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Summary
Because Notch often acts in concert with other signaling pathways, it is able to regulate a diverse set
of biological processes in a cell-context dependent manner. In lymphocytes, Notch is essential for
specifying the T cell fate and for promoting early stages of T cell differentiation. At later stages of
development, Notch signaling is proposed to direct CD4 versus CD8 T lineage commitment. This
hypothesis has been challenged by recent studies of conditional Presenilin-deficient mice showing
that Notch promotes the selection and maturation of CD4 and CD8 T cells by potentiating TCR signal
transduction in immature thymocytes. While similar conclusions have not been reported with
conditional mutation of other downstream mediators of Notch activation, it appears that functional
inhibition may not have been achieved at a comparable stage of development and/or analogous issues
have not been addressed. The differences also question whether in thymocytes Notch signals only
through the canonical pathway. Further study of conditional mutants, signaling intermediates, and
transcriptional regulators are needed to elucidate how Notch facilitates TCR signaling in generating
mature T cells.

Introduction
In a number of systems, Notch mediates diverse functions at successive stages of development
[1–3]. Likewise, in lymphocytes, Notch regulates the T versus B cell fate decision and is
required for differentiation through early DN (double negative, CD4-CD8-) stages of
thymocyte development, and in conjunction with pre-TCR signaling, Notch promotes the
transition to the DP (double positive, CD4+ CD8+) stage. Somewhat controversial are results
implicating a role for Notch in pre-TCR expression, TCRβ gene rearrangement, the γδ versus
γδ T lineage decision, and the generation and emigration of γδ T cells [4]. Contentious also are
studies of late T cell development, some suggesting that Notch functions in DP thymocytes to
specify CD4 and CD8 T cell lineages [5], while others advocate no role for Notch in generating
SP (single positive, CD4+ CD8− and CD4− CD8+) thymocytes. This review will focus primarily
on studies performed over the last two years, employing alternative approaches for
manipulating Notch signaling that provide new insight into how Notch functions in the
selection and maturation of CD4/CD8 T cells. While the controversies are far from settled, an
in-depth comparison of the model systems may help to explain some of the apparent
discrepancies.
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A role for Notch in the development of CD4/CD8 SP thymocytes
Studies of Notch in T cell development have been difficult, not only because of the complexity
of the Notch signaling pathway, but also because of the technical difficulties in detecting
components of the pathway and assessing Notch activation in highly heterogeneous
populations. There are multiple Notch receptors and ligands, but few useful reagents, since the
specificity of most antisera have not been validated and few monoclonal antibodies exist. Also
the redundancy in receptors and ligands and problems of embryonic lethality pose additional
challenges for gene-targeting approaches.

There is the presumption that the pathway of Notch signaling operating in thymocytes and T
cells is known. In the best characterized model, Notch regulates gene expression by converting
a transcriptional repressor complex to an activating complex. The pathway is initiated when
Notch-ligand engagement induces two successive proteolytic cleavages, the second mediated
by a Presenilin-containing complex with γ-secretase activity that releases the Notch
intracellular domain (NICD). This activated form of Notch translocates to the nucleus where
it binds to the transcriptional regulator, CSL (CBF1/Su(H)/Lag-1; also called RBPJκ),
displacing co-repressors, and recruiting co-activators, including members of the Mastermind
(MAML) family [2;3]. Indicative of its importance, several crystal structures of this CSL
+NICD+MAML complex have been solved [6]. While this is considered to be the canonical
pathway for Notch signaling, recent data from ChIP assays question whether the model applies
to all Notch/CSL regulated genes, since CSL is not always bound to the enhancer of all Notch
target genes [7;8]. For some genes, CSL constitutively binds the enhancer, shifting from
suppression to activation following NICD translocation to the nucleus. For other genes, there
is no default repression; instead a CSL/NICD complex is assembled in the cytoplasm and then
recruited to the nucleus for gene activation. Moreover, while it is certain that NICD/CSL/
MAML complexes are critical for some aspects of Notch activity, there are experimental
observations to suggest additional Notch pathways. For example, mutated forms of Notch that
cannot bind CSL retain some functional activity [9;10]. Although Notch is thought to act
primarily in the nucleus, in T cells Notch reportedly binds PI3 kinase [11] , Deltex, and the
IKK complex [12]. Since Notch signaling does not always operate by the established paradigm,
for the purpose of studies using gene-targeted mutations, it will be important first to determine
the nature of Notch signaling and components of the pathway that are critical in thymocyte
development. Obviously, in experiments where CSL or MAML function is prohibited, any
non-transcriptional roles for Notch will remain intact.

Because of high turnover, very little NICD is found in the nucleus [3]; therefore, expression
of target genes is most often used as a functional indicator of Notch activation. Some genes
have been implicated as global Notch targets; such as Hes1 [13;14] and Herp [15]; and in T
cells, there is evidence for Deltex [13;14;16;17], Nrarp [18], Ptcra (pTα) [14;17], CD25 [19],
IL-4 [20;21], t-Bet [22], and GATA3 [7;23]. Nevertheless, there is often a requirement for
transcriptional co-regulation which can impose cell- and tissue-restricted expression, as well
as the possibility for Notch-independent regulation of putative target genes. For example,
Notch signaling may stimulate pTα transcription in immature thymocytes, but not in
keratinocytes or even in mature T cells. Given the technical limitations, there is no clear
consensus on which/where Notch receptors/ligands are expressed in the thymus, or an
unequivocal readout of the stages at which Notch is activated.

Adding to the difficulties of studying Notch is the potential for Notch itself to be regulated
[2;3;24]. Notch has a number of regulators, and many are expressed in thymocytes.
Overexpression of the glycosyltransferase, Fringe, can misdirect early thymocyte progenitors
to the B cell lineage [24]. The adaptor Numb can negatively regulate Notch by promoting the
ubiquitination and degradation of Notch at the membrane [25]. Numb and its homologue,
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Numblike, are expressed in thymocytes; however, conditional deletion of these two genes has
no effect on the development of T cells or any other hematopoietic lineage [26;27]. Notch can
also be regulated by the ubiquitin ligases; Deltex, Itch, and Sel10 (Fbxw7). Although there is
evidence for both positive and negative regulation of Notch by Deltex [28;29], Deltex1/2 -
deficient thymocytes develop normally [30]. Conditional gene deletion of Fbxw7 upregulates
expression of Notch and cMyc, correlating with increases in thymocyte number [31];
nevertheless, it was argued that Notch was not responsible, since the defective phenotype was
maintained in double Fbxw7/CSL-deficient thymocytes. However, the timing of CSL gene/
protein deletion using Cd4-Cre and the potential for CSL-independent Notch signaling could
complicate this interpretation (see below).

A number of groups have used mutational approaches to investigate Notch function in the
development of αβ T cells. With gain-of-function, mice expressing constitutively activated
forms of Notch (NICD) exhibit decreased CD4 and increased CD8 SP thymocyte development
[5]. These results are at odds with loss-of-function studies in which interference with
endogenous Notch signaling in thymocytes has little or no effect on CD4/CD8 SP development.
Because thymocytes express four Notch homologues, it was perhaps not surprising that DP
thymocytes individually deficient for Notch 1, 2, 3, or 4 show normal SP development [32–
35]. To circumvent the problem of redundancy, downstream mediators of the Notch signaling
pathway were inhibited. However, in mice with conditional deletion of CSL [36] or an induced
dominant negative form of Mastermind (dnMAML) [37], SP thymocytes are also generated
normally. These findings are contrasted with those obtained by conditional deletion of
Presenilin1/2, which is required for the activation of all Notch receptors. These mice show
impaired SP thymocyte development due to defects in TCR signaling and positive selection
of DP thymocytes [38]. Collectively, the results of gene targeting are difficult to reconcile,
since Presenilin, CSL, and MAML are all proposed to be obligatory components of the Notch
signaling pathway and in all, gene deletion is mediated by Cd4-Cre. Such discrepancies could
be due to differences in the experimental models or to unique biological properties of the
proteins. Of concern is whether DP thymocytes retain residual Notch activity after gene
deletion. Presenilin and MAML proteins have a short half-life, but the turn-over of CSL after
Notch activation is not established [39]. Although all three models employ Cd4-Cre, gene
deletion of Presenilin1 is initiated at the DN2-DN3 stage and completed by the DP stage,
whereas deletion of the CSL gene is later, predominantly at the DP stage [38]. As determined
by GFP expression, dnMAML expression is not induced until the DP stage [37]. These
differences in timing of gene deletion are functionally reflected in the numbers of DP
thymocytes. Deletion of Presenilin1 by Cd4-Cre severely impacts DP thymocyte number
[38], consistent with the fact that thymocytes deprived of Notch signaling before or during β-
selection cannot mature past the DN3 stage [19;40]. In contrast, CSL-deficient and dnMAML
models generate normal numbers of DP thymocytes [36;37], an indication that Notch signaling
is abrogated later than in the Presenilin model. It was surprising, therefore, that thymocytes
develop normally in another model in which a different exon of Presenilin1 was deleted by
Cd4-Cre [41]. The stage of gene deletion was not examined, but the finding of normal thymus
cellularity suggests that it too occurs later. Whether the timing of deletion reflects differences
in background genetics and/or accessibility of the targeted locus is not clear, but these
comparisons send a note of caution of the technical difficulties in attaining stage-specific gene
deletion.

The reduced number of DP thymocytes generated in Presenilin-deficient mice with gene
deletion mediated by Cd4-Cre more closely resembles that of CSL [36] and dnMAML [19]
which use pLck-Cre, perhaps making these three models more comparable. The efficiency of
generating mature thymocytes with fixed or diverse TCR repertoires have not been reported
for the latter two, but the ratio of CD4 to CD8 SP thymocytes appears to be decreased [19;
36]. Similarly, ratios of CD4 to CD8 SP thymocytes are slightly decreased with germline
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deletion of MAML1; however, these mice survive until birth and generate T cells, indicating
that Notch activity cannot be critically reduced by this manipulation [42].

Although peculiarities of the experimental systems likely account for reported differences in
generating SP thymocytes, unique functional properties of the CSL, MAML, and Presenilin
proteins should also be considered. Notably, all three proteins have functions unrelated to the
Notch pathway. The CSL gene family arose earlier in evolution than Notch and MAML, and
CSL genes exist in organisms lacking the Notch pathway [43]. Indeed, CSL participates in
Notch-independent functions in mammals, as it does with PTF-1 stimulated transcription in
pancreatic development [44]. There is also the possibility that a loss of CSL could affect gene
silencing in the absence of Notch signaling, since CSL often acts as a default repressor [45].
Likewise, there are Notch independent functions of MAML. MAML operates as a cofactor for
transcription factors other than CSL, such as MEF2C [46] and p53 [47]. Notch-independent
functions can contribute to the phenotypes associated with Presenilin mutation as well [48].
The Presenilin complex cleaves substrates other than Notch (for example; CD44, Amyloid
Precursor Protein, and Syndecan3). In addition, non-enzymatic functions have been attributed
to Presenilin. Therefore, although functional inhibition of these mediators may circumvent
problems of Notch receptor/ligand redundancy, these caveats should be considered in
interpreting the results.

Notch and TCR signaling in the generation of CD4/CD8 SP thymocytes
In invertebrates, Notch can reinforce other receptor signaling pathways, as it does with the
Ras-MAPK pathway [1;49]. Similarly, in T cells, there is evidence that Notch and TCR
signaling are functionally linked. Notch can modulate TCR signaling in peripheral T cells
[50] and co-localizes with CD4 in TCR activation [51]. Also in DP thymocytes, Notch was
found to co-cluster with Lck at the site of TCR/MHC contact [26], raising the possibility that
Notch can function directly in proximal TCR signaling. Notch and pre-TCR signals are both
required to mediate the DN to DP transition [40] and increased Notch activity enhances the
effects of TCR simulation on gene expression [52]. DP thymocytes with a NICD transgene
show enhanced calcium flux in vitro and a surface phenotype ex vivo suggesting that TCR
signaling and thymic selection are improved by activated Notch [5;16;17]. Although enhanced
Notch activity in thymocytes was reported to attenuate TCR signaling in one study [53], the
conclusion is problematic since the mice succumb to a T cell leukemia of transformed DP cells.
In rats, expression of transgenic NICD in thymocytes severely abrogates SP development
[54], but rather than an effect on TCR signaling, this phenotype was attributed to mis-regulated
expression of pre-TCR and RAG.

Recently a functional link between TCR and Notch signaling in thymocytes was demonstrated
with a Notch loss-of-function mutant. Defective CD4 SP development in Presenilin-deficient
thymocytes was attributed to impaired TCR signaling at the DP stage, characterized by a
reduced Ca++ response to TCR stimulation in vitro and decreased CD5 expression in vivo
[38]. Positive selection and SP thymocyte maturation were improved with higher affinity TCR
or increased density of selecting MHC ligand. Forced expression of NICD restored thymus
cellularity and TCR signaling, providing evidence that signaling abnormalities in Presenilin-
deficient mice are due to a loss of Notch activity. Nevertheless, the stage at which Notch first
mediated its effects was not obvious from the results. Since Notch and pre-TCR signaling are
both required for progression from DN3 to the DP stage [40], and TCR signaling is defective
in Presenilin-deficient DP thymocytes prior to selection, it was concluded that signal
transduction must be impacted between the DN4 and early DP stage. Whether similar signaling
defects exist in DP thymocytes of the Notch, CSL, or dnMAML models, when gene deletion
is induced prior to the DP stage, has not been determined.
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How Notch modulates TCR signal transduction in DP thymocytes is not clear, but Notch
influences numerous signaling pathways known to be important in developing T cells; for
example, TCR/co-receptors [16;17;26;51;52;55;56], Akt/P13K/PTEN/MAPK/NLK [11;57–
61], PDK1 [62], calcium [38], NFAT/AP1 [53;55;63], NFκb [12;64;65], β-catenin [57;66].
Thus, it is likely that Notch interacts directly with or regulates the expression of a TCR signaling
intermediate.

Notch and CD4/CD8 T lineage commitment
Early studies of NICD transgenic mice demonstrated that Notch favors the development of
CD4 SP at the expense of CD8 SP thymocytes and can even redirect some MHC2-restricted
thymocytes to the CD8 lineage. Collectively, these results suggested a role for Notch in the
CD4/CD8 T lineage decision [67;68]. Somewhat complimentary were studies using γ-secretase
inhibitors in fetal thymic organ culture, showing that blocking Notch activity has a greater
impact on CD8 SP development [69;70]. Nevertheless, more recent analysis of mice bearing
MHC1- or MHC2-restricted TCR transgenes provide no evidence that forced Notch activity
can redirect the CD4/CD8 lineage choice; to the contrary, no SP thymocytes are generated in
these mice [5;53]. Since TCR signaling is equivalent or improved in DP thymocytes with
enhanced Notch activity, irrespective of TCR repertoire [5], negative selection was considered
to explain the developmental block. However, reducing MHC expression by half failed to
rescue any SP development. So while the differences in NICD transgenic mice with fixed
versus diverse TCR repertoires go unexplained; the findings are not fully compatible with the
notion that Notch functions directly in the CD4/CD8 lineage decision. Also to be considered
here are the many examples in which constitutive Notch activation can have non-physiological
consequences, since normally Notch activation is highly regulated, both temporally and
quantitatively [71].

In contrast to the gain-of-function models, impaired development of SP thymocytes, with either
fixed or diverse TCR repertoires, correlates with attenuated TCR signaling in Presenilin-
deficient thymocytes [38]. MHC-dependence for positive selection is normal and although
CD4 SP development is reduced, there is no evidence that CD4/CD8 T lineage commitment
can be redirected. Since SP development can be partially rescued by increased TCR affinity
or density of MHC, it was concluded that Notch reinforces TCR signaling, the primary
determinant of CD4/CD8 T cell fate; but it plays no direct role in lineage commitment.

Conclusions
Over the last few years, a number of studies have suggested that forced Notch activity directly
influences CD4/CD8 T lineage commitment. This notion began to unravel with the recent
findings that activated Notch completely blocked SP thymocyte development in TCR
transgenic mice; in fact, there was no indication that lineage choice could be re-directed by
Notch with any TCR tested. A role for Notch in CD4/CD8 T cell fate was also disputed by a
mutant model in which Notch signaling was abrogated in DP thymocytes by the loss of
Presenilins. These studies suggest an alternative hypothesis, that Notch influences positive
selection and the generation of SP thymocytes by modulating TCR signal transduction in DP
thymocytes. The latter results have not been reported for other models mutating downstream
mediators; but disruption of Presenilin/γ-secretase, MAML, or CSL function have all been
found to impact mature T cell activation; perhaps suggesting that Notch function has not been
inhibited at a comparable stage of thymopoiesis. Notably, TCR signal transduction and positive
selection have not been specifically addressed in the CSL or dnMAML mutants. An even
greater concern is identifying which of the downstream mediators are critical, since the precise
mode of Notch signaling in thymocytes is yet to be established. While these are issues that can
be resolved with further study, the larger goal is to determine how Notch and TCR signaling
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work together to promote the differentiation of T cells both in the thymus and the periphery.
Since Notch often acts in concert with other signaling pathways, the cellular response it
mediates can vary widely and is highly cell context-dependent. Elucidating the signaling
networks that regulate late stages of T cell maturation with its many levels of control is, indeed,
a daunting challenge for the future.

Acknowledgements

The authors thank Nevil Singh for critical review of the manuscript. Research by the authors is supported by the
Intramural Research Program of the National Institute of Allergy and Infectious Diseases.

References and recommended reading
Papers of particular interest, published within the annual period of review, have been
highlighted as:

• of special interest

• of outstanding interest

1. Sundaram MV. The love-hate relationship between Ras and Notch. Genes Dev 2005;19:1825–1839.
[PubMed: 16103211]

2. Bray SJ. Notch signalling: a simple pathway becomes complex. Nat Rev Mol Cell Biol 2006;7:678–
689. [PubMed: 16921404]

3. Fiuza UM, Arias AM. Cell and molecular biology of Notch. J Endocrinol 2007;194:459–474. [PubMed:
17761886]

4. Garbe AI, von Boehmer H. TCR and Notch synergize in αβ versus γδ lineage choice. Tr Immunol
2007;28:124–131.

5•. Laky K, Fleischacker C, Fowlkes BJ. TCR and Notch signaling in CD4 and CD8 T cell development.
Immunol Rev 2006;209:274–283. [PubMed: 16448548]The authors further investigate CD4/CD8
T cell development in transgenic mice expressing activated Notch (NICD). In several TCR
transgenic lines with NICD, development of SP thymocytes is blocked. Surprisingly, there is no
evidence of Notch re-directing lineage choice as observed with the diverse TCR repertoire. DP
thymocytes show increased expression of activation/maturation markers ex vivo and respond as
well or better than controls to TCR stimulation in vitro. The results suggest that Notch and TCR
signaling are functionally linked in developing T cells

6. Kovall RA. Structures of CSL, Notch and Mastermind proteins: piecing together an active transcription
complex. Curr Op Str Biol 2007;17:117–127.

7. Fang TC, Yashiro-Ohtani Y, del Bianco C, Knoblock DM, Blacklow SC, Pear WS. Notch directly
regulates Gata3 expression during T helper 2 cell differentiation. Immunity 2007;27:100–110.
[PubMed: 17658278]

8•. Krejci A, Bray S. Notch activation stimulates transient and selective binding of Su(H)/CSL to target
enhancers. Genes Dev 2007;21:1322–1327. [PubMed: 17545467]Although CSL is thought to act
as a default repressor of Notch signaling, this study shows that CSL occupancy of target enhancers
is not always constitutive, and for some genes, CSL binding to DNA is induced only after Notch
activation

9. Shawber C, Nofziger D, Hsieh JJ, Lindsell C, Bogler O, Hayward D, Weinmaster G. Notch signaling
inhibits muscle cell differentiation through a CBF1-independent pathway. Development
1996;122:3765–3773. [PubMed: 9012498]

10. Wilson-Rawls J, Molkentin JD, Black BL, Olson EN. Activated Notch inhibits myogenic activity of
the MADS-Box transcription factor myocyte enhancer factor 2C. Mol Cell Biol 1999;19:2853–2862.
[PubMed: 10082551]

11. Sade H, Krishna S, Sarin A. The anti-apoptotic effect of Notch-1 requires p56lck-dependent, Akt/
PKB-mediated signaling in T cells. J Biol Chem 2004;279:2937–2944. [PubMed: 14583609]

Laky and Fowlkes Page 6

Curr Opin Immunol. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



12. Guan E, Wang J, Laborda J, Norcross M, Baeuerle PA, Hoffman T. T cell leukemia-associated human
Notch/translocation-associated Notch homologue has I kappa B-like activity and physically interacts
with nuclear factor-kappa B proteins in T cells. J Exp Med 1996;183:2025–2032. [PubMed: 8642313]

13. Chang D, Valdez P, Ho T, Robey E. MHC recognition in thymic development: Distinct, parallel
pathways for survival and lineage commitment. J Immunol 2000;165:6710–6715. [PubMed:
11120788]

14. Deftos ML, Huang E, Ojala EW, Forbush KA, Bevan MJ. Notch1 signaling promotes the maturation
of CD4 and CD8 SP thymocytes. Immunity 2000;13:73–84. [PubMed: 10933396]

15. Iso T, Sartorelli V, Chung G, Shichinohe T, Kedes L, Hamamori Y. HERP, a new primary target of
Notch regulated by ligand binding. Mol Cell Biol 2001;21:6071–6079. [PubMed: 11486044]

16. Deftos ML, He YW, Ojala EW, Bevan MJ. Correlating Notch signaling with thymocyte maturation.
Immunity 1998;9:777–786. [PubMed: 9881968]

17. Campese AF, Garbe AI, Zhang F, Grassi F, Screpanti I, von Boehmer H. Notch1-dependent
lymphomagenesis is assisted by but does not essentially require pre-TCR signaling. Blood
2006;108:305–310. [PubMed: 16507772]

18. Pirot P, Grunsven LA, Marine JC, Huylebroeck D, Bellefroid EJ. Direct regulation of the Nrarp gene
promoter by the Notch signaling pathway. Biochem Biophys Res Comm 2004;322:526–534.
[PubMed: 15325262]

19•. Maillard I, Tu L, Sambandam A, Yashiro-Ohtani Y, Millholland J, Keeshan K, Shestova O, Xu L,
Bhandoola A, Pear WS. The requirement for Notch signaling at the β-selection checkpoint in vivo
is absolute and independent of the pre-T cell receptor. J Exp Med 2006;203:2239–2245. [PubMed:
16966428]Expression of a dominant negative form of MAML (dnMAML) is conditionally induced
in thymocytes using pLck-Cre. dnMAML inhibits the DN to DP stage transition, which cannot be
rescued by expression of TCRβ or TCRαβ transgenes. The results reveal a requirement for Notch
at the β-selection checkpoint independent of any effect on gene rearrangement/expression of the
pre-TCR

20. Amsen D, Blander JM, Lee GR, Tanigaki K, Honjo T, Flavell RA. Instruction of distinct CD4 T
helper cell fates by different Notch ligands on antigen-presenting cells. Cell 2004;117:515–526.
[PubMed: 15137944]

21. Tanaka S, Tsukada J, Suzuki W, Hayashi K, Tanigaki K, Tsuji M, Inoue H, Honjo T, Kubo M. The
Interleukin-4 enhancer CNS-2 is regulated by Notch signals and controls initial expression in NKT
cells and memory-type CD4 T cells. Immunity 2006;24:689–701. [PubMed: 16782026]

22. Minter LM, Turley DM, Das P, Shin HM, Joshi I, Lawlor RG, Cho OH, Palaga T, Gottipati S, Telfer
JC, Kostura L, Fauq AH, Simpson K, Such KA, Miele L, Golde TE, Miller SD, Osborne BA.
Inhibitors of gamma-secretase block in vivo and in vitro T helper type 1 polarization by preventing
Notch upregulation of Tbx21. Nat Immunol 2005;6:680–688. [PubMed: 15991363]

23. Amsen D, Antov A, Jankovic D, Sher A, Radtke F, Souabni A, Busslinger M, McCright B, Gridley
T, Flavell RA. Direct regulation of Gata3 expression determines the T helper differentiation potential
of Notch. Immunity 2007;27:89–99. [PubMed: 17658279]

24. Koch U, Yuan JS, Harper JA, Guidos CJ. Fine-tuning Notch1 activation by endocytosis and
glycosylation. Semin Immunol 2003;15:99–106. [PubMed: 12681946]

25. McGill MA, McGlade CJ. Mammalian Numb proteins promote Notch1 receptor ubiquitination and
degradation of the Notch1 intracellular domain. J Biol Chem 2003;278:23196–23203. [PubMed:
12682059]

26•. Anderson AC, Kitchens EA, Chan SW, Hill CS, Jan YN, Zhong WM, Robey EA. The Notch regulator
Numb links the Notch and TCR signaling pathways. J Immunol 2005;174:890–897. [PubMed:
15634911]This study demonstrates an association of Numb (a well characterized antagonist of
Notch signaling) with components of TCR signal transduction in thymocytes and mature T cells.
Although Numb and Notch physically associate with the TCR complex upon antigen stimulation,
thymocyte development is unperturbed in the absence of Numb.

27•. Wilson A, Ardiet DL, Saner C, Vilain N, Beermann F, Aguet M, MacDonald HR, Zilian O. Normal
hemopoiesis and lymphopoiesis in the combined absence of Numb and Numblike. J Immunol
2007;178:6746–6751. [PubMed: 17513721]Although Numb-deficiency has no adverse affect on T
cell development, it was possible that Numblike, a Numb homologue, functionally compensated

Laky and Fowlkes Page 7

Curr Opin Immunol. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for Numb. This paper demonstrates that hematopoiesis and T cell development proceed normally
in the absence of both Numb and Numblike

28. Izon DJ, Aster JC, He YP, Weng A, Karnell FG, Patriub V, Xu LW, Bakkour S, Rodriguez C, Allman
D, Pear WS. Deltex1 redirects lymphoid progenitors to the B cell lineage by antagonizing Notch1.
Immunity 2002;16:231–243. [PubMed: 11869684]

29. Matsuno K, Diederich R, GO MJ, Blaumueller CM, ArtavanisTsakonas S. Deltex acts as a positive
regulator of Notch signaling through interactions with the Notch Ankrin repeats. Development
1995;121:2633–2644. [PubMed: 7671825]

30•. Lehar SM, Bevan MJ. T cells develop normally in the absence of both Deltex1 and Deltex2. Mol
Cell Biol 2006;26:7358–7371. [PubMed: 16923970]Germline deletion of both Deltex1 and Deltex2
genes has no impact on thymocyte development. Nevertheless, the authors conclude from
experiments in which expression of all Deltex forms are reduced that Deltex can negatively regulate
Notch signaling in thymocyte progenitors

31. Onoyama I, Tsunematsu R, Matsumoto A, Kimura T, de Alboran IM, Nakayama K, Nakayama KI.
Conditional inactivation of Fbxw7 impairs cell-cycle exit during T cell differentiation and results in
lymphomatogenesis. J Exp Med 2007;204:2875–2888. [PubMed: 17984302]

32. Kitamoto T, Takahashi K, Takimoto H, Tomizuka K, Hayasaka M, Tabira T, Hanaoka K. Functional
redundancy of the Notch gene family during mouse embryogenesis: Analysis of Notch gene
expression in Notch3-deficient mice. Biochem Biophys Res Comm 2005;331:1154–1162. [PubMed:
15882997]

33. Vercauteren SM, Sutherland HJ. Constitutively active Notch4 promotes early human hematopoietic
progenitor cell maintenance while inhibiting differentiation and causes lymphoid abnormalities in
vivo. Blood 2004;104:2315–2322. [PubMed: 15231576]

34. Krebs LT, Xue Y, Norton CR, Shutter JR, Maguire M, Sundberg JP, Gallahan D, Closson V,
Kitajewski J, Callahan R, Smith GH, Stark KL, Gridley T. Notch signaling is essential for vascular
morphogenesis in mice. Genes Dev 2000;14:1343–1352. [PubMed: 10837027]

35. Wolfer A, Bakker T, Wilson A, Nicolas M, Ioannidis V, Littman DR, Wilson CB, Held W, MacDonald
HR, Radtke F. Inactivation of Notch I in immature thymocytes does not perturb CD4 or CD8T cell
development. Nature 2001;2:235–241.

36. Tanigaki K, Tsuji M, Yamamoto N, Han H, Tsukada J, Inoue H, Kubo M, Honjo T. Regulation of
αβ/γδ T cell lineage commitment and peripheral T cell responses by Notch/RBP-J signaling.
Immunity 2004;20:611–622. [PubMed: 15142529]

37•. Tu L, Fang TC, Artis D, Shestova O, Pross SE, Maillard I, Pear WS. Notch signaling is an important
regulator of type 2 immunity. J Exp Med 2005;202:1037–1042. [PubMed: 16230473]Expression
of dnMAML is conditionally induced in thymocytes using Cd4-Cre. Thymocyte development and
T cell activation are normal, but IL-4 production and protective Th2 responses to helminth infection
are impaired.

38•. Laky K, Fowlkes BJ. Presenilins regulate αβ T cell development by modulating TCR signaling. J
Exp Med 2007;204:2115–2129. [PubMed: 17698590]Notch signaling is inhibited in thymocytes
by germline deletion of the Presenilin2 gene and conditional deletion of Presenilin1 gene mediated
by Cd4-Cre. Impaired positive selection and maturation of SP thymocytes correlates with attenuated
TCR signal transduction in DP thymocytes. The authors conclude that Notch potentiates TCR
signaling in the positive selection and development of αβ T cells but plays no role in CD4/CD8 T
lineage commitment

39. Bray S. A Notch affair. Cell 1998;93:499–503. [PubMed: 9604926]
40. Ciofani M, Schmitt TM, Ciofani A, Michie AM, Cuburu N, Aublin A, Maryanski JL, Zuniga-Pflucker

JC. Obligatory role for cooperative signaling by pre-TCR and notch during thymocyte differentiation.
J Immunol 2004;172:5230–5239. [PubMed: 15100261]

41•. Maraver A, Tadokoro CE, Badura ML, Shen J, Serrano M, Lafaille JJ. Effect of presenilins in the
apoptosis of thymocytes and homeostasis of CD8+ T cells. Blood 2007;110:3218–3225. [PubMed:
17626841]The authors generate mice conditionally deficient for Presenilin1/2, but in contrast to
the mice used in [38] where exon 4 was deleted, exon 2/3 of Presenilin1 was deleted using Cd4-
Cre. This appears to be a significant difference, since DP and SP thymocytes are generated normally,
an indication that gene deletion occurs later than that in study [38]. Presenilin-deficient DP

Laky and Fowlkes Page 8

Curr Opin Immunol. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



thymocytes show decreased sensitivity to anti-CD3 induced death in vitro, correlating with
increased levels of Bcl-XL. TCR activation was not investigated

42•. Oyama T, Harigaya K, Muradil A, Hozumi K, Habu S, Oguro H, Iwama A, Matsuno K, Sakamoto
R, Sato M, Yoshida N, Kitagawa M. Mastermind-1 is required for Notch signal-dependent steps in
lymphocyte development in vivo. Proc Natl Acad Sci U S A 2007;104:9764–9769. [PubMed:
17535917]Germline deletion of the MAML1 gene causes growth retardation and early death.
Marginal zone B cell development is abrogated, and there is a partial block at the DN to DP stage
of thymocyte development

43. Prevorovsky M, Puta F, Folk P. Fungal CSL transcription factors. BMC Genomics 2007;8:233.
[PubMed: 17629904]

44. Beres TM, Masui T, Swift GH, Shi L, Henke RM, MacDonald RJ. PTF1 Is an organ-specific and
Notch-independent basic helix-loop-helix complex containing the mammalian suppressor of hairless
(RBP-J) or its paralogue, RBP-L. Mol Cell Biol 2006;26:117–130. [PubMed: 16354684]

45. Bray S, Furriols M. Notch pathway: Making sense of Suppressor of Hairless. Curr Biol
2001;11:R217–R221. [PubMed: 11301266]

46. Shen H, McElhinny AS, Cao Y, Gao P, Liu J, Bronson R, Griffin JD, Wu L. The Notch coactivator,
MAML1, functions as a novel coactivator for MEF2C-mediated transcription and is required for
normal myogenesis. Genes Dev 2006;20:675–688. [PubMed: 16510869]

47. Zhao Y, Katzman RB, Delmolino LM, Bhat I, Zhang Y, Gurumurthy CB, Germaniuk-Kurowska A,
Reddi HV, Solomon A, Zeng MS, Kung A, Ma H, Gao Q, Dimri G, Stanculescu A, Miele L, Wu L,
Griffin JD, Wazer DE, Band H, Band V. The Notch Regulator MAML1 Interacts with p53 and
functions as a coactivator. J Biol Chem 2007;282:11969–11981. [PubMed: 17317671]

48. Selkoe DJ, Wolfe MS. Presenilin: Running with scissors in the membrane. Cell 2007;131:215–221.
[PubMed: 17956719]

49. Doroquez DB, Rebay I. Signal integration during development: Mechanisms of EGFR and Notch
pathway function and cross-talk. Crit Rev Biochem Mol Biol 2006;41:339–385. [PubMed:
17092823]

50. Osborne BA, Minter LM. Notch signaling during peripheral T-cell activation and differentiation. Nat
Rev Immunol 2007;7:64–75. [PubMed: 17170755]

51. Benson RA, Adamson K, Corsin-Jimenez M, Marley JV, Wahl K, Lamb JR, Howie SEM. Notch1
co-localizes with CD4 on activated T cells and Notch signaling is required for IL-10 production. Eur
J Immunol 2005;35:859–869. [PubMed: 15688350]

52. Huang YH, Li D, Winoto A, Robey EA. Distinct transcriptional programs in thymocytes responding
to T cell receptor, Notch, and positive selection signals. Proc Natl Acad Sci U S A 2004;101:4936–
4941. [PubMed: 15044701]

53. Izon DJ, Punt JA, Xu L, Karnell FG, Allman D, Myung PS, Boerth NJ, Pui JC, Koretzky GA, Pear
WS. Notch1 regulates maturation of CD4+ and CD8+ thymocytes by modulating TCR signal
strength. Immunity 2001;14:253–264. [PubMed: 11290335]

54•. van den Brandt J, Kwon SH, Hunig T, McPherson KG, Reichardt HM. Sustained pre-TCR expression
in Notch1IC-transgenic rats impairs T cell maturation and selection. J Immunol 2005;174:7845–
7852. [PubMed: 15944289]Development of SP thymocytes is compromised in rats expressing a
NICD transgene driven by the pLck promoter. The authors propose that defective development is
due to prolonged expression of the pre-TCR in DP thymocytes, resulting in alterations in RAG and
TCRαβ expression

55. Adler SH, Chiffoleau E, Xu L, Dalton NM, Burg JM, Wells AD, Wolfe MS, Turka LA, Pear WS.
Notch signaling augments T cell responsiveness by enhancing CD25 expression. J Immunol
2003;171:2896–2903. [PubMed: 12960312]

56. Palaga T, Miele L, Golde TE, Osborne BA. TCR-mediated Notch signaling regulates proliferation
and IFNγ production in peripheral T cells. J Immunol 2003;171:3019–3024. [PubMed: 12960327]

57. Rottinger E, Croce J, Lhomond G, Besnardeau L, Gache C, Lepage T. Nemo-like kinase (NLK) acts
downstream of Notch/Delta signalling to downregulate TCF during mesoderm induction in the sea
urchin embryo. Development 2006;133:4341–4353. [PubMed: 17038519]

58. Kondoh K, Sunadome K, Nishida E. Notch signaling suppresses p38 MAPK activity via induction
of MKP-1 in myogenesis. J Biol Chem 2007;282:3058–3065. [PubMed: 17158101]

Laky and Fowlkes Page 9

Curr Opin Immunol. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



59. Liu ZJ, Xiao M, Balint K, Soma A, Pinnix CC, Capobianco AJ, Velazquez OC, Herlyn M. Inhibition
of endothelial cell proliferation by Notch1 signaling is mediated by repressing MAPK and PI3K/Akt
pathways and requires MAML1. FASEB J 2006;20:1009–1011. [PubMed: 16571776]

60. Whelan J, Forbes SL, Bertrand FE. CBF-1 (RBP-Jk) binds to the PTEN promoter and regulates PTEN
gene expression. Cell Cycle 2007;6:80–84. [PubMed: 17245125]

61. McKenzie G, Ward G, Stallwood Y, Briend E, Papadia S, Lennard A, Turner M, Champion B,
Hardingham GE. Cellular Notch resonsiveness is defined by pohosphoinositide 3-kinase dependent
signals. BMC Cell Biol 2006;7:10. [PubMed: 16507111]

62. Kelly A, Finlay D, Hinton HJ, Clarke RG, Fiorini E, Radtke F, Cantrell DA. Notch-induced T cell
development requires phosphoinositide-dependent kinase 1. EMBO J 2007;26:3441–3450.
[PubMed: 17599070]

63. Mammucari C, di Vignano AT, Sharov AA, Neilson J, Havrda MC, Roop DR, Botchkarev VA,
Crabtree GR, Dotto GP. Integration of Notch 1 and calcineurin/NFAT signaling pathways in
keratinocyte growth and differentiation control. Dev Cell 2005;8:665–676. [PubMed: 15866158]

64. Moran ST, Cariappa A, Liu H, Muir B, Sgroi D, Boboila C, Pillai S. Synergism between NF-κB1/
p50 and Notch2 during the development of marginal zone B lymphocytes. J Immunol 2007;179:195–
200. [PubMed: 17579038]

65. Shin HM, Minter HM, Cho OH, Gottipati S, Fauq AH, Golde TE, Sonenshein GE, Osborne BA.
Notch1 augments NF-kB activity by facilitating its nuclear retention. EMBO J 2006;25:129–138.
[PubMed: 16319921]

66. Wang T, Holt CM, Xu C, Ridley C, Jones PO, Baron M, Trump D. Notch3 activation modulates cell
growth behaviour and cross-talk to Wnt/TCF signalling pathway. Cell Signalling 2007;19:2458–
2467. [PubMed: 17822871]

67. Fowlkes BJ, Robey EA. A reassessment of the effect of activated Notch1 on CD4 and CD8 T cell
development. J Immunol 2002;169:1817–1821. [PubMed: 12165504]

68. Robey E, Chang D, Itano A, Cado D, Alexander H, LANS D, Weinmaster G, Salmon P. An activated
form of Notch influences the choice between CD4 and CD8 T cell lineages. Cell 1996;87:483–492.
[PubMed: 8898201]

69. Doerfler P, Shearman MS, Perlmutter RM. Presenilin-dependent γ-secretase activity modulates
thymocyte development. Proc Natl Acad Sci U S A 2001;98:9312–9317. [PubMed: 11470902]

70. Hadland BK, Manley NR, Su Dm, Longmore GD, Moore CL, Wolfe MS, Schroeter EH, Kopan R.
γ-Secretase inhibitors repress thymocyte development. Proc Natl Acad Sci U S A 2001;98:7487–
7491. [PubMed: 11416218]

71. Kopan R. All good things must come to an end: How is Notch signaling turned off? Sci STKE
1999;9:PE1. [PubMed: 11865186]

Laky and Fowlkes Page 10

Curr Opin Immunol. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


