observation that 
DCC belongs to an emerging family of receptors named 
dependence receptors. Such receptors share the property 

of inducing apoptosis in the absence of ligand, hence 
creating a cellular state of dependence on the ligand. 
Thus, netrin-1 may not only be a chemotropic factor for 
neurons but also a survival factor. We will review here the 
identifi cation of netrin-1 and its receptors, the signaling 
pathways initiated in the presence or absence of netrin-1. 
We will suggest some possible roles of netrin-1 in nerv-
ous system development, neovascularisation, adhesion 
and tumorigenesis.
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Netrin-1 identifi cation and netrin family 

Tessier-Lavigne and collaborators discovered the fi rst ne-
trins in vertebrates by using a functional assay designed 
to identify proteins that could promote commissural axon 
outgrowth [1]. Commissural neurons located in the dor-
sal part of the developing spinal cord were known to fi rst 
extend axons toward the ventral part of the spinal cord 
through a mechanism dependent on a ventral midline 
structure named the fl oor plate [1, 2]. The elegant as-
say developed by Tessier-Lavigne and collaborators was 
based on the hypothesis that spinal commissural axons 
are attracted by diffusible cue(s) secreted by the fl oor 
plate [2–4]. Searching for such diffusible cue(s) that can 
promote commissural axon outgrowth ex vivo in a col-
lagen matrix, they identifi ed a protein that they named 

netrin-1, from the Sanskrit term for one who guides [1, 
5]. Netrin-1 is expressed by fl oor plate cells as commis-
sural axons extend toward the ventral midline [5]. The 
defi nitive evidence for a major role of netrin-1 in mediat-
ing commissural axon development was further obtained 
by studying the defect of commissural neuron projections 
in mice lacking netrin-1 function [6]. In netrin-1 null 
mice, the corpus callosum, hippocampal commissure, 
anterior commissure and ventral spinal commissure were 
abnormal, indicating that netrin-1 is required for the 
development of multiple commissural projections [6]. 
Netrin-1 guides not only commissural neurons but many 
other neurons, such as retinal axons [7]. On a functional 
basis, netrin-1 not only induces axon outgrowth but also 
directs the orientation of growth cones, as was elegantly 
shown by Holt’s and Poo’s teams using dissociated Xeno-
pus neurons [8, 9]. Although initial studies have focused 
on the ability of netrin-1 to attract extending axons, ne-
trin-1 has also been shown to act as a repellent for other 
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axons [10]. Together, these fi ndings led to the proposal 
that a gradient of netrin-1 protein emanating from the 
fl oor plate orients the growth of multiple populations of 
axons as they extend circumferentially toward or away 
from the ventral midline of the embryonic central nerv-
ous system, even though evidence for this gradient has 
not been obtained. 
Interestingly, netrin-1 belongs to a wide family of con-
served proteins. Several members of the netrin gene fam-
ily have been identifi ed in mammals: netrin-1, netrin-3, 
netrin-G1, netrin-G2 and netrin-4, also called b-netrin 
[1, 6, 11–13] (see fi g.1). Orthologs of these netrin family 
members have been identifi ed in the human genome, and 
the human ortholog of netrin-1 is also named NTN1L. 
All encode ~60–80 kDa proteins (fi g.1) composed of 
three domains (V, VI and C) and an amino terminal sig-
nal peptide characteristic of secreted proteins. Domains 
V and VI of netrins are homologous to domains V and 
VI of laminins, while the netrin C domain shares some 
sequence similarity with domains present in the comple-
ment and tissue inhibitors of metalloprotease (TIMP) 
protein families [1, 14]. Netrins have been conserved 
among species; the Caenorhabditis elegans netrin – i. e. 
UNC6 [15] – was actually the fi rst member of the netrin 
family identifi ed using a genetic screen for defects in 
neural development by examining mutants with unco-
ordinated (unc) phenotypes [15, 16]. Loss of UNC6 
function produces defects in the trajectories of axons 
that normally extend circumferentially toward or away 
from the ventral midline of the developing nematode. 
Similarly, loss of netrin function causes anomalies in 
commissure formation in the Drosophila melanogaster 
nervous system [17]. Thus, netrin function in axon guid-
ance is conserved through evolution. 

Netrins are not only involved in axon guidance but also 
play a central role in the migration of neurons, glial 
oligodendrocyte precursors and mesodermal cells during 
embryogenesis [18–26].

Netrin-1 receptors

DCC, a netrin-1 receptor and a putative tumor 
suppressor
Candidate netrin receptors were fi rst identifi ed in C. 
elegans based on the similarity of unc-5, unc-40 and 
netrin/unc-6 mutant phenotypes [16]. Mutation of unc-5 
causes defects in ventral to dorsal migration, away from 
unc-6-expressing cells, mutation of unc-40 produces 
defects in dorsal to ventral migration, toward unc-6 ex-
pressing cells, and mutation of unc-6 causes defects in 
both trajectories. unc-40 and unc-5 genes encode type 
I transmembrane receptors, and both are expressed by 
neurons as they extend axons [27, 28]. Interestingly, an 
ortholog of unc-40 was found in mammals [29] and was 
proposed a few years before netrin-1 discovery as a puta-
tive type I transmembrane receptor whose gene is deleted 
through allelic loss in a majority of colorectal cancers; 
it was consequently named deleted in colorectal cancer 
(DCC) [30].
Indeed, based on early studies of tumor suppressor genes 
such as the retinoblastoma gene [31] and pioneer work 
by Knudson [32], allelic loss [also known as loss of het-
erozygosity (LOH)] has been implicated as an important 
mechanism of tumor suppressor gene inactivation. In 
the late 1980s, efforts of Vogelstein and colleagues to 
identify chromosomal regions most likely to harbor tu-
mor suppressor genes in colorectal cancer revealed that 
chromosome regions 5q, 17p and 18q were commonly 
affected by LOH [33, 34]. While LOH of chromosome 
5q and 17p respectively refl ects the inactivation of an ad-
enomatous polyposis coli (APC) allele and of a p53 allele 
[35, 36], the fi nding that about 70% of primary colorectal 
cancers had LOH of chromosome 18q suggested that the 
inactivation of one or more novel genes on 18q might 
play a signifi cant role in colorectal cancer [30]. The iden-
tifi cation of somatic mutations nearby an anonymous 
DNA marker from the 18q21 region in two primary 
colorectal cancers ultimately led to the identifi cation of 
the DCC gene [30]. Subsequent studies have suggested 
that DCC has 29 or more exons and spans about 1.3 mil-
lion Mb [37, 38].
The DCC gene encodes different protein products as 
a result of alternative splicing [39], though all known 
isoforms appear to be type I transmembrane glycopro-
teins of 175–190 kDa with a single membrane spanning 
domain. The sequences present in the large extracellular 
domain – i. e., about 1100 amino acids – bear strong 
similarity to those found in neural cell adhesion molecule 

Figure 1. Netrin-1 within netrins. (A) Representation of the differ-
ent netrins identifi ed so far. (B) Schematic representation of netrin-
1, a laminin-related molecule.
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(NCAM) protein family members, and include four im-
munoglobulin-like domains and six fi bronectin type III-
like motifs (fi g. 2). The DCC cytoplasmic domain of 325 
amino acids shows little similarity to proteins with well-
established functions. However, within the cytoplasmic 
domain, three regions named P1, P2 and P3 appear more 
specifi cally conserved among orthologs of DCC and are 
then proposed to play functional roles in DCC activity 
[40] (fi g. 2). DCC is known to have a homolog in mam-
mals, named neogenin, but little is known of this protein 
[41]. While neogenin was initially proposed to be a ne-
trin-1 receptor, more recent studies have demonstrated 
that RGM (repulsive guidance molecule) is probably a 
better candidate for being ligand of neogenin [42, 43]. 
Well-conserved DCC orthologs have been identifi ed in 
C. elegans (UNC40), Drosophila (Frazzled) and Xenopus 
[16, 28, 44, 45]. In humans, a low level of DCC expres-
sion has been detected in many developing and adult tis-
sues, with the highest level in the brain [29, 30, 39, 41].
As noted above, LOH of chromosome 18q that includes 
the DCC gene – i. e. 90% of all 18q LOH – has been 
found in a large fraction of colorectal cancers [30, 34, 
46]. Interestingly, in most reports, allelic losses of 18q 
are infrequent in early stage tumors (e. g. small adeno-
mas), but are common in primary colorectal carcinomas 
and in nearly 100% of hepatic metastases arising from 
colorectal primaries, implying that chromosome 18q 
LOH may contribute more to the progression than to the 
initiation of colorectal cancer. Most studies have linked 

chromosome 18q LOH in colorectal cancers to a reduc-
tion in DCC expression [47–51]. LOH of chromosome 
18q and/or decreased DCC expression have also been 
seen in various other cancers, including gastric [52–54], 
prostate [55–57], endometrial [58–60], ovarian [61, 62], 
esophageal [63, 64], breast [65, 66], testicular [67, 68], 
and glial [69, 70] cancers, as well as neuroblastoma 
[71, 72] and hematologic malignancies [73–75]. Most 
of studies have associated chromosome 18q LOH and 
loss of DCC expression with poor prognosis in colorectal 
cancer patients [76–80] and with decreased responsive-
ness to chemotherapeutic agents, such as 5-fl uorouracil-
based adjuvant [81]. 
Some evidence that DCC inactivation may in fact be 
associated with tumorigenic growth properties in colon 
and other cancers has been obtained. For example, the 
introduction of an intact copy of chromosome 18 into a 
colorectal cancer cell line lacking endogenous DCC ex-
pression has yielded detectable levels of DCC transcripts 
and resulted in the suppression of growth in soft agar 
and tumorigenicity in nude mice [82]. In addition, the 
ectopic expression of DCC in a tumorigenic keratinocyte 
cell line lacking endogenous DCC expression has been 
shown to suppress tumorigenic cell growth in nude mice 
[83]. Interestingly, in this study, it was observed that 
tumorigenic reversion was associated with loss of DCC 
expression and loss/rearrangement of the transfected 
DCC expression vector [83]. Several more recent stud-
ies also indicate that the restoration of DCC expression 
can suppress tumorigenic growth properties in vitro or in 
nude mice [84, 85]. However, the rarity of point muta-
tions identifi ed in DCC coding sequences, the presence 
of other known/candidate tumor suppressor genes on 
chromosome 18q [47, 86, 87] and the lack of a tumor 
predisposition phenotype in mice heterozygous for DCC 
inactivating mutations [88] have raised questions about 
DCC’s candidacy as a tumor suppressor. Even though, 
as discussed elsewhere [89], none of this evidence is 
suffi cient to exclude the tumor suppressor function of 
DCC, the absence of (i) any demonstration that the loss 
of DCC expression represents a selective advantage for 
tumor cell development in vivo and (ii) any proposed 
molecular mechanism that might link DCC to its in vitro 
tumor suppressor activity has insidiously decreased the 
interest of DCC in cancer. On the other hand, the obser-
vation that DCC null mice die a few hours after birth and 
show defects in the developing nervous system similar 
to those of netrin-1 mutant mice has led to consider-
ing DCC mainly as a receptor or as part of a receptor 
complex for netrin-1 and, as such, involved in neuronal 
guidance [29]. Numerous studies using either a DCC 
blocking antibody, transfection experiments or DCC null 
mice have further demonstrated that netrin-1 requires the 
presence of DCC to mediate both axon outgrowth and 
orientation [29, 90, 91]. 

Figure 2. Netrin-1 receptors. Schematic representation of netrin-1 
receptors DCC, UNC5H and A2B. The extracellular domain of DCC 
family members is composed of four immunoglobulin-like domains 
and six fi bronectin type III domains, followed by a transmembrane 
domain and an intracellular domain composed of three conserved 
domains named P1, P2 and P3. UNC5H receptors contain two extra-
cellular immunoglobulin-like domains, two thrombospondin type 1 
domains, followed by a transmembrane domain and an intracellular 
domain. The intracellular domain of UNC5H homologues contains 
a ZU5 domain and death domain. A2B is a seven transmembrane 
receptor that interacts with DCC in the C-terminal intracellular 
domain.
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UNC5H, a netrin-1 receptor family
DCC is, however, not the only known netrin-1 recep-
tor. Indeed, as shown in C. elegans, the unc-5 gene 
also encodes a putative UNC6/netrin receptor [16, 27]. 
UNC5 and its vertebrate homologs UNC5H are type I 
transmembrane proteins composed of two extracellular 
immunoglobulin (Ig)-like domains, two thrombospon-
din type I domains, and an intracellular sequence that 
contains a ZU5 domain and a death domain (fi g. 2) 
[92]. Four UNC5 homologs have been found in mam-
mals UNC5H1, UNC5H2, UNC5H3 and UNC5H4 (also 
called UNC5A, B, C and D in humans) and have been 
grouped under the term UNC5H [92–94]. UNC5H1–H3 
have been shown to bind netrin-1 in cell culture systems, 
suggesting that UNC5H molecules function as netrin re-
ceptors [92, 95]. The role of UNC5 protein in axon guid-
ance in C. elegans has been clearly demonstrated since 
the trajectories of axons extending away from a source 
of UNC6/netrin are disrupted in C. elegans unc-5 mu-
tants [16]. In D. melanogaster, unc-5 is expressed by a 
subset of motoneurons whose axons exit the central nerv-
ous system without crossing the midline and then avoid 
netrin-expressing muscles in the periphery [96]. Further-
more, in both C. elegans and D. melanogaster, the ec-
topic expression of unc-5 in neurons that either normally 
do not respond to netrin or are attracted toward a source 
of netrin, causes their axons to be repelled by netrin in 
vivo [96, 97]. These fi ndings are consistent with UNC5 
mediating a repellent response to netrin. Moreover, an 
analysis of the unc5H3 mouse mutant (rostral cerebellar 
malformation, rcm, [95, 98]) indicates that UNC5H3 is 
required for the migration of granule cell and Purkinje 
cell precursors during cerebellar development and for the 
guidance of corticospinal tract axons [95, 99]. Moreover, 
Hong et al. have proposed, using ectopic expression of rat 
UNC5H in dissociated Xenopus commissural neurons, 
that UNC5H, through its ability to interact with DCC in 
the presence of netrin-1, mediates axon repulsion [40]. 
However, because UNC5H1 and UNC5H2 inactivation 
in mice cannot be used to study the role of UNC5H1-2 
in axon/neuronal guidance, since homozygous embryos 
die too early at respectively E9.5 and E8.5 ([100] and M. 
Tessier-Lavigne, personal communication), and because 
the phenotype of unc5H3 mutant mice is not clearly as-
sociated with a guidance/migration defect, it is fair to say 
that the possible involvement of mammalian UNC5H in 
neuronal guidance in vivo is unclear. 

Other putative netrin-1 receptors
More recently, another type of receptor for netrin-1 
has been identifi ed by our group. While performing a 
search for intracellular partners of DCC by a two-hybrid 
screen, we observed that DCC actually interacted with 
the last intracellular domain of the G-protein-coupled-

receptor A2B (fi g. 2) [101]. A2B belongs to the family 
of adenosine receptors that comprises four members, 
A1, A2A, A2B and A3 [102]. A2B was initially presented 
as a receptor for adenosine but its weak affi nity for 
adenosine raised the question of the physiological role 
of this receptor [103]. We then described how A2B/DCC 
interaction occurrs mainly in the presence of netrin-1, 
and we actually provided evidence that netrin-1 is able 
to bind directly to A2B with a dissociation constant of 
22 nM independent of the presence of DCC [101]. 
Moreover, we demonstrated that this binding activates 
A2B, leading to cyclic AMP (cAMP) production (see 
also below). In an attempt to elucidate the role of this 
interaction in netrin-1 function, we proposed, using ex 
vivo explant assays, that A2B was involved in netrin-1-
mediated rat commissural axon outgrowth [101]. How-
ever, the in vivo signifi cance of the interaction between 
A2B and netrin-1 was challenged by Tessier-Lavigne and 
collaborators. They proposed that inhibiting A2B has 
no effect, or actually has a potentialization effect on 
netrin-1-induced axon outgrowth in both Xenopus and 
rat commissural axons [90]. Along these lines, no clear 
ortholog of A2B was found in C. elegans, while the other 
components of the netrin-signaling complex (UNC6, 
UNC40, UNC5) were evolutionarily conserved. How-
ever, more recently, a third report suggested that the 
same A2B inhibitors modulate netrin-1 responsiveness 
of Xenopus retinal axons [104]. Interestingly, Holt and 
colleagues have reported that netrin-1-mediated axon 
attraction is fi rst dependent on A2B, while retinal growth 
cones are young, in the sense of their pathfi nding. When 
the same axons age, they show decreased A2B expres-
sion and a loss of A2B-dependent netrin-1-mediated 
axon orientation [104]. Moreover, it is worth noting that 
in their report challenging the role of A2B in axon guid-
ance, Tessier-Lavigne and collaborators studied A2B in 
an experimental setting leading to rapid A2B desensitiza-
tion – i. e., this purifi ed netrin-1 used to monitor axon 
outgrowth triggers loss of A2B plasma membrane locali-
zation and consequently fails to transducing cAMP pro-
duction [V. Corset et al., unpublished].  All told, it is fair 
to say that if it is reasonable to consider A2B as a netrin 
receptor, its role in netrin-1 mediated axon guidance is 
still uncertain. 
A recent report also suggested that netrin-1 interacts 
with integrin a6b4 and a3b1 [105]. This interaction 
relies on the fact that (i) blocking antibodies to DCC 
and neogenin failed to block netrin-1 binding to fetal 
pancreatic epithelial cells while blocking a6b4 inhib-
ited netrin-1 recruitment to these cells and (ii) integrins 
a6b4 and a3b1 from fetal pancreatic epithelial cell 
lysate were retained by a netrin-1-peptide affi nity col-
umn. This report proposed that this interaction is im-
portant for the migration of pancreatic epithelial cells, 
netrin-1 then appearing more like an adhesive substrate. 
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Several concerns, however, do emerge from this study, 
in particular on how other netrin-1 receptors such as 
UNC5H or A2B are expressed in the analyzed cells and 
whether integrins such as a6b4 and a3b1, probably 
present in many other cells, might rather act as part of 
the netrin-1 receptor complex than as direct netrin-1 
receptors.

Netrin-1 receptors DCC and UNC5H are 
dependence receptors

The view of DCC as a putative tumor suppressor in 
numerous types of malignancies is in strong contrast 
to its role in mediating axon guidance during nerv-
ous system development. Such dual functions were 
hypothesized to be a trait of the so-called dependence 
receptors. Dependence receptors create cellular states 
of dependence on their respective ligands by either 
inducing apoptosis when unoccupied by the ligand, 
or inhibiting apoptosis in the presence of the ligand 
[106, 107]. We then demonstrated that, in the absence 
of netrin-1, the forced expression of DCC in various 
cell lines devoid of DCC expression led to apoptosis 
induction while the presence of netrin-1 was suffi cient 
to block this cell death process [108]. Further studies 
confi rmed that DCC induces apoptosis when expressed 
in settings in which netrin-1 is not expressed [109, 110] 
while netrin-1 blocks this effect [110, 111]. Therefore, 
DCC is functionally related to other dependence recep-
tors such as p75NTR, the common neurotrophin receptor, 
the androgen receptor, Ptc, RET, avb3 integrin and 
neogenin [43, 112–115].
Interestingly, DCC is not the only netrin-1 receptor to 
display the trait of inducing apoptosis in the absence of 
netrin-1. Indeed, the observation that the intracellular 
sequence of UNC5H receptors contains a death domain, 
very often associated with cell death regulation, led us 
to investigate whether UNC5H receptors have a similar 
pro-apoptotic activity. We demonstrated that the forced 
expression of UNC5H1, UNC5H2 and UNC5H3 led to 
apoptosis induction, a phenomenon that was blocked 
by the presence of netrin-1 [116]. Similar results were 
reported by other groups [117, 118]. It is then interesting 
to note that, while reporting on the chemorepulsive activ-
ity of ectopically expressed UNC5H in Xenopus spinal 
neurons, Tessier-Lavigne and colleagues used a death 
domain-deleted mutant of UNC5H to observe guidance-
related effects because expressing wild-type UNC5H 
killed commissural neurons [40]. Hence, netrin-1 recep-
tors DCC and UNC5H are dependence receptors that can 
trigger two completely opposite signals depending on the 
presence of the ligand netrin-1. Thus, netrin-1 may be 
both a chemotropic molecule for axonal guidance and a 
survival factor [116]. 

Netrin-1 receptor induced signaling

Death signaling observed in the absence of netrin-1
The specifi c molecular mechanisms by which DCC ex-
erts its pro-apoptotic effects when netrin is absent have 
not been fully clarifi ed. However, a fi rst hint is that DCC 
pro-apoptotic activity requires the activation of cysteine 
aspartate proteases named caspases [108]. When un-
bound to its ligand, DCC is cleaved roughly in the middle 
of its intracellular domain (aspartic acid residue 1290) by 
an unknown active caspase [108]. While DCC is cleaved 
in vitro by caspase 3, it may be cleaved in vivo by an-
other caspase or another protease. The current model 
suggests that the cleavage of DCC allows the release of 
DCC’s inhibitory C-terminal domain and the exposure of 
a domain located upstream to the caspase cleavage site. 
This upstream DCC domain, which is suffi cient for cell 
death induction and further caspase activation, is named 
ADD for addiction/dependence domain [108]. How 
ADD drives cell death is still under investigation. Chen 
and collaborators have described an Akt-like molecule, 
named DIP13 for DCC interacting protein 13, that spe-
cifi cally interacts with ADD [111]. These authors dem-
onstrated that DIP13 is required for DCC-induced cell 
death [111]. It is not known how DIP13 mediates apop-
tosis. Interestingly, however, we proposed that the ADD 
of DCC also interacts with the initiator caspase-9 in the 
absence of netrin-1, while netrin-1 presence is associated 
with a reduction of DCC/caspase-9 interaction [110]. 
Moreover, we demonstrated that DCC-induced cell death 
requires caspase-9. However, it does not require the two 
frequently described pathways for apoptosis – the death 
receptor pathway implicating caspase-8 recruitment to 
the DISC (death-inducing signaling complex) and the 
mitochondria-dependent pathway dependent on apop-
tosome formation involving cytochrome c, Apaf-1 and 
caspase-9 [119, 110]. Moreover, DCC was also shown 
to interact with caspase-3, but contrary to caspase-9, this 
interaction occurs in the presence of ligand only and in 
the DCC C-terminal region, the one released after DCC 
cleavage. Hence, a speculative model would be that in the 
absence of netrin-1, DCC, via interactions with caspase-
9, promotes direct caspase-3 activation and subsequent 
caspase-dependent cell death [110] (fi g. 3). While the 
interaction of caspase-3 with DCC is direct, the interac-
tion of DCC with caspase-9 is probably indirect and may 
require an adaptor protein, possibly DIP13.
The molecular mechanisms that lead UNC5H proteins to 
initiate cell death in the absence of netrin-1 are beginning 
to be documented (fi g. 4). Interestingly, similarly to DCC, 
UNC5H1, UNC5H2 and UNC5H3 are all cleaved by cas-
pase. Moreover, as for the other dependence receptors, 
DCC, AR and RET, this caspase cleavage of UNC5H2 
and UNC5H3 is required for cell death induction [116, 
117]. However, a slight difference exists between DCC 
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the fi rst cleavage take place? The model requires a fi rst 
cleavage that would occur in settings in which the classic 
dogma describes caspases as inactive proenzymes. How 
can a receptor that requires caspase cleavage to produce 
a pro-apoptotic molecule participate in apoptosis induc-
tion, rather than simply serve a passive role in the proc-
ess? One possibility is that the process may be initiated 
by a non-caspase protease, then propagated via caspase 
cleavage. Only a few cleavage events induced by a non-
caspase protease would then be suffi cient to initiate the 
cell death pathway by locally activating enough caspase 
to generate a caspase amplifi cation loop via these recep-
tors. Alternatively, the now old dogma suggesting that 
caspases are completely inactive in non-apoptotic cells 
and are only activated massively upon pro-apoptotic 
stimuli might just be wrong. Recent fi ndings have shown 
that caspase zymogens display some protease activity 
[123–125], whereas cells express endogenous caspase 
inhibitors, such as inhibitor of apoptosis proteins (IAPs), 
that prevent the propagation of active caspases [125]. 
Similarly, local caspase activation without cell death 
induction has been documented [126, 127]. Cell death 
induction could therefore result from caspase amplifi ca-
tion rather than from caspase initiation, and this would 
support the importance of the cellular control of caspase 
activation/inhibition in cell fate determination: cell death 
induction would be the result of a move from low/local 

and UNC5H2, as the domain required for cell death in-
duction is located after the caspase cleavage site [116]. 
Interestingly, two domains of UNC5H receptors seem to 
be important for UNC5H pro-apoptotic activity, – i. e. the 
ZU-5 domain and the death domain. Indeed, UNC5H1, 
but not so much UNC5H2 or UNC5H3, appears to inter-
act with the adaptor protein NRAGE via the UNC5H1 
ZU-5 domain, and UNC5H1-induced cell death has been 
shown to be dependent on the ZU domain of UNC5H1 
and on the presence of NRAGE [118]. Conversely, the 
deletion of the death domain in both UNC5H1 and 
UNC5H3 has been shown to be suffi cient to abrogate 
UNC5H-induced cell death. In the case of UNC5H2, 
but not of UNC5H1 and UNC5H3, it has recently been 
shown that the death domain interacts with a protein ser-
ine threonine kinase named DAPK (death-associated pro-
tein kinase). DAPK was initially described as a mediator 
of apoptosis via its serine-threonine kinase activity [120, 
121]. The death domains of UNC5H2 and DAPK share 
49.4% homology, and it has been shown that UNC5H2 
not only interacts with DAPK but also induces the cata-
lytic activity of DAPK thanks to the cooperation of their 
death domains – i. e. the deletion of UNC5H2 death do-
main renders UNC5H2 unable to (i) induce apoptosis or 
(ii) trigger the catalytic activity of DAPK [122]. Thus, 
even though UNC5H receptors are close homologs, they 
do not appear to be functionally identical.
In any case, the observation that UNC5H1, UNC5H2, 
UNC5H3 and DCC are all cleaved by caspases suggests 
the existence of a conserved mechanism, implying that 
these receptors, when unengaged by netrin-1, are rec-
ognized and cleaved by active caspase(s). How then can 

Figure 3. Putative mechanism for DCC-mediated apoptosis. In the 
presence of netrin-1, DCC interacts with caspase-3 in its C-terminal 
domain. When netrin-1 is withdrawn, DCC is cleaved by active 
caspase. This preliminary cleavage leads to the recruitment of cas-
pase-9, probably through an adaptor protein. This interaction allows 
caspase-9 activation and caspase-3 cleavage, leading to (i) more 
DCC cleavage and (ii) caspase-3 dependent cell death.

Figure 4. Putative mechanism for UNC5H-mediated apoptosis. 
UNC5H receptors display in their intracellular region a death do-
main and a ZU-5 domain. Through interaction with the ZU-5 do-
main of UNC5H1, NRAGE mediates UNC5H1-induced cell death. 
Through interaction with the death domain of UNC5H2, DAPK is 
catalytically activated and triggers UNC5H2-induced cell death. 
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caspase activation – i. e. that may have a positive input 
in the cell, like cell differentiation – to high/distributed 
caspase activation. The balance between low/local and 
high/distributed caspase activation would therefore be 
likely modulated by endogenous caspase inhibitors such 
as IAPs, and by endogenous caspase amplifi ers such as 
dependence receptors. However, it is fair to say that a 
large amount of work is needed to pinpoint the precise 
intracellular molecular mechanisms at work when netrin-
1 unbinds from DCC or UNC5H receptors. 

Positive signaling observed in the presence 
of netrin-1
While insights into how the absence of netrin-1 triggers 
the death of DCC/UNC5H-expressing cells have emerged, 
knowledge about the molecular mechanisms that lead to 
axon outgrowth and orientation is still very incomplete 
(fi g. 5). The fi rst hint of netrin-1-induced signaling was 
reported by Poo and collaborators. They demonstrated that 
cytosolic cAMP and calcium levels were crucial for deter-
mining the nature of the chemotropic activity of netrin-1. 
Hence, modulating cAMP levels by cAMP agonists or an-
tagonists modifi es the turning behavior of Xenopus com-
missural neurons – i. e. low cAMP levels are associated 
with chemorepulsion by netrin-1, while high cAMP is as-
sociated with chemoattraction [8]. However, the observa-
tion did not prove that netrin-1 enhances or down-regulates 
cAMP levels and calcium release. Holt and colleagues 
have demonstrated that the presence of netrin-1 induces 
cAMP increase in the growth cones of Xenopus retinal 
axons [128], and Poo and colleagues have demonstrated 
a transient release of calcium [129]. The netrin-1-induced 
increase of cAMP is probably not mediated by DCC since 
attempts to demonstrate signaling leading to cAMP pro-
duction through DCC have been unsuccessful [V. Corset 
and P. Mehlen, unpublished]. In contrast, Corset et al. 
have proposed that netrin-1-induced cAMP production is 
mediated by A2B at least in transfection experiments [101]. 
This mechanism sounds reasonable, since A2B is known to 
be coupled to Gs protein and to transduce cAMP produc-
tion upon adenosine binding [103]. This observation is 
also supported by the fact that in retinal neurons, the loss 
of netrin-1-induced cAMP production is associated with 
the down-regulation of A2B that is observed when retinal 
axons age [104]. Regarding the increase of calcium, two 
reports have recently demonstrated the involvement of the 
transient receptor potential channels (TRPCs) and more 
specifi cally of TRPC1 [130, 131]. Poo and colleagues and 
Ming and colleagues have indeed shown that TRPC1 is 
required for netrin-1-induced axon turning and netrin-1-
induced calcium infl ux. Yet, whether this(ese) receptor(s) 
is(are) activated in response to DCC or A2B or alternative 
netrin-1 receptors is unknown. Moreover, this requirement 
is probably downstream in netrin-1 signaling because it 

appears also to be true for other axon guidance cues, such 
as BNDF or Sema3A. 
Similarly, phosphatidylinositol-3 (PI3) kinase activation 
was observed in Xenopus retinal axons upon netrin-1 
treatment [132], and PI3 kinase inhibitors block netrin-
1-mediated axon guidance [132, 133]. However, it is not 
known what receptor(s) is(are) involved in this activa-
tion. In any case, this PI3 kinase activation was shown to 
be important to modulate protein degradation and protein 
translation within the growth cone, two mechanisms that 
appear of key importance for axon guidance [132]. 
In a search for direct signaling of DCC upon ligation with 
netrin-1, Forcet et al. and Ming et al. [91, 134] proposed 
that netrin-1 may activate a specifi c MAPK pathway. 
Indeed, DCC has been shown to specifi cally activate 

Figure 5. Schematic representation of the known signaling path-
ways induced by DCC, the DCC/netrin-1 pair or netrin-1. In the 
presence of netrin-1, DCC has been shown to activate Rac-1, the 
ERK-1/2 dependent pathway, to interact with FAK and to phospho-
rylate Fyn. Netrin-1 has been also shown to induce cAMP increase, 
calcium release, PI3K and p38 activation, but the nature of the 
receptor(s) involved in these signaling pathways is unknown. These 
signalings may then affect the cytoskeleton, protein translation and 
gene expression via Elk-1 and NF-AT.
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ERK-1/2 MAPK but not JNK MAPK or p38 MAPK in 
response to netrin-1. This activation is dependent on the 
direct binding of ERK-1/2 to DCC, suggesting that the 
intracellular domain of DCC acts as a scaffold for MAPK 
activation [91]. However, it is not known whether DCC 
directly triggers MAPK activation through ERK binding 
or whether this ERK binding to DCC represents a mecha-
nism for amplifying ERK activation previously initiated 
through another DCC-independent signaling cascade. In 
any case, this netrin-1/DCC-mediated ERK activation 
has been shown to be required for netrin-1-induced axon 
outgrowth and orientation [91], even though the targets 
of ERK-1/2 involved in axon guidance are not known. 
Recently, Holt and colleagues confi rmed that netrin-1 
stimulates ERK-1/2 activation, but they also reported 
that, in Xenopus retinal neurons, netrin-1 induces p38 
activation [127]. While, as reported in Forcet et al., p38 
inhibitor fails to modulate the outgrowth and turning of 
commissural axons, in Xenopus retinal neurons a similar 
p38 inhibitor blocks netrin-1-induced axon attraction and 
growth cone collapse. This interesting contrast suggests 
that netrin-1-induced signaling may be cell specifi c. It 
is also possible that, in retinal neurons, another netrin-1 
receptor is involved, since it has not been shown whether 
DCC is involved in p38 activation [127]. Interestingly, 
Campbell and Holt have proposed that this p38 activa-
tion leads to caspase-3 cleavage – and probably activa-
tion – within the growth cone of Xenopus retinal axon. 
Conversely to what has been proposed by other groups in 
various cell types [108, 111, 117], this caspase activation 
occurs in the presence rather than in the absence of ne-
trin-1. They have also proposed that caspase-3 inhibition 
converts netrin-1-mediated attraction to repulsion. These 
data imply that local caspase activation within growth 
cones can be transient – without cell death induction 
– and act positively on axon guidance. How could these 
results be related to the death induction and caspase acti-
vation mediated by DCC or UNC5H observed in the ab-
sence of netrin-1? The two events are actually probably 
independent, because the transient caspase activation 
observed in the presence of netrin-1 is not specifi c for 
netrin-1 but is also noted with various axonal guidance 
cues, such as semaphorin3A or LPA [127]. In any case 
further work will be required to elucidate the nature and 
role of this transient caspase activation that seems to oc-
cur very rapidly (less than 5 min after netrin-1 addition) 
and is downstream of p38 activation. Such activation 
would then require direct action of p38, or one of its cy-
toplasmic targets, in caspase-3 cleavage and activation.
Another type of netrin-1 signaling was also recently pro-
posed. DCC has been shown to trigger the activation of 
small GTPases, such as Rac-1 and cdc42 upon netrin-1 
binding [135, 136]. Interestingly, Rac-1 and cdc42 acti-
vation has been widely shown to modulate cytoskeleton 
organization and infl uence motility [137]. Specifi cally, 

it was recently shown that, in rat commissural neurons, 
netrin-1 induces the recruitment of cdc42, Rac-1 together 
with Pak-1 and N-WAS into a DCC complex [138]. 
The activation of small GTPases would then represent 
a very tempting signal for the cytoskeletal changes that 
are known to occur during the process of axon guid-
ance. Along this line, Bargmann, Tessier-Lavigne and 
colleagues have proposed, through a genetic approach 
in C. elegans, that ced-10, which encodes a Rac-like 
protein, acts downstream of the UNC40/DCC signaling 
cascade [139]. Lamarche and colleagues have proposed 
that DCC-mediated Rac-1 activation occurs through the 
binding of DCC to Nck-1, an adaptor protein [140].
More recently, three groups simultaneously reported that 
netrin-1 signaling might involve recruitment of the pro-
tein kinase FAK, classically implicated in integrin-medi-
ated signaling [141–143]. Because DCC lacks a kinase 
catalytic domain, it is tempting to consider FAK/DCC as 
a receptor complex allowing kinase-dependent signaling. 
It has also been shown that not only FAK but also Fyn, 
a Src family kinase, can be found in a DCC intracellular 
complex and that netrin-1 induces DCC-dependent FAK, 
Fyn and DCC phosphorylation [141, 142]. This DCC 
phosphorylation appears to depend on FAK and Fyn and 
is important for netrin-1-induced axon outgrowth and 
turning [141, 142, 144]. Several issues are not yet under-
stood: (i) netrin-1 does not seem to modulate either FAK 
or Fyn binding to DCC complex, suggesting that other 
parameters/DCC interactors trigger netrin-1-dependent 
FAK phosphorylation; (ii) the main phosphorylation site 
Y1420 (or Y1418 depending on the report) is not con-
served in C. elegans UNC40, suggesting that this netrin-
1/DCC signaling is a relatively late event in evolution 
[144]; (iii) whether Fyn, a Src-related molecule, or Src 
itself is required remains to be clarifi ed [141,144]
The signaling pathways described above are assumed 
to initiate downstream effectors. Considering the role 
of DCC in neuronal guidance, the effectors can be 
multiple: molecules involved in growth cone motility 
and molecules involved in controlling protein/genome 
expression. Even though yet not demonstrated, the 
known activation of small GTPases and MAPKs in 
response to netrin-1 probably affects effectors involved 
in cytoskeleton rearrangements, as both proteins are 
known to display cytoskeleton targets [91, 135]. Along 
these lines, it has been shown that Ena/VASP, a protein 
regulating the assembly and geometry of actin networks, 
is required for netrin-1-mediated axon guidance and is 
downstream of DCC [145]. Similarly, MAP1B, a spe-
cifi c microtubule-associated protein implicated in the 
crosstalk between microtubules and actin fi laments, has 
been shown to be phosphorylated in response to netrin-1 
in a GSK-3-dependent mechanism and to be required for 
netrin-1 effects on neuronal migration and axonal guid-
ance [146]. However, the receptor involved has not been 
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investigated. Other targets of these signaling pathways 
may be translational regulators. Indeed, it has recently 
been proposed that neo protein translation is stimulated 
by netrin-1 and is required for netrin-1-mediating attrac-
tion of Xenopus retinal growth cones in vitro [132]. Key 
translation initiation factors like eIF4E and its regulatory 
protein eIF4E-BP1 are known to be phosphorylated by 
an ERK-1/2-dependent pathway [147], thus constituting 
a potential mechanism linking netrin-1 to novel protein 
synthesis for axon growth and guidance. Other targets 
may be transcription factors. It has been reported that 
Elk-1, a target of ERK-1/2, is activated in response to 
netrin-1, yet this has been observed in immortalized cells 
and still has to be demonstrated in vivo [91]. A stronger 
case was made with NFAT signaling. Indeed it has been 
shown that the netrin-1-induced DCC-dependent activa-
tion of NFAT transcription factors and netrin-1-mediated 
axon outgrowth require this activation [148]. However, it 
is still unclear what genes are targeted by these transcrip-
tion factors that may be important for netrin-1 functions. 
Very few, if any, intracellular signals are known to be in-
duced through UNC5H receptors. The main observation 
regarding a putative role of UNC5H in netrin-1 signaling 
is the fact that, in the presence of netrin-1, the intracellu-
lar domain of UNC5H interacts with DCC and somehow 
down-regulates the signaling induced by DCC, hence 
converting axon attraction – when DCC is expressed 
alone – to axon repulsion – when DCC is expressed in the 
presence of UNC5H [40]. However, the view of UNC5H 
receptors as co-receptors and regulators of DCC does 
not completely fi t with the observation that, in various 
systems, UNC5H receptors are either expressed without 
DCC or expressed at a higher level than DCC. Moreover, 
the recent analysis of the phenotype of mice bearing a 
mutation of DCC deleting its P3 domain shown to interact 
in vitro with UNC5H failed to match the proposed model, 
at least regarding corticospinal tract axon guidance [99]. 
Hence, it is tempting to speculate that UNC5H receptors 
initiate important signaling independent of DCC. Interest-
ingly, it has been reported that UNC5H is submitted to 
the phosphorylation of its intracellular domain, a phos-
phorylation that is dependent on the presence of netrin-1 
[149]. Moreover, cytoplasmic phosphorylated tyrosine 
482 has been shown to be crucial for UNC5 function 
in C. elegans [150]. A recent report also suggested that 
UNC5H2 interacts with a Gia2 protein [151]. However, 
further work will have to analyze the intracellular signals 
that can be initiated via UNC5H upon netrin-1 binding.
It has become clear over the last few years that an im-
portant concept in neuronal guidance and in netrin-1 
function in general is the exact interpretation of netrin-
1 information, as netrin-1 appears as a survival factor, 
a chemoattractant and also a chemorepellent. Some 
cell-specifi c mechanisms then regulate the nature of the 
receptor complex expressed, depending on the desired 

effect of netrin-1. Along these lines, Tessier-Lavigne 
and colleagues have reported that DCC can interact with 
UNC5H receptors [40] and with Robo receptors [152]. 
The interaction of UNC5H with DCC is assumed to me-
diate the chemorepulsive activity of netrin-1 (see above). 
In contrast, the interaction of the intracellular domain of 
Robo with the intracellular domain of DCC that occurs 
in the presence of the Robo ligand Slit is supposed to 
silence the DCC effect. The DCC/Robo interaction is 
hypothesized to down-regulate DCC activity once com-
missural axons have crossed the midline, leading to a loss 
of responsiveness of these axons to netrin-1. However, it 
is not yet known what effect Robo interaction exerts on 
the various signaling pathways described above. 
Another mechanism that regulates receptor presentation/
activation appears to be their presence in lipid rafts. Ac-
cumulating evidence suggests that lipid rafts are dynamic, 
tightly packed and ordered membrane microdomains en-
riched in sphingolipids and cholesterol [153, 154]. This 
liquid ordered phase favors the dynamic assembly of dif-
ferent lipid-anchored proteins as well as transmembrane 
proteins [155]. Recent studies have shown that rafts play 
an important role in cell signaling, in particular through 
the organization of surface receptors, signaling enzymes 
and adaptor molecules into complexes at specifi c sites in 
the membrane [155]. Recently, it was shown that DCC is 
in part localized in lipid rafts [156, 157]. This localization 
is due to the palmitoylation of DCC [157] and is poorly 
dependent on netrin-1 presence [156, 157]. Importantly, 
the inhibition of DCC raft localization abolishes netrin-
1-induced DCC signaling – i. e.MAPK pathway – and the 
disruption of raft integrity inhibits netrin-1 induced axon 
outgrowth [157] and turning [156]. Thus, it is tempting 
to speculate that a change of DCC in the lipid rafts could 
be a mechanism that regulates the netrin-1 response. How 
other netrin-1 receptors also associate with lipid rafts 
remains to be shown. Similarly, another mechanism that 
may regulate netrin-1 response is the surface expression 
of netrin-1 receptor. Hinck and colleagues have demon-
strated that the presence of UNC5H1 at the cell mem-
brane is regulated through the interaction of UNC5H1 
with PICK1 (protein interacting with C kinase-1) and 
with protein kinase C (PKC). In particular, PKC activa-
tion has been shown to inhibit the UNC5H1-dependent 
netrin-1 response because UNC5H1 is no longer located 
at the plasma membrane [158]. 

When a neuronal cue turns out to be a survival 
factor in vivo

Role of DCC/UNC5H-induced death in axonal/
neuronal migration
The role of the positive signaling pathways initiated 
upon netrin-1 binding to its receptors is easy to grasp. 
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They all participate in a way in the chemotropic activity 
of netrin-1 guidance, attraction, or repulsion of axons 
or neurons. However, the observation that four of the 
fi ve known netrin-1 receptors induce cell death when 
expressed in settings in which netrin-1 is not available 
also suggests that the ability of netrin-1 to block cell 
death represents an important mechanism for guiding 
neurons. Thus, netrin-1-induced guidance may be the 
result of two mechanisms: (i) a positive mechanism that 
guides axon or neurons toward a gradient of ligand and 
(ii) a negative mechanism that kills neurons or axons that 
would grow out of the specifi c region of netrin-1 expres-
sion. This second mechanism would then determine the 
required migration path by regulating the fate of cells mi-
grating out of this path (fi g. 6). The positive mechanism 
has clearly been demonstrated by (i) the various ex vivo 
assays showing that experimentally generated netrin-1 
gradient attracts or repels axons through a DCC-depend-
ent mechanism, and (ii) by the phenotype of DCC and 
netrin-1 mutant mice in which commissural axons do not 
correctly extend [1, 5, 6, 88]. The negative mechanism 
needs support other than in vitro analysis showing neu-
ronal cell death in the absence of netrin-1. Initial support 
has been provided by the analysis of inferior olivary 
neurons in netrin-1 null mutants [18, 19]. Indeed, inferior 
olivary neurons that originate from post-mitotic neurons 
expressing DCC, UNC5H or both receptors are known to 
migrate ventrally through a netrin-1 dependent process. 
In netrin-1 mutant mice, these neurons do not fail to mi-
grate but actually die during the early stage of migration 
[116]. Interestingly, in DCC mutant mice, the inferior 
olive is also missing, but a similar cell death analysis 
shows a much reduced cell death induction [E. Bloch-
Gallego, personal communication], suggesting that in 
this case the absence of inferior olive is related to the 
loss of migration due to the absence of positive signal. 
Along the same lines, Jiang et al. recently reported that 
neural crest cells that migrate and colonize the develop-
ing bowel and pancreas are also dependent on the DCC/
netrin-1 pair for both migratory behavior – i. e. attrac-
tion mediated by a positive signal of bound DCC – and 
survival – i. e. inhibition of DCC-mediated cell death by 
netrin-1 presence [159]. Indeed, these authors report that 
netrin-1 mediates the survival of neural crest cell prob-
ably by inhibiting DCC-induced cell death [159]. One 
could, however, argue that, if this dual model fi ts well 
with chemoattraction, the model of cell death induction 
in settings with low netrin-1 concentration appears more 
diffi cult to apprehend in a context of chemorepulsion. A 
possible explanation is that chemorepulsion necessar-
ily occurs in a context in which axonal/neuronal growth 
is still promoted by the repulsive clue, otherwise the 
axon/neuron would stop. Thus, chemorepulsion should 
represent a displacement toward a lower concentration of 
cues such as netrin-1 rather than a displacement toward 

no netrin-1. Moreover, while achieving its migration, the 
repulsed axon/neuron would necessarily fi nd another cue 
that can promote its growth and probably its survival. In 
this context, repulsion toward a decreased concentration 
of netrin-1 is completely distinct from the death-promot-
ing activity observed in the absence of netrin-1. However, 
even though this dual model of death/guidance is tempt-
ing, more defi nite evidence has to be provided to support 
the hypothesis conclusively. 

Role of DCC/UNC5H-induced death in the 
control of tumorigenesis
Although the role of DCC in mediating netrin-1 effects 
has clearly been demonstrated during nervous system 
development, DCC cellular function outside the nerv-
ous system remains unknown. As noted above, DCC 
transcripts and protein have been detected in various 
adult normal tissues outside the nervous system [30, 160, 
161]. Consistent with a possible role for DCC in transmit-
ting netrin signals in tissues outside the nervous system, 
netrin-1 is also expressed in various adult tissues [162]. 
Northern blot studies indicate that netrin-1 transcripts 
may in fact be considerably more abundant in adult heart, 
small intestine and colon tissues than in the adult brain 
[162]. Within adult intestinal tissue, netrin-1 expression 
appears to be greatest at the base of crypts [89]. Given 
the absence of an obvious role for DCC and netrin-1 in 
the development of the intestine [88], what might be the 

Figure 6. Putative model for axonal/neuronal guidance. Axonal/
neuronal guidance may be the result of two opposite signaling 
pathways: (i) a positive signaling pathway leading to the well-dem-
onstrated chemotropic activity of netrin-1 that attracts or repulses 
neurons/axons and (ii) the control of neuron/axon fate by the induc-
tion of apoptosis in neurons/axons that would grow or extend out of 
the region of netrin-1 availability. 
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signifi cance of DCC and netrin-1 expression in the intes-
tine? The tight regulation of epithelium proliferation and 
differentiation in the intestine is known to be crucial for 
normal organ function and likely for inhibition of tum-
origenesis [163]. Presumably intestinal stem cells reside 
near the base of the crypt, and the bulk of proliferating 
cells are located in the lower third of the crypt. As the 
cells migrate toward the villus tip, they become more dif-
ferentiated. Upon reaching the tip, the cells are shed into 
the intestinal lumen, where they presumably undergo ap-
optosis. Perhaps the DCC/netrin-1 interaction may play a 
role in the regulation of cell proliferation and differentia-
tion. Consistent with this idea, in certain cell lines forced 
DCC expression has been shown to induce G2/M cell 
cycle arrest [109], and in other cells ectopic DCC expres-
sion has been linked to a marked loss of proliferation [84]. 
Unfortunately, these studies have not explored the role 
of netrin-1 in DCC effects on cell cycle progression or 
proliferation. Moreover, while an initial study indicated 
that DCC might play a role in goblet cell differentiation 
[160], the possible role of DCC in differentiation along 
the goblet cell lineage has not been confi rmed [84, 164]. 
Additionally, the possible role of DCC in differentiation 
does not fi t neatly with data obtained in various cell lines, 
showing that, upon netrin-1 binding, DCC activates the 
ERK-1/2 MAPK pathway [91], while ERK-1/2 activation 
has been suggested to inhibit intestinal epithelium differ-
entiation [165]. However, since small GTPases have been 
involved in DCC signaling, it is of some interest to con-
sider the possible role of netrin-1-mediated DCC-depend-
ent activation of small GTPases in the intestine. Indeed, 
transgenic mice expressing a constitutive form of Rac-1 
in their intestines showed a precocious differentiation of 
the epithelium with accompanying alterations in apical 
actin [166]. Hence, DCC-mediated Rac-1 activation may 
be important for epithelium differentiation. 
However, small GTPase, ERK-1/2 and FAK activation 
by DCC is unlikely to account for the putative DCC 
tumor suppressor activity, since small GTPase, MAPK 
and FAK/Src signaling have been shown to be activated 
in cancer and/or to participate directly in promoting tu-
mor development [167, 168]. An alternative hypothesis 
for DCC/netrin-1 function in the intestine that may fi t 
with DCC tumor suppressor activity is the possibility 
that DCC and netrin-1 have a role in cell survival regula-
tion. The pro-apoptotic activity of DCC in the absence 
of netrin ligand would be consistent with a role for the 
DCC/netrin-1 pair in the homeostatic regulation of the 
intestinal epithelium and possibly as well in the suppres-
sion of tumorigenesis. Following the dependence recep-
tor mechanism described above, we can hypothesize that 
the DCC/netrin-1 pair, and possibly UNC5H/netrin-1, 
may indeed limit tumor development by inducing the 
apoptosis of cells that acquire transforming capacities 
(fi g. 7). Any tumor cell submitted to an inappropriate 

environment would have unbound dependence receptors, 
which would trigger the pro-apoptotic activity of DCC 
and/or UNC5H, and ultimately lead to cell death and 
subsequent tumor regression. This is particularly the case 
when highly proliferative cells grow in regions with low 
netrin-1 concentration or migrate to other tissues because 
of metastatic spread. In cancer, the deletion of genes cod-
ing for DCC and UNC5H would induce the loss of the 
pro-apoptotic signal, thus providing a selective advan-
tage for tumor escape.
Accordingly, as described above, the DCC gene is known 
to be deleted in many tumors. Interestingly, a strongly 

Figure 7. DCC and UNC5H receptors may function as tumor sup-
pressors. In a normal context a cell expresses DCC/UNC5 in the 
setting of netrin-1 presence. On acquiring a transformed phenotype, 
this cell migrates toward other tissues (metastasis) or proliferates. 
In both cases, netrin-1 concentration decreases in regard to DCC/
UNC5H expression, either because netrin-1 is not expressed in 
other tissues or because the number of transformed cells expressing 
DCC/UNC5H has increased while netrin-1 concentration remains 
unchanged. This turns DCC/UNC5H into a death inducer, hence 
limiting tumor extension. Such a mechanism cannot occur if the 
cell has acquired the selective advantage of losing/reducing DCC/
UNC5H expression.
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reduced expression of UNC5H has also been reported in 
over 90% of colorectal cancers and many other tumors. 
In colorectal cancers, this reduction has been mostly as-
sociated with UNC5H1 and UNC5H3 [94]. Although al-
lelic losses have also been observed, the loss of UNC5H 
expression might rather be consecutive to epigenetic 
mechanisms such as promoter methylation [94]. Moreo-
ver, UNC5H2 has been shown to be a direct transcrip-
tional target of the p53 tumor suppressor gene. Of major 
interest, p53 pro-apoptotic activity has been shown to 
be dependent on the expression of UNC5H2 and can be 
antagonized by netrin-1 [117]. Moreover, several in vitro 
experiments have shown that, similarly to DCC, UNC5H 
expression compromises the two hallmarks of cell trans-
formation: anchorage-independent growth and ability 
to invade through a reconstituted basement membrane 
(Matrigel) [89, 94]. 
Interestingly, in normal colorectal tissues in which the 
loss of DCC and/or UNC5H in tumors is very com-
mon, netrin-1, DCC and UNC5H have a very interest-
ing expression pattern [89]. In these tissues, netrin-1 is 
preferentially expressed at the base of the intestinal crypt 
[89], whereas DCC is distributed throughout the villi 
[169]. This is consistent with the classic view that highly 
proliferative cells from the base of the intestinal crypt dif-
ferentiate while moving to the distal part of the villi/crypt 
and eventually detach and die or die and detach. Prolif-
erating crypt cells that express DCC in a netrin-1-rich 
environment would be protected from cell death, whereas 
epithelial cells that have stopped proliferating to differen-
tiate and move toward the villus tip would progressively 
be placed into a netrin-1-deprived environment, inducing 
apoptotic cell death. Along these lines, overexpressing 
netrin-1 throughout the intestinal epithelium contrib-
utes to reduce apoptosis by approximately 50% [89]. 
One may speculate that the apparent proximal-to-distal 
netrin-1 gradient may function as a regulatory system 
that limits the lifespan of cells that undergo (i) multi-
ple proliferative steps within the crypt and (ii) repeated 
mechanical and chemical insults originating from the 
intestinal lumen, two conditions that may increase the 
risk of cell damage and resultant aberrant behavior. The 
cell death induced by the absence of superfi cial netrin-1 
expression, together with the mechanical detachment of 
cells in the lumen, may thus be key factors for limiting 
the initiation of malignant transformation.
To evaluate the role of these DCC and UNC5H receptors 
in tumorigenesis, and to avoid the common bias of us-
ing the gene knockout method in which both the positive 
– netrin-1-dependent signals – and negative – apoptosis 
in the absence of netrin-1 – pathways are inactivated, we 
recently developed an alternative strategy. Mice forced 
to overexpress netrin-1 in the intestinal epithelium were 
used to prevent receptor-induced cell death. As seen 
above, the targeted overexpression of netrin-1 through-

out the digestive tract produces approximately 50% 
cell death inhibition in the intestinal epithelium [89]. In 
agreement with the model proposed for the regulation of 
cell life span by netrin-1-controlled DCC-induced cell 
death, this inhibition is associated with the formation 
of numerous focal hyperplasias (compared with control 
mice) and adenomas [89]. Thus, cell death inhibition by 
netrin-1 is associated with increased initiation of color-
ectal tumorigenesis. Because DCC loss is very often con-
sidered a late event in human colorectal tumors, netrin-
1-overexpressing mice were backcrossed with a mouse 
model in which colorectal tumorigenesis is initiated by 
a mutation in adenomatous polyposis coli (APC) [170]. 
APC mutated mice usually develop low-grade adenomas, 
but the tumor that developed in APC/netrin-1 mice pro-
gressed toward high grade adenoma and adenocarcinoma 
[89]. The above results demonstrate that blocking the cell 
death by netrin-1 overexpression can both initiate and 
stimulate colorectal tumorigenesis [89], thus confi rming 
the tumorigenic role of dependence receptors expressed 
in the digestive tract.
Several key issues remain to be resolved. First, is the 
receptor involved DCC or UNC5H1-3? Interestingly, 
UNC5H and DCC proteins have distinct localizations in 
intestinal villi – UNC5H2 and DCC appear to be present 
along the entire villus, whereas UNC5H3 is found only 
in the intestinal crypt [89]. Together with the fact that the 
overexpression of netrin-1 in the mouse model described 
above is affected by two time window effects – one dur-
ing early tumorigenesis, as exemplifi ed by the adenomas 
and focal hyperplasias observed in the mice, and a later 
effect accompanied by the formation of adenoma carci-
nomas in APC/netrin-1 mice. This would be in favor of 
a regulatory role of these dependence receptors at differ-
ent phases of colorectal tumorigenesis. The second issue 
concerns netrin-1 expression in human colorectal tumors. 
Indeed, the prediction from the model proposed would be 
that a similar selective advantage is conferred when tu-
mor cells lose the expression of a receptor – as is the case 
for DCC and/or UNC5H – or gain netrin-1 expression. A 
preliminary set of data has shown that netrin-1 overex-
pression is only rarely associated with human colorectal 
cancer, i. e. 7% of tested tumors [89], suggesting that the 
gain of netrin-1 or the loss of the receptor does not confer 
similar selective advantages. Further work is required to 
analyze whether this effect is restricted to colorectal tu-
mors or if it can be extrapolated to other types of cancer.

Other roles for netrin-1 and its receptors

In recent years, not only did netrin-1 move from a neuro-
nal navigation cue to a survival molecule that may con-
trol tumorigenesis, but recent reports also proposed that 
netrin-1 may play alternative roles. The fi rst one is a role 
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as a cell adhesion molecule, the other one being a role 
in angiogenesis. Even though these roles are still poorly 
defi ned and remain controversial, they may turn out to be 
important facets of netrin-1. 

Netrin-1 as an adhesion molecule involved in 
morphogenesis
Although the roles of netrin-1 as a neuronal guidance cue 
and as a survival factor are now largely documented, it is 
interesting to note that netrin-1, even though considered 
as a diffusible molecule, resembles laminin. Netrin-1 
may then be hypothesized not only as a guidance cue that 
is expressed in gradient but as a matrix protein important 
for adhesion. Along this line, Hinck and colleagues have 
proposed that netrin-1 is important for mammary gland 
morphogenesis [171]. Indeed, netrin-1 is expressed in 
prelumenal cells; while analyzing the mammary gland 
development of netrin-1 mutants, it was observed that 
netrin-1 is required to stabilize multipotent progenitor 
cap cell layers. Similarly, netrins have been shown to 
be implicated in lung branching morphogenesis [172]. 
Moreover, Yebra and colleagues have proposed that 
netrin-1 mediates pancreatic epithelial cell adhesion. 
Interestingly, the puzzling aspect of these studies is the 
nature of the receptor involved in netrin-1 activity: it 
has been proposed that neogenin is the netrin-1 receptor 
involved in netrin-1 effects on mammary glands, but (i) 
whether netrin-1 is actually a functional ligand for neo-
genin is still a matter of controversy [29, 42, 43], and (ii) 
neogenin mutant mice have failed to show any obvious 
phenotype. Similarly, the nature of the receptor involved 
in lung branching is not known while integrins such as 
putative netrin-1 receptors (see above) may be implicated 
in pancreatic epithelial cell adhesion. 

Netrin-1 as an angiogenic factor
Very recently, netrin-1 and its receptors were investigated 
in the context of angiogenesis. Indeed, it is a classic ob-
servation that molecules initially discovered in neuronal 
guidance also play a role in the morphogenesis of the 
vascular system [173]. Two recent papers have proposed 
a role for the netrin-1 receptor UNC5H2 and for netrin-1 

in angiogenesis [100, 174]. In the fi rst study, Lu and col-
leagues investigated the phenotype of UNC5H2 mutant 
mice and observed that homozygous mutant embryos 
display an abnormal vascular system phenotype with 
aberrant extension of endothelial tip cell fi lopodia, ex-
cessive vessel branching and abnormal navigation. Inter-
estingly, the effect is probably independent of netrin-1, 
at least in mammals, as the inactivation of netrin-1 did 
not show a similar vascular phenotype. Whether other 
netrins or other unknown ligands are important for this 
angiogenic effect remains to be shown. Park and col-
leagues have used in vitro/ex vivo culture assays to show 
that netrin-1 triggers an angiogenic effect on endothelial 
cells. However, contrasting with the study of Eichmann 
and colleagues, the effect appears not to be mediated by 
DCC or UNC5H receptors. Another contradiction will 
have to be examined further: in the study by Eichmann 
and colleagues, UNC5H2 appears to play an inhibitory 
role for angiogenesis – i. e. mutants show excessive ex-
tension of endothelial tip cells or excessive vessel branch-
ing – while in the report by Park et al. netrin-1 appears 
to stimulate angiogenesis. In any case, these interesting 
studies support the role of netrins or netrin-1 receptors in 
angiogenesis. Whether this effect is related to a guidance 
effect or to a survival effect needs to be evaluated. 

Concluding remarks

Initially described as an axon guidance cue, netrin-1 ap-
pears today as a fantastic molecule with multiple func-
tions, from attracting to repulsing axons, from serving 
as a matrix molecule involved in tissue morphogenesis 
to regulating cell survival and tumorigenesis. Signifi cant 
effort has been made in the last decade to clarify the role 
of netrin-1 in controlling the migration of neurons and 
the growth/orientation of axons during development. 
However, almost nothing is known about netrin-1 in 
adult. For sure netrin-1 and netrin family members are 
expressed in adults and particularly in adult brain: is this 
expression related to plasticity, survival/maintenance or 
to a completely different yet unknown function of ne-
trin-1? We have shown that netrin-1 is also expressed in 
adult gut and serves there as a survival signal that limits 

Figure 8. Netrin-1, a multi-
functional molecule. Netrin 
is a multi-functional molecule 
that mediates axon chemoat-
traction, chemorepulsion, 
neuronal migration, angiogen-
esis, adhesion and consequent 
morphogenesis, and cell sur-
vival leading to the control of 
tumorigenesis.
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tumor formation. The next challenges are to understand 
whether, owing to its multiples facets, netrin-1 is a plau-
sible target for therapeutic strategies against cancer and 
possibly other diseases. 
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