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Abstract
Notch receptors participate in a highly conserved signalling pathway that regulates normal
development and tissue homeostasis in a context- and dose-dependent manner. Deregulated Notch
signalling has been implicated in many diseases, but the clearest example of a pathogenic role is
found in T cell lymphoblastic leukaemia/lymphoma (T-LL), in which the majority of human and
murine tumours have acquired mutations that lead to aberrant increases in Notch1 signalling.
Remarkably, it appears that the selective pressure for Notch mutations is virtually unique among
cancers to T-LL, presumably reflecting a special context-dependent role for Notch in normal T
cell progenitors. Nevertheless, there are some recent reports suggesting that Notch signalling has
subtle yet important roles in other forms of hematologic malignancy as well. Here, we review the
role of Notch signalling in various blood cancers, focusing on T-LL with an eye toward targeted
therapeutics.
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Notch Signalling
Notch receptors are single-pass transmembrane proteins that participate in a highly
conserved signalling pathway that regulates many aspects of cellular differentiation and
tissue homeostasis in metazoans. Mammals have four Notch receptors (Notch1-4); this
review will largely focus on Notch1, the mammalian family member with the greatest
homology to Drosophila Notch, the founding member of the family. The best characterized
Notch ligands belong to two families, the Delta-like ligands and the Jagged/Serrate-like
ligands. Mammals have three Delta-like ligands (DLL1, DLL3, and DLL4), and two Jagged
ligands, (Jagged1 and Jagged2), all of which are also single-pass transmembrane proteins.
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Signal transduction by Notch receptors relies on a series of proteolytic cleavages (Figure 1;
for recent review, see ref. [1]). The extracellular domain of Notch1 consists of 36 N-terminal
EGF repeats followed by a juxtamembrane negative regulatory region (NRR) consisting of
three Notch-Lin12 repeats and a heterodimerization (HD) domain [2,3]. During trafficking
to the cell surface, Notch1 is cleaved by a furin-like protease at a site termed S1 in an
unstructured loop within the HD domain [4]. As a result, mature Notch1 receptors are
heterodimers made up of non-covalently associated extracellular (NEC) and transmembrane
subunits (N™) that are held together by the intrinsic stability of the HD domain [2,3,5].

Signalling is initiated when a Notch receptor on one cell binds to a Notch ligand expressed
on a neighbouring cell. This sets in motion events that lead to the cleavage of Notch by two
additional proteases. The first cleavage is carried out preferentially by the metalloproteinase
ADAM10 at site S2 [6,7], which lies about 12–14 amino acids external to the
transmembrane domain of the N™ subunit. In the resting state, the S2 site is deeply buried
within the NRR [2,8], indicating that a substantial conformational change must precede S2
cleavage. S2 cleavage requires the endocytosis of ligand into the ligand-expressing cell,
leading to speculation that mechanical force transmitted to the NRR via endocytosis are
responsible for the intramolecular movements that precede S2 cleavage; however, direct
evidence for this model is lacking. Cleavage of N™ at S2 in turn creates a short-lived
transmembrane intermediate that is cleaved within its transmembrane domain by γ-secretase,
a multisubunit protease consisting of presenilin 1 or 2, PEN-2, APH-1, and nicastrin. The
ultimate cleavage at site S3 frees the intracellular domain of Notch (ICN) from the
membrane, allowing it to translocate to the nucleus. Whether γ-secretase cleavage occurs at
the cell surface or following endocytosis within endocytic vesicles remains controversial (as
discussed in ref. [9]).

ICN contains several protein-protein interaction domains, including seven iterated ankyrin
repeats (ANKs) that are needed for all known Notch functions and a so-called RAM domain.
Nuclear ICN associates with the DNA-binding factor CSL (for CBF1, Suppressor of
Hairless, Lag-2; also known as RBP-Jκ) through high affinity RAM contacts and lower
affinity ANK contacts [10,11]. Binding of ANK to CSL creates an extended, composite
surface groove that recruits scaffold proteins of the Mastermind-like (MAML) family, the
third component of the core Notch transcription complex (NTC). The NTC in turn interacts
with chromatin modifying factors such as the histone acetyltransferases p300 and pCAF
[12–14] as well as components of the mediator complex [15] to transactivate target genes
with CSL-binding sites. In the absence of ICN, CSL can associate with multiple proteins
that suppress transcription, including multiple complexes with histone deacetylase activity
[16–21] and other factors with histone demethylase activity [22]. For this reason, CSL has
been likened to a molecular switch capable of actively suppressing or stimulating
transcription, depending on the Notch activation status of a cell. Normal Notch transcription
complexes are believed to have a half-life on the order of minutes [12,15], in part due to the
presence of a PEST degron domain in the C-terminus of ICN that marks activated Notch for
ubiquitinylation and proteasomal degradation.

Several aspects of the canonical Notch signalling pathway warrant emphasis. Because the
pathway relies on protein-protein interactions and the NTC is short-lived, a single activated
Notch receptor is likely to transactivate only one target gene for a short period of time (on
the order of minutes), a “design” that enables very precise temporal and quantitative control.
It follows that subtle perturbations in Notch signalling may have significant phenotypic
consequences. In line with this idea, haploinsufficiency of Notch pathway signalling
components is associated with several human diseases. For example, haploinsufficiency of
Notch1 is associated with bicuspid aortic valve deformities [23], and haploinsufficiency of

Aster et al. Page 2

J Pathol. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Jagged1 or Notch2 with Alagille syndrome [24–26], which is characterized by
developmental abnormalities of a number of organs, particularly the liver and heart.

Notch1 as an oncogene in T-LL
Notch1 was discovered in 1991 through analysis of rare T cell lymphoblastic leukaemias/
lymphomas (T-LLs) with balanced (7;9) translocations [27]. The translocation breakpoints
were shown to fall within NOTCH1 on chromosome 9 and the T cell receptor β (TCRβ)
locus on chromosome 7 and to result in the fusion the 3’ end of NOTCH1 to TCRβ
enhancer/promoter elements, which drive the expression of aberrant NOTCH1 transcripts
encoding truncated, constitutively nuclear Notch1 polypeptides. Expression of similar forms
of Notch1 in murine haematopoietic stem cells (HSCs) induces the rapid appearance of T-
LL [28,29], whereas no tumours are observed when the same polypeptides are expressed in
HSCs with genetic defects that abrogate T-cell development [30,31]. Together, these studies
revealed that Notch1 had a special oncotropism for T cell progenitors. Work focused on the
role of Notch1 in T cell progenitors elaborated on this relationship by showing that Notch1
is both necessary [32] and sufficient [33] for T cell development from HSCs, indicating that
the T cell oncotropicity of Notch1 is likely a reflection of the normal role of Notch1 in T cell
progenitors.

The degree of Notch1 involvement in human T-LL became apparent in 2004 when we
identified NOTCH1 gain-of-function mutations in roughly 60% of primary human T-LLs
[34], findings that have been confirmed repeatedly in subsequent series from other groups
[35–41]. Most Notch1 mutations in human T-LL fall into two regions, the HD domain and
the C-terminal PEST domain (for review, see [42]). Remarkably, individual tumours may
harbour as many as 3 NOTCH1 mutations, typically aligned in cis in a single allele.
Subsequent studies of murine T-LLs arising in many different genetic backgrounds also
revealed the presence of acquired gain-of-function Notch1 mutations at frequencies varying
from 30% to 80%, depending on the genetic model [43–49]. Together, these observations
moved Notch1 to the centre of T-LL pathogenesis, and set the stage for more recent work
focused on the mechanisms by which Notch1 mutations cause gains in function, the
downstream consequences of oncogenic Notch1 signalling, and therapeutic targeting of
Notch1 in T-LL.

Of Mice and Men: Oncogenic Notch1 Mutations in T-LL
The most common Notch1 mutations in human T-LL consist of point substitutions or small
in-frame insertions or deletions that cluster within the hydrophobic core of the HD domain,
destabilizing it sufficiently to permit ligand-independent metalloproteinase cleavage at site
S2 [50]. The degree of destabilization varies among mutations, such that some cause
spontaneous dissociation of Notch1 heterodimers, whereas others do not [50]. An
uncommon, second type of mutation consisting of juxtamembrane insertions near the C-
terminal end of the HD domain appear to create new, “deprotected” S2 cleavage sites, and
also result in ligand-independent proteolysis and activation of Notch1 [50,51]. Rare
mutations in the LNR portion of the NRR have also been described [8]. Given the strong
selection for Notch1 gain-of-function in T-LL and the ability of leukemic blasts to
proliferate in many tissues where access to ligand is likely limited, it is probable that other
mechanisms of ligand-independent Notch1 activation remain to be discovered in human T-
LL. This is particularly true of tumours that only have PEST deletions, as such mutations
have little or no effect on Notch1 signalling [34,52] in the absence of some mechanism (e.g.,
an NRR mutation) that promotes Notch1 proteolysis.

Murine T-LLs initially challenged the idea that lesions in the extracellular domain of Notch1
are required for leukaemogenic increases in Notch1 signalling. In mouse tumours, PEST
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domain mutations are very common in T-LLs arising in diverse genetic backgrounds, such
as loss of E2A [47], p53 [45], or Ikaros [44]; mis-expression of transcription factors such
Tal1 [45]; and conditionally active Ras signalling [52,53]. Yet HD domain mutations are
found in only a small minority of murine T-LLs, leaving it unclear how Notch1 activation is
initiated in these tumours.

It is now apparent that genetic lesions that disrupt the NRR of Notch1 are the rule rather
than the exception in murine T-LL (Figure 2). The first clue to this came from retroviral
mutagenesis studies [54–57], which revealed that portions of Notch1 within or just 5’ of the
region encoding the NRR are common sites of proviral insertions in murine T-LL. A second
important insight came from the work of Tsuji, et al., who noted that T-LLs arising in SCID
mice or ATM−/− mice following irradiation had frequent 5’ deletions in Notch1 [43,58]. In
a subset of tumours analyzed by Tsuji, et al., the breakpoints giving rise to the deletions
were located immediately adjacent to sequences homologous to RAG recombinase signal
sequences (RSSs) and created DNA joins with all of the structural features expected of
RAG-mediated rearrangements [59]. The clustering of deletions around these ectopic RSSs
permitted Tsuji, et al. to develop a sensitive PCR-based assay that detected identical
deletions at low frequencies in normal thymocytes, suggesting that this apparent error in
V(D)J recombination occurs at a appreciable background frequency.

More recently, we have “rediscovered” the 5’ deletions in Notch1 in a high fraction of
murine tumours arising in diverse T-LL-prone genetic backgrounds [60,61] (Figure 2). The
most common deletions appear to be RAG-mediated and are identical to some of the
deletions described by Tsuji, et al. These deletions uniformly remove the proximal promoter
elements and exon 1 of Notch1, yet paradoxically activate a cryptic internal promoter that
lies within exon 25 that drives the expression of 5’ deleted Notch1 transcripts. Of note,
ChIP-Seq analysis has shown that RAG2 associates with the proximal promoter of the
Notch1 gene in normal thymocytes [60], possibly through binding to lysine 4-trimethylated
histone H3 (H3K4-me3) [62], providing a plausible mechanism for recruitment of RAG
recombinase to chromatin near the ectopic RSSs in Notch1. Less often, murine T-LLs bear
interstitial Notch1 deletions that remove the region from exon 2 to exon 26-exon28. These
deletions appear to be RAG-independent and may stem from random DNA breakage and
non-homologous DNA end joining.

Although the structure of the aberrant transcripts expressed by cells with RAG-mediated and
RAG-independent deletions is different, the functional consequences of both appear to be
identical. Specifically, translation of both types of aberrant transcripts initiates at M1727, a
conserved methionine residue that lies within the transmembrane domain of Notch1 [60].
The hydrophobic amino-terminus of the encoded polypeptide is apparently sufficient for
membrane insertion, as signalling in cells expressing the aberrant transcripts is strictly γ-
secretase dependent, in line with observations showing that murine T-LLs are highly
sensitive to γ-secretase inhibitors.

In parallel studies, Jeannet, et al., observed that Cre-mediated deletion of exon 1 of Notch1
paradoxically accelerated development of T-ALL in mice expressing a hypomorphic form
of Ikaros [61], a transcriptional repressor and master regulator of lymphoid development that
associates with histone deacetylase complexes [63,64]. These deletions also activate the
same cryptic promoter in exon 25 of Notch1 that was responsible for generating aberrant
transcripts in tumours with RAG-mediated deletions. In yeast, transcriptional elongation
induces epigenetic changes that inhibit internal transcriptional initiation [65]; assuming this
principle applies to mammalian cells, deletion of the proximal promoter and exon 1 of
Notch1 would be expected to contribute to activation of the cryptic 3’ promoter in exon 25.
However, such deletions are insufficient to explain internal promoter activation, as Cre-
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mediated deletion of the same floxed Notch1 allele in a wild type background produces loss
of Notch1 function in several tissues, including the thymus [32]. Given the results of
Jeannet, et al., Ikaros may be an additional factor that suppresses transcriptional initiation
from the 3’ end of Notch1.

These observations have reinforced the notion that a large proportion of both human and
murine T-ALLs have genetic lesions that lead to ligand-independent Notch1 activation,
albeit through different mechanisms (Figure 2). Since there is no reason to think that
leukaemogenic NRR mutations analogous to those found in human disease could not occur
in the mouse, one must posit instead that 5’ Notch1 deletions occur at a much higher
frequency in the mouse than in man. This may be because the ectopic RSSs in the murine
Notch1 locus are not conserved in human NOTCH1. We speculate that these RSS sites
underlie the high frequency of T-LL in the mouse; while T-LL is a rare disease in man
(occurring in roughly 600 individuals per year in the USA), it is one of the most common
tumours arising in genetically engineered mouse models.

In contrast to the extracellular mutations, intracellular Notch1 mutations in human and
murine T-LL are quite similar. Both consist of frameshift or stop codon mutations that
remove the C-terminal PEST degron, a conserved negative regulatory domain. In human T-
LL, these deletions inevitably occur in cis to NRR mutations when both mutations are
present, whereas in the mouse they are usually found in cis to 5’ Notch1 deletions [60].
Several short motifs in this region have been implicated in proteasomal degradation of
ICN1, including a short sequence that can be recognized by the E3 ligase Fbw7 [15,66–69],
and the motif WSSSSP, which promotes turnover of ICN1 through uncertain mechanisms
[70]. Overall, PEST deletions are more frequent in murine T-LL than human T-LL for
reasons that are unclear. One possibility is that mutations in other components of the
degradation machinery may be more common in man, which would reduce the selective
pressure for Notch1 mutations. Fbw7 loss-of-function mutations, present in roughly 10% to
30% of human T-LLs [35,37,38,71,74], represent one such potential complementary
mutation. Alternatively, a higher fraction of human T-ALL could arise through Notch-
independent mechanisms. A full accounting of the true incidence of Notch-associated T-
ALL in mouse and man will be necessary before this conclusion can be reached.

Notch1 Targets in T-LL
In the context of transformed T cell progenitors, Notch signalling induces and reinforces a
program of gene expression that supports cell growth (Figure 3). The most important direct
target genes include c-Myc [72–75] and Hes-1 [72,73,76,77], a transcriptional repressor of
the bHLH family. Key pathways activated by Notch1 include the PI3-kinase/Akt [78–80]
and mTOR [81,82]. Crosstalk between Notch and these pathways is incompletely
understood and probably occurs at several levels. Notch1 signalling via Hes-1, down-
regulates PTEN [78], an important negative regulator of PI3-kinase/Akt signalling. Notch1
also upregulates the expression of the IL7 receptor [83], which activates PI3K/Akt signalling
in an IL7-dependent fashion. In ex vivo culture systems the growth of primary human T-LL
cells is IL7-dependent [84,85], suggesting that the IL7/IL7-receptor signalling axis is an
important mediator of growth. It should be noted that the in vivo significance of both the
Notch:Hes:PTEN and the Notch:IL7R axes in T-LL await further confirmation.

The oncotropism of Notch1 for T cell progenitors undoubtedly reflects the normal role of
Notch1 in developing T cells, in which Notch1 activates many of the same pathways that
contribute to the growth of T-LL cells (for review, see [86]). Notch1 first acts on multipotent
progenitors to induce commitment to T cell fate, which within the thymus appears to stem
from Notch1 activation by the ligand Delta-like 4 [87]. Later in T cell development, Notch1
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is required for progression of cells through β-selection [88–90], a stage when cells that
successfully rearrange a TCRβ gene express the pre-T-cell receptor, which generates
essential survival signals. Expression of c-Myc closely parallels Notch1 signal strength and
peaks during β-selection [72], and constitutively active Akt can rescue, in part, T cell
development in the absence of Notch1 [79]; thus, at least some of the pathways implicated
in Notch-associated T-LL are also regulated by Notch1 in normal thymocytes.

Notch-related T-LL is also associated with constitutive activation of NF-κB [91,92] and
abnormalities of E2A [47], but the mechanistic bases for these relationships are not fully
elucidated. Notch may augment NF-κB activity in T-LL through transactivation of NF-κB
pathway genes as well as through direct physical interaction with regulators of the pathway
[92]. Other recent data suggest that MAML1 directly co-activates the NF-κB subunit RelA
(p65) and promotes the degradation of an inhibitor of NF-κB, IκBα [93], providing an
additional possible link between Notch signalling and NF-κB. The relationship between
Notch and E2A is even more complex. On the one hand, E2A appears to be important in
positive regulator of Notch1 expression in thymocytes and T-LL cells [94], but at the same
time Notch1 has been implicated in induction of proteasomal degradation of E2A [95], and
Notch1 mutations are common in murine T-LLs arising in E2A deficient backgrounds [47].
One resolution to this apparent discrepancy would be for Notch1 expression in E2A
deficient T-LLs to be coming from 5’-deleted Notch1 alleles, which may not require E2A
for expression of internally initiated Notch1 transcripts.

How activated Notch1 triggers transcription of target genes in T-LL cells and other cell
types is incompletely understood (Figure 4). Some of the best-characterized direct targets of
Notch1 such as Hes-1 have special response elements within their promoters that consist of
a pair of head-to-head CSL binding sites separated by spacers of 15–19 base pairs [96].
Activation of promoters containing such elements, termed sequence paired sites or SPSs,
requires loading of NTCs onto both CSL sites. Dimeric NTCs associate through weak
contacts involving the ANK domain and are stabilized by MAML binding to CSL/ICN
binary complexes [97,98]. Identification of likely paired sites by bioinformatic approaches
has been complicated recently by recognition that a high affinity CSL binding site may be
flanked by a sequence with no significant homology to the CSL monomer consensus binding
sequence, but which nevertheless is competent for NTC binding and dimer formation [99].
HES5 is one long-recognized Notch target gene that has this type of “cryptic” paired site in
its proximal promoter element.

Promoters with paired sites are completely dependent on NTC dimerization for
transactivation [98], whereas promoters with other arrangements of CSL binding sites (e.g.,
multimerized head-to-tail sites or single binding sites) show no such dependency. It is not
clear what dictates these two diametrically opposed patterns of response; it is possible that
binding of other factors (e.g., E2A) to flanking sites functionally complements monomeric
NTCs. It will be of interest to determine the full complement of genes that depend on NTC
dimerization, and whether these genes play a role in the induction or maintenance of T-LL.

Another unsettled issue is whether CSL binds stably to DNA and successively interacts with
repressive and activating complexes, or whether complete complexes are assembled prior to
loading onto DNA. In either case, the factors that control whether CSL associates with
repressive or activating complexes on any particular CSL-binding site in the genome are
unknown, as are the dynamics of complex exchange. As already mentioned, it has also been
suggested that Ikaros, a key regulator of lymphoid development, competes directly with
CSL for genomic binding sites [100–103], providing another level of control of Notch target
gene expression that may go awry in T-ALL. Ikaros is a frequent target of inactivating
mutations in murine T-LL, for example by retroviral insertion [100,104], but inactivating
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Ikaros mutations appear to be rare in human T-LL [105], representing yet another apparent
distinction between T-LL in mice and men.

Do other Notch receptors contribute to T-LL?
In addition to Notch1, developing thymocytes also express Notch3, which appears to be a
downstream target of Notch1 [72,73]. Transgenic mice expressing ICN3 develop T-LL
[31,91], but the relative importance of Notch3 as compared to Notch1 has been uncertain.
Recently, Jeannet, et al. observed that Cre-mediated deletion of Notch3 had no effect on
development of T-LL in a hypomorphic Ikaros mutant background [61]. T-LLs arising in
this background had acquired Notch1 mutations and were sensitive to γ-secretase inhibition.
However, Screpanti and co-workers have shown that ICN3 can promote the appearance of
splice variants that encode dominant negative forms of Ikaros [106]; if this is the primary
contribution of Notch3 to T-ALL development, it would not be selected for in the
hypomorphic Ikaros background used by Jeannet et al. Thus, an ancillary role for Notch3 in
T-LLs remains a possibility. In addition, Notch2 is activated by feline leukaemia virus in
some T-LLs in the cat [107], but has not been implicated in T-LL in other species.

Is Notch a Useful Biomarker in T-LL?
Multiple clinical series worldwide have confirmed that Notch1 mutations in T-LL are
frequent in all genetic and clinical subtypes of human T-LL, leading investigators to ask if
mutational status is a useful biomarker. However, associations between mutation status and
outcome have been inconsistent (summarized in Table 1). While a few series have suggested
that Notch1 mutations are associated with worse outcomes, most have shown no association
or a trend towards more favourable responses. Although Notch signalling has been linked to
resistance to glucocorticoids in studies of T-LL cell lines [108], no such association has been
found in primary tumours; in fact, in some series the trend is towards better responses to
glucocorticoids among tumours with Notch1 mutations [36]. Another potential relationship
under investigation is that between Notch activation and involvement of the central nervous
system. This is based on murine models showing that Notch1-induced murine T-LLs express
CCR7, a chemokine receptor that is associated with spread of T-LL to the meninges [109].

Part of the difficulty of linking Notch1 signalling to various clinical correlates is that there
remains no straightforward way to quantify Notch1 signal strength. Ideally, levels of ICN1
would be measured directly using immunohistochemistry or flow cytometry, but
development of reliable methods to do so has proved daunting. In lieu of such methods,
testing for mutations in NOTCH1 and Notch1 regulatory genes such as FBW7 will remain
the method of choice, albeit one that is less than ideal in terms of stratification of T-LLs into
“Notch-on” and “Notch-off” groups. Beyond these technical limitations, there remain
questions about the biological existence of distinct “Notch-on” and “Notch-off” groups. It is
difficult, for example, to identify tumours with and without Notch1 mutations using
unsupervised clustering of gene expression profiles. Given this, it is perhaps not surprising
that associations between Notch1 mutation status and clinical outcomes are subtle at best.

Notch signalling in other hematologic malignancies: Is there a role?
Multiple reports have raised the possibility of involvement of Notch signalling in a wide
spectrum of haematological malignancies, but to date a “smoking gun” analogous to the
gain-of-function mutations identified in human T-LL is lacking. A small subset of tumours
classified as acute myeloid leukemias (AMLs) have Notch1 gain-of-function mutations
[110,111], but many of these tumours express T cell markers and may be better considered
very immature forms of T-LL. Another rare form of AML associated with megakaryocytic
differentiation and a 1;22 translocation that produces a OTT-MAL (also termed Rbm15-
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MKL1) fusion protein has also been hypothesized to transform in part through upregulation
of CSL-dependent genes via a novel mechanism [112,113]. Specifically, Mercher, et al.,
proposed that the OTT-MAL fusion protein competes with OTT for binding to CSL[113].
OTT, a member of the SPEN family of proteins, functions as a co-repressor, whereas the
OTT-MAL fusion protein is a co-activator that upregulates transcription from promoters
containing CSL binding sites. Of further interest, this same group has shown that
exaggerated Notch signalling can skew myeloid development towards megakaryocytic fate
[114], suggesting that the selection for increased expression of CSL-regulated genes in AML
with megakaryocytic differentiation may reflect a physiologic role for the same set of target
genes during megakaryocytic development. However, most of the data supporting a role for
Notch in acute myeloid leukaemia with megakaryocytic differentiation has come from
studies in mice and a very limited number of human cell lines, and further work is needed to
firmly establish that upregulation of CSL target genes is a general phenomenon in human
AMLs associated with the t(1;22).

Aberrant Notch signalling has also been proposed to contribute to a number of lymphoid
malignancies other than T-LL. It has been suggested that part of the global epigenetic
reprogramming that is the hallmark of the Reed-Sternberg cells of Hodgkin lymphoma
might be mediated by Notch1 activation [115], but it is not clearly established whether
upregulation of Notch1 expression is causative or merely a marker of these changes.
Expression of the Notch ligand Jagged1 has been reported to enhance the growth of the
malignant plasma cells of multiple myeloma [116], but the in vivo significance of this
observation remains uncertain. Based on the requirement for Notch2 signalling for marginal
zone B lymphocyte development in the mouse [117], it has been suggested that Notch2
might serve as an oncogene in marginal zone B cell lymphomas in man, but data to support
this idea have not been forthcoming. A single report of Notch gain-of-function mutations in
a small subset of diffuse large B cell lymphomas in a Japanese cohort of patients [118] has
yet to be confirmed by others. Similarly, several reports suggesting that deregulated Notch
signalling is commonplace in chronic lymphocytic leukemia/small lymphocytic lymphoma
[119–122] remain to be corroborated.

At the end of the day, in may be that the most important roles for Notch signalling in cancer
will be non-cell-autonomous. Notch is integrally important in regulating angiogenesis (for
review, see [123]) (which is coordinated in large part by the interplay of the Notch and
VEGF signalling pathways) and both the adaptive and innate arms of the immune system
(for review, see [124]), through which it is likely to have an important impact on tumour
immunity.

Therapeutic opportunities
The unique circuitry of the Notch signalling pathway makes it an attractive therapeutic
target. When administered chronically, gamma-secretase inhibitors cause dose-limiting
goblet cell hyperplasia of the gut, as inhibition of both Notch1 and Notch2 in multipotent
proliferating epithelial progenitors skews differentiation towards goblet cell fate and away
from enterocyte fate [125]. However, intermittent dosing with gamma-secretase inhibitors
largely obviates this toxicity in both murine models [84] and clinical trials conducted in
patients with solid tumours and Alzheimer disease. Moreover, recent work from several
groups describes the development of antibodies that selectively inhibit individual Notch
receptors [126–128], an approach that also avoids gut toxicity [128]. Unfortunately, it
appears that the activity of these antibodies against human T-LL cell lines bearing Notch1
mutations is not as great as that of gamma-secretase inhibitors [126], either because the
antibodies fail to bind to the mutated receptors with high affinity, or because proteolysis of
the mutated receptors occurs in part intracellularly. Another approach that has been
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pioneered is to directly inhibit formation of active NTCs using stapled peptides that mimic
the amino-terminus of MAML1 [129], but whether such lead molecules can be transformed
into drugs remains to be determined. Regardless of what type of inhibitor is used, it will be
important to design trials that use biomarkers to determine the extent of Notch inhibition in
tumour cells. Since direct quantification of activated Notch is difficult, measurement of the
transcript levels of Notch target genes will likely remain the biomarker test of choice.

In the short run, T-LL remains the best hope for successful translation of Notch-directed
therapeutics into clinical practice. Single drug therapy with a Merck gamma-secretase
inhibitor failed to produce objective responses in patients with relapsed/refractory T-LL,
possibly because Notch mutations are not initiating events but rather collaborating
secondary acquired “hits” [52]. Nevertheless, the genetics of T-LL in man and mouse
strongly argue that Notch1 is the best available rational target in this disease. Work from the
Ferrando laboratory showing strong synergy between glucocorticoids and gamma-secretase
inhibitors have provided the rationale for second line trials of this drug combination [108],
which is now being tested in humans. These and other attempts to target Notch over the next
few years should reveal if the therapeutic promise of Notch inhibitors in T-LL and other
cancers is to be fulfilled.
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Figure 1.
Canonical Notch Signalling. Notch receptors are processed in the ER/Golgi compartment by
furin-like proteases at site S1 during trafficking to the cell surface, producing heterodimeric
surface receptors. Engagement of Notch receptors with ligands of the DSL (Delta, Serrate,
Lag-2) family expressed on neighbouring cells initiates two successive cleavages by the
metalloproteinase ADAM10 at site S2, followed by intramembranous cleavage at site S3 by
the mulitsubunit protease γ-secretase. This permits the intracellular domain of Notch (ICN)
to translocate to the nucleus and form a Notch transcription complex (NTC) consisting of
the DNA-binding protein CSL, ICN, and co-activators of the Mastermind-like (MAML)
family. This NTC is normally short-lived due to the presence of a C-terminal PEST domain
in ICN (shown as a red diamond).
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Figure 2.
Mechanisms of ligand-independent Notch1 activation in T-LL. In human T-LL, the Notch
negative regulatory region (NRR) is often disrupted by point mutations or less frequently by
chromosomal translocations, whereas in murine T-LL the NRR is most commonly disrupted
are 5’ deletions (most RAG mediated) followed by retroviral insertions. Examples of
dissociative (red), destabilizing (blue), and insertional (green) Notch1 NRR mutations found
in human T-LL are listed.
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Figure 3.
Oncogenic Notch1 Signalling. Signalling pathways downstream of activated Notch1 (ICN1)
in T-LL cells are shown. Fbw7 and PTEN are tumour suppressors (*) whose function is
often lost, events that increase the consequences of ICN1 signalling. In some tumours, there
is evidence that ICN1 stimulates mTOR independently of effects on the PI3K/Akt pathway;
this uncharacterized pathway is shown as a dashed line.
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Figure 4.
Notch transcription complexes. Evidence suggests that NTC complexes stimulate
transcription on various promoters a) as monomers, b) as dimers, c) by competing co-
repressor complexes off of CSL, or d) by competing with Ikaros, a zinc-finger protein and
transcriptional repressor, for genomic binding sites in Notch responsive genes.
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