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Abstract

Notch signaling is a highly conserved pathway involved in cell fate choice during development with Delta and Jagged constituting the two
evolutionary conserved families of Notch ligands. These ligands are transmembrane proteins with conserved biochemical structure that share
their receptors and signal through a common mechanism. Upon ligand binding Notch receptors are proteoliticaly cleaved, the intracellular
domain of Notch (NICD) is released and translocated to the nucleus, where it activates target genes. In mammals, four receptors and five
ligands have been described. Delta-1, Delta-3 and Delta-4 are homologDesstphila Delta and Jagged-1 and Jagged-Dtosophila
Serrate. Despite strong domain homology, there is growing evidence that signals transmitted through Delta or Jagged ligands can differentially
affect the target cell. At least during embryonic development, Notch receptors and Notch ligands functions cannot be compensated by other
members. Knock-out mice for Notch-1, Notch-2, Delta-1 and Jagged-1 are embryoni¢3ettsek PJ, Lindsell CE, del Amo FF, Weinmaster
G, Gridley T. Notchl is essential for post-implantation development in mice. Genes Dev 1994;8:707-19; Shimizu K, Chiba S, Kumano K,
Hosoya N, Takahashi T, Kanda Y, Hamada Y, Yazaki Y, Hirai H. Mouse jaggedl physically interacts with notch2 and other notch receptors.
Assessment by quantitative methods. J Biol Chem 1999;274:32961-9; Hrabe de Angelis M, Mclintyre 2nd J, Gossler A. Maintenance of somite
borders in mice requires the Delta homologue DII1. Nature 1997;386:717-21; Xue Y, Gao X, Lindsell CE, Norton CR, Chang B, Hicks C,
Gendron-Maguire M, Rand EB, Weinmaster G, Gridley T. Embryonic lethality and vascular defects in mice lacking the Notch ligand Jagged1.
Hum Mol Genet 1999;8:723-30Fimilarly, mice heterozygous for Delta-4 inactivation also die before @dde NW, Dominguez MG,

Noguera |, Pan L, Hughes V, Valenzuela DM, Murphy AJ, Adams NC, Lin HC, Holash J, Thurston, G, Yancopoulos, GD. Haploinsufficiency
of delta-like 4 ligand results in embryonic lethality due to major defects in arterial and vascular development. Proc Natl Acad Sci USA
2004;101:15949-54]nvalidation of Jagged-2 results in defaults in thymus morphologyardkvelopmenfliang R, Lan Y, Chapman HD,
Shawber C, Norton CR, Serreze DV, Weinmaster G and Gridley T. Defects in limb, craniofacial and thymic development in Jagged2 mutant
mice. Genes Dev 1998;12:1046-5&]together, these data suggest that each Notch member can exert unique specific effects.

In this review, we will thus focus on recent data about differential effects of Notch ligands on T cell development and differentiation. In
light of recent biochemical and molecular advances on Notch-signaling pathway, we will examine how specific effects can be mediated by a
given ligand.
© 2005 Elsevier B.V. All rights reserved.
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1. Specific effects exerted by Notch ligands substitute Delta-1 and support T cell development. Indeed,

Delta-4 over expression was tested both in vitro in OP-9 cell
Notch receptors and ligands are expressed in developingline[13] and in vivo in absence of thym(2] and was shown

and mature lymphocytes and in lymphoid tissues (s&e to induce T cell commitment.
This pattern of expression suggests arole in both lymphocytes  Using the OP-9 cell line Lehar et al. compared Delta-1
development and peripheral maturation. The role of Notch and Jagged-1 effects on murine BM-derived hematopoietic
signaling in early B and T lymphocyte development has been stem cells and thymus precursors at the DN1 stage They
extensively studied7,8], while its influence on mature T  showed that the majority of BM-derived stem cells do not
cell function only recently emerged (review in REJ)). It respond to Jagged-1 signal, similarly to human cgll3],
was recently shown that each ligand of Delta and Jaggedwhereas only the Delta-1-expressing stroma cells promote
family could exert specific effects on T cell development and the proliferation and maturation of T cells progenitfit].
maturation. Indeed, Delta-1 ligand has beeninvolvedin T cell They also showed that T cell progenitors at the DN1 and
development, whereas Jagged-1 has been mostly describe®N3 stages respond to Jagged-1 by differentiating along the

for its influence on peripheral T cell differentiation. NK and~3 cell lineageq14]. A role of Jagged ligands in
vd development has been already suggested since Jagged-2
1.1. Notch ligands and T cell development deficient mice exhibit a decreaseyid T cell lineage differen-

tiation[6]. Concerning NK cells development, it was recently

To better evaluate the contribution of each ligand in lym- shownthat OP-9 cellline over expressing Jagged-2 stimulates
phocyte development, a series of experiments were per-the development of NK cells from BM-derived H3E5]. In
formed comparing directly the Delta and Jagged effects. this concern, we have reconstituted the immune system of
Using the stroma cell line S17 over expressing human Delta- hormal mice with fetal liver cells over expressing Jagged-1
1 or human Jagged-1 on human CD3%matopoietic stem  OF Jagged-2, but we failed to observe any differences with
cells, Jaleco et al. have shown that Delta-1 allows the emer-control mice (de La Coste, unpublished data).
gence of cells with characteristics of T/NK precursors, while
Jagged-1 did not apparently interfere with lymphoid devel- 1.2. Delta ligands and lymphocytes maturation
opment from hematopoietic progenit¢t®]. Later on, using
the M-CSF-deficient BM stroma-derived cell line OP-9, it Others and we have more recently shown that Delta lig-
was shown that over expressing of the Notch ligand Delta-1 ands are involved in peripheral T cell maturation and that
caninduce full T cell differentiation in vitrfl 1]. The ectopic their functions are not redundant. In absence of a thymus,
expression of Delta-1 inhibits B cell maturation but sustain we showed that mature CDA cells developed in the pres-
af andyd T cell differentiation{11]. In this study, only CD8 ence of Delta-1 or Delta-4 show unique patterns of cytokine
T cells can be obtained, probably, because of the absence oproduction after in vitro stimulatiofl2]. We showed that
MHC class-Il molecules expression by OP-9 cells. We have CD4* T cells developed in presence of Delta-1 only pro-
shown using nude mice that in absence of thymus, both Delta-duced IFNy, whereas CDAT cells developed in presence of
1 or Delta-4 over expression is sufficient to induce T cells Delta-4 produce IFNy, IL-4 and IL-5. These observations
development in vivg12]. Thus, Delta ligands provide a sig- suggestthat Delta-1 is associated with Th1 polarization while
nal sufficient for the induction of T cell lineage commitment Delta-4 induced a mixed Th1-Th2 phenotype. A similar Thl
even in absence of thymii$1,12] In apparent contrast, it  polarization has been obtained in vitro using a soluble form
was shown that the absence of Delta-1 do not affect T cell of Delta-1 on TCR-activated T cel[46]. However, Amsen
development in micg¢l3], however, in absence of Delta-1, et al. found that Delta ligands promote Thl differentiation
another ligand expressed in the thymus, i.e. Delta-4, could using co-culture of rige transgenic CD4T cells with APCs
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expressing Notch ligands, while Jagged-1 promotes Th2 dif- of antigen induce rise CD4" T cells to become regulatory
ferentiation[17]. These apparent discrepancies may be due T cells and these T cells can induce tolerance iivenanice
to the different experimental system used. Nevertheless, in[25]. It has also been shown that allo-antigen-presenting cells
the Amsen study, Delta-4 expression was correlated with the over expressing Jagged-1 when co-cultured withien@ cells
ability of LPS to promote Thl response and only the Delta-1 induce a decrease in IRNproduction, IL-2 and IL-5, con-
effects have been directly tested by over expression approachsistent with induction of a regulatory phenotyj#6]. This
Itis, therefore, possible that the enforced expression of Delta-mechanism of antigen-specific tolerance induction mediated
4 leads to different pattern of cytokines expression when through activation of T cells by Jagged over expressing APCs
compared with Delta-{17]. isalso occurring inhuman T cells. Epstein-Barr virus positive
By over expressing Delta-1 and Delta-4 during lymphoid APCs over expressing Jagged-1 co-culture with autologous
development, we also observed that Delta-4- or Delta-1- human T cells can induce antigen-specific regulatory T cells
induced T cell development is associated with a significant and modify immune response to viral antigg@g]. Trans-
increase in the number of ectopic developing DP T ¢&R§. genic mice over expressing an activated form of Notch-3 in
However, in mice over expressing Delta-4, we detected athymocytes and T cellg0] contain a significantly increased
marked increase in the number of peripheral DP cells (espe-population of CD4 CD25" T cells in thymus and spleen
cially, in LNs), which was never observed in Delta-1 mice. [28]. These cells were tested for regulatory functions and
Other groupg18] previously described the development of the authors showed that these transgenic mice are protected
a lymphoproliferative disease associated with Delta-4 over against induced-autoimmune diabe{@8]. These results
expressiorf19]. In one study, the DP ectopic cells were not support the idea of a central role for Notch pathway, possibly
transplantable into secondary recipients suggesting that thevia Notch-3 and Jagged-1 interaction in sustaining regulatory
observed phenotype was more likely due to lymphocyte pro- T cells differentiation and function. In contrast to its periph-
liferation rather than a neoplastic transformation-lymphoma eral effects, the role of Jagged ligands on hematopoietic
[18]. Inthe second study, DP T cells were injected into recipi- stem cell self-renewal and differentiation is still controver-
entmice and lead to the development of acute lymphd®ija sial[29-33]
The proliferative disease described by Dorsh and co-workers  From all these data, it appears that Delta ligands are
was often lethal, resembling a pre-oncogenic situation, which involved in T and B lymphocytes commitment and on T lym-
we never observed after Delta-1 over expresfl@). These phocyte peripheral maturation, while Jagged ligands are more
findings suggest that Delta-1 and Delta-4 ligands either bind often involved inyd and NK lymphocytes development and
the same receptor(s) with different affinities or bind distinct peripheral T cell differentiation. Overall, these data raised
Notch receptors. Development of T lymphomas was also an intriguing question, how can the combination of Notch
described in transgenic mice over expressing an activatedreceptors with distinct ligands underlay so diverse biological
form of Notch-3[20], whereas retroviral over expression of outcomes of Notch-signaling pathway?
Notch-1 was not associated with lymphoproliferative disor- Notch ligands share a conserved extra-cellular domain
der[21,22] Thus, these results suggest that T cell develop- containing multiple EGF repeats and a Delta—Serrate—Lag2
ment induced by Delta-1 or Delta-4 in vivo is not equivalent. (DSL) motif that is required for receptor binding. Jagged pro-
Concerning peripheral COS8T cells, we found that both  teins possess a distinct cystein-rich region proximal to the

Delta-1 and Delta-4 promote IFNproduction[12], there- transmembrane domain and which it is not present in Delta
fore, confirming previous data showing that blocking of ligands (for review, see Rdf34]). This structural difference
Notch inhibits IFNy production by CD8 T cells[23]. Differ- can constitute one explanation for Delta and Jagged distinct

ent results have been obtained in a model of organ transplanbiological functions. However, this is not sufficient to explain
tation[24]. In this study, the authors showed that pretreatment how different ligand—receptor combinations can trigger dis-
of spleen CD8 T cells with cells expressing Delta-1 ligand tinct downstream events. The intracellular side of Notch
in presence of allo-antigen is able to inhibit the response to ligands is variable among the homologs both in sequences
subsequent exposure to the same anti@dih This mech- and length34]. Interestingly, it was observed that the con-
anism, which can result in graft survival, was shown to served DSL motif, shared by all Notch ligands and involved
be CD8 T cells-dependant. Such CD8esponder T cells  in Notch—Notch ligand interactions is not functionally inter-
exhibitan altered cytokine production resulting in a decreased changeabl¢35]. Thus, the DSL motif alone is not capable to
IFNy production and an enhanced IL-10 expression transmit a specific signal and the whole ligand sequence is

[24]. necessary to generate a specific signal by a given ligand. Dif-
ferent features now emerge that might help to understand how
1.3. Jagged ligands can diverse outcomes be induced by the same set of receptors

and ligands molecules. Notch signaling can possibly be reg-

The role of Jagged ligands on peripheral T cell func- ulated at three different levels, the Notch receptor itself, the
tion has been first suggested by in vitro data from Hoyne Notch ligand or Notch—Notch ligand interaction. Regulation
et al. [25]. Hoyne et al. have shown that murine-antigen- and modulation can occur at different steps of Notch signal-
presenting cells over expressing human Jagged-1 in presencang. We will now discuss about various — but not all — aspects
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of Notch-signaling regulation and modulation that can help receptord16,17] Nevertheless, the picture is not so simple
to understand how specific outputs can be induce by distinctand contradictory patterns of Notch receptors expression by
ligands. peripheral naive T cell sub-populations have been reported
using quantitative RT-PCR6,17]indicating that potent anti-
bodies, especially, forimmunohistochemical analysis will be
2. Expression of Notch receptors and ligands necessary to precisely determine Notch—Notch ligand expres-
sion profile for each hematopoietic sub-population.
In mammals, the presence of four Notch receptor and five
ligands increases the possibility of different combinations of
receptor—ligand binding. However, the four Notch receptors 3. Modulators of Notch signaling: the role of Fringe
and five ligands are differentially expressed and tightly regu-
lated during lymphoid developme[86—39] Therefore, the One possibility to explain the differential effects of Notch
restrictive and temporal expression of all Notch genes canligands is a variation of Notch-signaling intensity depending
constitute by itself a mechanism for Notch-signaling regula- on the ligand. The regulation of Notch signal intensity could
tion and specificity. By immunohistochemical analysis, it has possibly be due to the activity of Fringe modulator. Glyco-
been shown that Notch-1 is differentially expressed during T sylation of different EGF repeats are involved in interaction
cell development with high level of expression at the most between Notch receptors and Notch ligands (review in Ref.
immature stages of development, i.e. double negative stagg45]).
(DN), a decreased intensity at the double positive stage (DP) Fringe does not regulate Delta and Jagged ligands in
and an intermediate level of expression at the single positivean equivalent manng#6]. It has been shown that Lunatic
(SP) stagd37]. These data show that Notch-1 expression is Fringe suppresses Jagged-1 signaling while enhancing Delta-
dynamic during thymus differentiation. In accordance with 1 signaling, underlying a certain degree of diversity between
this pattern of expression during lymphocyte development, modulators of Notch that belong to the same fanjdy].
absence of Notch1 in hematopoietic stem cells blocks T cell One interesting point is that Lunatic Fringe can suppress
development at the DN-1 stagj#, while conditional inval- Jagged-1-induced signaling even though Jagged-1 can still
idation of Notch-1 at the DN-3 mice stage has no effect on bind to Notch-1, suggesting that suppression occurs after
T cell development, suggesting that Notch-1 activity is tem- ligand binding[47]. By using mutant proteins, the authors
porally restricted to early T cell developmgaAD]. Notch-3 clearly demonstrated that Fringe modulation of ligand-
is also expressed in thymocytes while Notch-2 expression isinduced Notch-1 signaling is strictly dependent on Fringe
weaker[36]. Notch-2 expression is associated with B cell glycosyltransferase activity, but how changes in glycosy-
development has been observed at the pro-B $tegeCon- lation can affect ligand-induced Notch signaling remains
sistently, conditional inactivation of Notch-2 does notaffect T unknown. Losses in glycosylation could alter the structural
cell developmen42]. Over expression of an activated form properties of Notch[48]. However, it was next demon-
of Notch-2 permits early pro-B cell development but blocks strated that Fringe glycosylation of Notch-1 affects dif-
B cell maturation at the pre-B sta§#3]. Thus, pro-B cells ferentially Notch-1 proteolysis induced by ligand binding
may need to down-regulate Notch-2 expression to continue[46]. In this study, the authors showed that Notch-1 signal-
through B cell development. These data highlight the needing induced by Delta-1 is enhanced by all Fringe proteins
of a dynamic pattern of Notch expression to ensure efficient supporting the idea that Fringe proteins potentiate Delta-1-
signaling[43]. induced Notch-1 signaling through increased ligand binding.
In the thymus, Delta-1 and Delta-4 expression is mostly In response to Jagged-1, Lunatic and Manic but not Radical
found on stromal cells while Delta-3 expression is not Fringe suppresses signaling without affecting ligand bind-
detectabld39,13] Expression of Delta ligands is higher in  ing. This suggests that ligand—receptor interactions do not
the cortex when compared with the medulla, reinforcing the promote the proteolysis required for activation of down-
idea that Delta-induced Notch activation is important for stream signaling eventl6]. Binding assays on cultured
early T cell development. Jagged-1 expression is restrictedcells and functional analysis of Notch mutations indicated
to the thymus epithelium, whereas Jagged-2 is expressedhat the EGF domain #12 repeat is important for Serrate—
in both lymphoid and stromal cell compartments of the Notch interaction while others EGF repeats are involved
thymus suggesting that Jagged ligands may play distinctin Delta—Notch interactions [49], for discussion, see
role in Notch mediated T cell developmdB6]. It has been Ref.[45]).
proposed that Jagged-2 is involved in reciprocal thymocytes  Altogether, these findings suggest that different com-
interactions, whereas Jagged-1 action may be restrictedbinations of Notch ligands, receptors and Fringe proteins
to the cross talk between thymocytes and stromal cells can deliver different levels of signaling and lead to dif-
[36]. ferent biological outcomes. How could glycosylation affect
Concerning peripheral hematopoietic populations, it is Notch—Notch ligand interactions to either positively or nega-
generally observed that APCs expressed Notch ligandstively regulated Notch signaling? One proposed hypothesis is
[25,44]while lymphocytes sub-population expressed Notch that glycosylation of Notch potentiate signaling by enhancing
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ligand binding, but this is not the case for Jagged-1. Biochem- of endocytic vesicles and was shown to be necessary both
ical analysis of modulation by Fringe proteins of Delta-1 and in signal-generating cell (Delta-expressing cell) and signal-
Jagged-1 binding on Notch-2 lead to the observation that receiving cell (receptor-expressing cell) for normal Notch
each Fringe protein acts on a different site of the extra cel- signaling[61]. Endocytosis concerns both Notch ligand and
lular region of NotchZ50]. The authors proposed that the Notch receptor and thus, signal-generating cell and signal-
difference in modulator function of multiple Fringe proteins receiving cell. A mechanism afans-endocytosis was also
may result from the distinct amino acid sequence specificity described62].
targeted by these glycosyltransferafss.

5.1. Delta endocytosis

4. Proteolytic cleavage of Notch ligands The study of various mutants iBrosophila lead to the
observation that Delta is transported to the cell surface and

Biochemical studies have shown that Delta ligand is isthen internalized by endocyto$&3,64] Recent data sug-
cleaved resulting in a soluble form constituted by the extra gest that this Delta ligands endocytosis is required for Notch
cellular domain (Delta—ECD), which function is unclear. The activation [65]. Ubiquitine residues serve as a signal for
DSL ligands are proteolytically processed, but in contrast endocytosis and two E3 Ubiquitine ligases are responsible
with Notch receptor, such cleavage seems to be constitutivefor Delta ubiquitination; Mindbomb (Mib) was described in
[51-53] The question now is to understand the function of Zebrafish [66] and Neuralized (Neur) iDrosophila [67].
such secreted ligand, does it act as a Notch activator or doedMib physically interacts with Delta and promotes its ubig-
it antagonize normal Delta-induced activation? uitination and internalizatiof66], which have been shown

A secreted form of Notch ligand LAG-2 has been identi- to up-regulate Notch activity. |@ebrafish mib mutants, a
fied in Elegang54]. This soluble ligand acts as a signaling reduced lateral inhibition mediated by Notch is observed due
molecule [54,55], whereas iDrosophila, secreted forms of  to a reduction in Notch-signaling activif$6]. Two models
Delta and Jagged were shown to have antagonistic effectshave been proposed to explain Delta endocytosis function.
during eye and wing developmef6]. In mammals, solu- In the first one, Mib acts in the signal-delivering cell by
ble forms of Delta and Jagged have been studied, howeverclearing Delta from Notch at the cell surface and thus pre-
depending on the cellular context and experiments they actventing cis-inhibition of Notch via Delta (see Ref68]).
as antagonist or agonist of Notch ligand or even as neutral The second hypothesis is that Mib acts directly as an acti-
molecules. It is thus difficult to have a clear scheme for the vator of Delta activity, allowing to conformational changes
function of soluble Notch ligands in mammdis3,57-59] that unmask the S2 Notch cleavage site necessary for subse-
Nevertheless, various hypothesis on soluble ligands functionquent Notch signaling. This second hypothesis is supported
have been proposed: (1) the soluble forms of Notch ligands by a number of accumulating data. Delta proteins, deficient
would regulate Notch-signaling pathway by competing with for endocytosis, exhibit reduced signaling capacity in vivo
their transmembrane counterpart or (2) Notch ligands are during imaginal developmei®5] and fail to supportrans-
cleaved to clear the cell surface of signal-delivering cell and endocytosis of the extra-cellular domain of Notch (NECD)
thus stop activation of Notch pathw§§0], a situation that  [65]. Delta was shown to be co-localized with NECD, sug-
does not agree with a constitutive cleavage. However, in bothgesting that NECD forms a complex with Delta. This step
situations, Notch ligand cleavage permits the regulation of is critical for Notch activation and is required to achieve
Notch signaling and thus, constitutes an important step of processing and dissociation of Notch protgif]. Thus, sub-
regulation between various ligands. sequent Notch signaling in signal-receiving cell is dependent

As far as we know this process of extra cellular shedding on Delta endocytosis and NECBuans-endocytosis. Delta
has been described only for Delta-1 in mammals and for both mutants lacking their intracellular domain inhibit Notch acti-
ligands inDrosophila. Additional data about the cleavage of vation and act as dominant negative protg®,70] One
other Delta ligands, especially, Delta-4 and Jagged ligandshypothesis is that by the absence of the intra-cellular domain,

will be necessary. Delta is not endocytosed and thus failed to activate Notch
signaling.
Neur and Mib exert similar roles in Delta endocytosis.
5. Control of Notch-Notch ligands processing and However, the role of Neur was described in the develop-
endocytosis ing eye ofDrosophila [67] and its role in vertebrates remain

unclear since loss of function experiments in mouse exhibit
Endocytosis was recently described as a major mechanisnonly a slight phenotypé§71,72] Recently, the function of
in Notch-signaling pathway and its role in Notch regula- the Drosophila ortholog of Mib (D-Mib) was tested and
tion was highlighted by recent findings. The first evidence shown to be required for multiple Neur-independent/Notch-
for the role of endocytosis in Notch signaling came from dependent developmental procesg&. D-Mib is able to
the analysis of the shibire protein mutant ihosophila. rescue various aspects of Neur mutant phenotype, suggesting
Shibire is a dynamic homolog necessary for the formation that, at least ilDrosophila, Neur and Mib exert overlapping
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functions[73]. An interesting observation is that Neur pref- The observation that over expression of constitutive active
erentially regulates Delta, whereas D-Mib preferentially acts forms of Notch-1 and Notch-3 under the control of the Ick
on Serratg73], while they are both able to interact and reg- promoter does not lead to the same results further supports
ulate the two DSL ligands. These results suggest a certainthat different Notch receptors may have distinct functions
degree of specificity between the ubiquitine ligase and the [21,36,76] In addition, the inability of other Notch recep-
target ligand. Thus, it could be that these two ubiquitine lig- tors, i.e. Notch-3, to compensate for the loss of Notch-1
ases act synergistically in vertebrates, but more probably, thatduring T cell development indicates that these proteins are
they are specifically co-expressed in different tissues with the not interchangeablgr]. Furthermore, in vitro studies have
appropriate Notch ligand, an issue that needs to be investi-shown that the ICD of Notch-3, by contrast with Notch-1, is

gated. a poor transcriptional activator of HEB/]. In fact, they show
that Notch-3 ICD acts as a Notch-1 repressor by competing
5.2. Serrate-Jagged endocytosis with Notch-1 ICD for access to RBP-Jk and also that Notch-
1 and Notch-3 compete for a common co-activator presentin
Until recently, only one study omrosophila cultured limiting amountg77].
cells, expressing Serrate, described a mechanismuaf- Notch-1 and Notch-2 have also been studied for their

endocytosis of Notch receptpr4]. Endocytosis of Jagged capacity to inhibit granulocyte differentiatidi78]. While
ligands was never described in vivo. However, some new Notch-1 ICD inhibits granulocytic differentiation induced by
findings emerge suggesting that endocytosis of Notch lig- G-CSF but not GM-CSF, Notch-2 ICD inhibits GM-CSF-
ands is a general mechanism of Notch-signaling activation induced granulocyte differentiation but not G-CBB]. The
and thus Notch regulation. It was demonstrated that D-Mib authors define a Notch cytokine response (NCR) region that
interacts with both Serrate and Delta ligar{@8] even if is associated with differences in post-translational modifica-
D-Mib/Jagged association appears to be weaker than D-tions and sub-cellular localizatig8]. The phosphorylation
Mib/Delta one. Moreover, Mib targets both ligands for endo- of a critical serine residue in Notch-2 NCR is responsible for
cytosis, promoting their signaling activities Drosophila such specificityf79].
[73]. However, the phenotypes observed in wsophila Thus, there are biochemical evidences that NICD con-
Neur mutant or in th&ebrafish and Xenopus Mib mutants tain specific regions and amino acid sequences that give
strongly support the notion that ubiquitination of DSL lig- a certain degree of specificity. Moreover, nuclear regu-
ands is required both ininvertebrates and vertebrates. If Deltalators of Notch may also regulate Notch signaling. For
endocytosis and NECRans-endocytosis are required and instance, Mint inhibits the transcriptional activity mediated
necessary for Notch-signaling activation in signal-receiving by RBP-Jk. Double hybrid experiments showed that Mint
cell, it is then difficult to imagine a totally distinct mecha- competes with Notch1—ICD to interact with RBP-{80].
nism for Jagged-induced Notch activation. Thus, it is more Another negative regulator of Notch signaling, the Notch-
likely that all the different steps and partners necessary for regulated ankyrine-repeat protein (Nrarp) has been shown to
Notch—Notch ligand endocytosis (Shi/dynamine, Mib, Neu- block CBF-1-dependent transcriptional activation of Notch-
ralized) are differentially regulated and expressed dependingresponsive gend81].
on which Notch ligand is activating the target cell. Notch-induced transcriptional activity can also be regu-
lated by the quantity of Notch—ICD present in the nucleus.
Two proteins have been identified as regulators of Notch
6. Transcriptional regulation and were identified as responsible for Notch ubiquitination
and subsequent degradation. Sell0 is a negative regulator of
Upon ligand binding, Notch receptors are cleaved and the Notch signaling82], which interacts with the nuclear form of
NICD is translocated to the nucleus, where it acts as a tran-Notch[83] and is responsible for its ubiquitination and degra-
scriptional regulator by displacing co-repressor proteins. The dation by the proteasonfi@4]. Sel-10/NICD interaction takes
NICD contains domains mediating signal transduction. When place in the nucleus and permits to control the activation of
in the nucleus, NICD associates with a transcription factor target genes. The second regulator Deltex was first identi-
called CSL (CBF-1/RBP-Jk, suppressor of hairless (Su(H)), fied as a positive regulator of Notch pathwaylwosophila
Lag-1) and recruits a co-activator protein Mastermind. Other and encodes for a putative ubiquitine ligase. Deltex can act
transcriptional co-activators (p300) are thereafter recruited to as a positive or negative regulator of Notch depending on
form a multiproteic complex capable of transcriptional acti- the specieg85]. Deltex directly interacts with NICD and
vation of target genes. In absence of NICD, the multiproteic possibly inhibits Su(H)-NotchlIC interaction in the nucleus
complex is inhibited by the co-repressor Groucho and tran- [86,87] Further evidences demonstrated that Deltex is also
scription is blocked (for review, see RE#5]). Thus, NICD is associated with Notch-dependent transcriptional e&iis
apotentregulator of gene expression as a nuclear co-activatorlt was shown in vitro on cultured cells that an important frac-
Given the highly conserved domains of the intracellular tion of Deltex-1, one of the four mammalian homolog of
region of the Notch receptof84], the question of how dis-  Drosophila Deltex, is localized in the nucleus and physically
tinct functions of Notch receptors can be induced is still open. interacts with p300 a co-activator molecule recruited into the
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active complex by NICD in order to activate target genes [2] Shimizu K, Chiba S, Kumano K, Hosoya N, Takahashi T, Kanda Y,
expressiori88]. However, the nuclear localization of Deltex Hamada Y, Yazaki Y, Hirai H. Mouse jagged1 physically interacts
remains controversial and it is generally admitted that Deltex with notch2 and other notch receptors: assessment by quantitative

. . methods. J Biol Chem 1999;274:32961-9.
is one of the cytoplasmic Notch regulators. Deltex and Sel-10 [3] Hrabe de Angelis M, Mclntyre 2nd J, Gossler A. Maintenance of

appear to be potent Notch-signaling regulators as they allow =~ somite borders in mice requires the Delta homologue DII1. Nature
NICD degradation and thus repress the activation of specific =~ 1997;386:717-21.
targets genes. [4] Xue Y, Gao X, Lindsell CE, Norton CR, Chang B, Hicks C,

A new type of regulation has been recem'y described. Gendron-Maguire M, Rand EB, Weinmaster G, Gridley T. Embry-

. . . L onic lethality and vascular defects in mice lacking the Notch ligand
Numb an adaptator protein, which recruits the ubiquitina- Jaggedl. Hum Mol Genet 1999:8:723-30,

tion machinery, prom_ote_s_Notch-l ubiquitination at the ce_II [5] Gale NW, Dominguez MG, Noguera |, Pan L, Hughes V, Valen-
membrane. When ubiquitinilated at the membrane, NICD is zuela DM, Murphy AJ, Adams NC, Lin HC, Holash J, Thurston G,
directly degraded, therefore, circumventing nuclear translo- Yancopoulos GD. Haploinsufficiency of delta-like 4 ligand results
cation and downstream activation of Notch-1 target genes in embryonic lethality due to major defects in arterial and vascular

[89] A transaenic mouse model over expressina murine development. Proc Natl Acad Sci USA 2004;101:15949-54.
) g p g [6] Jiang R, Lan Y, Chapman HD, Shawber C, Norton CR, Serreze DV,

Numb under the control of the Ick promoter has been cre- Weinmaster G, Gridley T. Defects in limb, craniofacial, and thymic
ated[90]. These mice do not exhibit any defects in T cell development in Jagged2 mutant mice. Genes Dev 1998;12:1046-57.
development again suggesting that Notch-1 activation is nec- [7] Radtke F, Wilson A, Stark G, Bauer M, van Meerwijk J, MacDonald
essary at very early developmental stage and that a restricted HR, Aguet M. Deficient T cell fate specification in mice with an

window is open for Notch-1 to exert its activity and activate induced inactivation of Notchl. Immunity 1999;10:547-58.
p Yy [8] Radtke F, Wilson A, Mancini SJ, MacDonald HR. Notch reg-

target genes. ulation of lymphocyte development and function. Nat Immunol
2004;5:247-53.
[9] McKenzie GJ, Young LL, Briend E, Lamb JR, Dallman MJ, Cham-
pion BR. Notch signalling in the regulation of peripheral T-cell
function. Semin Cell Dev Biol 2003;14:127-34.
[10] Jaleco AC, Neves H, Hooijberg E, Gameiro P, Clode N, Haury

Over the last 10 years, accumulating data came fromanal- M, Henrique D, Parreira L. Differential effects of Notch ligands
ysis of Notch-signaling activation in mammals. One impor- Delta-1 and Jagged-1 in human lymphoid differentiation. J Exp Med
tant observation is that post-translational modifications play ___ 2003:194:991-1002.

itical role i trolli Notch-si l tivity. POSi [11] Schmitt TM, Zuniga-Pflucker JC. Induction of T cell development
a critical role In controliing Notch-signaling activity. Fosl- from hematopoietic progenitor cells by delta-like-1 in vitro. Immu-

tive or negative regulators can regulate each step of Notch ity 2002:17:749-56.

signaling. These regulators can be ubiquitous protein shared12] de La Coste A, Six E, Fazilleau N, Mascarell L, Legrand N, Mailhe
by various signaling pathways or specifics to Notch signal- MP, Cumano A, Laabi Y, Freitag AA. In vivo and. in absence of
ing. For instance, it has been shown that spacially restricted a thymus, the enforced expression of the notch ligands delta-1 or

. . . delta-4 promotes T cell development with specific unique effects. J
factors cooperate with Notch in the regulation of HES genes, Immunol 2005:174:27307.

the main Notch-signaling target gen@d] The diversity of [13] Hozumi K, Negishi N, Suzuki D, Abe N, Sotomaru Y, Tamaoki
proteins involved in Notch-signaling pathway strongly sup- N, Mailhos C, Ish-Horowicz D, Habu S, Owen MJ. Delta-like 1 is
ports the notion that in a given cell, at a given time point, necessary for the generation of marginal zone B cells but not T cells
the induced output will be unique and specific because it will _ " vivo. Nat Immunol 2004;5:638-44.

. . . . . [14] Lehar SM, Dooley J, Farr AG, Bevan MJ. Notch ligands Delta 1
depend on the proteins available in the signal-receiving cell. and Jaggedl transmit distinct signals to T-cell precursors. Blood

2005;105:1440-7.

[15] DeHart SL, Heikens MJ, Tsai S. Jagged2 promotes the development
of natural killer cells and the establishment of functional natural
killer cell lines. Blood 2005;105:3521-7.

. . . . [16] Maekawa Y, Tsukumo S, Chiba S, Hirai H, Hayashi Y, Okada

We thank Nicolas Legrand for critical review of this H, Kishihara K, Yasutomo K. Deltal-Notch3 interactions bias the
manuscript. This work was supported by grants from the functional differentiation of activated CD4+ T cells. Immunity

Ligue Nationale Contre le Cancer, Association Pour la 2003;19:549-59. o _

Recherche Contre le Cancer (ARC), Association Nationale [17]1 Amsen D, Blander JM, Lee GR, Tanigaki K, Honjo T, Flavell RA.

. Instruction of distinct CD4 T helper cell fates by different notch
de la Recherche Contre le SIDA (ANRS)' AFM, Foundation ligands on antigen-presenting cells. Cell 2004;117:515-26.

de France, Centre Nationale de la Recherche Scientifiqueg) porsch M, zheng G, Yowe D, Rao P, Wang Y, Shen Q, Murphy C,
(CNRS) and the Institut Pasteur. Xiong X, Shi Q, Gutierrez-Ramos JC, Fraser C, Villeval JL. Ectopic
expression of Delta4 impairs hematopoietic development and leads
to lymphoproliferative disease. Blood 2002;100:2046-55.
[19] Yan X-Q, Sarmiento U, Sun Y, Huang G, Guo J, Juan T, Van G, Qi

7. Conclusions

Acknowledgements

References M-Y, Scully S, Senaldi G, Fletcher FA. A novel Notch ligand, DIlI4,
induces T-cell leukemia/lymphoma when overexpressed in mice by
[1] Swiatek PJ, Lindsell CE, del Amo FF, Weinmaster G, Gridley T. retroviral-mediated gene transfer. Blood 2001;98:3793-9.

Notchl is essential for post-implantation development in mice. Genes [20] Bellavia D, Campese AF, Alesse E, Vacca A, Felli MP, Balestri
Dev 1994;8:707-19. A, Stoppacciaro A, Tiveron C, Tatangelo L, Giovarelli M, Gae-



8 A. de La Coste, A.A. Freitas / Immunology Letters 102 (2006) 1-9

tano C, Ruco L, Hoffman ES, Hayday AC, Lendahl U, Frati
L, Gulino A, Screpanti |. Constitutive activation of NF-kappaB
and T-cell leukemia/lymphoma in Notch3 transgenic mice. Embo
J 2000;19:3337-48.
Robey E, Chang D, Itano A, Cado D, Alexander H, Lans D, Wein-
master G, Salmon P. An activated form of Notch influences the
choice between CD4 and CD8 T cell lineages. Cell 1996;87:483-92.
Pui JC, Allman D, Xu L, DeRocco S, Karnell FG, Bakkour S, Lee
JY, Kadesch T, Hardy RR, Aster JC, Pear WS. Notchl expression
in early lymphopoiesis influences B versus T lineage determination.
Immunity 1999;11:299-308.
Palaga T, Miele L, Golde TE, Osborne BA. TCR-mediated Notch sig-
naling regulates proliferation and IFN-gamma production in periph-
eral T cells. J Immunol 2003;171:3019-24.
[24] Wong KK, Carpenter MJ, Young LL, Walker SJ, McKenzie G, Rust
AJ, Ward G, Packwood L, Wahl K, Delriviere L, Hoyne G, Gibbs
P, Champion BR, Lamb JR, Dallman MJ. Notch ligation by Deltal

(21]

(22]

(23]

inhibits peripheral immune responses to transplantation antigens by
a CD8+ cell-dependent mechanism. J Clin Invest 2003;112:1741-50.

[25] Hoyne GF, Le Roux I, Corsin-Jimenez M, Tan K, Dunne J, Forsyth
LM, Dallman MJ, Owen MJ, Ish-Horowicz D, Lamb JR. Serratel-
induced notch signalling regulates the decision between immunity
and tolerance made by peripheral CD4+ T cells. Int Immunol
2000;12:177-85.

[26] Yvon ES, Vigouroux S, Rousseau RF, Biagi E, Amrolia P, Dotti
G, Wagner HJ, Brenner MK. Overexpression of the Notch lig-

and, Jagged-1, induces alloantigen-specific human regulatory T cells.

Blood 2003;102:3815-21.

[27] Vigouroux S, Yvon E, Wagner HJ, Biagi E, Dotti G, Sili U, Lira
C, Rooney CM, Brenner MK, Yvon ES, Rousseau RF, Amrolia P.
Induction of antigen-specific regulatory T cells following overexpres-
sion of a Notch ligand by human B lymphocytes: overexpression of

the Notch ligand, Jagged-1, induces alloantigen-specific human reg-

ulatory T cells. J Virol 2003;77:10872-80.

[28] Anastasi E, Campese AF, Bellavia D, Bulotta A, Balestri S A., Pas-
cucci M, Checquolo S, Gradini R, Lendahl U, Frati L, Gulino A, Di
Mario U, Screpanti |. Expression of activated Notch3 in transgenic

pattern of notchl, 2 and 3 and Jaggedl and 2 in lymphoid and
stromal thymus components: distinct ligand—receptor interactions in
intrathymic T cell development. Int Immunol 1999;11:1017-25.

[37] Hasserjian RP, Aster JC, Davi F, Weinberg DS, Sklar J. Modu-
lated expression of notchl during thymocyte development. Blood
1996;88:970-6.

[38] Walker L, Carlson A, Tan-Pertel HT, Weinmaster G, Gasson
J. The notch receptor and its ligands are selectively expressed
during hematopoietic development in the mouse. Stem Cells
2001;19:543-52.

[39] Parreira L, Neves H, Simoes S. Notch and lymphopoiesis: a view
from the microenvironment. Semin Immunol 2003;15:81-9.

[40] Wolfer A, Bakker T, Wilson A, Nicolas M, loannidis V, Littman DR,
Lee PP, Wilson CB, Held W, MacDonald HR, Radtke F. Inactivation
of Notch 1 in immature thymocytes does not perturb CD4 or CD8T
cell development. Nat Immunol 2001;2:235-41.

[41] Tanigaki K, Han H, Yamamoto N, Tashiro K, lkegawa M, Kuroda K,
Suzuki A, Nakano T, Honjo T. Notch—RBP-J signaling is involved
in cell fate determination of marginal zone B cells. Nat Immunol
2002;3:443-50.

[42] Saito T, Chiba S, Ichikawa M, Kunisato A, Asai T, Shimizu K, Yam-
aguchi T, Yamamoto G, Seo S, Kumano K, Nakagami-Yamaguchi
E, Hamada Y, Aizawa S, Hirai H. Notch?2 is preferentially expressed
in mature B cells and indispensable for marginal zone B lineage
development. Immunity 2003;18:675-85.

[43] witt CM, Hurez V, Swindle CS, Hamada Y, Klug CA. Acti-
vated notch2 potentiates CD8 lineage maturation and promotes
the selective development of bl B cells. Mol Cell Biol 2003;23:
8637-50.

[44] Yamaguchi E, Chiba S, Kumano K, Kunisato A, Takahashi T, Hirai
H. Expression of Notch ligands, Jaggedl, 2 and Deltal in antigen
presenting cells in mice. Immunol Lett 2002;81:59-64.

[45] Schweisguth F. Notch signaling activity. Curr Biol 2004;14:129-38.

[46] Yang LT, Nichols JT, Yao C, Manilay JO, Robey EA, Weinmaster
G. Fringe glycosyltransferases differentially modulate notchl prote-
olysis induced by deltal and JAGGED1. Mol Biol Cell 2005;16:
927-42.

mice enhances generation of T regulatory cells and protects against[47] Hicks C, Johnston SH, diSibio G, Collazo A, Vogt TF, Weinmaster

experimental autoimmune diabetes. J Immunol 2003;171:4504—-11.
[29] Mancini SJ, Mantei N, Dumortier A, Suter U, Macdonald HR,

G. Fringe differentially modulates Jaggedl and Deltal signalling
through Notchl and Notch2. Nat Cell Biol 2000;2:515-20.

Radtke F. Jaggedl-dependent Notch signaling is dispensable for[48] Goto S, Taniguchi M, Muraoka M, Toyoda H, Sado Y, Kawakita M,

hematopoietic stem cell self-renewal and differentiation. Blood
2005;105:2340-2.

[30] Varnum-Finney B, Purton LE, Yu M, Brashem-Stein C, Flowers
D, Staats S, Moore KA, Le Roux I, Mann R, Gray G, Artavanis-

Tsakonas S, Bernstein ID. The Notch ligand, Jagged-1, influences

the development of primitive hematopoietic precursor cells. Blood
1998;91:4084-91.

[31] Jones P, May G, Healy L, Brown J, Hoyne G, Delassus S, Enver T.
Stromal expression of Jagged 1 promotes colony formation by fetal
hematopoietic progenitor cells. Blood 1998;92:1505-11.

[32] Walker L, Lynch M, Silverman S, Fraser J, Boulter J, Wein-
master G, Gasson JC. The Notch/Jagged pathway inhibits prolif-
eration of human hematopoietic progenitors in vitro. Stem Cells
1999;17:162-71.

[33] Karanu FN, Murdoch B, Miyabayashi T, Ohno M, Koremoto M,
Gallacher L, Wu D, Itoh A, Sakano S, Bhatia M. Human homologues
of Delta-1 and Delta-4 function as mitogenic regulators of primitive
human hematopoietic cells. Blood 2001;97:1960-7.

[34] Fleming RJ. Structural conservation of Notch receptors and ligands.

Semin Cell Dev Biol 1998;9:599-607.

[35] Fleming RJ, Gu Y, Hukriede NA. Serrate-mediated activation of
Notch is specifically blocked by the product of the gene fringe in
the dorsal compartment of tirosophila wing imaginal disc. Devel-
opment 1997;124:2973-81.

[36] Felli MP, Maroder M, Mitsiadis TA, Campese AF, Bellavia D, Vacca
A, Mann RS, Frati L, Lendahl U, Gulino A, Screpanti |I. Expression

Hayashi S. UDP-sugar transporter implicated in glycosylation and
processing of Notch. Nat Cell Biol 2001;3:816—22.

[49] Lei L, Xu A, Panin VM, Irvine KD. An O-fucose site in the
ligand binding domain inhibits Notch activation. Development
2003;130:6411-21.

[50] Shimizu K, Chiba S, Saito T, Kumano K, Takahashi T, Hirai H.

Manic fringe and lunatic fringe modify different sites of the Notch2

extracellular region, resulting in different signaling modulation. J

Biol Chem 2001;276:25753-8.

LaVoie MJ, Selkoe DJ. The Notch ligands, Jagged and Delta, are

sequentially processed by alpha-secretase and presenilin/gamma-

secretase and release signaling fragments. J Biol Chem 2003;278:

34427-37.

Bland CE, Kimberly P, Rand MD. Notch-induced proteolysis and

nuclear localization of the Delta ligand. J Biol Chem 2003;278:

13607-10.

Six E, Ndiaye D, Laabi Y, Brou C, Gupta-Rossi N, Israel A,

Logeat F. The Notch ligand Deltal is sequentially cleaved by an

ADAM protease and gamma-secretase. Proc Natl Acad Sci USA

2003;100:7638-43.

[54] Chen N, Greenwald |. The lateral signal for LIN-12/Notch Gh
elegans vulval development comprises redundant secreted and trans-
membrane DSL proteins. Dev Cell 2004;6:183-92.

[55] Fitzgerald K, Greenwald I. Interchangeability @aenorhabditis
elegans DSL proteins and intrinsic signalling activity of their extra-
cellular domains in vivo. Development 1995;121:4275-82.

[51

(52

53



A. de La Coste, A.A. Freitas / Immunology Letters 102 (2006) 1-9 9

[56] Sun X, Artavanis-Tsakonas S. Secreted forms of DELTA and SER- [74] Klueg KM, Muskavitch MA. Ligand-receptor interactions amds-

RATE define antagonists of Notch signaling fhosophila. Devel- endocytosis of Delta: Serrate and Notch—members of the Notch sig-

opment 1997;124:3439-48. nalling pathway inDrosophila. J Cell Sci 1999;112(Pt. 19):3289-97.
[57] Hicks C, Ladi E, Lindsell C, Hsieh JJ, Hayward SD, Collazo A, [75] Maillard |, Fang T, Pear WS. Regulation of lymphoid develop-

Weinmaster G. A secreted Deltal-Fc fusion protein functions both ment, differentiation, and function by the Notch pathway. Annu Rev

as an activator and inhibitor of Notchl signaling. J Neurosci Res Immunol 2005;23:945-74.

2002;68:655-67. [76] Deftos ML, Huang E, Ojala EW, Forbush KA, Bevan MJ. Notchl
[58] Varnum-Finney B, Wu L, Yu M, Brashem-Stein C, Staats S, Flowers signaling promotes the maturation of CD4 and CD8 SP thymocytes.

D, Griffin JD, Bernstein ID. Immobilization of Notch ligand, Delta-1, Immunity 2000;13:73-84.

is required for induction of notch signaling. J Cell Sci 2000;113(Pt. [77] Beatus P, Lundkvist J, Oberg C, Lendahl U. The notch 3 intracellular

23):4313-8. domain represses notch 1-mediated activation through hairy/enhancer

[59] lkeuchi T, Sisodia SS. The Notch ligands, Deltal and Jagged?2, are of split (HES) promoters. Development 1999;126:3925-35.
substrates for presenilin-dependent “gamma-secretase” cleavage. J78] Bigas A, Martin DI, Milner LA. Notch1 and Notch2 inhibit myeloid

Biol Chem 2003;278:7751—4. differentiation in response to different cytokines. Mol Cell Biol

[60] Mishra-Gorur K, Rand MD, Perez-Villamil B, Artavanis-Tsakonas 1998;18:2324-33.

S. Down-regulation of Delta by proteolytic processing. J Cell Biol [79] Ingles-Esteve J, Espinosa L, Milner LA, Caelles C, Bigas A. Phos-
2002;159:313-24. phorylation of Ser2078 modulates the Notch2 function in 32D cell

[61] Seugnet L, Simpson P, Haenlin M. Requirement for dynamin dur- differentiation. J Biol Chem 2001;276:44873-80.
ing Notch signaling inDrosophila neurogenesis. Dev Biol 1997; [80] Kuroda K, Han H, Tani S, Tanigaki K, Tun T, Furukawa T,
192:585-98. Taniguchi Y, Kurooka H, Hamada Y, Toyokuni S, Honjo T. Reg-

[62] Klueg KM, Parody TR, Muskavitch MA. Complex proteolytic pro- ulation of marginal zone B cell development by MINT, a suppressor
cessing acts on Delta, a transmembrane ligand for Notch, during of Notch/RBP-J signaling pathway. Immunity 2003;18:301-12.
Drosophila development. Mol Biol Cell 1998;9:1709-23. [81] Yun TJ, Bevan MJ. Notch-regulated ankyrin-repeat protein inhibits

[63] Parks AL, Turner FR, Muskavitch MA. Relationships between com- Notchl signaling: multiple Notchl signaling pathways involved in T
plex Delta expression and the specification of retinal cell fates during cell development. J Immunol 2003;170:5834—-41.

Drosophila eye development. Mech Dev 1995;50:201-16. [82] Hubbard EJ, Wu G, Kitajewski J, Greenwald |. sel-10: A

[64] Kramer H, Phistry M. Mutations in thBrosophila hook gene inhibit negative regulator of lin-12 activity inCaenorhabditis elegans,
endocytosis of the boss transmembrane ligand into multivesicular encodes a member of the CDC4 family of proteins. Genes Dev
bodies. J Cell Biol 1996;133:1205-15. 1997;11:3182-93.

[65] Parks AL, Klueg KM, Stout JR, Muskavitch MA. Ligand endocytosis  [83] Gupta-Rossi N, Le Bail O, Gonen H, Brou C, Logeat F, Six E,
drives receptor dissociation and activation in the Notch pathway. Ciechanover A, Israel A. Functional interaction between SEL-10, an
Development 2000;127:1373-85. F-box protein, and the nuclear form of activated Notchl receptor. J

[66] Itoh M, Kim CH, Palardy G, Oda T, Jiang YJ, Maust D, Yeo SY, Biol Chem 2001;276:34371-8.

Lorick K, Wright GJ, Ariza-McNaughton L, Weissman AM, Lewis  [84] Oberg C, Li J, Pauley A, Wolf E, Gurney M, Lendahl U. The Notch
J, Chandrasekharappa SC, Chitnis AB. Mind bomb is a ubiquitin intracellular domain is ubiquitinated and negatively regulated by the
ligase that is essential for efficient activation of Notch signaling by mammalian Sel-10 homolog. J Biol Chem 2001;276:35847-53.
Delta. Dev Cell 2003;4:67—-82. [85] Izon DJ, Aster JC, He Y, Weng A, Karnell FG, Patriub V, Xu L,

[67] Pavlopoulos E, Pitsouli C, Klueg KM, Muskavitch MA, Moschonas Bakkour S, Rodriguez C, Allman D, Pear WS. Deltex1 redirects
NK, Delidakis C. Neuralized encodes a peripheral membrane protein lymphoid progenitors to the B cell lineage by antagonizing Notchl.
involved in delta signaling and endocytosis. Dev Cell 2001;1:807-16. Immunity 2002;16:231-43.

[68] Le Borgne R, Schweisguth F. Notch signaling: endocytosis makes [86] Diederich RJ, Matsuno K, Hing H, Artavanis-Tsakonas S. Cytosolic
delta signal better. Curr Biol 2003;13:273-5. interaction between deltex and Notch ankyrin repeats implicates del-

[69] Chitnis A, Henrique D, Lewis J, Ish-Horowicz D, Kintner C. Primary tex in the Notch signaling pathway. Development 1994;120:473-81.
neurogenesis iXenopus embryos regulated by a homologue of the [87] Matsuno K, Diederich RJ, Go MJ, Blaumueller CM, Artavanis-
Drosophila neurogenic gene Delta. Nature 1995;375:761-6. Tsakonas S. Deltex acts as a positive regulator of Notch signaling

[70] Sun X, Artavanis-Tsakonas S. The intracellular deletions of Delta through interactions with the Notch ankyrin repeats. Development
and Serrate define dominant negative forms offiesophila Notch 1995;121:2633-44.
ligands. Development 1996;122:2465-74. [88] Yamamoto N, Yamamoto S, Inagaki F, Kawaichi M, Fukamizu A,

[71] Vollrath B, Pudney J, Asa S, Leder P, Fitzgerald K. Isolation of Kishi N, Matsuno K, Nakamura K, Weinmaster G, Okano H, Naka-
a murine homologue of thé®rosophila neuralized gene, a gene fuku M. Role of Deltex-1 as a transcriptional regulator downstream
required for axonemal integrity in spermatozoa and terminal mat- of the Notch receptor. J Biol Chem 2001;276:45031—-40.
uration of the mammary gland. Mol Cell Biol 2001;21:7481- [89] McGill MA, McGlade CJ. Mammalian numb proteins promote
94. Notchl receptor ubiquitination and degradation of the Notchl intra-

[72] Ruan Y, Tecott L, Jiang MM, Jan LY, Jan YN. Ethanol hypersensi- cellular domain. J Biol Chem 2003;278:23196-203.
tivity and olfactory discrimination defect in mice lacking a homolog [90] French MB, Koch U, Shaye RE, McGill MA, Dho SE, Guidos CJ,
of Drosophila neuralized. Proc Natl Acad Sci USA 2001;98: McGlade CJ. Transgenic expression of numb inhibits notch signaling
9907-12. in immature thymocytes but does not alter T cell fate specification.

[73] Lai EC, Roegiers F, Qin X, Jan YN, Rubin GM. The ubiquitin J Immunol 2002;168:3173-80.
ligase Drosophila Mind bomb promotes Notch signaling by regulat-  [91] Cooper MT, Tyler DM, Furriols M, Chalkiadaki A, Delidakis C, Bray
ing the localization and activity of Serrate and Delta. Development S. Spatially restricted factors cooperate with notch in the regulation

2005;132:2319-32. of enhancer of split genes. Dev Biol 2000;221:390-403.



	Notch signaling: Distinct ligands induce specific signals during lymphocyte development and maturation
	Specific effects exerted by Notch ligands
	Notch ligands and T cell development
	Delta ligands and lymphocytes maturation
	Jagged ligands

	Expression of Notch receptors and ligands
	Modulators of Notch signaling: the role of Fringe
	Proteolytic cleavage of Notch ligands
	Control of Notch-Notch ligands processing and endocytosis
	Delta endocytosis
	Serrate-Jagged endocytosis

	Transcriptional regulation
	Conclusions
	Acknowledgements
	References


