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and T-cell Leukemogenesis
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Abstract Intercellular communication that controls the developmental fate of multipotent cells is commonly
mediated by the Notch family of transmembrane receptors. Speci®c transmembrane ligands activate Notch receptors on
neighboring cells inducing the proteolytic liberation and nuclear translocation of the intracellular domain of Notch
(NIC). Nuclear NIC associates with a transcriptional repressor known as C-promoter binding factor/RBP-Jk, suppressor of
hairless, or LAG-1, converting it from a repressor into an activator. Through physical interactions with chromatin
remodeling enzymes and potentially with components of the transcriptional machinery, NIC activates target genes that
mediate cell fate decisions. As Notch1 is disrupted via a chromosomal translocation in a subset of human T-cell
leukemia, leading to a truncated polypeptide resembling NIC, deregulated chromatin remodeling and transcription may
fuel uncontrolled cell proliferation in this hematopoietic malignancy. This review summarizes the mechanics of Notch
signaling and focuses on prospective molecular mechanisms for how constitutively active Notch might derail nuclear
processes as an initiating step in T-cell leukemogenesis. J. Cell. Biochem. Suppl. 35:46±53, 2000. ß 2001 Wiley-Liss, Inc.
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The development of complex multicellular
organisms involves numerous decisions that
orchestrate the fate of stem/progenitor cells. A
common theme of differentiation processes is
the requirement for communication between
distinct cell types to coordinate cell proliferation
and differentiation. An ever-increasing number
of cell surface proteins and secreted factors have
been implicated as mediators of intercellular
communication. Although it is daunting to con-
sider the combinatorial complexity of the signal
transduction pathways initiated by these mole-
cules, great progress has been made in de®ning
a paradigm for how the Notch family of recep-
tors controls cell fate decisions from the nema-
tode C. elegans to man.

Molecular Components of the Notch Signaling
Pathway: Multiple Ligands, Receptors, and More

It is not the intent of this article to compre-
hensively review all components in the Notch
signaling cascade, but it is important to consider
the major mammalian factors. Single-pass
transmembrane Notch receptors (Notch 1±4)
are activated via direct interaction with trans-
membrane ligands (Jagged1, Jagged2, Delta-
like1, Delta-like3, and Delta-like4) expressed
on the surface of neighboring cells (Fig. 1)
[Artavanis-Tsakonas et al., 1999]. Certain cells
co-express ligand and receptor, raising the
possibility that ligand-dependent Notch activa-
tion can also occur in a single cell. In response to
ligand binding, the disintegrin metalloprotease
TNFa-converting enzyme (TACE) cleaves
Notch extracellularly [Brou et al., 2000; Mumm
et al., 2000], followed by intramembranous g-
secretase-mediated cleavage [Annaert and De
Strooper, 1999], liberating the intracellular do-
main of Notch (NIC). Presumably through usage
of two intrinsic nuclear localization signals, NIC

translocates into the nucleus and associates
with the transcriptional repressor known as C-
promoter binding factor/RBP-Jk (mammalian),
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Suppressor of hairless (Drosophila), or LAG-1
(C. elegans) (referred to as CSL). NIC binding to
CSL masks a repression domain, leading to the
activation of target genes that mediate devel-
opmental processes [Hsieh and Hayward,
1995]. Besides functioning via derepression,
NIC recruits coactivators that may directly
mediate activation [Kurooka and Honjo, 2000],
and this will be discussed in detail below. It is
unclear where NIC meets CSL, but it is likely
that this occurs where CSL is bound at regula-
tory regions of target genes. Prototypical target
genes in mice and humans, respectively, are
hairy/enhancer of split-1 (HES-1) and hairy
(HRY), encoding broadly expressed basic helix-
loop-helix (bHLH) transcription factors
[Kageyama and Nakanishi, 1997]. HES-1 and
HRY repress transcription in a bimodal fash-
ionÐby heterodimerization with other bHLH

factors, thereby inhibiting DNA binding, and by
occupancy of a variant E box sequence (N box). A
classically de®ned developmental consequence
of Notch signaling involves restriction of the
developmental fate of multipotent cells [Kimble
and Simpson, 1997].

In addition to Notch receptors, ligands, and
CSL, other proteins modulate Notch signaling.
Genetic studies in Drosophila have provided
evidence that Deltex is a positive regulator [Xu
and Artavanis-Tsakonas, 1990], presumably
through physical interactions with NIC. It is
unclear whether Deltex binds Notch at the
plasma membrane or binds NIC after liberation
from the membrane. No biochemical activities
have been ascribed to Deltex, but we found that
it has a conserved ring ®nger domain. Since
these domains have intrinsic ubiquitin ligase
activity [Freemont, 2000], Deltex may ubiquiti-
nate a protein as an important step in Notch
signaling. In conjunction with other compo-
nents of the ubiquitination machinery, ubi-
quitin ligases catalyze the ubiquitination of
proteins, leading to degradation via the protea-
some or non-proteolytic in¯uences such as
altered protein traf®cking [Hershko and Cie-
chanover, 1998]. Interestingly, a suppressor
mutation of deltex in Drosophila was mapped
to a HECT domain ubiquitin ligase gene termed
suppressor of deltex (SuD) [Cornell et al., 1999],
although SuD has no known substrates.

As there are greater than twenty highly
homologous human HECT domain ubiquitin
ligases [Schwarz et al., 1998], it is unclear which
one is the mammalian SuD ortholog. We cloned
mouse and C. elegans candidate suppressor of
deltex orthologs (Wwp1 and CeWwp1, respec-
tively) [Huang et al., 2000] and found that
disruption of CeWwp1 by RNA interference
resulted in an early block in embryogenesis at
the comma stage and embryonic lethality. Addi-
tional analyses are required to assess whether
CeWwp1 mutants are compromised in Notch
signaling. Another homolog, the murine HECT
domain ubiquitin ligase Itch, can ubiquitinate
Notch and therefore also represents a candidate
SuD ortholog [Qiu et al., 2000].

Besides proteins that regulate NIC, the Fringe
family of factors can modulate the ligand-
dependent activation of Notch. Fringe is a
glycosyltransferase that catalyzes the elonga-
tion of O-linked fucose associated with epider-
mal growth factor (EGF) repeat modules of the
Notch extracellular domain. In one report,

Fig. 1. Signal transduction through the classical Notch path-
way. (1) Ligand binding stimulates receptor activation and
Fringe-mediated glycosylation of Notch modulates Notch
signaling. Receptor activation occurs via initiation of a pro-
teolytic cascade involving cleavage of the extracellular domain
of Notch by TACE (2), secondary cleavage by g-secretase (3),
resulting in release of the intracellular domain of Notch (NIC).
NIC then translocates into the nucleus (4), forms a complex with
DNA-bound CSL (5), and induces transcriptional activation of
Notch target genes (6).
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glycosylation enhanced the binding of Delta to
Notch [Bruckner et al., 2000], whereas another
group showed that glycosylation reduced the
responsiveness of Notch to Jagged without
affecting binding [Moloney et al., 2000]. Thus,
Fringe-mediated glycosylation of Notch re-
presents a novel mode of modulating Notch
activation.

Control of Hematopoiesis by Notch Signaling:
Lineage-Speci®c Actions?

Considering the numerous developmental
processes regulated by Notch, it is not surpris-
ing that Notch controls hematopoiesis, the
generation of diverse blood cells from stem cells.
It has been hypothesized that Notch signaling
would stimulate hematopoietic stem/progenitor
cell renewal, while inhibiting differentiation.
Considerable effort is underway to test this
hypothesis and to de®ne whether Notch exerts
lineage-speci®c functions, possibly independent
of differentiation. Approaches to analyzing the
role of Notch in hematopoiesis have involved
ectopic expression of NIC in primary cells and
transformed cell lines, targeted expression of
NIC in speci®c hematopoietic compartments in
transgenic mice, examination of hematopoietic
phenotypes of knock-out mice, and bone marrow
reconstitution studies with immunode®cient
mice; some of these studies are summarized
below. However, this work is in its infancy, and
generalities cannot be made with con®dence at
this time.

Lymphopoiesis

The development of distinct subtypes of B-
and T-cells requires interactions between pro-
genitors and stromal cells in the hematopoietic
microenvironment. Multiple lines of evidence
support a role for Notch signaling in controlling
T-cell development. (i) Notch1 and Jagged2 are
expressed in thymocytes and thymic epithelial
cells [Felli et al., 1999]. (ii) Notch1 is disrupted
by a chromosomal translocation in acute T-cell
lymphoblastic leukemias [Elisen et al., 1991].
(iii) Expression of Notch1 in bone marrow
induced T-cell leukemia upon transplantation
into recipient mice [Pear et al., 1996]. (iv) Expre-
ssion of NIC transgenes in mice under the
control of the Lck promoter disrupted T-cell
differentiation. Notch1IC (N1IC) increased the
generation of single positive CD8� cells at the
expense of CD4� cells [Robey et al., 1996].
Another group showed that N1IC increased

single positive CD4� and CD8� cells and decre-
ased CD4� /CD8� double positive cells [Deftos
et al., 2000]. (v) Disruption of murine Jagged2
and Notch1 via homologous recombination
con®rmed a role for these proteins in T-cell
development; other blood cell lineages were not
affected [Swiatek et al., 1994; Jiang et al., 1998].
Disruption of Jagged2 yielded embryonic leth-
ality with multiple phenotypes including im-
paired differentiation of gdT-cells, with no effect
on other T-cell subtypes. A study involving bone
marrow reconstitutions from Notch1� /� and
Notch1� /ÿmice into rag1 mutant mice observed
lower numbers of gd T-cells from Notch1� /ÿ

mice and a block in early B-cell lymphopoiesis
[Pui et al., 1999]. The conditional disruption of
Notch1 provided evidence for a cell autonomous
requirement of Notch1 early in T-cell develop-
ment before expression of T-cell lineage mark-
ers [Radtke et al., 1999]. Collectively, this work
showed that Notch signaling controls speci®c
aspects of T-cell development.

Myelopoiesis

Overexpression of N1IC and N2IC in 32D
myeloid progenitors or treatment with a soluble
Jagged1 peptide inhibited granulocytic differ-
entiation [Li et al., 1998], suggesting that Notch
signaling inhibits myelopoiesis. Another study
showed that a conditionally active estrogen
receptor N1IC fusion protein and ligand-depen-
dent Notch1 activation increased granulocytic
differentiation of 32D cells [Schroeder and Just,
2000]. Since myelopoiesis is not affected by
knockouts of Notch components, a physiological
role of Notch signaling in myelopoiesis is uncer-
tain. Certain components may be functionally
redundant, or the effects may be unique to 32D
cells. As N1IC and N2IC differentially inhibited
granulocyte macrophage colony stimulating
factor and granulocyte colony stimulating fac-
tor induced granulocytic differentiation of 32D
cells [Bigas et al., 1998], this raised the intri-
guing possibility that N1IC and N2IC engage in
unique modes of cross-talk with signaling path-
ways. Since certain cells co-express Notch
subtypes, selective interactions between Notch
subtypes and signaling molecules would
increase the diversity of signals generated by
Notch within a single cell.

Erythropoiesis

We identi®ed CSL as a factor that bound to
the b-globin locus control region in erythroleu-
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kemic cells [Lam and Bresnick, 1996, 1998].
This prompted us to ask whether other Notch
components are expressed and whether Notch
signaling might control erythroid maturation
[Lam et al., 2000]. Indeed, Notch1 and Jagged1
were expressed, and expression of N1IC inhib-
ited erythroid maturation without affecting
megakaryocytic maturation of human K562
cells. N1IC inhibited induction of diverse genes
activated upon erythroid maturation, sug-
gesting that this system has promise for
identifying Notch target genes that mediate
growth and differentiation. Although our
study used transformed cells, we hypothesized
that Notch signaling might control erythro-
poiesis. This is supported by studies with
Notch1ÿ/ÿ murine embryonic stem (ES) cells,
which differentiated more ef®ciently than
wild-type cells into primitive erythroid cells
in vitro [Hadland et al., 1999]. Signals gener-
ated by Notch1 may therefore negatively reg-
ulate erythropoiesis. However, as knockouts
of Notch components have not yielded
erythroid phenotypes, components may have
redundant activities, or a Notch requirement
may not be evident in vivo, in which progenitors
are bathed in a complex milieu of regulatory
factors.

Notch Signaling Gone Awry:
An Etiological Role in Acute T-cell

Lymphoblastic Leukemia?

As with any multi-step signaling mechanism,
there are many nodal points in the Notch
mechanism at which signal transmission may
go awry. In this regard, a t(7;9)(q34;q34.3) chro-
mosomal translocation involving the transloca-
tion-associated Notch homolog TAN1 (identical
to Notch1) and T-cell receptor b is associated
with a subset of human acute T-cell lympho-
blastic leukemias [Ellisen et al., 1991]. This
translocation truncates Notch1, giving rise to
a constitutively active protein resembling N1IC.
It is easy to envision how bypassing the
requirement for ligand-mediated activation
might perturb differentiation, leading to un-
controlled proliferation associated with this
T-cell malignancy. Despite this, it has not
been proven that the translocation initiates
leukemogenesis, although a causative role is
suggested by the transgenic mouse studies
described above. It is of great interest to
de®ne the molecular mechanisms that endow
NIC with a leukemogenic property in mice,

and this is the subject of the following
discussion.

Molecular Mechanisms Underlying NIC-Induced
Leukemogenesis: Is the Physiological Notch

Pathway Even Relevant?

A central question is whether the leukemo-
genic activity of overexpressed NIC results from
the uncontrolled stimulation of the Notch path-
way (hyperactivation mechanism), or from
perturbing cellular processes not normally
regulated by Notch (Notch-independent mech-
anism). It is likely that overexpressed NIC would
ectopically induce Notch target genes such as
HRY. By heterodimerizing with compatible
bHLH factors, HRY would deregulate genes
controlled by these factors. Since NIC activates
transcription of deltex [Deftos et al., 2000], a
facilitator of Notch signaling, increased Deltex
in response to overexpressed NIC may disrupt
autoregulation and thus amplify an already
constitutive Notch signal. As the activities of
proteins encoded by physiological Notch target
genes would mediate leukemogenesis in the
hyperactivation mechanism, identifying these
genes and de®ning their spatiotemporal expres-
sion patterns are critical for testing the rele-
vance of this mechanism.

By contrast to hyperactivation, NIC over-
expression may deregulate proteins not in the
Notch pathway. NIC has multiple interaction
domains, and overexpressed NIC could engage
in interactions that would not be of suf®cient
af®nity to occur at normal NIC concentrations.
Such interactions may occur in the cytoplasm or
nucleus and may stimulate or inhibit the acti-
vity of the interactor. In this scenario, elucidat-
ing the normal Notch mechanism would not
reveal the basis of leukemogenesis.

With regard to a Notch-independent mechan-
ism, the ankyrin repeats of NIC can interact
with the NF-kB transcription factor, resembling
binding by the inhibitor IkB [Guan et al., 1996].
Overexpression of N1IC in transient assays in
Jurkat cells inhibited NF-kB-mediated trans-
activation. Thus, the ankyrin repeats may eng-
age in interactions detrimental to cell growth
controls. By contrast, we see no effect of N1IC

expression on NF-kB-mediated transactivation
in K562 cells, under conditions in which NIC

strongly inhibits transactivation mediated by
the protein kinase C-responsive transcription
factor activator protein 1 (AP1) [Chu and
Bresnick, 2000]. Since AP1 regulates multiple

Cellular Communication 49



genes involved in growth and differentiation,
this represents an intriguing mechanism for
how overexpressed NIC might deregulate
hematopoiesis.

NIC can induce neoplastic transformation of
baby rat kidney (RKE) in vitro [Capobianco
et al., 1997], and it is instructive to consider
these studies vis-aÁ-vis the leukemogenic activ-
ity of NIC. Nuclear-localized N1IC cooperated
with Adenovirus E1A to transform RKE cells
[Jeffries and Capobianco, 2000]. The minimal
transforming domain included the ankyrin
repeats and 107 carboxy-terminal amino acids,
but lacked the RAM (RBP-Jk associated mole-
cule) domain. The RAM domain has been
implicated in CSL binding, and RAM domain
mutants have been used to argue that NIC can
function in a CSL-independent mode. However,
the ankyrin repeats can physically and func-
tionally interact with CSL [Kato et al., 1997],
complicating the interpretation of experiments
with RAM mutants. It will be important to
assess whether similar mechanisms underlie
NIC-mediated neoplastic transformation in
RKE and hematopoietic systems.

Chromatin Remodeling as an Essential
Step in Notch Signaling

An important component of the transactiva-
tion property of NIC appears to be its ability to
associate with histone acetyltransferases
(HATs) [Kurooka and Honjo, 2000] (Fig. 2).
The implication of HATs in Notch signaling is
exciting but not unexpected, given the broad
role for histone acetylation in the control of gene
expression [Strahl and Allis, 2000]. HAT-
mediated acetylation of lysines on the amino-
terminal tails of core histones increases acces-
sibility of nucleosomal DNA to sequence-speci®c
DNA binding proteins. Transactivators present
in the nucleus in an active form are commonly
excluded from cognate binding sites until a
signal induces HAT recruitment to the template
and concomitant acetylation-induced chroma-
tin remodeling. HATs are attracted to speci®c
chromosomal sites via physical interactions
with DNA-bound transcription factors [Brow-
nell et al., 1996]. Thus, at the earliest step of
transcriptional activation, certain factors must
bind. their sites within hypoacetylated chroma-
tin. In this regard, the glucocorticoid receptor
binds with a similarly high af®nity to recogni-
tion sites on nucleosomal DNA and naked DNA
[Hager et al., 1993]. The instigating factor

would then recruit HATs, leading to local (and
potentially broad) histone hyperacetylation,
increased DNA accessibility, binding of exclu-
ded factors, and assembly of functional nucleo-
protein complexes. In addition to facilitation of
protein±DNA interactions at the nucleosomal
level, acetylation may perturb higher order
folding of chromatin into 30 nm ®bers and thus
increase chromatin accessibility [Tse et al.,
1998].

The ankyrin repeats and a carboxy-terminal
transactivation domain of NIC mediate binding
to the HATs Gcn5 and PCAF in vitro and in a
mammalian two-hybrid assay [Kurooka and

Fig. 2. Model for Notch-mediated transcriptional activation. In
the transcriptionally inactive state, DNA-bound CSL associates
with a SMRT-containing HDAC complex and SKIP (Ski
interacting protein), which also binds SMRT directly. HDAC-
mediated histone deacetylation would decrease DNA accessi-
bility and thus repress the target gene. In the active state, NIC
binds the repression domain of CSL. Mastermind (Mam1)
associates with NIC and CSL simultaneously. SKIP associates
with both CSL and the ankyrin repeats of NIC. The ankyrin
repeats of NIC also mediate binding to the HATs GCN5 and
PCAF. Upon recruitment to the chromatin, these HATs would
acetylate histones locally, increasing accessibility of the DNA to
the basal transcription machinery and induce transcriptional
activation.
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Honjo, 2000]. Adenovirus E1A and twist, inhi-
bitors of PCAF and the HAT CBP/p300, inhib-
ited NIC mediated transactivation, supporting a
coactivator function for these HATs in the Notch
pathway. Gcn5 [Grant et al., 1997] and PCAF
[Ogryzko et al., 1998] are broadly expressed and
exist in large multi-protein complexes. Micro-
array analysis in yeast provided evidence for a
role of the Gcn5 complex, SAGA (Spt-Ada-Gcn5-
acetylase) in the control of many genes [Lee
et al., 2000], while the number of PCAF target
genes is unclear. Overexpression of a protein
such as NIC, capable of interacting with these
HATs could disrupt the expression of genes
dependent on these factors if they are limiting.
This would depend on the concentrations and
af®nities of the interactors, which may vary
during hematopoiesis and therefore may only be
limiting in speci®c cell types at speci®c stages of
hematopoiesis. This could provide a ``window of
opportunity'' for NIC to deregulate genes in a
cell- and differentiation stage-speci®c manner.

What signals oppose NIC induced chromatin
remodeling? In the absence of effective concen-
trations of NIC, repression appears to involve
the interaction of DNA-bound CSL with HDACs
[Hsieh at al., 1999]. NIC binding to CSL would
recon®gure the repressive nucleoprotein com-
plex, displacing HDACs and allowing Gcn5 and/
or PCAF binding (Fig. 2). This might occur via
competition for HDAC binding, but this seems
unlikely based on the low concentration of NIC

needed to maximally transactivate, which is
likely to be considerably less than the concen-
trations of HDACs. Other nuclear factors such
as LAG-3 (in C. elegans)/mastermind (Mam1)
(in mice) and ski interacting protein (SKIP)
function in a complex with CSL and are impor-
tant for NIC-mediated transactivation. Coop-
erative interactions between these factors to
form a higher-order nucleoprotein complex may
suf®ce to displace HDACs. Thus, a complex
interplay between HATs and HDACs serves as
an important determinant of Notch signaling,
analogous to other nuclear signaling systems,
most notably the nuclear hormone receptor
superfamily.

Given the integral role of chromatin remodel-
ing in DNA replication, transcription, recombi-
nation, and repair, one might expect the
remodeling machinery to be highly regulated
by signaling mechanisms. Phosphorylation of
transactivators can facilitate HAT recruitment
[Goldman et al., 1997], and HATs can be

regulated via direct phosphorylation [Lu et al.,
1998]. In addition to non-histone protein phos-
phorylation, Rsk2-mediated phosphorylation of
histone H3 facilitates H3 acetylation [Lo et al.,
2000], showing that distinct signals can coop-
eratively regulate remodeling. As histone acet-
ylation can be modulated by the small GTPase
Cdc42 [Alberts et al., 1998], Rsk2- and Cdc42-
dependent pathways might interact to control
remodeling. Histones can also be ubiquitinated
[Nickel et al., 1989], but nothing is known about
the control of this modi®cation. Lastly, the ATP-
dependent chromatin remodeling enzyme Swi/
Snf is regulated by mitogenic signaling [King-
ston and Narlikar, 1999]. We predict that a
major mode of cross-talk between Notch and
other pathways involves the integration of
signals in the nucleus that control chromatin
remodeling.

Future Directions

A number of questions regarding links bet-
ween Notch signaling, chromatin remodeling,
and leukemogenesis arise from the work revie-
wed in this article. First, it will be critical to
de®ne how frequent Notch deregulation occurs
in human T-cell leukemias, whether this corre-
lates with aggressiveness or responsiveness to
chemotherapy, and whether Notch perturba-
tions accompany other forms of leukemia.
Second, is T-cell differentiation the only aspect
of hematopoiesis regulated by Notch signaling
in vivo? In vitro studies certainly suggest broa-
der roles. The answer to this question should
result from the analysis of hematopoietic-spe-
ci®c and compound knockouts of Notch rece-
ptors and ligands. Furthermore, conditional
knock-outs that bypass early embryonic leth-
ality may reveal unique requirements of Notch
signaling in controlling primitive erythropoi-
esis. Third, does the leukemogenic activity of
overexpressed NIC involve hyperactivation or a
Notch-independent mechanism? Identifying
the NIC sequences required for leukemogenesis
and the relevant interactions will allow one to
distinguish between these mechanisms.Fourth,
if the evidence supports hyperactivation, it
becomes critical to de®ne physiological target
genes for Notch and NIC induced factors such as
HRY. Given the progress in using microarrays
to identify differentially expressed genes, this
approach is likely to be productive. If the evi-
dence supports a Notch-independent mechan-
ism, the identity of nonphysiological NIC
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interactors will be important. Quantitative
biochemical studies to de®ne the cellular con-
centrations of NIC and interactors and the
af®nity of the interactions will allow one to
assess whether NIC sequesters a signi®cant
amount of the interactor, thus derailing the
corresponding cellular pathway. Both nonphy-
siological and physiological interactors may be
sequestered by overexpressed NIC. Interactions
between NIC and chromatin remodeling factors
such as GCN5 and PCAF might be of particular
relevance. Clearly, more work is required to
solidify links between Notch signaling, chroma-
tin remodeling, and leukemogenesis.

REFERENCES

Alberts AS, Geneste O, Treisman R. 1998. Activation of
SRF-regulated chromosomal templates by Rho-family
GTPases requires a signal that also induces H4 hyper-
acetylation. Cell 92:475±487.

Annaert W, De Strooper B. 1999. Presenilins: molecular
switches between proteolysis and signal transduction.
Trends Neurosci 22:439±443.

Artavanis-Tsakonas S, Rand MD, Lake RJ. 1999. Notch
signaling: cell fate control and signal integration in deve-
lopment. Science 284:770±776.

Bigas A, Martin DI, Milner LA. 1998. Notch1 and Notch2
inhibit myeloid differentiation in response to different
cytokines. Mol Cell Biol 18:2324±2333.

Brou C, Logeat F, Gupta N, Bessia C, LeBail O, Doedens JR,
Cumano A, Roux P, Black RA, Israel A. 2000. A novel
proteolytic cleavage involved in Notch signaling: the role
of the disintegrin-metalloprotease TACE. Mol Cell 5:
207±216.

BrownellJE,ZhouJ,RanalliT,KobayashiR,EdmondsonDG,
Roth SY, Allis CD. 1996. Tetrahymena histone acetyl-
transferase A: a homolog to yeast Gcn5p linking histone
acetylation to gene activation. Cell 84: 843±851.

Bruckner K, Perez L, Clausen H, Cohen S. 2000. Glycosyl-
transferase activity of Fringe modulates Notch-Delta
interactions. Nature 406:411±415.

Capobianco AJ, Zagouras P, Blaumueller CM, Artavanis-
Tsakonas S, Bishop JM. 1997. Neoplastic transformation
by truncated alleles of human NOTCH1/TAN1 and
NOTCH2. Mol Cell Biol 17:6265±6273.

Chu J, Bresnick EH. 2000. unpublished data.
Cornell M, Evans DA, Mann R, Fostier M, Flasza M,

Monthatong M, Artavanis-Tsakonas S, Baron M. 1999.
The Drosophila melanogaster suppressor of deltex gene,
a regulator of the Notch receptor signaling pathway, is an
E3 class ubiquitin ligase. Genetics 152:567±576.

Deftos ML, Huang E, Ojala EW, Forbush KA, Bevan MJ.
2000. Notch1 signaling promotes the maturation of CD4
and CD8 SP thymocytes. Immunity 13:73±84.

Ellisen LW, Bird J, West DC, Soreng AL, Reynolds TC,
Smith SD, Sklar J. 1991. TAN-1, the homolog of the Dro-
sophila notch gene, is broken by chromosomal transloca-
tions in T lymphoblastic neoplasms. Cell 66: 649±661.

Felli MP, Maroder M, Mitsiadis TA, Campese AF, Bellavia
D, Vacca A, Mann RS, Frati L, Lendahl U, Gulino A,

Screpanti I. 1999. Expression pattern of notch1, 2, and 3
and Jagged1 and 2 in lymphoid and stromal thymus com-
ponents: distinct ligand-receptor interactions in intra-
thymic T cell development. Int Immunol 11:1017±1025.

Freemont PS. 2000. RING for destruction. Curr Biol 10:
84±87.

Goldman PS, Tran VK, Goodman RH. 1997. The multi-
functional role of the co-activator CBP in transcriptional
regulation. Recent Prog Horm Res 52:103±119.

Grant PA, Duggan L, Cote J, Roberts SM, Brownell JE,
Candau R, Ohba R, Owen-Hughes T, Allis CD, Winston F,
Berger SL, Workman JL. 1997. Yeast Gcn5 functions in
two multisubunit complexes to acetylate nucleosomal
histones: characterization of an Ada complex and the
SAGA (Spt/Ada) complex. Genes Dev 11:1640±1650

Guan E, Wang J, Laborda J, Norcross M, Baeuerle PA,
Hoffman T. 1996. T cell leukemia-associated human
Notch/translocation-associated Notch homologue has I
kappa B-like activity and physically interacts with nucl-
ear factor kappa B proteins in T cells. J Exp Med 183:
2025±2032.

Hadland BK, Kanungo J, Gridley T, Kopan R, Longmore
GD. 1999. Primitive erythropoiesis is enhanced during in
vitro differentiation of notch-1 null embryonic stem cells.
Blood 94:255a, Abstract 1129.

Hager GL, Archer TK, Fragoso G, Bresnick EH, Tsuka-
goshi Y, John S, Smith CL. 1993. In¯uence of chromatin
structure on the binding of transcription factors to DNA.
Cold Spring Harb Symp Quant Biol 58:63±71.

Hershko A, Ciechanover A. 1998. The ubiquitin system.
Ann Rev Biochem 1998:425±479.

Hsieh JD, Hayward SD. 1995. Masking of the CBF1/RBPJk
transcriptional repression domain by Epstein-Barr virus
EBNA2. Science 268:560±563.

Hsieh JJ, Zhou S, Chen L, Young DB, Hayward SD. 1999.
CIR, a corepressor linking the DNA binding factor CBF1
to the histone deacetylase complex. Proc Natl Acad Sci
USA 96:23±28.

Huang K, Johnson KD, Petcherski AG, Vandergon T,
Mosser EA, Copeland NG, Jenkins NA, Kimble J,
Bresnick EH. 2000. A HECT domain ubiquitin ligase
closely related to the mammalian protein WWP1 is
essential for Caenorhabditis elegans embryogenesis.
Gene 252:137±145.

Jeffries S, Capobianco AJ. 2000. Neoplastic transformation
by Notch requires nuclear localization. Mol Cell Biol 20:
3928±3941.

Jiang R, Lan Y, Chapman HD, Shawber C, Norton CR,
Serreze DV, Weinmaster U, Gridley T. 1998. Defects in
limb, craniofacial, and thymic development in Jagged2
mutant mice. Genes Dev 12:1046±1057.

Kageyama R, Nakanishi S. 1997. Helix-loop-helix factors in
growth and differentiation of the vertebrate nervous
system. Curr Opin Genes Dev 7:659±665.

Kato H, Taniguchi Y, Kurooka H, Minoguchi S, Sakai T,
Nomura-Okazaki S, Tamura K, Honjo T. 1997. Involve-
ment of RBP-J in biological functions of mouse Notch1
and its derivatives. Development 124:4133±4141.

Kimble J, Simpson P. 1997. The LIN-12/Notch signaling
pathway and its regulation. Ann Rev Cell Dev Biol 13:
333±361.

Kingston RE, Narlikar GJ. 1999. ATP-dependent remodel-
ing and acetylation as regulators of chromatin ¯uidity.
Genes Dev 13:2339±2352.

52 Bresnick et al.



Kurooka H, Honjo T. 2000. Functional interaction between
the mouse notch1 intracellular region and histone
acetyltransferases PCAF and GCN5. J Biol Chem 275:
17211±17220.

Lam LT, Bresnick EH. 1996. A novel DNA binding protein,
HS2NF5, interacts with a functionally important seq-
uence of the human b-globin locus control region. J Biol
Chem 271:32421±32429.

Lam LT, Bresnick EH. 1998. Identity of the beta-globin
locus control region binding protein HS2NF5 as the
mammalian homolog of the Notch-regulated transcrip-
tion factor Suppressor of Hairless. J Biol Chem 273:
24223±24231.

Lam LT, Ronchini C, Norton J, Capobianco AJ, Bresnick
EH. 2000. Suppression of erythroid but not megakar-
yocytic differentiation of human K562 erythroleukemic
cells by Notch-1. J Biol Chem 275:19676±19684.

Lee TI, Causton HC, Holstege FC, Shen WC, Hannett N,
Jennings EG, Winston F, Green MR, Young RA. 2000.
Redundant roles for the TFIID and SAGA complexes in
global transcription. Nature 405:701±704.

Li L, Milner LA, Deng Y, Iwata M, Banta A, Graf L,
Marcovina S, Friedman C, Trask BJ, Hood L, Torok-
Storb B. 1998. The human homolog of rat Jagged1 exp-
ressed by marrow stroma inhibits differentiation of 32D
cells through interaction with Notch1. Immunity 8:43±
55.

Lo WS, Trievel RC, Rojas JR, Duggan L, Hsu JY, Allis CD,
Marmorstein R, Berger SL. 2000. Phosphorylation of
serine 10 in histone H3 is functionally linked in vitro and
in vivo to Gcn5-mediated acetylation of lysine 14. Mol
Cell 5:917±926.

Lu YZ, Chrivia JC, Latchman DS. 1998. Nerve growth
factor upregulates the transcriptional activity of CBP
through activation of the p42/p44 (MAPK) cascade. J Biol
Chem 273:32400±32407.

Moloney DJ, Panin VM, Johnston SH, Chen J, Shao L,
Wilson R, Wang Y, Stanley P, Irvine KD, Haltiwanger RS,
Vogt TF. 2000. Fringe is a glycosyltransferase that
modi®es Notch. Nature 406:369±375.

Mumm JS, Schroeter EH, Saxena MT, Griesemer A, Tian X,
Pan DJ, Ray WJ, Kopan R. 2000. A ligand-induced
extracellular cleavage regulates gamma-secretase-like
proteolytic activation of Notch1. Mol Cell 5:197±206.

Nickel BE, Allis CD, Davie JR. 1989. Ubiquitinated histone
H2B is preferentially located in transcriptionally active
chromatin. Biochemistry 28:958±963.

Ogryzko VV, Kotani T, Zhang X, Schlitz RI, Howard T,
Yang XJ, Howard BH, Qin J, Nakatani Y. 1998. Histone-
like TAFs within the PCAF histone acetylase complex.
Cell 94:35±44.

Pear WS, Aster JC, Scott ML, Hasserjian RP, Soffer B,
Sklar J, Baltimore D. 1996. Exclusive development of T
cell neoplasms in mice transplanted with bone marrow
expressing activated Notch alleles. J Exp Med 183:2283±
2291.

Pui JC, Allman D, Xu L, DeRocco S, Karnell FG, Bakkour S,
Lee JY, Kadesch T, Hardy RR, Aster JC, Pear WS.
1999. Notch1 expression in early lymphopoiesis in¯u-
ences B versus T lineage determination. Immunity 11:
299±308.

Qiu L, Joazeiro C, Fang N, Wang HY, Elly C, Altman Y,
Fang D, Hunter T, Liu YC. 2000. Recognition and
ubiquitination of Notch by Itch, a Hect-type E3 ubiquitin
ligase. J Biol Chem 275:35734±35737.

Radtke F, Wilson A, Stark G, Bauer M, van Meerwijk J,
MacDonald HR, Aguet M. 1999. De®cient T cell fate
speci®cation in mice with an induced inactivation of
Notch1. Immunity 10:547±558.

Robey E, Chang D, Itano A, Cado D, Alexander H, Lans D,
Weinmaster G, Salmon P. 1996. An activated form of
Notch in¯uences the choice between CD4 and CD8 T cell
lineages. Cell 87:483±492.

Schroeder T, Just U. 2000. Notch signaling via RBP-J
promotes myeloid differentiation. EMBO J 19:2558±
2568.

Schwarz SE, Rosa JL, Scheffner M. 1998. Characterization
of human hect domain family members and their inter-
action with UbcH5 and UbcH7. J Biol Chem 273:12148±
12154.

Strahl BD, Allis CD. 2000. The language of covalent histone
modi®cations. Nature 403:41±45.

Swiatek PJ, Lindsell CE, del Amo FF, Weinmaster G,
Gridley T. 1994. Notch1 is essential for postimplantation
development in mice. Genes Dev 8:707±719.

Tse C, Sera T, Wolffe AP, Hansen JC. 1998. Disruption
of higher-order folding by core histone acetylation
dramatically enhances transcription of nucleosomal
arrays by RNA polymerase III. Mol Cell Biol 18:4629±
4638.

Xu T, Artavanis-Tsakonas S. 1990. deltex, a locus inter-
acting with the neurogenic genes, Notch, Delta and
mastermind in Drosophila melanogaster. Genetics 126:
665±677.

Cellular Communication 53


	Molecular Components of the Notch Signaling Pathway: Multiple Ligands, Receptors, and More
	Fig. 1

	Control of Hematopoiesis by Notch Signaling: Lineage-Speci®c Actions?
	Lymphopoiesis
	Myelopoiesis
	Erythropoiesis
	Notch Signaling Gone Awry: An Etiological Role in Acute T-cell Lymphoblastic Leukemia?
	Molecular Mechanisms Underlying N Leukemogenesis: Is the Physiological Notch Pathway Even Relevant?
	Chromatin Remodeling as an Essential Step in Notch Signaling
	Fig. 2

	Future Directions
	REFERENCES

