Nuclear Hormone Receptors and
Notch: Their Roles in Lymphocyte
Development and Cell Fate Decision
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The nuclear hormone receptor protein family is a group of proteins that play
crucial roles in development, organ formation and homeostasis in mammals.
Some of the family members have been shown to trigger apoptotic cell death in
various organs such as immune cells and the neuronal system. This review will
summarize the roles this group of proteins plays in shaping T lymphocyte
populations during thymic development. Furthermore, the link between apoptosis
induced by the nuclear hormone receptors and another developmental signaling
cascade, Notch, will be discussed. Notch is an evolutionarily well conserved
signaling pathway playing an important role in cell fate decisions during tissue
development. Aberrant Notch signaling has been implied in altered T lymphocyte
populations and tumor formation. Finally, the models to explain how Notch
interferes with the nuclear hormone receptor mediated cell death will be proposed.
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INTRODUCTION

Apoptotic cell death during
development is essential for removing
excess and no longer needed cells in a
highly regulated manner. These
phenomena are observed in the
developmental processes of all multicellular
organisms, ranging from worms to flies,
mice and humans. Once the organisms
develop to mature adults, apoptosis plays an
important role in maintaining homeostasis.
Misregulation of apoptosis in any stage
during development can give rise to a fatal
consequence in the organism. Although
the final outcome of apoptosis, whenever
it takes place, is death and removal of
doomed cells, the early events leading to
the final outcome can be diverse and are
mediated by a broad range of intracellular
signals. Just as pro-apoptotic signalings are
diverse, the signals antagonistic to apoptotic
events exist and can be mediated similarly
by diverse signaling pathways. Balancing
the pro- and anti-apoptotic signalings is
important in regulating cell death at the
physiological level.

Signaling through nuclear hormone
receptors (NHRs) is one of many means of
regulating cell death.!”  Based on
conserved DNA binding, ligand binding
and activation domains, NHRs form a
large protein family (Figure 1). Two
classes of NHRs are identified to date,
based on the existance of the endogenous
ligands. The ligand-dependent NHRs,
such as steroid hormone receptors, i.e.
estrogen and glucocorticoid receptors, are
activated by ligand binding, thus, they are
ligand-gated transcription factors.” The
NHRs, whose ligand has not been
identified, classified as orphan nuclear
receptors, are activated by protein
modification, such as phosphorylation.”’
Activated NHRs function in the nucleus as
transcriptional activators to transcribe
their target genes. Some activated NHRs
such as glucocorticoid receptors function
by forming a complex with other
transcription factors and interfere with
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their transcriptional ability.” In addition

to their biological activities during
activation, some of them have been shown
to play an important role when they are in
an inactive stage as a transcriptional
repressor. In an inactive stage, they act as
transcriptional repressors by binding to
consensus sites within the promoter of the
target genes and recruiting the basal
transcriptional repressors.”

NHRs have been shown to regulate
apoptotic cell death during development in
many organisms. Insect steroid hormone
ecdysone and its receptor, ecdysone
receptor, play an important role in
regulating apoptotic cell death in tissue
remodeling during metamorphosis.®”
Thyroid hormone receptor is involved in
tissue remodeling during amphibian
metamorphosis.*’ An orphan nuclear
receptor, Nur77 and its related family
members, i.e. Nurrl and Norl, are
essential in T cell receptor (TCR)-
mediated cell death in developing T
lymphocytes.”) Recently cloned murine
orphan receptor retinoid related orphan
receptor gamma (RORgamma) has been
shown to regulate survival and
differentiation of thymic T cells.”'?
Retinoic acid receptor (RAR) also plays an
important role in regulating cell death of T
lymphocytes.!" Therefore, the functions
of NHRs in regulating apoptotic processes
are  evolutionarily well conserved and
widely utilized during development and
maintenance of homeostasis.

This review discusses the nature of
NHR-mediated cell death during thymic
development by focusing on the two
NHRs, Nur77 and glucocorticoid receptor
(GR). Furthermore, the role of Notch
signaling pathways as a common
antagonistic signal to the pro-apoptotic
activity of NHRs will be discussed. Finally,
a hypothesis underlying the molecular
events leading to inhibition of cell death
by Notch signaling will be proposed.
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Figure 1. Basic structure of NHR family protein and its activation pathway.
A. Conserved basic structure of the NHR family protein. DNA binding

domain and ligand binding domain are well conserved. The
transactivation domain binds basic transcriptional activation
complex.

Activation of NHR by ligand binding. Lipophilic hormone diffuses
through the cell membrane and binds specifically to the ligand
binding domain of the NHR. This engagement triggers the
conformational changes and nuclear translocation of the NHR. In the
nucleus, NHR binds to a specific response element and recruits the
basic transcriptional activation complex and acts to regulate the

transcriptions of target genes.

NHRs and cell death during thymic
development

T lymphocytes are major
lymphocytes functioning in cell-mediated
immune response. T lineage cells develop
from common lymphoid progenitors
residing in the bone marrow.
Developmental processes of T lineage
cells involve multiple checkpoints and
steps in cell fate decisions leading to the
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generation of functionally mature T
lymphocytes within the thymus.'? A
large excess number of cells is generated
at an early stage of T lymphocyte
development. Through multiple selection
processes, to ensure that only useful and
harmless T lymphocytes survive, most
cells among this large pool of cells are
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induced to die by apoptosis, and only 1 to
2% of the cells survive to become mature
T cells that function in the periphery.(m
Therefore, apoptosis during thymic
development is crucial in shaping T cell
repertoire.

The developmental process of T
lineage cells is transcriptionally controlled
and often accompanied by changes in
expression of cell surface antigens (Figure
2).(12) From the common lymphoid
progenitors, the first cell fate decision to
be made is whether to become T or B
lineage cells. Once they are committed to
T lineage cells, cells start to rearrange one
of the two chains composing T cell
receptor (TCR), a molecule T
lymphocytes use to recognize antigens.
Influenced by the rearranged TCR and
other unknown factors, cells will develop
toward either oy or yd T cell lineages, two
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entirely different subsets of T ymphocytes.
While a3 T cells are the major T cell
population in humans and mice, yd T cells
comprise only 1 to 5% of the total within
the lymphoid organs of mature adults.
The development of the yd T cell subset is
not entirely understood. After this step,
af T cells develop further into a CD4
CDS8" double negative (DN) stage. Only
cells expressing functional TCR are
selected to proliferate (a process termed 3
selection) and become CD4'CD8" double
positive (DP) cells. Most developing
thymocytes are induced to die during the
DP stage. The random rearrangement of
TCR is a major event during the
developmental process of T lineage cells.
The random rearrangement aims at
creating diversification of TCR in order to
deal with the unlimited diversity of
antigens our bodies encounter in our lives.
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Figure 2. Development of T lymphocytes from common lymphoid precursors to
mature functional CD4 or CD8 SP lymphocytes is depicted. The steps
whereby Notch has been suggested to play a crucial role are indicated.

During the DP stage, cells go
through two important selection processes,
negative and positive selection. These
selection processes are to ensure that
randomly rearranged TCRs expressed on
the cell surface of T cells are functional,
i.e. recognize major histocompatibility
complex (MHC) molecule (MHC
restriction) and harmless to self (self-
tolerance), i.e. binding to self antigen with
low affinity. The nature of MHC
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restriction is unique to T lymphocytes,
since they recognize antigens only in the
context of MHC/peptide complex (a
process called antigen presentation).
Although the molecular events leading to
negative and positive selection are not
well understood, multiple signaling
pathways, the duration, and strength of the
signals have all been shown to play an
important role during these complicated
processes.'¥ T cells bearing TCR with a
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high affinity to self-peptide/self MHC
complex or self MHC alone, are
potentially harmful by developing
autoimmune disorders and are removed by
apoptosis (negative selection). This
process is speculated to be mediated partly
by an orphan nuclear hormone receptor of
the Nur77 protein family.">'” T cells
expressing TCR that recognizes self MHC
molecules are provided with survival
signals through TCR and further develop
to mature CD4 or CDS8 single positive
(SP) T cells (positive selection). T cells
bearing TCR with low affinity to self-
peptide MHC complex and unable to
recognize antigens are left without any
input of the survival signal and eventually
die off. This process is termed “death by
neglect” and is postulated to be induced
by the thymic stromal cells-derived steroid
hormone glucocorticoid."® Tt is
hypothesized that the signals from TCR
and glucocorticoid are antagonistic to each
other and the balance between the two
signals thought is to rescue cells from
apoptosis as cells undergo positive
selection.'*!?)

Nur77 was originally isolated as an
immediate early gene induced in neuronal
cells upon treatment with nerve growth
factor.*” By subtractive hybridization of
RNA prepared from T cell hybridomas
induced to die by TCR cross linking, it has
been re-identified as an early response
gene necessary for apoptosis induced in
thymocytes upon TCR cross-linking.*'*?
Later, it was shown in a transgenic mouse
model that overexpression of the Nur77
resulted in massive thymocyte apoptosis."”
Dominant negative form of Nur77 lacking
a transactivation domain, when
overexpressed in thymocytes, inhibited
antigen-induced negative selection in a
mouse model leading to increased self-
reactive thymocytes.(23) Because of
functional redundancy among the
members of the Nur77 family (Nur77,
Nurrl and Nor-1), targeted deletion of
Nur77 alone did not yield any obvious
phenotype.*Y By overexpressing a
dominant negative form of Nur77, which

134
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inhibits the transcriptional activity of all
members of the family, apoptosis of
thymocytes is blocked.”> In addition,
expression of Nur77 is detected in
thymocyte subset undergoing clonal
deletion in unmanipulated thymus.®
Taken together, these results imply an
essential role of the Nur77 protein family
in negative selection and apoptotic cell
death of developing thymocytes induced
by TCR cross linking. How Nur77
expression leads to cell death of
thymocytes is not clear. Interestingly,
Nur77 has been shown to localize to the
mitochondria in dying cells and this
translocation is essential for its
pro-apoptotic activity suggesting an
unprecedented mechanism for NHRs to
regulate cell death directly from the
mitochondria.*”

Steroid hormone glucocorticoid is
long known to induce thymic involution
upon administration in vivo. It is wildly
used as an anti-inflammatory agent and
immunosuppressant. Glucocorticoid
functions as a ligand for GR, which
belongs to a steroid hormone receptor
protein family, along with estrogen and
progesterone receptor. Most developing
thymocytes are susceptible to GR-
mediated cell death in vitro, but
thymocytes in different developmental
stages show different susceptibility to this
hormone. Cells in the DP stages are most
susceptible, while cells in the SP stage are
less susceptible. Activated GR is
postulated to directly or indirectly regulate
transcription of genes leading to cell death,
but the signaling events down stream of
GR activation are not well understood.
DNA-binding defective GR completely
lost the ability to induce apoptosis of the
thymocytes when engaged by its ligands,
while it still retained other physiological
activities such as anti-inflammatory
function.®® Therefore, DNA binding of
GR is necessary for inducing apoptosis in
thymocytes. Two lines of evidence imply
that GR-mediated cell death may involve
degradation of anti-apoptotic protein. GR
activation in thymocytes has been shown
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to lead to selective degradation through
the ubiquitin proteasome pathway of the
anti-apoptotic protein, XIAP.*? 1In
addition, inhibitor specific for the
proteasome activity has been shown to
block cell death induced by glucocorticoid
in thymocytes.®” Therefore, GR-mediated
cell death of thymocytes may utilize the
proteasome pathway for selective
degradation of the anti-apoptotic proteins
leading to cell death. Whether GR plays a
key role in the developmental processes of
thymocytes at the physiological level are
still controversial. While several groups
reported the severe effects on thymic
development when the level of GR is
decreased by using a GR anti-sense mouse
model, others have reported that there is
no effect on development of thymocytes

when GR null fetal thymi was analyzed.®"
32)

Notch signaling pathway

Notch signaling is a well conserved
signaling pathway involved in a broad
range of cell fate specifications during
development of metazoans (Figure 3).°”
Notch receptor is a single pass
transmembrane protein expressed on the
cell surface. The extracellular domain is
rich in epidermal growth factor like
repeats, while the intracellular domain
contains several key motifs, including six
ankyrin repeats and the PEST motif.
There are four Notch proteins identified in
mammals (Notch 1-4), while there is only
one found in Drosophila, and two
members are identified in nematode
Caenorhabditis elegans (Linl2, Glp-1).
The signaling pathway is activated by
binding of the ligand to the receptor.
There are multiple Notch ligands
identified across species. There are at
least five mammalian Notch ligands
identified to date, i.e. Jagged 1-2, Delta-
like 1, 3, 4. Both ligands and receptors show
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distinctive patterns of expression
temporally and spatially, through the
developmental stages. Therefore, it is
likely that each receptor and ligand
interaction plays a distinctive role in
different tissues at different times. The
existence of multiple ligands and receptors
complicates the studies into the role of
Notch. It remains unclear whether each
Notch receptor responds similarly to all
ligands or if the combination of each
receptor-ligand yields a similar outcome or
physiological condition.

Multiple lines of evidence suggest
that Notch functions in the nucleus using
the intracellular domain after activation by
ligand binding (Figure 3). In Drosophila,
when an intracellular form of Notch is
overexpressed, it gives rise to the
phenotype similar to a constitutively active
Notch phenotype and an intracellular
domain of Notch is exclusively found in
the nucleus suggesting that Notch
functions upon being processed.*>
Once Notch is bound by its ligand, the
successive two proteolitical cleavage
events mediated by the tumor necrosis
factor oa-converting enzyme and
y-secretase, lead to the cleavage of Notch
within the transmembrane domain.®**”
This proteolytic event results in releasing
of the intracellular domain of Notch from
the rest of the protein. Once released, the
intracellular Notch translocates to the
nucleus where it forms a heterodimer with
a DNA-binding protein of the CSL protein
family (CBF-1 (mammals) /Suppressor of
Hairless (Drosophila) /Lag 1 (C. elegans)).®
CSL and Notch heterodimer act as a
transcriptional activator to transcribe
Notch target genes. Various genes are
identified as the Notch pathway target
genes, such as a small basic helix-loop-
helix HES protein family.
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Figure 3. The basic structure of the Notch protein family is shown. Extracellular
EGF-like repeats and intracellular ankyrin repeats are well conserved
among the members of this family. The signaling pathway is activated
by ligand binding and subsequent multiple enzymatic cleavages of the
protein to release an intracellular domain. The released intracellular
domain migrates to the nucleus and forms a transcriptional activation
complex with CSL and transcriptional co-activator.

The most well characterized
example of the role Notch plays in
regulating cell fate decisions is during
neuronal development (Figure 4). During
development of Drosophila embryos, the
neuronal cells and epidermal cells are
derived from common precursor cells.
Notch signal is active in epidermal cells
and necessary for epidermal cell fate
specification, while the neuronal cells
contain very little Notch activity. When
Notch is overexpressed during this stage,
neuronal cells failed to develop and excess
epidermal cells were observed.®? In
contrast, decreasing Notch activity
resulted in excess neuronal cells at the
expense of epidermal cells.®? Therefore,
in this instance, Notch signaling is
necessary for commitment to epidermal
cell fate, while it is dispensable for
neuronal cell fate specification. The slight
difference in the Notch signaling in two
neighboring cells at the beginning of the
developmental process is amplified by
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upregulation of Notch receptor and down
regulation of the ligands in the signal
receiving cell, while the signal sending
cell does the opposite, i.e. down regulation
of Notch receptor and upregulation of
ligands. In this manner, Notch signal
receiving cell adopts an epidermal cell
fate, while the signal sending cell adopts a
neuronal cell fate.

Many examples have been reported
where Notch signaling played an essential
role in cell fate specification at the branch
point of the steps of cell fate decisions,
such as during muscle, neuronal and
thymic development.”? During thymic
development, both Notch receptors and
ligands are expressed dynamically and
have been viewed as one of the most
crucial signalings regulating cell fate
decision in T lymphocytes.®” Notchl has
been shown to be necessary and sufficient
for T cell development.“” Recently, Notch
signaling has been shown to be involved in
post-thymic T cell functions.”

J. Sci. Res. Chula. Univ., Vol. 29, No.2 (2004)
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In general, Notch signaling is
perceived as the signal to keep cells in an
undifferentiated state until the next
developmental cue directs another round
of cell fate specification. Misregulation of
Notch, therefore, often results in cell fate

Common Precursor Cells

Common Precursor Cells

transformation. An important role of
Notch during development is highlighted
by the embryonic lethality of targeted gene
disruption in the mouse model. Targeted
deletion of Notchl and Notch2 in mouse
are embryonic lethal at a very early stage
of development.***

Epidermal cell

M

Anti-neurogenic Phenotype

Neuronal cell

Neurogenic Phenotype

Neuronal cell

Figure 4. During differentiation of neuronal cell and epidermal cell from common
precursor cell, Notch favors an epidermal cell fate over a neuronal cell
fate. When Notch is aberrantly expressed, an epidermal cell develops at
the expense of a neuronal cell (A). If Notch signaling is disrupted, a
neuronal cell develops at the expense of an epidermal cell (B).

Notch signaling and NHR-mediated
apoptosis

The efforts to identify anti-apoptotic
signal components for apoptosis of
developing thymocytes have been made
independently in two laboratories. The
first one was carried out using expression
cloning strategy by infecting thymomas
cell line with the retroviral constructs
prepared from thymic ¢cDNA library.“*?
The selection of infected cells resistance
to GR-mediated cell death resulted in
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identifying a cDNA encoding a truncated
form of Notch protein.*”  This study
further showed that overexpression of a
truncated form of Notch mimicking the
processed form of Notch both in T cell
hybridomas and thymocytes rescued cells
from undergoing apoptosis upon
glucocorticoid treatment.  The second
study was carried out using a yeast two
hybrid screen to identify the binding
partner for Nur77.*”’ This screen yielded
multiple positive clones encoding a
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truncated Notch protein. It was further
shown that overexpression of truncated
Notch rescued T cell hybridomas from
cell death induced by TCR cross linking
or pharmacological reagents phorbol-12-
myristate-13-acetate and calcium
ionophore treatment.*” These two studies
have shown for the first time that Notch
signaling is capable of antagonizing the
pro-apoptotic effect of NHRs in T cells.
However, the molecular events underlying
this anti-apoptotic effect of Notch are
largely unclear. In one T cell hybridoma
line, an anti-apoptotic gene Bcl2 is
upregulated when Notch is overexpressed.*”
This effect seemed to be a cell line
specific effect and not a general
mechanism Notch signal utilizes to oppose
NHR-mediated cell death.

The role Notch plays in thymocyte
apoptosis is studied mostly by
overexpressing a truncated active form of
Notch proteins. Since Notch signaling is
pleiotropic, such an approach may render
unknown side effects and the results
gaining from such approach may not
reflect an in vivo function of Notch. To
circumvent this problem, we studied the
role Notch plays in thymocytes apoptosis
by using anti-sense Notch transgenic
mice, where the expression of Notchl is
partly decreased.“” A decrease in Notchl
expression significantly renders
thymocytes more susceptible to GR-
induced apoptosis, compared to the
control wild type (manuscript in
preparation). This result is consistent with
an anti-apoptotic role of Notch in
developing thymocytes. Notch signal has
emerged as an anti-apoptotic signal
regulating cell death induced by NHRs, a
function which may be well conserved
through evolution.

In developing thymocytes, Notch
signaling negatively regulates the activity
of NHRs. The functional interaction
between Notch and NHRs may be one of
many ways Notch regulates cell fate
decisions. To this end, Notch signaling
has been shown to regulate the activity of
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NHRs in some instances. Notch has been
shown to regulate the expression of
peroxisome proliferation activator receptor
(PPAR), an NHR involved in
adipogenesis.*®  Decreased Notch
expression resulted in less PPAR
expression, and as a result, differentiation
to adipocytes is inhibited.

In contrast to an anti-apoptotic effect
of Notch, some studies have implicated
that Notch also positively regulates
apoptosis.  During Drosophila eye
development, multiple local signalings
direct a highly regulated pattern of
Drosophila retina.” In this tissue, Notch
has been shown to be essential for
apoptosis of unneeded cells during
patterning of the tissue. This pro-
apoptotic activity of Notch is counteracted
by survival signals generated by the Ras
pathway.“” Notch also induces apoptosis,
when overexpressed, in chicken B cell line
accompanied by cell cycle arrest.*®
Taken together the studies suggest that
Notch signaling is able to manipulate the
signaling leading to cell death in a cell-
type dependent and context-dependent
manner. Notch may not inhibit or induce
apoptosis directly, but it may modulate the
upstream early signaling, as seen in NHR-
mediated cell death in T cells and insect
tissues during metamorphosis.

How Notch regulates cell death
decisions?

The observations that Notch
signaling interferes with NHR-mediated
cell death added Notch to the growing list
of anti-apoptotic signals. An anti-
apoptotic effect of Notch may help explain
its involvement in tumor formations.“**””
However, the molecular events leading to
this activity are largely unknown. There
are multiple lines of evidence suggesting
that Notch may act through various
pathways to achieve the outcome as an
anti-apoptotic signaling. The potential
apoptotic signals that Notch may interact
with and regulate are discussed below.

J. Sci. Res. Chula. Univ., Vol. 29, No.2 (2004)
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1) Interaction with the NF-xB/Rel pathway

NF-kB pathway plays a significant
role in development, differentiation,
proliferation and cell death of T
lymphocytes. NF-kB/Rel signaling has
been shown to be either pro- or anti-
apoptotic, depending on the context in
which it functions.®” Notch has been
shown to interact, either physically or
functionally, with the NF-xkB pathway.
Notch bound directly to one of the NF-«B
family protein, p50.C% This study
postulated that Notch utilized the ankyrin
repeats, similar to those of the intrinsic
NF-kB inhibitor, IxkB protein and
sequestered the p50 protein preventing it
from functioning as a transcription factor.
This protein-protein interaction affects the
availability of p50 in the cells. Thus,
depending on the amount of p50 and its
partner, another NF-«kB family protein,
p65, Notch can inhibit or enhance the
signal of p50/p65 heterodimer.
Furthermore, Notch has been shown to
interact and inhibit the DNA binding
activity of p50, using a different domain
besides the ankyrin repeats.””

On the other hand, Notch also has
been shown to directly promote NF-xB
activation. In truncated Notch 3 transgenic
mice where Notch 3 is overexpressed
specifically in T cells, NF-xB is
constitutively active.®” In another study,
Notch has been shown to regulate the NF-
kB pathway in hemopoietic progenitor
cells.®” When Notch expression is
decreased by expression of an antisense
construct, NF-kB activity decreased. This
is due to a decrease in an overall
expression of NF-xB/Rel proteins.
Therefore, in this case, Notch positively
regulates the gene expression of NF-k
B/Rel protein family. Interestingly, Notch
is shown to directly upregulate one of the
NF-kB family proteins, NF-kB2, through
CSL.®® In Epstein-Barr viral transformed
B cells, Notch signaling together with
TNF pathways are used by the virus to
sustain cell survival. In this case, NF-xB
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is essential for cell survival and inhibition
of NF-xkB leads to apoptosis of
transformed cells.®” Therefore, Notch
signaling, by modulating NF-xB activity
or gene expression, regulates the cell
survival and other biological processes
governed by NF-kB. Apart from being
regulated by Notch signaling, NF-xB
pathway also regulates the activity of
Notch signaling. This is achieved by
regulating the expression at the
transcriptional level of Notch ligand,
Jagged 1 in T lymphocytes.®® The intricate
interaction between Notch and NF-kB/Rel
signaling components may render Notch
both pro- and anti-apoptotic effect,
depending on the cell types and operating
NF-kB pathway components in the cells.

2) Interfering with the function of apoptotic
proteins

Notch has been identified through
the yeast two hybrid assay as a binding
partner of Nur77 in T cell hybridoma
system.” A recent study analyzed
protein-protein interaction between Nur77
and anti-apoptotic protein Bcl-2 and
showed a potential mechanism by which
Nur77 kills cells. Binding of Nur77 to
Bcel-2 triggered the conformational
changed of Bcl-2 and turned it into a pro-
apoptotic molecule.®”  Under the
condition when Notch is activated, Notch
may compete with Bcl-2 to bind to Nur77
and, thus, disrupt the fatal interaction
between Nur77 and Bcl-2.  Currently,
Nur77 is the sole NHR that is shown to
interact physically with Notch. Therefore,
this proposed mechanism can only explain
the anti-apoptotic effect of Notch against
Nur77-mediated cell death.  Further
investigations into the physical interaction
among NHRs, Notch and Bcl-2 apoptotic
family proteins are needed to confirm this
possible mechanism.

Several groups have shown in recent
years that Notch and tumor suppressor
gene p53 may interact genetically and
functionally. Notch activation induced
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upregulation of p53 in hepatocellular
carcinomas and resulted in p53-dependent
apoptosis of neuronal progenitor cells. "
On the other hand, loss of p53 in
thymomas resulted in activation of Notch
1 and altered thymic development.®”
Therefore, crossregulation between Notch
and p53 may be another strategy Notch
uses to regulate cell death decision.

3) Regulation of cell cycles and cell
proliferation

Notch signaling, when activated, has
a dramatic effect on cell cycle regulation.
The interference with cell cycle may be a
way Notch regulates apoptosis. In one
study, overexpression of activated Notch
in RKE cell lines resulted in an abrupt
induction of cell cycle regulator cyclinD1
and increased CDK2 activity, resulting in
promotion of cell cycle entry.®” The
presence of the CBF1 binding sites within
the promoter of cyclin D1 also suggests
that this activity of Notch is mediated in a
CBF1-dependent manner. Notch also
promotes cell proliferation through one of
its target genes, Hesl. This has been
shown in developing T cells by targeted
deletion of Hes!, and in cerebellar granule
neuron precursors by overexpressing
Hes.©!- 62

In contrast, Notch has also been
shown to induce cell cycle arrest in some
systems.(63'65) In some of these studies,
Notch activation leads to induction of
p2 1 WAFVEP i small cell lung cancer cells
and in keratinocytes, which results in cell
cycle arrest. % Therefore, the ability to
control cell cycle by Notch is context-
dependent, which may lead to different
outcomes regarding cell death.

Implications and future directions

If one regards cell death as one of
cell fates, Notch signaling as a regulator
of cell death induced by NHRs emerges as
one way Notch utilizes to interact with
cell fate decisions. Apart from the cell
death, the interaction between the two
pathways is of interest. Both Notch and
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NHRs have been shown separately to have
pleiotropic effects during development and
are essential in maintaining homeostasis in
the mature adult. The cross talk between
these two important pathways highlights
the fact that a single signaling pathway
does not operate independently, but rather
the intricate and complex interaction
between two pathways cause cells to
interpret developmental cues differently.
Therefore, misregulation of one pathway
is likely to affect the other and, hence,
affect cell fate decision.

The largely unknown mechanisms of
Notch in interfering with NHR activity
need further investigation. Since both
Notch and NHRs operate in many tissues
in different manners, the tissue specific
nature of each pathway needs to be taken
into consideration. Furthermore, until now,
overexpression of activated Notch was a
common tool to investigate the role of
Notch. The results gained from such
studies are informative but need to be
revisited as the superphysiological
expression of Notch may not at all reflect
its in vivo activity. To this end, decreasing
or targeted deletion of Notch is a better
way to gain an insight into the
physiological role Notch plays in
regulating NHR activity. In mammals, as
four Notch proteins exist, the functional
redundancy among the members also
needs to be taken into consideration.

Notch pathways have been linked to
tumor formation of many tissues, such as
lymphoid systems and breast tissues.®">*
It has been shown in vitro that activated
Notch is able to induce neoplastic
formation by cooperation with other
oncogenes, such as adenoviral E/4, c-myc
and E24-PBX1.5% " % Considering the
role Notch plays in tumorigenesis in many
tissues, it is likely that the ability of
hyperactivation of Notch to inhibit cell
death contributes to some extent to tumor
formation. Interfering with the Notch
signaling, such as through inhibition of the
processing of Notch or using Notch
“decoy” receptors may open up a novel

J. Sci. Res. Chula. Univ., Vol. 29, No.2 (2004)
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approach to the treatment of cancer in a
tumor and tissue specific manner.
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