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Background
The Notch receptor was originally discovered
in the early nineteen hundreds based on an
observation made in the fruit fly Drosophila
melanogaster, in which partial loss of function
resulted in characteristic notches at the wing
margin [1]. Further studies revealed that
mutations in Notch generated a neurogenic
phenotype at the expense of epidermis [2],
indicating a role for the receptor in restricting
cell fate choices during development. Today
we know that the highly regulated Notch
signaling pathway is involved in a wide array
of developmental processes and also in the
genesis of several human cancers. The general
view is that an active Notch signaling cascade
prevents progenitor cells from adapting a
primary cell fate by default, maintaining a
pool of undifferentiated proliferative cells,
a process referred to as lateral inhibition.
Many of the key components of the cascade
were originally recognized by loss of function
studies generating a neurogenic phenotype
resembling that of the Notch mutant. The
Notch signaling pathway is highly conserved
from Drosophila to humans and consists of
Notch receptors, ligands, positive and negative
modulators and down stream transcription
factors.

composed of tandem epidermal growth
factor (EGF)-like repeats (typically 36 in
Notch-1 and Notch-2, 34 in Notch-3 and 29
in Notch-4), followed by three cysteine-rich
Lin12/Notch repeats (LNR) that appear to
restrict improper, ligand-independent receptor
activation. The transmembrane Notch subunit
(TMN) contains a short extracellular part,
a membrane-spanning region and a large
intracellular domain. This intracellular Notch
(ICN) domain comprises a RAM sequence,
six cdc10/ankyrin-like repeats (ANK),
both involved in binding the transcriptional
repressor/activator CSL as described later,
two nuclear localization signals (NLS), and
a C-terminal PEST region rich in proline (P),
glutamine (E), serine (S) and threonine (T)
important for protein stability. In addition to
these subunits, Notch-1 to –3 contain cytokine
response sequences (NCR) C-terminal to the
ANK repeats and Notch-1 and –2 harbor
a transcriptional activation domain (TAD)
(reviewed in [7-9]).

The Notch ligands

There are two classes of related ligands in the
Notch signaling pathway, called Delta-like
(DLL-1, -3 and -4) and Jagged (JAG-1 and -2)
in mammals (Delta and Serrate in Drosophila
and Apx-1 and Lag-2 in Caenorhabditis
elegans (C. elegans) respectively) (Fig. 1)
[10, 11]. The ligands are transmembrane
proteins and contain multiple EGF repeats
in their extracellular domains similar to the
Notch receptors. In addition, both types of
ligands contain an N-terminal modified EGF
repeat referred to as the DSL (Delta/Serrate/
Lag-2) domain which is involved in receptor
interaction. The intracellular domains of the

The core axis of Notch signaling
The Notch receptors

The Notch receptors (Notch-1-4 in vertebrates)
[3-6]
are
single-pass
transmembrane
receptors composed of an extracellular part
non-covalently liked to the transmembrane
subunit extending into the cytoplasm (Fig.
1). The extracellular part of Notch (ECN)
consists largely of a ligand-binding domain
8
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Figure 1. Schematic illustration of the vertebrate Notch receptors and ligands as
described in the text. Modified from Radtke et al. [9].
ligands are short and poorly conserved. There
are data showing that some of the ligands are
sequentially cleaved to generate extracellular
and intracellular fragments (reviewed in
[12]). The intracellular fragments have been
proposed to transmit a signal into the ligand
bearing cell and it is also possible that the
released extracellular fragments might bind
the Notch receptors as soluble ligands. If this
results in receptor activation or is antagonistic
for Notch activation is not clear. Data also
suggest that cleavage of at least Delta in
Drosophila mediates its degradation, favoring
a scenario in which the ligands are active only
when membrane bound. (reviewed in [12]).
The mammalian Delta-like ligand (Dlk,
also referred to as pG2) is a transmembrane
protein containing multiple extracellular EGF
repeats, a transmembrane region and a short
cytoplasmic tail. The structure of the Dlk
EGF repeats show close homology to those
present in the Delta proteins, though one
important difference is that Dlk lacks the Nterminal DSL domain needed for interaction
with the Notch receptor. Still there are data
showing that Dlk is able to interact with

Notch-1 both in vitro and in vivo in mice
[13]. Dlk has been proposed to play a role
in several differentiation processes including
adipogenesis, hematopoiesis and adrenal
gland and neuroendocrine cell differentiation.
In addition, Dlk is expressed in tumors with
neuroendocrine features and might correlate
with maturation along the chromaffin lineages
[14, 15]. Interestingly it seems as if signaling
through Dlk-Notch interaction is inhibitory to
the Notch cascade in some cell types [13].

Proteolytic processing of Notch

The Notch receptors are synthesized as large
300 kDa proteins and modified by several
proteolytic cleavages before activation (Fig.
2). Vertebrate Notch is first cleaved while the
protein is in the Golgi apparatus in the secretory
pathway. This S1 cleavage is thought to result
from the action of a furin-like convertase, and
occurs in the extracellular part of the receptor
[16] between the Notch EGF repeats and the
transmembrane domain at a site matching the
furin consensus sequence (RXR/KR) present
in Notch-1 and –3 [17]. Cleavage at the S1
site generates a 180 kDa fragment containing
9
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Figure 2. The core axis of Notch signaling. The Notch receptor is cleaved in the Golgi
apparatus and resides as a heterodimer in the cell membrane. Upon ligand binding the
receptor goes through two concequtive cleavages and the intracellular part of the receptor
(ICN) translocates into the nucleus. Notch target genes are repressed by CSL and co-repressors (CoR), which upon binding of ICN are replaced by a co-activator complex (CoA)
that initiates transcription. See text for further details. Modified from Sjölund et al. 2005.
the majority of the extracellular domain
and a 120 kDa fragment corresponding to
the transmembrane Notch subunit. The two
fragments remain associated non-covalently
and are positioned in the membrane as a
heterodimeric receptor [16, 18]. The second
cleavage occurs at a site called S2 in the
extracellular domain in close proximity to
the transmembrane region. The S2 cleavage
is induced by receptor-ligand interaction on
adjacent cells and is performed by a member of
the ADAM (a disintegrin and metalloprotease
domain) family of metalloproteases called
TACE (tumor-necrosis-factor-α (TNF-α)
converting enzyme, also known as ADAM17)
in vertebrates [19, 20]. It has been suggested
that ligand binding leads to endocytosis of
the extracellular part of the Notch receptor
into the ligand expressing cell, resulting in
a stress-induced conformational change of
Notch, exposing the S2 site for proteolysis

[21, 22]. This is conflicting with data showing
that it is possible to induce Notch signaling
with soluble ligands. In this experimental
setting, no endocytosis can occur and further
studies are required to fully clarify the
effect of ligand binding on processing of the
receptor. Regulation of ligand and/or receptor
endocytosis and the result of such an action
will be discussed in further detail below. The
S2 cleavage is thought to remove inhibiting
components of the extracellular part of the
receptor and is required for exposure of the S3
cleavage site (Val1744 in Notch-1) present in
the transmembrane region. After S2 cleavage
and removal of the extracellular domain the S3
cleavage takes place resulting in release of the
intracellular (ICN) part of the receptor into the
cytoplasm [23]. Several studies have shown
that the S3 cleavage of Notch is dependent
on the catalytic activity of presenilin-1 and –2
[24, 25]. In mammals, presenilin is associated
10
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with nicastrin, Aph-1 and Pen-2, together
composing the membrane bound γ-secretase
complex (reviewed in [26, 27]). This complex
has been implicated in the cleavage of both
the Notch receptors and the amyloid precursor
protein (APP) involved in Alzheimerʼs
disease ([28] and reviewed in [26]) and
inhibitors of γ-secretase have proven effective
in inhibiting cleavage of both proteins. After
cleavage by the γ-secretase complex, the ICN
translocates into the nucleus and associates
with the DNA binding protein CSL (CBF,
Suppressor of Hairless (Su(H)), LAG-1; also
referred to as RBP-Jκ in mammals) [29-31].
Binding of ICN to CSL converts CSL from
a transcriptional repressor to an activator,
initiating transcription of Notch target genes
(Fig. 2).

to CSL displaces the co-repressor complex
and instead a transcriptional activating
complex is formed (Fig. 2). This complex has
been shown to contain factors with a general
role in transcriptional regulation such as CBP/
p300 [35], pCAF and GCN5 [36], all with
histone acetylase (HAT) activity, associated
with active transcription. In addition, the
mastermind-like (MAML) proteins were
recently identified as key transcriptional
co-activators of Notch in mammals [37-40].
The MAML proteins contain at least one
TAD capable of recruiting CBP/p300 [39,
41]. There are currently three MAML genes
(denoted MAML1-3) described in mammals
[40] all of which are capable of binding to
CSL and the ANK repeats of ICN1-4 [40, 42].
It seems as if the interaction between ICN and
CSL creates a site for MAML binding to CSL,
thus generating a regulatory step in which ICN
is required for MAML binding, an interaction
strongly enhanced by the presence of CSL [39,
43]. An additional function of MAML might
be in the control of signal termination as it has
been shown that MAML is involved in ICN
turnover [41, 43].
Observations in Drosophila that the
Notch mutant phenotype is more severe
than that of the Su(H) mutants indicate that
other pathways for Notch signaling than
those mediated through Su(H) are present
(reviewed in [44]). Indeed, Deltex, a putative
E3 ubiquitin ligase that binds to the ANK
repeats of Notch, has been implicated in Su(H)
independent Notch signaling [45-47].

The multimeric CSLtranscriptional complex

In the absence of ICN, CSL is bound to specific
DNA sequences, GTGGGAA, in Notch target
genes and acts as a transcriptional repressor
(Fig. 2). At least two co-repressor complexes
bind to CSL namely the SMRT/NCoR/histone
deacetylase 1 (HDAC1) [32] and the CIR/
HDAC2/SAP30 [33] complexes. The function
of HDACs and their counterpart histone
acetylases (HATs) will be discussed elsewhere
in this thesis. In addition a protein called SKIP
(Ski interacting protein) has been shown to
interact with CSL and mediate repression
possibly through interaction with the SMRT/
HDAC complex [34]. Interestingly, SKIP also
binds the fourth ANK repeat of ICN and even
seems to promote the ICN-CSL interaction.
The binding of SMRT or ICN to SKIP is
mutually exclusive, though the affinity for
ICN to SKIP is much higher, thus allowing
low levels of ICN to convert CSL into a
transcriptional activator [34]. Binding of ICN

Notch-interacting and –modifying proteins

Several proteins have been implicated in the
regulation and termination of Notch signaling
(reviewed in [48]). In the Golgi apparatus,
before transport to the cell membrane, the
Notch receptor is glycosylated by Fringe

11
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proteins (Lunatic-, Manic- and Radical Fringe
in mammals). The glycosylation occurs on
O-fucose adducts on the extracellular EGF
repeats of the Notch receptor and determines
the output of receptor-ligand interaction
leading to inhibition of Serrate/Jagged
and activation of Delta signaling [49-52].
Glycosylation by Fringe is crucial for
proper Notch signaling and has shown to be
important in restricting Notch activation along
the dorsal-ventral border in the development
of the Drosophila wing.
The negative Notch regulator Numb
localizes asymmetrically during cell division,
ultimately repressing Notch signaling in
one cell and permitting it in another. Numb
interacts with the cytoplasmic domain of
Notch, but exactly how it regulates Notch
negatively is not clear [53-55]. It has however
been shown that Numb can interact with
E3 ubiquitin ligases such as Itch and/or
Suppressor of deltex, Su(dx) in Drosophila
resulting in polyubiquitination of ICN and
subsequent degradation by the proteasomal
machinery [56-58]. Another possibility is
that Numb links ICN to components involved
in endocytosis and targets the endocytosed
Notch for degradation thereby preventing it
from translocating to the nucleus.
As mentioned above, receptor-ligand
interaction might cause internalization of the
ligand together with the extracellular part of
the receptor into the adjacent ligand-bearing
cell. This step might be necessary for exposure
of the S2 site for TACE, alternatively it is
important for removal of excess extracellular
parts of Notch that will remain after S2
cleavage and might act in an inhibitory fashion
[21]. The E3 ubiqiutin ligase Neuralized
has been implicated in the receptor-ligand
endocytosis. An additional role for Neuralized
is in promoting internalization and degradation

of Delta [59]. Removal of excess ligand
expressed on the signal-receiving cell might
be important since it has been shown that
signaling in cis, i.e. receptor-ligand interaction
on the same cell is antagonistic.
Additionally, overexpression of a
protein called Hairless mimics the phenotype
of Notch mutants. It has been shown that
Hairless binds to the DNA binding region of
CSL and prevents CSL from binding DNA
thus antagonizing CSL dependent Notch
signaling [60].
Turning off the Notch signal is important
and it has been shown that the E3 ubiquitin
ligase Sel-10 regulates the stability of the
ICN-CSL-MAML complex [61-63]. And
as mentioned above MAML itself promotes
ICN phosphorylation and degradation [41],
abrogating Notch signaling.

Signaling downstream the Notch
receptor
To date there are only a few known wellcharacterized transcriptional targets of Notch
signaling in mammals. Among these is one
family of basic helix-loop-helix transcription
(bHLH) factors called Hes (Hairy/enhancer of
split). The Hes proteins belong to a subgroup of
bHLH proteins functioning as transcriptional
repressors (see below). Other known Notch
targets include yet another family of bHLH
transcriptional repressors related to the Hes
proteins called Herp (also known as Hey,
Hesr, HRT, CHF and gridlock) as well as
p21, pre-Tα, ErbB2 and NF-κB2 (reviewed in
[64]). In addition, the cyclin D1 promoter has
been shown to contain a binding site for RBPJκ, and cyclin D1 mRNA was up regulated by
overexpression of ICN [65]. Additionally, it
was shown that Deltex, a putative inhibitor
of Notch, was able to suppress the expression
of cyclin D1 in mouse mammary epithelium,
12
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further indicating that Notch is involved in
cyclin D1 regulation [66].

motif is involved in transcriptional repression
of target genes. It has been shown that the
WRPW motif interacts with co-repressors
such as TLE (Groucho in Drosophila) and
possible suppress transcription by recruiting
HDAC. In addition to this active form of
repression, Hes proteins can also form nonfunctional heterodimers with E proteins
thereby disrupting the formation of functional
heterodimers. The presence of a proline in the
basic domain of the Hes proteins alters their
binding specificity for the E-box and instead
the preferred binding site is a so-called N-box,
CACNAG.
Hes-1 is the most extensively studied
member of the Hes family and it is also the
protein to which most target genes have been
established. One target is Hes-1 itself and it has
been shown that Hes-1 negatively regulates its
own activity by binding to N-boxes present in
the promoter [68]. Binding of Hes-1 to its own
promoter creates a negative feedback loop
resulting in an oscillating expression pattern
of Hes-1 mRNA and protein. This oscillation
has been shown to be important for proper
formation of somites during development,
a process referred to as the segmentation
clock. Other known Hes-1 targets include
the cell cycle regulators p27 [69] and p21,
and the bHLH protein mammalian achaetescute homologue-1 (Mash-1) which will
be discussed in further detail in the section
covering Notch signaling in the nervous
system

The basic helix-loop-helix family of
transcription factors

Members of the bHLH family of transcriptional
regulators play crucial roles during the
development of various tissues and organs,
including the nervous system, the heart, the
pancreas and the vasculature. The proteins
are composed of a basic domain responsible
for binding to specific DNA sequences called
E-boxes (CANNTG) and a HLH domain
involved in protein-protein interactions.
The bHLH proteins can be classified into
two major groups, namely the ubiquitously
expressed class A proteins, also known as
the E proteins, and the class B proteins which
show a more tissue-specific expression (for
a more detailed classification see [67]).
The class B proteins can form heterodimers
with the class A proteins, and some are also
capable of forming homodimers. Importantly,
binding to DNA requires the presence of two
basic domains and thus Id (inhibitors of DNA
binding, inhibitors of differentiation) proteins,
belonging to a subgroup of HLH proteins that
lack the basic domain, function as dominant
negative inhibitors of other bHLHs.

The Hes family

There are currently seven Hes (Hes-1 to -7)
members identified in mammals, all of which
show high similarity to their Drosophila
counterparts. The Hes proteins differ
structurally from other bHLH proteins in that
they contain an Orange domain, a C-terminal
WRPW motif and a proline residue in the basic
domain. The Orange domain contains two extra
helices (helix 3 and 4) and has been shown to
be involved in transcriptional repression,
possibly in concert with WRPW. The WRPW

Hes proteins as effectors of Notch
signaling
Several lines of evidence have suggested
that Hes-1 and Hes-5 are downstream targets
of the Notch receptor [70]. For example
overexpression of ICN in neural precursor
cells from mice caused up regulation of both

13
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Hes-1 and Hes-5 and led to inhibition of
neuronal differentiation [70]. In another study
it was shown that ICN was able to associate
with RBP-Jκ and induce transcription of the
Hes-1 promoter [31]. In addition, co-culture
with Notch ligand expressing cells to obtain
a more physiological Notch signaling activity
in combination with inhibitors of de novo
protein synthesis to avoid secondary effects
(by induction of other proteins) have provided
strong evidence that Hes-1 is a direct target of
Notch activity [71, 72]. Further, there are data
showing that mutation of the RBP-Jκ binding
sites in the Hes-1 promoter abolish activation
by Notch [31, 71, 73] (and reviewed in [64]).
Though, in contrast, de la Pompa et al showed
that knocking out either Notch-1 or RBPJκ did not reduce the expression of Hes-1
in vivo [74], indicating Notch independent
pathways in the regulation of Hes-1. Indeed,
a rat homolog of Drosophila hairy, was
shown to respond as an immediately early
gene upon stimulation with growth factors
[75]. In addition, serum treatment of cultured
cells induces Hes-1 mRNA and protein [76].
Under present investigation I will discuss the
finding that Hes-1 is regulated through the
activity of phosphorylated ERK1/2 in human
neuroblastoma cells.
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Figure 3. Formation of the neural
crest and its derivates. Neuroblastoma originate from precursors of
the sympathetic nervous system.
NO=notochord, NT=neural tube,
SOM=somites. Modified from Nakagawara 2004.

Development of the sympathetic
nervous system

the central nervous system (CNS) comprising
the brain and the spinal cord. From the lateral
margins of the folding neural plate the neural
crest cells will evolve. The neural crest
cells are multipotent progenitor cells that,
subjected to extrinsic factors, will give rise to
a remarkable diversity of cell types including
melanocytes, cartilage, smooth muscle cells,
supportive glial cells and most importantly
the peripheral nervous system (PNS) (Fig. 3)
[77, 78]. The PNS is composed of the somatic
and autonomic nervous systems, where the

Formation of the neural crest and its
derived cell types

During the third week of embryonal
development in humans a structure called
the neural plate is formed from the outer
germinal layer, the ectoderm. Invagination
of the borders of the neural plate creates the
neural tube in anterior posterior orientation
(Fig. 3). Formation of the neural tube is called
neurulation and will eventually give rise to
14
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Figure 4. The sympathoadrenal progenitor cell gives rise to the three main cell types
of the sympathetic nervous system; sympathetic neurons, SIF cells and chromaffin cells.
somatic system controls skeletal muscles and
the autonomic system innervates inner organs.
A further sub-division of the autonomic
nervous system into the parasympathetic and
sympathetic branches can be made.

mature neurons or chromaffin cells during the
first years after birth [80, 81]. The organ of
Zuckerkandl, located close to the abdominal
aorta, is the largest paraganglia found in the
human fetus and is thought to be the main
producer of catecholamines before the adrenal
glands are properly functional [82]. Clusters
of immature neuroblastic cells can also be
seen in the developing adrenal glands and the
amount of SIF cells is higher in the embryonic
than in adult SNS.
The three lineages of the SNS originate
from a common sympathoadrenal progenitor
derived from the neural crest cells of the
trunc region (Fig. 4) [83]. Depending on the
extrinsic signals this progenitor encounter, it
can develop into either one of the structures
composing the SNS. In response to fibroblast
growth factor (FGF) or nerve growth factor
(NGF), the sympathoadrenal precursor cell
will become sympathetic neurons, while
glucocorticoids promote differentiation into
chromaffin cells, also including the SIF cells
[84, 85]. During the differentiation from
neural crest cells into terminally differentiated
cells of the SNS, the cells express distinct sets
of genes, enabling identification of cell type
and differentiation stage. These marker genes
have been extensively used to determine
the origin and maturation grade of the SNS
derived neuroblastoma.

The sympathetic nervous system

The sympathetic nervous system (SNS) is
responsible for the so-called “fight and flight”
response induced by stress and includes
sympathetic neurons, chromaffin cells and
small intensely fluorescent (SIF) cells (Fig.
4). The sympathetic neurons are located along
the spinal cord in sympathetic chain ganglia
and in the truncus region forming truncus
ganglia. Sympathetic neurons are also present
in the adrenal glands [79]. In adults, most of
the chromaffin cells are located in the adrenal
medulla, but can also exist outside the adrenal
glands forming the paraganglia. SIF cells can
be found interspersed between the sympathetic
neurons in ganglia proper. The cells of the
SNS produce transmittor substances such
as acetylcholine and the catecholamine
noradrenaline. Both chromaffin cells and the
SIF cells produce catecholamines (adrenaline
and noradrenaline) that are secreted directly
into the blood stream, thus these cells are
referred to as neuroendocrine. During
prenatal and early postnatal life, the SNS
also include cells that are though to regress
either by apoptosis or by differentiation into
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ligand, thus creating a negative feedback loop.
Ultimately, the cell that transmits the signal
will produce less ligand than the neighboring
cell. The outcome of this process is that the
cell that express the pro-neuronal genes will
become neuronal whereas the signal-receiving
cell will stay undifferentiated.

Notch signaling in the nervous
system
Proper
development
of
multicellular
organisms requires a coordinated spatial and
temporal communication between neighboring
cells. During embryonic development the
specification of cell fate is often governed
by the Notch signaling pathway. The Notch
cascade has been implicated in a wide
array of developmental processes such
as hematopoiesis, T-cell development,
vasculogenesis and neurogenesis. Underlining
the importance of Notch signaling in
neurogenesis; ablation of Notch-1, Delta-1,
Hes-1 or RBP-Jκ in mice results in premature
neurogenesis and embryonal lethality.

Notch signaling in neurogenesis

Notch expression has been associated with
undifferentiated cells of the developing
CNS, whereas expression is reduced in
the adult. During embryonal development,
Notch signaling is involved in the dorsal
ventral patterning of the neural tube [88]
and formation of the CNS. Within the neural
tube, Notch is expressed in proliferating cells
whereas the ligand Delta can be detected in
cells eventually becoming neurons by the
process of lateral inhibition [74, 89]. Notch
has been shown to inhibit neurogenesis in the
brain through the downstream target Hes and
promote stem cell survival by up regulation of
anti-apoptotic genes [90]. Importantly, Notch
plays a role in neuronal stem cell maintenance
but not for establishing it [91].
Notch family genes are expressed in the
neural crest [4, 88] and seem to be important
for its formation [74]. During development of
the ganglia of the PNS, Notch-1 is expressed
in neural crest cells migrating ventrally from
the neural tube and remains expressed in the
immature cells before ganglion formation
[88]. The neuroblasts in the ganglia, i.e.
the cells that will become neurons, express
Notch ligands [10, 11, 92]. Furthermore,
Notch signaling promotes a switch from
neurogenesis to glia in the PNS [87]. This is
probably mediated through lateral inhibition
in a two-step manner. First, some of the
neural crest cells differentiate into neurons.
These cells will then inhibit the surrounding

Lateral inhibition in neurogenesis

In the developing mammalian nervous
system, neurons and glial cells differentiate
from common precursor cells. In this setting,
Notch signaling is important for maintaining
a pool of undifferentiated cells, i.e inhibiting
differentiation into neuronal cells. Recent
data have shown that these undifferentiated
cells are instructed to adopt another cell fate
than the default one, for instance they can
become glial cells [86, 87]. The process by
which Notch acts to specify cell fates is called
lateral inhibition and is highly conserved from
Drosophila to vertebrates. Lateral inhibition,
best described in Drosophila, occurs between
cells that have similar developmental potential.
In a simplified model using two cells, Notch
and its receptor are expressed equally on both
cells. For reasons currently unknown, one
cell will become the signal-receiving cell,
i.e. its Notch receptor will bind a ligand on
the adjacent cell and start the intracellular
Notch cascade. This results in repression of
pro-neuronal genes such as achaete-scute
that promotes transcription of the Notch
16
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undifferentiated cells to adapt the default
neuronal fate, and instead Notch signaling will
promote the differentiation into glia.

cells but are not able to further differentiate
into mature neurons indicating a role for
Mash-1 in promoting neuronal differentiation
of already committed cells [101].
Data suggest that transient rather than
continuous expression of Mash-1 is important
for neuronal differentiation [98, 101-103]. In
the rat, Mash-1 expression can be detected at
E10.5 in the developing CNS and from E11
to E13.5 in progenitor cells of the sympathetic
ganglia whereafter expression is subsequently
down regulated [98]. A similar pattern can be
seen in humans, where Hash-1 is expressed
in sympathetic ganglia surrounding the aorta
as well as in sympathetic cells invading
the adrenal gland and in developing enteric
neurons from week 6.5. After embryonic week
7, Hash-1 is only expressed in the adrenal
gland and enteric neuroblasts and by week
10, Hash-1 expression is no longer detectable
in the sympathetic nervous system [104].
In transient transfection experiment using
pluripotent mouse cells, Mash-1 expression
promoted neuronal differentiation, a process
that was greatly enhanced by co-expression of
the putative dimerization partner E12 [105]. In
addition, during induced differentiation of P19
and neuroblastoma tumor cells in vitro, Mash1/Hash-1 are transiently expressed [103, 106].
In the PNS, Mash-1 expression disappears
before or concomitantly with the expression
of sympathoadrenal differentiation markers
such as neurofilament, SCG10 and tyrosine
hydroxylase (TH) [98, 99].
During development, neural crest
progenitor cells are subjected to extrinsic
factors influencing their capacity to
differentiate into autonomic neurons. One
such factor is bone morphogenic protein 2
(BMP2), a member of the TGFβ superfamily,
which is able to induce expression of Mash-1,
promoting autonomic neurogenesis in vitro

Hes-1 expression in the nervous system

Studies in mice have revealed that Hes-1 is
expressed in neuronal precursor cells but not
in mature neurons [93, 94]. Thus, as neuronal
differentiation proceeds, Hes-1 expression
decreases in the nervous system suggesting that
down regulation of the protein is required for
proper differentiation of neuronal precursors.
Indeed, overexpression studies demonstrate
that persistent expression of Hes-1 inhibits
neuronal differentiation both in vivo and in
vitro [93, 95]. In contrast, Hes-1 null mice fail
to close the neural tube resulting in open brain,
anencephaly [96]. In addition, they exhibit
premature neuronal differentiation, possibly a
consequence of increased expression of Mash1. These observations imply that Hes-1 plays
an important role in timing the development
and differentiation of the nervous system
and thus proper regulation of the protein is
potentially important, an issue discussed in
further detail under present investigation.

Mash and neuronal development

The mammalian bHLH gene Mash-1 was
originally cloned from sympathoadrenal
precursor cells based on its homology to the
Drosophila achaete-scute genes [97]. Mash-1
(Hash-1 in humans) is expressed in neuronal
precursors of both the CNS and PNS [98] and
is essential for development of sympathetic,
parasympathetic, olfactory and part of the
enteric neurons whereas it seems dispensable
for development of most of the CNS and
sensory neurons of the PNS as well as some
chromaffin cells of the adrenal medulla [99101]. In the absence of Mash-1, multipotent
stem cells differentiate into neuronal precursor
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[107, 108]. In neural crest stem cells, Mash-1
has been shown to induce the expression of
the paired homeodomain transcription factor
Phox2a and the tyrosine kinase receptor cret leading to neuronal differentiation [109].
Phox2a and its close relative Phox2b, whose
expression does not depend on Mash-1, are
crucial for development of noradrenergic
neurons of the PNS. Expression of Phox2
genes in vitro and in vivo is capable of
inducing ectopic sympathoadrenal neurons
expressing sympathetic markers such as
dopamine beta-hydroxylase (DBH) and
TH, both essential in the synthesis of
catecholamines, and the pan-neuronal
gene SCG10 [110]. Interestingly, germline
mutations of Phox2b have been identified in
some cases of human neuroblastoma [111,
112]. In addition, Hash-1 is expressed in the
majority of human neuroblastoma tumors and
cell lines, reflecting the sympathoadrenal and
immature phenotype of this tumor.

produce catecholamines. This has been
utilized in diagnosis and mass screening of
neuroblastoma since it is possible to measure
the ratio of dopamine and the two metabolites
of catecholamine synthesis, vanilmandelic
and homovanillic acid, in serum and urine of
patients. Neuroblastoma is a heterogeneous
cancer spanning from highly aggressive
tumors with poor prognosis to tumors that
regress spontaneously.

Tumor classification and prognosis

According to the International Neuroblastoma
Staging System (INSS) neuroblastoma tumors
can be divided into six groups (1, 2A, 2B,
3, 4 and 4S) based on localization of the
primary tumor, lymph node involvement and
pattern of metastasis. Stage 1 and 2 tumors
are localized with the possible involvement of
ipsilateral (“on the same side”) lymph nodes
whereas stage 3 and 4 include disseminated
tumors, often involving metastases to distant
lymph nodes [113]. Low stage neuroblastoma
tumors are correlated with a good prognosis,
as is the case for patients with stage 4S disease
despite excessive metastases to the liver and
skin. Stage 4S tumors are limited to children
younger than 1 year of age at the time of
diagnosis and show spontaneous regression
either by increased apoptosis or differentiation
into benign ganglioneuromas [114]. In
addition to tumor stage, age at diagnosis is an
important prognostic factor for neuroblastoma.
The majority of children diagnosed before the
age of one have a good prognosis with tumors
of stage 1 and 2, whereas older patients most
often have high stage tumors (stage 3 and 4)
and a poor prognosis [115].

Neuroblastoma
Neuroblastoma is a childhood tumor
originating from sympathetic progenitor
cells derived from the neural crest (Fig. 3).
It is the most common pediatric solid tumor
outside the CNS, and each year 10-15 children
in Sweden are diagnosed with the disease.
Even though the frequency of neuroblastoma
is relatively low, the mortality rate is high
compared to other childhood tumors with
a five-year survival rate of approximately
50%. The tumors arise at locations of the
sympathetic nervous system; primary tumors
typically locate to the adrenal medulla or
sympathetic chain ganglia. In addition and as
a consequence of their sympathetic origin and
immature phenotype, neuroblastoma tumors
express markers characteristic of sympathetic
progenitor cells and in many cases the tumors

Genetic aberrations in neuroblastoma

A number of recurrent genetic abnormalities
have been identified in human neuroblastoma
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[114, 116]. One of the most frequent genetic
aberrations is amplification of the protooncogene N-myc, found in approximately
20-25% of neuroblastoma tumors and clearly
associated to high proliferation and aggressive
disease [117, 118]. N-myc was originally
identified in human neuroblastoma tumors
and cell lines, hence the “N”, on its homology
to the myc oncogene [119]. The importance
of N-myc in the genesis of neuroblastoma
has been strengthened experimentally in
mice, where overexpression of the oncogene
specifically in migrating neural crest
cells caused neuroblastoma tumors [120].
Amplification of N-myc is often associated
with loss of heterozygosity (LOH) of the
short arm of chromosome 1 [121, 122], (1p),
and extensive studies have been performed
to identify a tumor suppressor gene at 1p.36,
the region most often deleted [122-128].
LOH at 1p is also often coupled to gain of
chromosomal material on the long arm of
chromosome 17 (17q). This can be due to
unbalanced translocations, most often with
chromosome 1p or 11q, or as a part of whole
chromosome gain [129, 130]. Typically, LOH
at 1p and gain of genomic material on 17q is
associated with a poor outcome (reviewed
in [116]). In addition, LOH on the long arm
of chromosome 14 (14q) has been detected
in several neuroblastoma tumors and thus,
14q has been suggested to harbor a tumor
suppressor gene involved in the initiation or
progression of neuroblastoma [131, 132].
The neurotrophin receptor TrkA,
which is involved in development of the
nervous system and is expressed in mature
sympathetic ganglia, is highly expressed in
favorable neuroblastoma [133, 134]. High
TrkA expression is connected to young
age and absence of N-myc amplification.
Overexpression of TrkA in the neuroblastoma

cell line SH-SY5Y, renders the cells
responsive to treatment with the ligand NGF,
resulting in morphological differentiation and
up regulation of neuronal markers.

Neuroblastoma cell lines

Neuroblastoma cell lines have been useful for
in vitro studies characterizing the phenotype of
neuroblastoma cells as well as for investigating
neuronal growth and differentiation in general.
It is possible to induce neuronal differentiation
in some of the neuroblastoma cell lines using
the phorbolester TPA, retinoic acid (RA) or a
combination of growth factors. During this in
vitro differentiation, N-myc is down regulated
and markers of sympathetic neurons such as
NPY (neuropeptide tyrosine Y) and GAP43 (growth associated protein-43) are up
regulated along with marked morphological
differentiation as characterized by neurite-like
outgrowth [106, 135-137].

Notch signaling in neuroblastoma

Most neuroblastoma tumors and cell lines
have been shown to express Hash-1 [104, 106,
138]. This expression indicates that the cells
are blocked at an early stage of development
of the sympathetic nervous system since
Hash-1 is not expressed in mature neurons.
During induced differentiation in vitro using
TPA or RA, Hash-1 is down regulated,
followed by neurite outgrowth and expression
of the neuronal marker genes GAP-43 and
NPY [106, 138-140]. Thus, down regulation
of Hash-1 might be necessary for neuronal
differentiation to proceed. Grynfeld et al.
showed that, in addition to down regulation
of Hash-1, Hes-1 expression is transiently up
regulated during this induced differentiation
[139]. Furthermore, the Id proteins, which are
able to dimerize with Hes-1 and thus decrease
its DNA binding activity, are down regulated
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upon treatment with TPA or RA [140, 141].
Since Hes-1 has been shown to bind the Hash1 promoter, up regulation of Hes-1 and down
regulation of the Id proteins might be involved
in the repression of Hash-1 [139, 141, 142].
Overexpression of ICN inhibits neurite
outgrowth induced by TPA or RA, and thus
Notch activity seems to inhibit neuroblastoma
cell differentiation [139]. This is in line with
studies in the mouse neuroblastoma cell
line N2a, where overexpression of ICN or
stimulation of Notch activity by co-culturing
with Delta expressing cells inhibits primary
neurite outgrowth [143]. In this study the
authors showed that while Delta expression
in trans (i.e. on another cell) inhibits neurite
outgrowth by stimulation of the Notch
cascade, cis expression (i.e. on the same cell)
of the ligand promotes neurite outgrowth,
possibly a consequence of the antagonistic
effect of ligand binding in cis as mentioned
above.
The most extensive analysis of Notch
genes in neuroblastoma so far is the one
performed by Van Limpt and co-workers
[15]. They detected Hash-1, Notch-3 and
Dlk-1 mRNA in distinctive subsets of
neuroblastoma cell lines and suggested that
the differential gene expression reflected
at what stage of development the tumors
originated from, ranging from early neural
crest cells to chromaffin cells of the adrenal
medulla. During normal development,
expression of Dlk in chromaffin precursors
of the adrenal medulla is not detectable until
week 24 of gestagation, and is thus a late
marker of differentiation. In the cell lines
studied, Dlk-1 correlated to expression of
DBH, indicating a differentiated sympathetic
DBH
phenotype [15]. Importantly, in a study
determining neuroblastoma prognosis using
gene expression profiling, expression of Dlk-1

was shown to be one out of six genes that were
highly correlated to a bad prognosis [144].
Whether this expression of Dlk-1 reflects the
origin of the tumors or implies a functional
role for Dlk and possibly Notch signaling in
promoting a more aggressive phenotype is
however not known. The finding that Dlk-1 is
correlated to poor prognosis is intriguing since
the studies by van Limpt et al. indicate that
Dlk-1 correlates to a differentiated phenotype,
and hence most likely a less aggressive tumor.
Interestingly, Dlk maps at 14q32, the region
for LOH in 30% of neuroblastoma tumors
[145].
Another interesting observation that
might connect to Notch signaling is the
overexpression of cyclin D1 in neuroblastoma
cell lines and tumor samples [146]. As
mentioned above the promoter of cyclin D1
contains a binding site for RBP-Jκ, which
makes it a possible Notch target [65] and thus
high cyclin D1 mRNA and protein levels in
neuroblastoma could be a cause of Notch
signaling, though currently there are no data
proving that this is the case.

Notch signaling in cancer
Notch signaling has been implicated in the
genesis of several mammalian tumors. It is
important to note that the outcome of Notch
signaling is highly cell type dependent, and
quite surprisingly, it can act as an oncogene
in one tissue whereas it functions as tumor
suppressor in another. It has been suggested
that if Notch signaling is active in the
progenitor cell and has to be down regulated
for the cell to terminally differentiate, then
Notch functions as an oncogene. Conversely,
in cells that Notch activity is required in
order for the cells to differentiate, Notch is
considered a tumor suppressor and thus loss
of activity prevents differentiation (Fig. 5)
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Figure 5. Notch can act either as an oncogene or a tumor suppressor. Constitutive activation in a cell type where Notch is expressed in the proliferating progenitor cell and has
to be down regulated in order for differentiation to occur might lead to blocked differentiation and render the cells susceptible for additional transforming events. The opposite
is true for cells in which Notch has to be activated for differentiation to occur and thus
in this case Notch might function as a tumor suppressor. Modified from [147].
(reviewed in [147]). The exact mechanism
behind Notch induced transformation is not
clear, but several studies indicate that Notch
needs to cooperate with other proteins and
signaling pathways involved in tissue growth
and homeostasis for transformation to occur.

to approximately 1%, and still almost all
T-ALLs express high levels of Notch-1 and
Notch-3. This got its explanation in a study
by Weng et al. where the authors could
show that the Notch-1 receptor expressed in
T-ALL cell lines contained mutations in the
heterodimerization domain and/or in the PEST
domain [150]. Either or of these mutations
were also shown to be present in more than
50% of bone marrow samples from primary
T-ALL tumors. Experimentally, it was shown
that the Notch-1 mutations found in T-ALL
augmented the transcriptional activity of the
receptor, probably by enhancing γ-secretase
cleavage and increasing ICN half-life
respectively. Importantly, inhibiting Notch
activity by γ-secreatase inhibitors or dominant
negative MAML1 peptides, resulted in growth
inhibition of Notch-1 transformed cell lines,
showing that Notch signaling is not only
involved in the initiation of these cancers, but
also in their maintenance [150].
An important role for Notch signaling
has also been documented in the development
of murine mammary cancer. Mouse Mammary
Tumor Virus (MMTV) recurrently integrates
into the Notch-4 gene and induces the

Notch as an oncogene

The role of Notch as an oncogene was
first discovered in a subset of T-cell
acute lymphoblastic leukemias (T-ALLs)
containing a t(7;9) (q34;q34.3) chromosomal
translocation, involving the human Notch-1
gene and the T-cell receptor β (TCRβ) locus
[148]. Notch-1 is involved at several steps
during lymphocyte development, promoting
differentiation into T-cells at the expense of
B-cells. The positioning of a truncated Notch1 allele under control of the TCRβ promoter
leads to constitutive expression of ICN,
resulting in blocked T-cell development and
a subsequent expansion of the double positive
(CD4+CD8+) pool of T-lymphocytes. Work in
mice showed that ICN-1 overexpression in
bone marrow caused T-cell leukemia [149].
However, the t(7;9) translocation is only
found in a subset of T-ALLs, corresponding
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expression of a truncated protein containing
the transmembrane and intracellular regions of
Notch-4 [5]. This results in an active form of
Notch-4 in a way similar to Notch-1 activation
in T-ALL. The net result of overexpression of
active Notch-4 in mouse mammary epithelium
in vivo is abnormal proliferation and blocked
differentiation followed by development of
adenocarcinoma [151]. Overexpression of
the Notch-4 oncoprotein in mouse mammary
epithelial cells in vitro results in anchorageindependent growth, matrix invasion and loss
of contact inhibition, features of malignant
transformation [152]. In addition, constitutive
expression of Notch-1 in mouse mammary
epithelia induces lactation dependent
neoplasms that eventually progress into
malignant adenocarcinomas [66]. Despite
the well-documented role of aberrant Notch
signaling in murine mammary tumors, the
function in human breast cancer is still
elusive and needs further attention. Though,
in a recent study it was shown that the Notch
inhibitor Numb was lost in approximately
50% of human mammary carcinomas, thus
suggesting that improper regulation of Notch
might be involved in human breast cancer
[153].
Not only the Notch receptors, but also
the ligands and proteins that modify the Notch
signaling pathway are involved in the genesis
or maintenance of cancer. For example, both
Notch-1 and the ligands DLL -1 and JAG1 are expressed in primary human gliomas
and cell lines and seem necessary for their
proliferation and survival [154]. In human
pancreas Notch signaling appears to prevent
cellular differentiation and maintain a pool
of undifferentiated progenitor cells during
development [155]. Interestingly, components
of the Notch pathway (i.e. Notch-1 to –4, Hes1, Hes-4, HeyL (structurally similar to Hey-1

and –2 but without the C-terminal YRPW motif
[156]), Hey-1, JAG-1 and –2 and Dlk-1) are
expressed at high levels in human pancreatic
cancer as compared to normal pancreas [157].
Studies in normal pancreatic cells revealed
that overexpression of Notch-1 and Notch2 induced acinar-to-ductal metaplasia, an
event preceding malignant transformation,
probably by expansion of an undifferentiated
pool of precursor cells [157]. Further, it was
shown that aberrant Notch activity could be
induced by, and was a requisite for, oncogenic
signaling through the epidermal growth factor
receptor (EGFR) stimulated by TGFα [157].
The cooperation between the Notch and EGFR
pathways has been implicated in the genesis
and continuation of several tumors and will
be discussed in the chapter covering crosstalk
between Notch and EGFR signaling.

Notch as a tumor suppressor

Apart from its oncogenic activity, several
studies have now shown that Notch can
function as a tumor suppressor. This has been
firmly established in mice, where inducible
deletion of Notch-1 in keratinocytes and
corneal epithelium results in epidermal
and corneal hyperplasia and subsequent
skin tumors [158, 159]. During in vitro
differentiation of keratinocytes, Notch-1 is
up regulated and is crucial for inducing the
cell cycle inhibitor p21 and early markers of
differentiation [159]. In addition, ablation of
Notch-1 facilitates chemical-induced skin
carcinogenesis. This could be due to down
regulation of p21 and inappropriate activation
of β-catenin, a key component of the Wnt
signaling pathway, known to be involved in
basal cell carcinoma [158].
Notch has also been implicated to work
as a tumor suppressor in small cell lung cancer
(SCLC), in which overexpression of Notch up
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Signaling through the EGFR

����

The epidermal growth factor receptor (EGFR,
also known as HER1 and ErbB1) is a 170 kDa
transmembrane receptor tyrosine kinase (RTK)
belonging to the ErbB family of receptors,
comprising in total four members (ErbB1-4).
The mammalian ligands binding to EGFR
include the epidermal growth factor (EGF) and
transforming growth factor α (TGFα). Ligand
binding to EGFR induces receptor homo- or
heterodimerization with other members of the
ErbB family, with ErbB2 being the preferential
heterodimerization partner. Dimerization
results in autophosphorylation of the receptor,
eventually activating intracellular signaling
cascades such as the Ras/MAPK (mitogenactivated protein kinase) and PI3-K/Akt
(phosphatidylinositol 3-kinase) signaling
pathways, important for cellular proliferation
and survival respectively (Fig. 6).
Mitogen-activated
protein
kinases
(MAPKs) compose a family of protein
kinases that phosphorylate specific serines
and threonines of target proteins, thereby
regulating their activity. There are three wellcharacterized subfamilies of MAPKs namely
the extracellular-regulated kinases (ERK1 and
ERK2), the c-Jun N-terminal kinases (JNK1
to –3) and p38 (reviewed in [165]). To become
activated the MAPK are phosphorylated by
MAPK kinases (MAPKK), which in turn
are activated by phosphorylation by MAPK
kinase kinases (MAPKKK) [165, 166]. The
best understood MAPK pathway leads to
activation of ERK1/2. This pathway involves
the upstream Raf MAPKKK, which can be
activated by the proto-oncogene Ras upon RTK
activation such as EGFR. Downstream effects
of activated MAPKs include phosphorylation
and activation of transcription factors, such
as c-Fos and AP-1, involved in a plethora of
cellular events (Fig. 6).

����

���

���������

���
���
������

���

����

���

Figure 6. Schematic illustration of
signaling through the EGF receptor,
showing the three MAPK families:
ERK1/2, p38 and JNKs. Some steps
in the Ras/MAPK pathway discussed in this thesis are depicted.
TCF=transcription factor.
regulates p21 and p27 and causes a G1 cell
cycle arrest [160]. In addition, Notch is able to
induce degradation of Hash-1, which is highly
expressed in some human neuroendocrine
tumors such as SCLC and might contribute
to their formation [161-163]. Degradation of
Hash-1 would thus maybe be a critical step
in mediating the growth inhibitory effect of
Notch-1, although this is purely speculative.

Crosstalk between Notch and
EGFR signaling
The Notch cascade is known to cooperate
with other important signaling pathways
such as TGFβ, Wnt and EGFR. Several lines
of evidence show that the Notch pathway is
intimately coupled to signaling through EGFR or
downstream targets in both normal development
(e.g. vulval development in C. elegans [164]) and
in the development and maintenance of cancer.
23

Notch Signaling In Human Neuroblastoma Cells

EGFR signaling in cancer

Notch and EGFR crosstalk in cancer

Aberrant
activation
of
EGFR
or
downstream signaling components through
various mechanisms such as mutations,
overexpression and autocrine or paracrine
production of ligands, has been implicated in
many human tumors. Activation of EGFR is
involved in key events leading to neoplastic
transformation such as proliferation,
differentiation, metastasis, angiogenesis and
inhibition of apoptosis. EGFR activity has also
been shown to mediate resistance to chemoand radiotherapy [167]. Most often, aberrant
EGFR signaling in tumors is associated with
factors that predict aggressive behavior and
poor clinical outcome. Therefore, EGFR
and its downstream signaling pathways are
tempting targets for cancer therapy. Up to
date there are two major classes of antiEGFR inhibitors: monoclonal antibodies that
bind to and block the extra cellular part of
EGFR and small-molecule tyrosine-kinase
inhibitors (TKIs) that either interferes with
the ATP or substrate binding sites, both
leading to inhibition of EGFR signaling
activity.
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The crosstalk between Notch and EGFR
signaling appears to be reciprocal, i.e. working
in both ways. In breast cancer, Fitzgerald et al.
showed that the ERK/MAPK and PI-3 kinase
pathways downstream of Ras are required for
transformation of mouse mammary cells isolated
from transgenic animals overexpressing Notch-4
[168]. Another study by Weijzen et al. showed
that instead of Ras being a crucial mediator
of Notch, Notch-1 signaling is required for
maintaining the neoplastic phenotype of human
fibroblasts initially transformed by introduction
of hTERT, SV40 large T and oncogenic Ras
[169]. They also showed that the expression
of Ras and Notch-1 correlated in samples
from human breast cancer. When transiently
expressing Deltex, which as mentioned before
might act as an inhibitor of Notch signaling, in
mouse mammary epithelium, oncogenesis driven
by Ras is inhibited, implying a regulatory event
between Notch and Ras [66]. In addition and as
discussed above, Notch is activated by EGFR
signaling in pancreatic cancer and seems to be
required for the tumor-initiating effects of TGFα
[157].
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Figure 7. Regulation of HIF-1α.
During normoxia, HIF-1α
HIF-1 is
hydroxylated by PHDs leading
to ubiquitination of HIF-1α
by interaction with VHL and
subsequent degradation by the
protasome. In addition, HIF1α transcriptional activity is
regulated by FIH, which inhibits HIF-1α interaction with
CBP/p300. Hypoxia inhibits
both PHDs and FIH and leads
to heterodimerization between
HIF-1α and ARNT (HIF-1β)
HIF-1
and initiation of transcription.
Modified from Giaccia 2004.
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the HIF-1α protein. In addition to being
regulated at the protein stability level, HIF-1α
is also regulated at the level of transcriptional
activity. To initiate transcription, HIF-1α
interacts with the co-activator CBP/p300.
This interaction involves an asparagine in
the HIF-1α protein that is hydroxylated by an
asparagine hydroxylase called FIH, for factor
inhibiting HIF, at normoxia thereby blocking
the HIF-1α interaction with CBP/p300 [175].
During hypoxia, the HIF-1α protein is no
longer hydroxylated by the PHDs and VHL
does not bind. This results in stabilization
of the HIF-1α protein that now can interact
with CBP/p300 and initiate transcription from
HREs in target gene promoters by forming a
complex together with ARNT (Fig. 7). Genes
induced by hypoxia include those regulating
glucose metabolism and proliferation such as
glycolytic enzymes allowing the generation
of ATP without the requirement for oxygen,
angiogenic factors (e.g. vascular endothelial
growth factor (VEGF) and erythropoietin
(EPO)) involved in the formation of new
blood vessels and production of red blood
cells, and growth factors such as transforming
growth factor α (TGFα) [176]. Interestingly,
it has been demonstrated that growth factors
such as TGFα can induce HIF-1α activity
through the Ras/MAPK or PI3-K pathways,
thus providing an autocrine loop regulating
the hypoxic response (reviewed in [176]).
Additionally, the Ras/MAPK pathway has
also been shown to enhance the transcriptional
activity of HIF-1α. This is at least partially
due to ERK1/2 mediated phosphorylation of
p300 [177, 178].

Hypoxia
Tumor hypoxia evolves as a consequence of
improper oxygen delivery and is a feature of
most solid tumors. High rate of proliferation
and increased distance to existing blood vessels
together with insufficient neo-vascularization
contributes to a tumor microenvironment with
low oxygen tension. Cancer cells undergo
numerous changes that enable them to adapt to
and survive during hypoxia. These processes
most likely contribute to the malignant
phenotype and aggressive behavior of the
tumor cells.

Transcriptional response to hypoxia

Many of the cellular responses to hypoxia
are mediated by the hypoxia inducible factor
(HIF) family of transcription factors. These
proteins belong to the basic helix-loop-helixPAS (bHLH-PAS) family [170] and enclose
the hypoxia regulated HIF-1α, -2α, -3α and
the constitutively expressed HIF-1β or ARNT.
The HIF-α proteins form a transcriptionally
active complex with ARNT named HIF-1
during hypoxia and initiate transcription
by binding to hypoxia response elements
(HREs) in target gene promoters [171, 172].
Targeted deletion of the HIF-1α gene results
in decreased expression of many hypoxia
regulated transcripts, indicating HIF-1α as
the major player in the cellular response to
hypoxia [173]. During normal oxygen levels,
normoxia, the HIF-1α protein is ubiquitinated
by the von Hippel-Lindau (VHL) protein
followed by degradation by the proteasomal
machinery [172], a process that will be
described later (Fig. 7). Recent studies have
shown that VHL only binds to HIF-1α after
hydroxylation of a key proline in the HIF-1α
protein by the prolyl hydroxylases 1-4 (PHD
1-4) [174]. Since the hydroxylation is oxygen
dependent this ensures tight regulation of

Hypoxia, neuroblastoma and
Notch signaling

The response to hypoxia enables tumor cells to
survive and even proliferate in an environment
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lacking oxygen and nutrients. Hypoxia
also increases the probability of metastasis
and often selects for a more aggressive
phenotype. During hypoxic growth in vitro,
human neuroblastoma cells dedifferentiate
and become more immature as shown by up
regulation of markers expressed in neural
crest sympathetic progenitors such as c-kit
together with down regulation of neuronal
marker genes such as GAP-43 and NPY [179,
180]. This change in differentiation status
could be a mechanism for selection of a more
malignant tumor phenotype. Indeed, xenograft
experiments using human neuroblastoma cell
lines pretreated with hypoxia indicated that
these cells tended to form tumors more rapidly
after injection compared to normoxic treated
cells [179].
Interestingly, some of the genes up
regulated during the dedifferentiation of
hypoxic neuroblastoma cells include Hes-1
and Notch-1 [179, 180]. In addition, Hash1 is down regulated, indicating that these
cells adopt a less differentiated phenotype
since Hash-1 is only transiently expressed
in sympatho-adrenal precursors and its
derivates. Induction of Notch signaling at
hypoxia has also been demonstrated during
acute pancreatitis (AP), i.e. inflammation
of the pancreas, a status often associated
with regional hypoxia, in mice. In these
experiments it was demonstrated that HIF-1α
and hypoxia inducible genes as well as Notch
signaling genes (i.e. Notch-1, DLL-1, RBP-Jκ
RBP-J
and Hes-1) reached maximal expression 812 after induction of AP [181]. Furthermore,
hypoxia has been shown to induce the
expression of presenilin-1 resulting in
increased cleavage of APP [182], thus raising
the possibility that hypoxia stimulates Notch
signaling by enhancing the S3 cleavage.
Taken together, activation of Notch signaling

might be an important aspect of hypoxic
adaptation of neuroblastoma cells, although
the mechanism(s) behind this is currently not
clarified.
With regard to neuroblastoma it is
particularly important to point out that HIF2α has a developmentally crucial role in the
tissues from which the tumor arise since HIF2α knock-out mice die around E12.5 to E15.5
due to impaired catecholamine production
and bradycardia [183]. In human paraganglia,
HIF-2α is expressed at week 8.5 [184]. In
these cells, Hif-2α is co-expressed with TH,
which is known to be induced by hypoxia
and, as discussed before, is important in the
synthesis of catecholamines.

Chromatin and transcriptional
regulation by histone acetylation
The eukaryotic DNA is organized into a
structure called chromatin. This is based on
the presence of histone proteins that bind to
the DNA. Post-translational modifications of
the histones have been shown to be involved in
transcriptional regulation. These modifications
include acetylation and de-acetylation of
the histone tails, resulting in a more or less
condensed DNA structure, allowing or
inhibiting the binding of transcription factors.
Dysregulated acetylation and de-acetylation
has been implicated in the genesis of tumors,
showing the importance of proper regulation
of chromatin and transcription and posing a
role for targeting acetylation in the treatment
of cancer.

The structure of chromatin

The nucleosome, which consists of 146 base
pairs of DNA wrapped around a histone core
containing two copies each of four different
histone proteins (H2A, H2B, H3 and H4),
forms the basic repeating unit of chromatin
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(reviewed in [185]). In transcriptionally silent
cells the chromatin is tightly packed and
is called condensed chromatin. Protruding
out from the nucleosome complex are the
N-terminal tails of the histones. The tails
are believed to be involved in mediating
contact between adjacent nucleosomes and
to DNA and thus play a role in the higherorder organization of chromatin. Histone tails
contain conserved lysine residues that can be
acetylated resulting in elimination of positive
charge, potentially weakening the interaction
with the negatively charged DNA and other
histones and nucleosomes [186]. This results
in a less condensed chromatin structure,
possibly allowing transcription factors to
access the DNA. Indeed, acetylation of
histones has been correlated with nucleosome
remodeling and transcriptional activation
[187]. Histone acetylation is performed by
histone acetyltransferases (HATs), most of
which function as transcriptional co-activators
recruited to chromatin by interacting with
DNA binding proteins [187]. One example
of a human HAT is CBP/p300 [188]. On
the contrary, histone deacetylases (HDACs)
function to remove acetyl groups from histone
tails and thus induce transcriptional repression
by chromatin condensation. The linker histone
H1 is important for chromatin organization
but is not modified by acetylation and will not
be discussed here.

nucleus and cytoplasm and bind hormone corepressors and certain transcription factors,
and finally the class III HDACs which were
identified based on their homology to the
yeast Sir2 transcriptional repressor (reviewed
in [189]).
The link between altered HDAC activity
and cancer is best shown in acute promyelocytic
leukemia (APL), where translocations between
the retinoic acid receptor α (RARα) and either
PML (promyelocytic leukemia protein) or
PLZF (promyelocytic zink finger), produce
fusion proteins that bind to the retinoic acid
response elements (RAREs) in the DNA and
recruits HDACs, resulting in constitutive
repression of RA targeted genes needed for
differentiation of myeloid cells [190, 191].
These fusion proteins render the retinoic acid
receptor (RAR) insensitive to physiological
levels of RA. Though, addition of exogenous
RA overcomes the repression exerted by
the PML-RARα fusion protein but not the
PLZF-RARα. However, by combining RA
with inhibitors of HDAC activity it is possible
to induce differentiation of PLZF-RARα
expressing APL cells both in vitro and in vivo
[190-192].
A wide array of HDAC inhibitors have
been shown to possess anti-tumor activity
by inducing cell cycle arrest, inhibiting
proliferation and stimulating apoptosis and
cellular differentiation. It is also plausible that
HDAC inhibition might induce expression
of silenced tumor suppressor genes. A role
for the HDAC inhibitor TSA (trichostatin
A) in blocking angiogenesis in vivo has
also been shown, thus possibly playing an
inhibitory role in neovascularization during
tumor hypoxia (rewieved in [185]). The antiangiogenic effect has also been attributed to
other HDAC inhibitors, which, in one study,
profoundly inhibited in vivo tumor growth

Histone deacetylases and cancer

Broadly speaking, human HDACs can be
divided into three distinct families namely
class I HDACs (HDAC1, 2, 3, and 8) which
either bind directly to transcription factors or
through the co-repressors NCoR and SMRT
and mainly seems to be expressed in the
nucleus, the class II HDACs (HDAC4, 5,
6, 7, 9, and 10) that can shuttle between the
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of xenografted prostate and breast tumors
when combined with inhibitors of the VEGF
receptor [193].
Taken together, it is clear that improper
regulation of chromatin acetylation and deacetylation is important in the genesis of
cancer and that HDAC inhibitors, alone or
in combination with other drugs, might be an
attractive tool in tumor treatment.

in serum during treatment of epilepsy with no
adverse side effects. Several in vitro and in vivo
studies using neuroblastoma cells have shown
that VPA induces neuronal differentiation
with or without inhibiting proliferation,
exemplified by specific up regulation of
p21 and p27, and induction of apoptosis
[198-202]. Recently it was found that a
combination of VPA and IFN-α (interferon-α)
synergistically inhibits cell growth in vitro as
well as in xenografted neuroblastoma tumors
[203, 204]. This combination also induces
neuronal differentiation, down regulation of
N-myc and up regulation of anti-angiogenic
factors, collectively suggesting a suppressed
malignant potential [204].
Several studies in neuroblastoma cells
have shown that VPA increases the AP-1
DNA binding activity in vitro [205, 206].
Interestingly, Yuan et al showed that VPA
activates the ERK/MAPK pathway known to
regulate AP-1 transcription factors through the
activation of c-Fos as mentioned above, and
that VPA treatment of neuroblastoma cells
promoted neurite outgrowth and up regulation
of GAP-43, which harbors an AP-1 binding
site [207]. In addition, they showed that ERK
activity was required for VPA to promote
neurite outgrowth. Another study performed
in the same cell line, SH-SY5Y, suggested
that activation of the ERK/MAPK signaling
pathway by VPA was independent of its
HDAC inhibitory activity [208].
As described above, several crucial steps
of Notch signaling such as CSL mediated
repression of Notch target genes, and Hes1 repression of Hash-1, are regulated by
HDAC activity. The role of VPA as an HDAC
inhibitor regulating the Notch cascade and
its ability to induce neuronal differentiation
of neuroblastoma cells will be discussed in
“present investigation”. In addition, the notion

VPA
Valproic acid (VPA), a drug currently used for
long-term treatment of epilepsy in both adults
and children, has been shown to possess antitumoral activity by inducing cell cycle arrest,
cellular differentiation and apoptosis in several
in vitro and in vivo studies (reviewed in [194,
195]). The mechanisms for these actions
are not clear but might involve inhibition
of glycogen synthase kinase-3β (GSK3β),
an important negative regulator of the Wnt
signaling pathway, cell-cycle regulatory
proteins, down regulation of protein kinase C
(PKC) or activation of ERK/MAPK signaling,
possibly by increasing DNA binding of the
downstream transcription factor AP-1 [194,
195]. In addition it has been shown that VPA
functions as an HDAC inhibitor causing
hyperacetylation of histones H3 and H4
[196]. It has been proposed that VPA inhibits
most class I and II HDACs, with the possible
exception for HDACs 6 and 10 [197], and
many of the anti-tumoral activities of VPA
have been attributed to its HDAC inhibitory
effect [194, 195, 197].

VPA and neuroblastoma

One apparent advantage with VPA in treating
neuroblastoma is that it is known to be
well-tolerated in children. In addition, it is
possible to obtain anti-tumoral effects at the
concentrations corresponding to those obtained
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that VPA can induce ERK/MAPK signaling,
and how this might connect to regulation of
Hes-1, will also be discussed.

enzyme, E2 that associates with an ubiquitin
protein ligase (E3). Finally, E3 catalyses
the transfer of ubiquitin from E2 to a lysine
residue in the target protein. There are several
E2 and E3 proteins allowing for expansion
and specificity of the reaction. The E3 ligases
are divided into HECT domain E3s and RING
FINGER E3s depending on which conserved
domains they contain. The ubiquitin molecule
harbors at least four lysine residues (positions
11, 29, 48 and 63) capable of binding target
proteins. In addition, ubiquitin molecules are
able to link to each other through binding to
these lysine residues forming multi-ubiquitin
chains. Depending on how many ubiquitin
molecules that are attached to the protein
and which lysine residues that are involved,
ubiquitination results in different fates for
the target protein. Notably, only multiubiquitination targets proteins for degradation
by the 26S proteasome, and this most likely
involves lysine 48 (K48) in ubiquitin.
Other processes induced by ubiquitination
involve DNA repair, protein translation and
endocytosis (reviewed in [209]).
The 26S proteasome complex recognizes
the multi-ubiquitin chain and degrades the
tagged protein into small peptides. The
proteasome is a large multi-catalytic protease
composed of two subunits: a 20S core particle
that harbors the catalytic activity and a
regulatory 19S particle that is responsible
for recognizing the ubiqiutinated proteins
and allows entry of the substrate into the
proteolytic chamber (reviewed in [210]).

Protein degradation
In recent years it has become clear that
protein degradation plays an important role
in regulating protein function. The two
major ways of protein degradation are the
non-lysosomal system, involving the 26S
proteasome, and the endosome-lysosome
system, important for degradation of
endocytosed proteins. Of specific interest for
this thesis, is the degradation of the Notch
receptor by interaction with E3 ubiquitin
ligases and the finding that Notch can mediate
proteasome-dependent proteolysis of Hash-1.
In addition, proteasomal degradation of HIF-α
proteins is crucial in regulating the response to
hypoxia as described above.

The ubiquitin-26S proteasome machinery

The
non-lysosomal
system
degrades
proteins from the nucleus, the cytosol and
the endoplasmatic reticulum (ER) and is
primarily carried out by the ubiquitin-26S
proteasome machinery. This intracellular
proteolysis is performed in two successive
steps, the first involving addition of multiple
ubiquitin molecules to the target protein and
the second degradation of the ubiquitintagged protein by the 26S proteasome,
releasing free ubiquitin molecules that are
recycled (reviewed in [209]). Addition of
ubiquitin to the target protein, a process called
ubiquitination or ubiquitylation, occurs in
three steps (reviewed in [209]). In the first
step, an ubiquitin-activating enzyme known
as E1 activates free ubiquitin. This process
requires ATP and results in the binding of E1
to the ubiquitin molecule. Ubiqiutin is then
transferred from E1 to an ubiquitin-carrier

Ubiquilin
Ubiquitin family proteins, defined by their
structural homology with ubiquitin, are
divided into two major classes. The first
class, ubiquitin-like proteins (UBLs), can be
attached to other proteins by their C-termini
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and function in a way similar to ubiquitin
whereas proteins of the second class contain
domains related to ubiquitin, but are otherwise
structurally unrelated and are not conjugated
to other proteins (reviewed in [211, 212]).
These proteins are referred to as ubiquitin-like
domain proteins or UDPs and play essential
roles in diverse cellular events such as DNA
repair, apoptosis, protein folding and signaling
(reviewed in [211, 212]). Interestingly, some
UDPs have also been suggested to function as
a link between the ubiquitin- and proteasomal
pathways by binding to ubiquitin, ubiquitin E3
ligases and certain subunits of the proteasome
(reviewed in [212]).
Ubiquilin-1, also referred to as hPLIC1 or DA41, belongs to the UDP group of
ubiquitin-like proteins. The role of ubuquilin1 is currently not well understood, though
several studies have shown that it interacts
with E3 ubiquitin ligases and proteasomes and

thus may provide a link between ubiquitin and
proteasomal degradation [213]. In addition
ubiquilin-1 seems to be involved in regulating
the expression levels of various proteins as
it prevents degradation of p53 and IκBα
[213, 214], and promotes accumulation of
presenilin-1 and –2 possibly by blocking
ubiquitin binding and preventing subsequent
proteosomal degradation [215, 216]. Another
interesting finding is that the Xenopus
ubiquilin-1 homologue XDRP1, related to
yeast Dsk2, binds to cyclin A and prevents
its degradation possibly by function as a
molecular chaperone, protecting cyclin A from
proteolysis [217].
We have shown that overexpression of
ubiquilin-1 leads to accumulation of tissue
specific bHLH proteins (paper I), and the
role of ubiquilin-1 in Notch signaling will be
further discussed in “present investigation”.
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The present investigation
Aims
The main objective for this thesis has been to elucidate how Notch signaling is regulated and
what role it plays in growth and differentiation of human neuroblastoma cells. More specifically,
we wanted to:
Isolate novel proteins to which the downstream Notch target Hash-1 binds, and investigate the
impact of their interaction.
Study the effect of the HDAC inhibitor VPA on the regulation of the Notch signaling cascade and
the consequences on neuroblastoma cell differentiation and viability.
Investigate the crosstalk between mitogenic EGFR signaling and the Notch cascade both in
normoxic and hypoxic neuroblastoma cells.
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than Hash-1 such as Hes-1 and dHAND but
not with the ubiquitously expressed E-proteins
E2-2 and E47 or the HLH protein Id1.
When Hash-1 was introduced into CHO
cells, a clear accumulation of the protein was
detected upon treatment with proteasome
inhibitors, and this accumulation was
further accentuated upon co-expression with
ubiquilin-1. Thus we concluded that Hash1 is degraded through the 26S proteasomal
machinery. Though, in neuroblastoma cells,
Hash-1 was surprisingly down regulated when
proteasomal activity was inhibited. Since Hes1 is a potent repressor of Hash-1 we reasoned
that a rapid accumulation of Hes-1 might
precede the effect of proteasome inhibitors
on the Hash-1 protein. Indeed, by Northern
blotting we could see that Hash-1 mRNA
was decreased in the presence of proteasome
inhibitors, indicating less transcription.
Since ubiquilin-1 has been implicated in the
ubiquitin proteasomal degradation pathway,
we further wanted to investigate whether Hash1 levels were modulated by the ubiquilin-1
interaction. Transient overexpression of
ubiquilin-1 in neuroblastoma cell lines
promoted accumulation of both Hash-1
and Hes-1, supporting our interaction data
and further substantiating the notion that
ubiquilin-1 might be involved in the control
of proteasomal degradation of tissue-specific
bHLH proteins. A possible mechanism for
this might be through preventing ubiquitin
binding and subsequent recognition by the
26S proteasome. Another is that ubiquilin
works as a chaperone, protecting Hash-1 from
degradation as has been suggested for cyclin A
in Xenopus [217].
As mentioned above, ubiquilin has been
shown increase the expression of presenilin-1
and -2 [215, 216]. Since both Hes-1 and Hash1 reside in the Notch signaling cascade, this is a

Results and discussion
Ubiquilin-1 interacts with Hash-1 and
affects the levels of neuronal bHLH
transcription factors (paper I)

Hash-1 is transiently expressed in the
developing SNS and undetectable in mature
sympathetic neurons [104]. Therefore,
the finding that Hash-1 is expressed in the
majority of human neuroblastoma cell lines
and tumors implies that these tumors are
arrested at an immature stage of neuronal
differentiation. In addition, during induced
differentiation of neuroblastoma cells in
vitro, Hash-1 is down regulated suggesting
that this is a pre-requisite for differentiation
to take place [106, 139]. On the other hand,
Hash-1 is also down regulated during the
proposed dedifferentiation that takes place
during hypoxia, but then probably reflects a
regression of differentiation status rather than
progression since this is accompanied by a
down regulation of virtually all differentiation
markers [179]. Thus, precise regulation of
Hash-1 expression is important and proteins
that interact with Hash-1, and might modulate
its function, are of interest.
In a yeast-two hybrid screen using a
cDNA library from the human neuroblastoma
cell line SH-SY5Y, we identified 31 clones
that were able to interact with the 180 Nterminal amino acid residues of Hash-1.
One of these clones coded for full-length
ubiquilin–1 (hPLIC-1, DA41), a ubiquitinlike domain protein. The interaction
between Hash-1 and ubiquilin-1 was further
corroborated in mammalian two-hybrid
and co-immunoprecipitation experiments.
Additionally, from the mammalian two-hybrid
experiments it was clear that ubiquilin-1
was able to interact with itself and with proneuronal, tissue-specific bHLH proteins other
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Inhibition of HDAC activity increases ICN
expression and leads to neuroblastoma
cell differentiation (paper II)

very interesting observation since it could mean
that ubiquilin, through increased presenilin
levels, might induce the S3 cleavage of the
Notch-1 receptor and thus lead to activation
of the pathway. However, it was recently
demonstrated that even if overexpression of
ubiquilin indeed leads to accumulation of
presenilins, it inhibits their processing which
is thought to be crucial for their activity
[218]. In addition, ubiquilin decreases the
expression of nicastrin and Pen-2, two other
components of the γ-secretase complex as
mentioned above [218]. These results suggest
that, rather than stimulating γ-secretase
activity, ubiquilin inhibits it. This would then
result in decreased Notch signaling, and thus
de-repression and up regulation of Hash-1.
In addition, since Notch has been shown
to degrade Hash-1 through the proteasome
[161], decreased Notch levels in the presence
of ubiquilin would lead to increased Hash-1
expression. The inhibition of presenilin and
γ-secretase activity by ubiquilin would thus
lead to increased Hash-1 levels, which is
in line with our observation that ubiquilin
promotes accumulation of Hash-1, but this
is purely speculative and must be further
examined. Another interesting observation
from the Notch signaling perspective is that
ubiquilin is up regulated by hypoxia in human
neuroblastoma and astrocytoma cell lines and
seems to be involved in cellular adaptation
to ischemia by suppressing cell death [219].
Since neuroblastoma cells seems to adapt to
hypoxia through dedifferentiation, possibly
involving activation of the Notch cascade,
this would be interesting to examine in more
detail.

Several steps of the Notch signaling cascade
are regulated by HDACs and thus we argued
that it would be possible to modulate Notch
activity by applying HDAC inhibitors. Many
HDAC inhibitors have been shown to possess
anti-tumor activity and some have even been
used in cancer therapy. Valproic acid (VPA) is
a well-tolerated drug that has been used for
treating epilepsy in both adults and children
without any severe side effects (reviewed
in [194, 195]). Several studies have also
shown that VPA possess anti-tumor activity
in neuroblastoma cells as it induces cellular
differentiation and some times also apoptosis
[198-202]. Recently it became clear that VPA
can act as an HDAC inhibitor and many of its
anti-tumoral properties have been attributed to
this function [194-197]. Thus, due to its low
toxicity and its anti-tumor activity together
with the fact that it is already in clinical use,
VPA might be an attractive drug for treating
neuroblastoma.
In paper II we show that human
neuroblastoma
cells
differentiate
morphologically as shown by neurite-like
extensions upon treatment with therapeutic
levels of VPA. In addition, the neuronal
differentiation markers NPY and GAP-43
were also up regulated, supporting neuronal
differentiation. Furthermore, VPA treatment
also induced cell death as shown by propidium
iodide and Annexin V stainings as well as by
MTT assays. Treating neuroblastoma cells
with VPA resulted in prominent acetylation of
histone H3 confirming its activity as an HDAC
inhibitor. In line with this, Hes-1 was up
regulated in a concentration dependent manner
upon VPA treatment. This was probably a
consequence of increased transcription as
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reflected by augmented promoter activity in
luciferase assays.
More intriguingly was the observation
that VPA treatment increased ICN expression
as demonstrated by specific recognition by an
antibody directed towards Val1744, which is
only exposed after the activating S3 cleavage
of the Notch receptor. In addition, the VPA
induced differentiation of SK-N-BE(2)
cells was partially repressed by inhibition
of γ-secretase, thus implying that ICN was
involved in the differentiation mediated by
VPA. This is paradoxical to the idea that Notch
signaling maintains neuroblastoma cells in an
undifferentiated state. Though during induced
differentiation in vitro, we have observed a
transient increase in both Notch-1 and Hes1 levels, followed by rapid down regulation
of Hash-1. Thus the activation of Notch by
VPA could merely reflect the initial phase of
differentiation. The mechanism behind the
VPA induced Notch activation is not known,
however one could speculate that VPA either
promotes accumulation of ICN by inhibiting
receptor degradation or by stimulating γsecretase mediated cleavage.
In contrast to what we had expected, VPA
treatment did not enhance Hash-1 expression,
which would have been the case if the HDAC
to which TLE binds, was inhibited. Though,
not all HDACs are inhibited by VPA and it
remains possible that it is these insensitive
HDACs that are responsible for repression
of Hash-1. Indeed, it has been shown that
Hes-1 is able to repress transcription, not only
by binding to TLE and thus HDAC through
its WRPW motif, but also by recruiting an
HDAC called SIRT1 via its bHLH domain
[220]. Interestingly, SIRT has been shown to
be insensitive to TSA treatment. Thus it is
possible that Hes-1 mediates some repression
on the Hash-1 promoter even in the presence

of VPA. In addition, and as mentioned above,
Notch-1 is able to induce degradation of Hash1 via the proteasome [161], and since ICN is
increased during VPA treatment one could
speculate that this would result in decreased
Hash-1 expression. Another explanation is
that the decreased Hash-1 expression reflects
the differentiated phenotype, as Hash-1 is not
detected in mature neurons.
Other researchers have reported
that VPA induces activation of ERK1/2
in neuroblastoma and that this activates
differentiation related genes such as GAP43 regulated by AP-1 [207]. However, in
our experiments we could only detect a very
modest activation of ERK1/2. Still the idea
that VPA activates ERK1/2 is of particular
interest considering the Notch pathway since
several reports have shown a reciprocal
crosstalk between the Notch and Ras/MAPK
signaling cascades. As we show in paper III,
Hes-1 can be induced by TGFα, a well known
hypoxic target gene, and blocked by inhibitors
of EGFR signaling, independent of Notch
activity. Thus, if VPA activates ERK1/2 this
might result in increased Hes-1 expression,
though this remains to be elucidated.
In conclusion, VPA can potentially be
used in treating human neuroblastoma as
it promotes cell death and differentiation.
Furthermore, some of the differentiation
related effects might be attributed to Notch
signaling, but further studies are required
to clarify to what extent the Notch cascade
mediates the effect of VPA on neuroblastoma
cells. It would also be very interesting to
study whether other HDAC inhibitors affect
Notch signaling. We have observed that
neuroblastoma cells are sensitive to blocking
EGFR signaling and an interesting approach
would be to combine VPA treatment with
inhibitors of this pathway.

34

The present investigation - Results and discussion

Signaling through EGFR and ERK1/2
regulates Hes-1 expression without Notch
activation (paper III)

of EGFR signaling in unstimulated SK-NBE(2)c cells and that this is involved in basal
Hes-1 expression. To further investigate the
mechanism behind the ERK1/2 mediated up
regulation of Hes-1, we performed luciferase
assays using a reporter construct containing
eight repetitive binding sites for CSL (8 x CSL).
Interestingly, TGFα was equally efficient
in stimulating this reporter as the construct
containing the Hes-1 promoter suggesting
that the Ras/MAPK cascade directly affects
CSL transcriptional activity. In line with this
observation, γ-secretase inhibitors could not
down regulate the reporter activity, suggesting
that TGFα affects CSL mediated transcription
without the presence of ICN. Also the basal
activity of the 8 x CSL construct was in large
refractory to γ-secretase inhibition.
These results were indeed surprising since
Hes-1 is considered to be a direct Notch target
and ICN is thought to be necessary for CSL
mediated transcription. Though, as discussed
above, gene ablation studies in mice have
shown that when knocking out either Notch-1 or
RBP-Jκ, the expression of Hes-1 is unaffected
(de la Pompa 1997), indicating Notch and/or
CSL independent pathways in the regulation of
Hes-1. In addition, a recent study in Drosophila
showed that Su(H), a homologue to CSL, is
capable of signaling without the presence of
Notch [222]. Furthermore, a translocation in
mucoepidermoid cancer involving a protein
of unknown function called MECT1 (for
mucoepidermoid carcinoma translocated
1) and MAML2 is able to induce Hes-1
expression by a yet unidentified mechanism
since both Notch receptor signaling and CSL
binding sites seemed dispensable for this
induction [223]. Thus it is possible that ERK1/
2 by unknown means is involved in stimulating
the expression of Hes-1 independently of ICN
activity.

Since it has been shown that the Notch
signaling cascade is linked to Ras/MAPK
signaling, often dysregulated in human
cancers, we wanted to investigate whether
these two pathways converge in neuroblastoma
cells and how they affect each other. TGFα is
a ligand of the EGF receptor and a potent
mitogen of human neuroblastoma cells [221].
Therefore we treated the neuroblastoma cell
line SK-N-BE(2)c with TGFα and studied
the effect on Hes-1 as a readout for Notch
signaling activity. Interestingly, Hes-1 was
up regulated both at the mRNA and protein
levels by TGFα. This induction was time
and concentration dependent and occurred
concomitantly with phosphorylation of
ERK1/2. We could not detect any increase
in neither Notch-1 nor Notch-3 mRNA levels
indicating that the Hes-1 induction occurred
either due to increased activation of the Notch
receptors already present or due to direct
influence from EGFR signaling. By using two
different γ-secretase inhibitors we could show
that increased Hes-1 expression was only
partially a consequence of Notch activation.
Instead, up regulation of Hes-1 by TGFα
treatment seemed to depend on activation
of ERK1/2, as inhibition of either MEK (the
kinase responsible for activation of ERK1/2)
or EGFR almost completely abolished Hes1 expression and decreased Hes-1 reporter
activity. Interestingly, also basal Hes-1
expression seemed to depend on ERK1/2
phosphorylation rather than Notch activity.
Though, in contrast to Hes-1 expression in
TGFα treated cells, inhibition of EGFR did
not affect basal Hes-1 expression whereas
inhibition of MEK did. These results indicate
that ERK1/2 can be activated independently
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To investigate the functionality of the
TGFα induced Hes-1 we looked at the Hes-1
target Hash-1. Our results show that Hash-1
is rapidly down regulated in a concentration
dependent manner upon TGFα stimulation.
Thus, it seems as if Hes-1 is capable of
repressing Hash-1. However, the biological
significance of Hes-1 induction upon TGFα
stimulation remains to be investigated, but
it is tempting to suggest a role for Hes-1 in
maintaining an undifferentiated neuroblastoma
phenotype by repressing Hash-1 and at the
same time mediating some of the mitogenic
effects of EGFR signaling. It should however
be stressed that the cell line used in this study,
SK-N-BE(2)c has a relatively low basal Notch
signaling activity, as indicated by the modest
Hes-1 levels detected. It is possible that the
strong effect of Ras/MAPK signaling on Hes1 is more readily detectable in such a cell line
compared to other cell lines with higher basal
Hes-1 levels, and hence presumably a more
active Notch cascade.

studying whether this activation was involved
in the hypoxic adaptation and possibly
dedifferentiation observed. Therefore we grew
human neuroblastoma cells at 1% oxygen,
hypoxia, and used cells grown at normoxia
(21% oxygen) as a control.
We show in paper IV that Hes-1
expression is increased in several human
neuroblastoma cell lines after 24 hours of
hypoxic growth. This up regulation is most
likely due to enhanced transcription as shown
by increased luciferase activity using the
Hes-1 promoter coupled to a renilla reporter
gene. Further studies in the SK-N-BE(2)c
neuroblastoma cell line revealed that the Hes1 induction occurred already after 2 hours
of hypoxia and lasted throughout the course
of the experiment. The increase in Hes-1
expression correlated with ERK1/2 activation
as well as with HIF-1α protein stabilization,
a key marker of hypoxia. Interestingly, and
in line with the observations in paper III,
we could not detect any effect of γ-secretase
inhibition on the Hes-1 levels. Instead the
Hes-1 expression was sensitive to both MEK
and EGFR inhibitors comparable to the
situation in TGFα stimulated neuroblastoma
cells at normoxia (paper III). Thus, one could
speculate that the Hes-1 expression at hypoxia
primarily is regulated by ERK1/2 activation,
possibly by stimulation of EGFR signaling
through up regulation of growth factors such
as TGFα.
Since previous studies have shown
that Notch-1 is up regulated at hypoxia in
neuroblastoma cells [179], it is still possible
that Notch activation is involved in Hes-1
induction in a time- and cell type specific
manner. A tempting scenario would be that
the immediate effect on Hes-1 expression is
mediated by growth factors such as TGFα
and Ras/MAPK activity whereas long-term

Hes-1 is induced by hypoxic stimulation
of EGFR signaling and is refractory to
Notch inhibition (paper IV)

Hypoxia is a key feature of solid tumors
and results from improper vascularization as
cancer cells grow with increasing distance
to existing blood vessels. Neuroblastoma
cells exposed to hypoxia have been shown
to dedifferentiate, possibly a way of adapting
to the harsh environment [179]. This
dedifferentiation has also been proposed to
contribute to the increased malignant potential
of the cells [180]. Therefore, it is of interest
to investigate what factors are involved in this
adaptation to hypoxia. Several components
of the Notch signaling cascade have been
shown to be up regulated by hypoxia in
neuroblastoma cells and we were interested in
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effects are mediated by increased Notch
signaling activity. This would be likely since
others have shown that presenilin is increased
by hypoxia [182], which might be associated
with enhanced Notch receptor processing.
To investigate this possibility we therefore
grew SK-N-BE(2)c cells at hypoxia and
added either the γ-secretase inhibitor DAPT
or the MEK inhibitor U0126 two hours
before harvest. Interestingly, addition of
U0126 affected the Hes-1 levels at all time
points studied whereas DAPT treatment left
the Hes-1 induction unaffected. Thus, from
these experiments we concluded that both
immediate and long-term Hes-1 induction
in SK-N-BE(2)c cells was mediated through
ERK1/2 activation at hypoxia.
As discussed in paper III, the cell line
used in these studies has a low basal Notch
activity. It is therefore possible that Hes-1
is regulated in a different way in cells with
higher Notch receptor expression. A first
attempt to clarify whether Notch receptor
levels influence the hypoxic regulation of
Hes-1, SK-N-BE(2)c cells were transfected
with either intracellular Notch (ICN) or full
length Notch (FLN) together with the 8 x CSL
luciferase reporter construct and treated the
cells with the γ-secretase inhibitor L-685,458.
Interestingly, hypoxia caused reporter gene
activation to a much larger extent when the
FLN construct was introduced compared to

the ICN construct. This implied that increased
processing of the receptor might occur at
hypoxia. Indeed, when treating the cells with
the γ-secretase inhibitor, it was possible to
inhibit most of the hypoxia induced reporter
activity in the FLN transfected cells but not
in the ICN cells. In addition to increased
processing, some accumulation of ICN at
hypoxia might occur since the FLN induction
was not completely abolished with γ-secretase
inhibition and since luciferase activity was
slightly induced by ICN transfection. The
mechanism behind this possible accumulation
is not known, however, it could involve
down regulation of proteins that negatively
affects Notch signaling such as Numb or Itch
involved in turnover of ICN.
In conclusion, these results show that
Hes-1 is mainly regulated by increased
activity of the Ras/MAPK signaling cascade at
hypoxia. This is in line with our observation in
paper III showing that TGFα can induce Hes1 expression in an ERK1/2 dependent manner.
In addition, hypoxia might also induce Notch
signaling through elevated processing of the
receptor. From a conceptual point of view
this observation might be important since
this would also lead to activation of Notch
target genes other than Hes-1. The role of
Notch signaling activity in dedifferentiation
and neuroblastoma cell adaptation to hypoxia
remains however to be elucidated.
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Conclusions
Ubiquilin-1 interacts with Hash-1 and promotes its accumulation, possibly by protecting it from
degradation by the 26S proteasomal machinery.
VPA activates Notch signaling through increased ICN and Hes-1 expression. In addition, VPA
induced differentiation of human neuroblastoma cells is partially mediated through Notch
activity.
Hes-1 is regulated by TGFα induced Ras/MAPK signaling independent of Notch activity.
Hypoxia induces Hes-1 expression independent of Notch signaling activity and is dependent on
signaling through the EGFR.
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Populärvetenskaplig sammanfattning
Uppkomsten och utvecklingen av en tumör
beror på att det reglerade förhållandet
mellan celldelning och celldöd är satt ur
spel. Neuroblastom är en tumör som drabbar
i genomsnitt 10-15 barn per år i Sverige.
Tumören uppstår från celler som bildar
det sympatiska nervsystemet och som av
någon anledning är blockerade i sin normala
utmognad, differentiering, till nerver. Det
sympatiska
nervsystemet
kontrollerar
funktioner som inte kan styras av viljan,
såsom svar på stress och fara. Neuroblastom
kan delas in i ett flertal grupper beroende på
var i kroppen tumören uppkommer och hur
differentierad den är. De olika grupperna har
också olika prognos, där mer differentierade
tumörer korrelerar till bättre överlevnad.
Eftersom neuroblastom uppstår ur
omogna sympatiska nervceller uttrycker
tumören också gener som annars bara
uttrycks under fosterutvecklingen. En av
dessa kodar för ett s.k. bHLH (basiskt
helix-loop-helix) protein som heter Hash-1.
Hash-1 är en transkriptionsfaktor, d.v.s. den
reglerar uttrycket av andra gener varav ett
flertal är involverade i differentiering av det
sympatiska nervsystemet. Hash-1 uttryck är
nödvändigt för utmognaden av sympatiska
nervsystemet, men uttrycks ej i mogna neuron.
Det är möjligt att Hash-1 är involverad i den
blockerade differentieringen av det sympatiska
nervsystemet som leder till uppkomst av
neuroblastom. Därför är det av intresse att
studera hur Hash-1 regleras. I arbete I visar vi
att Hash-1 binder till ubiquilin-1, ett protein
som skyddar andra proteiner från nedbrytning.
Hash-1 bryts ner via den s.k. proteasomen och
i närvaro av ubiquilin-1 ackumuleras Hash-1.
Däremot försvinner Hash-1 uttrycket då man

inhiberar proteasomen. Detta beror troligtvis
på att ett annat bHLH protein, Hes-1, som
negativt reglerar uttrycket av Hash-1, under
dessa förhållanden uppregleras.
Både Hes-1 och Hash-1 ingår i den
så kallade Notch kaskaden. Notch är en
receptor som sitter i cellmembranet och som
kan binda till andra proteiner, s.k. ligander,
på intilliggande celler. Då Notch binder en
ligand, klyvs en del av receptorn av och
transporteras in i cellens kärna där den styr
uttrycket av målgener. Ett av proteinerna som
direkt regleras av Notch är Hes-1. Generellt
sätt uttrycks Notch i omogna celler och verkar
bibehålla dessa i ett odifferentierat stadium.
Notch receptorn är involverad i uppkomsten
av ett flertal tumörer där felaktigt överuttryck
hindar cellernas normala utmognad. I
andra fall kan frånvaron av Notch leda till
cancer. Det är möjligt att på kemisk väg få
neuroblastomceller att mogna till nervceller.
Vi har tidigare visat att Hash-1 nedregleras
och Hes-1 först uppregleras för att sedan
försvinna under denna differentieringsprocess.
Dessutom har vi sett att överuttryck av Notch
receptorn verkar hindra differentieringen
och därför möjligen bibehåller cellerna i ett
omoget stadium. Därför kan regleringen av
Notch kaskaden vara viktig vid uppkomsten
av neuroblastom.
Ett flertal steg i Notch kaskaden regleras
av s.k. histon deacetylaser, HDACs. Dessa
fungerar så att de bibehåller DNAʼt i ett
stadium så att transkription inte kan ske. Man
kan på kemisk väg hindra HDAC aktiviteten
och detta har visat sig ha positiv effekt vid
behandlingen av ett flertal tumörer. VPA, är en
drog som används kliniskt då man behandlar
epilepsi. Dessutom fungerar VPA som en
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HDAC inhibitor och har visat sig hindra
tillväxt av neuroblastom och också inducera
neuronal differentiering. I arbete II visar vi
att VPA leder till differentiering av SK-NBE(2) neuroblastomceller. Dessutom visar
vi att VPA aktiverar Notch kaskaden på två
sätt, dels genom klyvning av receptorn, och
dels genom uppreglering av Hes-1. Om vi
på kemisk väg hindrar Notch aktiveringen,
får vi också mindre differentiering, varför
Notch verkar vara inblandad i denna process.
Hur detta sker är dock inte känt, men vi tror
att VPA härmar de första stegen i den kemiskt
inducerade differentieringen. Eftersom VPA
redan används kliniskt och har få bieffekter
skulle det vara möjligt att använda VPA vid
behandling av neuroblastom.
I solida tumörer såsom neuroblastom
är det vanligt att hypoxi, lågt syretryck,
uppkommer i områden där blodtillförseln är
otillräcklig. Neuroblastomceller som utsätts
för hypoxi har vistats anpassa sig till den yttre
miljön genom att bli mindre differentierade och
därför också mer maligna. Vi är intresserade

av vilken roll Notch kaskaden spelar vid
cellens anpassning till hypoxi. Tidigare studier
har visat att Notch induceras vid hypoxi och
vi visar i arbete IV att detta även gäller Hes1. Notch kaskaden samarbetar med andra för
cellen viktiga signaleringsvägar, varav några
är involverade i uppkomsten av cancer. En av
dessa vägar är signalering via den s.k. EGF
receptorn (EGFR). Det är sedan tidigare väl
känt att tillväxtfaktorer som stimulerar EGFR
induceras vid hypoxi. I arbete III visar vi att
Hes-1 kan regleras direkt av EGFR kaskaden
då man stimulerar neuroblastomceller med
EGFR liganden, TGFα. Vi visar att denna
reglering sker oberoende av Notch. I arbete IV
visar vi att Hes-1 uppregleringen vid hypoxi
beror av den ökade EGFR aktiviteten och
även här är oberoende av Notch. Kopplingen
mellan EGFR signalering och Notch kaskaden
är mycket intressant eftersom det finns ett
flertal droger som hindrar EGFR signalering
och om man kan påverka Notch kaskaden
med dessa så kan man kanske också hindra
tillväxten av neuroblastom.

40

Acknowledgements
Helén, Helen P, Ingrid, Jan-Ingvar, Jenny,
June, Karolina, Lovisa, Linda, Marie O,
Maria J, Maria E, Mia, Paula, Richard,
Ruth, Tobias and Ulrika.

I would like to express my sincere gratitude to
all people involved in generation of this thesis,
both inside and outside the four walls of the lab.
If you are not mentioned here, itʼs totally due to
the current distracted, potato-like status of my
mind, and I apologize for that of course J!

Siv and Elisabeth for being so gentle and
caring and for keeping molmed running as
smooth as possible and Inger and Kristin for
all help with administrative concerns.

Anyway, I would like to thank…
Håkan, for all those nice and complicated
words and for your enthusiasm concerning
research, especially then the neuroblastoma
and top-notch fields. I have never stopped
being amazed over all your ideas, but I must
admit that I am happy that I finally can be
more relaxed over them. You are “en jävligt
bra kille” and I feel that after the first four
years of getting to know each other, I finally
understand your sense of humor and you
probably mine J. It has been great to work
with you.

A special thanks to the TV-groupies: Erik,
Helena and Lovia. I really have enjoyed our
TV- and “fika”-gatherings and I do hope that
we will continue the Wednesday “Lost” TVsessions the coming fall. Always remember to
take “det gode med det onde” J!
Simone for small talk and big talk during
Thesis writing.
All my dear friends, you mean a lot to me!

Sven, my professor, for actually being the
one to introduce me to “en jävligt bra kille”,
supposedly Håkan, for interesting discussions
and for always putting the well-being of the
lab foremost.

Christel, for always having to put up with me
and my repetitive behavior and tendency to
talk about the same problem a hundred times,
and for all the fun stuff we have been through
together. You are the best!!
Jessica, for all the nice talks and being a good
listener. And for taking the time to call me,
even if I am lousy at calling back.

My two colleagues Stina and Jonas, for
sharing Håkan as a supervisor, for nice
company in Italy and for Thursday morning
meetings. Jonas I really owe you a “tumskydd”
for all the luciferase assays!

Linda and Maria, for always having the time
to meet when around and for nice summer
trips to Mälarhusen.
Magnus, for being my oldest friend (!) and for
keeping the Word J.

All present and past members of the Molmed
lab for creating that special “I really want
to go to the lab” feeling; Anna G, Anna S,
Annika, Ami, Alexander, Anders E, Anders
H, Carolin, Christer, Erik, Gry, Helena,

Sara and Lovisa, the best companions ever,
for all the parties, dinners, trips (N.Y was a
blast), and being such good friends. I enjoy
41

Notch Signaling In Human Neuroblastoma Cells

every minute with you.

and being crazy! I love you even though you
give me headache J!

The other girls in “gymnasiegänget”: Jessica,
Anna, Gabriela and Ingela for keeping in
touch and always providing a good company.

Peter for being the best brother ever, for
knowing everything from history to music
except how to unlock the door in the morning,
I love you! Anika and Gustaf for Sunday
breakfasts and being adorable.

My lovely book circle: Sanna, Anna, AnnaKarin and Frida, I really enjoy every time we
come together and the discussions have really
distracted my mind from the lab. This has
been a great year for us all and I am looking
forward to the next book even though if I for
obvious reasons havenʼt read it!

Mamma and Pappa, for being my greatest
supporters, encouraging me and telling me
that everything will be ok, since it always is.
For being there “I vått och torrt” and for taking
care of Zyrlex. I love you both!

“Tantklubben”: Sanna, Boel, Kerstin,
Marina and Helen, new friends, but equally
good, for nice arrangements such as vine
tasting and horseback riding, things that made
me think of something else than work.

This work was supported by grants from
the Swedish Cancer Society, the Childrenʼs
Cancer Foundation of Sweden, Ollie and
Elof Ericssonʼs Foundation, Åke Wibergʼs
Foundation, the Crafoord Foundation and
Malmö University Hospital Research Funds.

And of course snäckorna! Jenny, Lina, Elin,
Christel, Lotta, Sara, Malin and Karin, for
providing an adventure every time we meet,
for good food (snäckis), great laughs, parties

42

References
1.

Morgan, T., The theory of the gene. Am Nat, 1917. 51: p. 513-544.

2.

Poulson, D., Chromosomal deficiencies and the embryonic development of Drosophila
melanogaster. Proc. Natl. Acad. Sci., 1937. 23: p. 133-137.

3.

Weinmaster, G., V.J. Roberts, and G. Lemke, Notch2: a second mammalian Notch gene.
Development, 1992. 116(4): p. 931-41.

4.

Weinmaster, G., V.J. Roberts, and G. Lemke, A homolog of Drosophila Notch expressed
during mammalian development. Development, 1991. 113(1): p. 199-205.

5.

Uyttendaele, H., G. Marazzi, G. Wu, Q. Yan, D. Sassoon, and J. Kitajewski, Notch4/int3, a mammary proto-oncogene, is an endothelial cell-specific mammalian Notch gene.
Development, 1996. 122(7): p. 2251-9.

6.

del Amo, F.F., M. Gendron-Maguire, P.J. Swiatek, N.A. Jenkins, N.G. Copeland, and T.
Gridley, Cloning, analysis, and chromosomal localization of Notch-1, a mouse homolog
of Drosophila Notch. Genomics, 1993. 15(2): p. 259-64.

7.

Allenspach, E.J., I. Maillard, J.C. Aster, and W.S. Pear, Notch signaling in cancer.
Cancer Biol Ther, 2002. 1(5): p. 466-76.

8.

Beatus, P. and U. Lendahl, Notch and neurogenesis. J Neurosci Res, 1998. 54(2): p. 125-36.

9.

Radtke, F. and K. Raj, The role of Notch in tumorigenesis: oncogene or tumour
suppressor? Nat Rev Cancer, 2003. 3(10): p. 756-67.

10.

Bettenhausen, B., M. Hrabe de Angelis, D. Simon, J.L. Guenet, and A. Gossler,
Transient and restricted expression during mouse embryogenesis of Dll1, a murine
gene closely related to Drosophila Delta. Development, 1995. 121(8): p. 2407-18.

11.

Lindsell, C.E., C.J. Shawber, J. Boulter, and G. Weinmaster, Jagged: a mammalian
ligand that activates Notch1. Cell, 1995. 80(6): p. 909-17.

12.

Le Borgne, R., A. Bardin, and F. Schweisguth, The roles of receptor and ligand
endocytosis in regulating Notch signaling. Development, 2005. 132(8): p. 1751-62.

13.

Baladron, V., M.J. Ruiz-Hidalgo, M.L. Nueda, M.J. Diaz-Guerra, J.J. Garcia-Ramirez,
E. Bonvini, E. Gubina, and J. Laborda, dlk acts as a negative regulator of Notch1
activation through interactions with specific EGF-like repeats. Exp Cell Res, 2005.
303(2): p. 343-59.

14.

Laborda, J., E.A. Sausville, T. Hoffman, and V. Notario, dlk, a putative mammalian
homeotic gene differentially expressed in small cell lung carcinoma and neuroendocrine
tumor cell line. J Biol Chem, 1993. 268(6): p. 3817-20.

15.

Van Limpt, V.A., A.J. Chan, P.G. Van Sluis, H.N. Caron, C.J. Van Noesel, and R. Versteeg,
High delta-like 1 expression in a subset of neuroblastoma cell lines corresponds to a
differentiated chromaffin cell type. Int J Cancer, 2003. 105(1): p. 61-9.

16.

Blaumueller, C.M., H. Qi, P. Zagouras, and S. Artavanis-Tsakonas, Intracellular
cleavage of Notch leads to a heterodimeric receptor on the plasma membrane. Cell,
1997. 90(2): p. 281-91.

17.

Logeat, F., C. Bessia, C. Brou, O. LeBail, S. Jarriault, N.G. Seidah, and A. Israel, The
Notch1 receptor is cleaved constitutively by a furin-like convertase. Proc Natl Acad Sci
43

Notch Signaling In Human Neuroblastoma Cells

U S A, 1998. 95(14): p. 8108-12.
18.

Rand, M.D., L.M. Grimm, S. Artavanis-Tsakonas, V. Patriub, S.C. Blacklow, J. Sklar,
and J.C. Aster, Calcium depletion dissociates and activates heterodimeric notch
receptors. Mol Cell Biol, 2000. 20(5): p. 1825-35.

19.

Mumm, J.S., E.H. Schroeter, M.T. Saxena, A. Griesemer, X. Tian, D.J. Pan, W.J. Ray,
and R. Kopan, A ligand-induced extracellular cleavage regulates gamma-secretase-like
proteolytic activation of Notch1. Mol Cell, 2000. 5(2): p. 197-206.

20.

Brou, C., F. Logeat, N. Gupta, C. Bessia, O. LeBail, J.R. Doedens, A. Cumano, P. Roux,
R.A. Black, and A. Israel, A novel proteolytic cleavage involved in Notch signaling: the
role of the disintegrin-metalloprotease TACE. Mol Cell, 2000. 5(2): p. 207-16.

21.

Le Borgne, R. and F. Schweisguth, Notch signaling: endocytosis makes delta signal
better. Curr Biol, 2003. 13(7): p. R273-5.

22.

Parks, A.L., K.M. Klueg, J.R. Stout, and M.A. Muskavitch, Ligand endocytosis drives
receptor dissociation and activation in the Notch pathway. Development, 2000. 127(7):
p. 1373-85.

23.

Schroeter, E.H., J.A. Kisslinger, and R. Kopan, Notch-1 signalling requires ligandinduced proteolytic release of intracellular domain. Nature, 1998. 393(6683): p. 382-6.

24.

Struhl, G. and I. Greenwald, Presenilin-mediated transmembrane cleavage is required for
Notch signal transduction in Drosophila. Proc Natl Acad Sci U S A, 2001. 98(1): p. 229-34.

25.

De Strooper, B., W. Annaert, P. Cupers, P. Saftig, K. Craessaerts, J.S. Mumm, E.H.
Schroeter, V. Schrijvers, M.S. Wolfe, W.J. Ray, A. Goate, and R. Kopan, A presenilin1-dependent gamma-secretase-like protease mediates release of Notch intracellular
domain. Nature, 1999. 398(6727): p. 518-22.

26.

Fortini, M.E., Gamma-secretase-mediated proteolysis in cell-surface-receptor
signalling. Nat Rev Mol Cell Biol, 2002. 3(9): p. 673-84.

27.

De Strooper, B., Aph-1, Pen-2, and Nicastrin with Presenilin generate an active
gamma-Secretase complex. Neuron, 2003. 38(1): p. 9-12.

28.

Haass, C. and B. De Strooper, The presenilins in Alzheimerʼs disease--proteolysis holds
the key. Science, 1999. 286(5441): p. 916-9.

29.

Fortini, M.E. and S. Artavanis-Tsakonas, The suppressor of hairless protein participates
in notch receptor signaling. Cell, 1994. 79(2): p. 273-82.

30.

Christensen, S., V. Kodoyianni, M. Bosenberg, L. Friedman, and J. Kimble, lag-1, a
gene required for lin-12 and glp-1 signaling in Caenorhabditis elegans, is homologous
to human CBF1 and Drosophila Su(H). Development, 1996. 122(5): p. 1373-83.

31.

Jarriault, S., C. Brou, F. Logeat, E.H. Schroeter, R. Kopan, and A. Israel, Signalling
downstream of activated mammalian Notch. Nature, 1995. 377(6547): p. 355-8.

32.

Kao, H.Y., P. Ordentlich, N. Koyano-Nakagawa, Z. Tang, M. Downes, C.R. Kintner,
R.M. Evans, and T. Kadesch, A histone deacetylase corepressor complex regulates the
Notch signal transduction pathway. Genes Dev, 1998. 12(15): p. 2269-77.

33.

Hsieh, J.J., S. Zhou, L. Chen, D.B. Young, and S.D. Hayward, CIR, a corepressor
linking the DNA binding factor CBF1 to the histone deacetylase complex. Proc Natl
Acad Sci U S A, 1999. 96(1): p. 23-8.

34.

Zhou, S., M. Fujimuro, J.J. Hsieh, L. Chen, A. Miyamoto, G. Weinmaster, and S.D.
Hayward, SKIP, a CBF1-associated protein, interacts with the ankyrin repeat domain
44

References

of NotchIC To facilitate NotchIC function. Mol Cell Biol, 2000. 20(7): p. 2400-10.
35.

Oswald, F., B. Tauber, T. Dobner, S. Bourteele, U. Kostezka, G. Adler, S. Liptay, and
R.M. Schmid, p300 acts as a transcriptional coactivator for mammalian Notch-1. Mol
Cell Biol, 2001. 21(22): p. 7761-74.

36.

Kurooka, H. and T. Honjo, Functional interaction between the mouse notch1
intracellular region and histone acetyltransferases PCAF and GCN5. J Biol Chem,
2000. 275(22): p. 17211-20.

37.

Kitagawa, M., T. Oyama, T. Kawashima, B. Yedvobnick, A. Kumar, K. Matsuno, and
K. Harigaya, A human protein with sequence similarity to Drosophila mastermind
coordinates the nuclear form of notch and a CSL protein to build a transcriptional
activator complex on target promoters. Mol Cell Biol, 2001. 21(13): p. 4337-46.

38.

Lin, S.E., T. Oyama, T. Nagase, K. Harigaya, and M. Kitagawa, Identification of new
human mastermind proteins defines a family that consists of positive regulators for
notch signaling. J Biol Chem, 2002. 277(52): p. 50612-20.

39.

Wu, L., J.C. Aster, S.C. Blacklow, R. Lake, S. Artavanis-Tsakonas, and J.D. Griffin,
MAML1, a human homologue of Drosophila mastermind, is a transcriptional coactivator for NOTCH receptors. Nat Genet, 2000. 26(4): p. 484-9.

40.

Wu, L., T. Sun, K. Kobayashi, P. Gao, and J.D. Griffin, Identification of a family of
mastermind-like transcriptional coactivators for mammalian notch receptors. Mol Cell
Biol, 2002. 22(21): p. 7688-700.

41.

Fryer, C.J., E. Lamar, I. Turbachova, C. Kintner, and K.A. Jones, Mastermind mediates
chromatin-specific transcription and turnover of the Notch enhancer complex. Genes
Dev, 2002. 16(11): p. 1397-411.

42.

Petcherski, A.G. and J. Kimble, Mastermind is a putative activator for Notch. Curr
Biol, 2000. 10(13): p. R471-3.

43.

Wu, L. and J.D. Griffin, Modulation of Notch signaling by mastermind-like (MAML)
transcriptional co-activators and their involvement in tumorigenesis. Semin Cancer
Biol, 2004. 14(5): p. 348-56.

44.

Arias, A.M., New alleles of Notch draw a blueprint for multifunctionality. Trends
Genet, 2002. 18(4): p. 168-70.

45.

Matsuno, K., R.J. Diederich, M.J. Go, C.M. Blaumueller, and S. Artavanis-Tsakonas,
Deltex acts as a positive regulator of Notch signaling through interactions with the
Notch ankyrin repeats. Development, 1995. 121(8): p. 2633-44.

46.

Matsuno, K., M.J. Go, X. Sun, D.S. Eastman, and S. Artavanis-Tsakonas, Suppressor
of Hairless-independent events in Notch signaling imply novel pathway elements.
Development, 1997. 124(21): p. 4265-73.

47.

Ordentlich, P., A. Lin, C.P. Shen, C. Blaumueller, K. Matsuno, S. Artavanis-Tsakonas,
and T. Kadesch, Notch inhibition of E47 supports the existence of a novel signaling
pathway. Mol Cell Biol, 1998. 18(4): p. 2230-9.

48.

Kadesch, T., Notch signaling: the demise of elegant simplicity. Curr Opin Genet Dev,
2004. 14(5): p. 506-12.

49.

Koch, U., J.S. Yuan, J.A. Harper, and C.J. Guidos, Fine-tuning Notch1 activation by
endocytosis and glycosylation. Semin Immunol, 2003. 15(2): p. 99-106.

50.

Hicks, C., S.H. Johnston, G. diSibio, A. Collazo, T.F. Vogt, and G. Weinmaster, Fringe
45

Notch Signaling In Human Neuroblastoma Cells

differentially modulates Jagged1 and Delta1 signalling through Notch1 and Notch2.
Nat Cell Biol, 2000. 2(8): p. 515-20.
51.

Haines, N. and K.D. Irvine, Glycosylation regulates Notch signalling. Nat Rev Mol
Cell Biol, 2003. 4(10): p. 786-97.

52.

Moloney, D.J., V.M. Panin, S.H. Johnston, J. Chen, L. Shao, R. Wilson, Y. Wang, P.
Stanley, K.D. Irvine, R.S. Haltiwanger, and T.F. Vogt, Fringe is a glycosyltransferase
that modifies Notch. Nature, 2000. 406(6794): p. 369-75.

53.

Frise, E., J.A. Knoblich, S. Younger-Shepherd, L.Y. Jan, and Y.N. Jan, The Drosophila
Numb protein inhibits signaling of the Notch receptor during cell-cell interaction in
sensory organ lineage. Proc Natl Acad Sci U S A, 1996. 93(21): p. 11925-32.

54.

Guo, M., L.Y. Jan, and Y.N. Jan, Control of daughter cell fates during asymmetric
division: interaction of Numb and Notch. Neuron, 1996. 17(1): p. 27-41.

55.

Wakamatsu, Y., T.M. Maynard, S.U. Jones, and J.A. Weston, NUMB localizes in
the basal cortex of mitotic avian neuroepithelial cells and modulates neuronal
differentiation by binding to NOTCH-1. Neuron, 1999. 23(1): p. 71-81.

56.

McGill, M.A. and C.J. McGlade, Mammalian numb proteins promote Notch1 receptor
ubiquitination and degradation of the Notch1 intracellular domain. J Biol Chem, 2003.
278(25): p. 23196-203.

57.

Lai, E.C., Protein degradation: four E3s for the notch pathway. Curr Biol, 2002. 12(2):
p. R74-8.

58.

Qiu, L., C. Joazeiro, N. Fang, H.Y. Wang, C. Elly, Y. Altman, D. Fang, T. Hunter, and
Y.C. Liu, Recognition and ubiquitination of Notch by Itch, a hect-type E3 ubiquitin
ligase. J Biol Chem, 2000. 275(46): p. 35734-7.

59.

Lai, E.C., G.A. Deblandre, C. Kintner, and G.M. Rubin, Drosophila neuralized is a
ubiquitin ligase that promotes the internalization and degradation of delta. Dev Cell,
2001. 1(6): p. 783-94.

60.

Brou, C., F. Logeat, M. Lecourtois, J. Vandekerckhove, P. Kourilsky, F. Schweisguth,
and A. Israel, Inhibition of the DNA-binding activity of Drosophila suppressor of
hairless and of its human homolog, KBF2/RBP-J kappa, by direct protein-protein
interaction with Drosophila hairless. Genes Dev, 1994. 8(20): p. 2491-503.

61.

Gupta-Rossi, N., O. Le Bail, H. Gonen, C. Brou, F. Logeat, E. Six, A. Ciechanover, and
A. Israel, Functional interaction between SEL-10, an F-box protein, and the nuclear
form of activated Notch1 receptor. J Biol Chem, 2001. 276(37): p. 34371-8.

62.

Oberg, C., J. Li, A. Pauley, E. Wolf, M. Gurney, and U. Lendahl, The Notch intracellular
domain is ubiquitinated and negatively regulated by the mammalian Sel-10 homolog. J
Biol Chem, 2001. 276(38): p. 35847-53.

63.

Wu, G., S. Lyapina, I. Das, J. Li, M. Gurney, A. Pauley, I. Chui, R.J. Deshaies, and J.
Kitajewski, SEL-10 is an inhibitor of notch signaling that targets notch for ubiquitinmediated protein degradation. Mol Cell Biol, 2001. 21(21): p. 7403-15.

64.

Iso, T., L. Kedes, and Y. Hamamori, HES and HERP families: multiple effectors of the
Notch signaling pathway. J Cell Physiol, 2003. 194(3): p. 237-55.

65.

Ronchini, C. and A.J. Capobianco, Induction of cyclin D1 transcription and CDK2
activity by Notch(ic): implication for cell cycle disruption in transformation by
Notch(ic). Mol Cell Biol, 2001. 21(17): p. 5925-34.

46

References

66.

Kiaris, H., K. Politi, L.M. Grimm, M. Szabolcs, P. Fisher, A. Efstratiadis, and S.
Artavanis-Tsakonas, Modulation of notch signaling elicits signature tumors and
inhibits hras1-induced oncogenesis in the mouse mammary epithelium. Am J Pathol,
2004. 165(2): p. 695-705.

67.

Massari, M.E. and C. Murre, Helix-loop-helix proteins: regulators of transcription in
eucaryotic organisms. Mol Cell Biol, 2000. 20(2): p. 429-40.

68.

Takebayashi, K., Y. Sasai, Y. Sakai, T. Watanabe, S. Nakanishi, and R. Kageyama,
Structure, chromosomal locus, and promoter analysis of the gene encoding the mouse
helix-loop-helix factor HES-1. Negative autoregulation through the multiple N box
elements. J Biol Chem, 1994. 269(7): p. 5150-6.

69.

Murata, K., M. Hattori, N. Hirai, Y. Shinozuka, H. Hirata, R. Kageyama, T. Sakai,
and N. Minato, Hes1 directly controls cell proliferation through the transcriptional
repression of p27Kip1. Mol Cell Biol, 2005. 25(10): p. 4262-71.

70.

Ohtsuka, T., M. Ishibashi, G. Gradwohl, S. Nakanishi, F. Guillemot, and R. Kageyama,
Hes1 and Hes5 as notch effectors in mammalian neuronal differentiation. Embo J,
1999. 18(8): p. 2196-207.

71.

Jarriault, S., O. Le Bail, E. Hirsinger, O. Pourquie, F. Logeat, C.F. Strong, C. Brou,
N.G. Seidah, and A. Isra l, Delta-1 activation of notch-1 signaling results in HES-1
transactivation. Mol Cell Biol, 1998. 18(12): p. 7423-31.

72.

Kuroda, K., S. Tani, K. Tamura, S. Minoguchi, H. Kurooka, and T. Honjo, Deltainduced Notch signaling mediated by RBP-J inhibits MyoD expression and myogenesis.
J Biol Chem, 1999. 274(11): p. 7238-44.

73.

Nishimura, M., F. Isaka, M. Ishibashi, K. Tomita, H. Tsuda, S. Nakanishi, and R.
Kageyama, Structure, chromosomal locus, and promoter of mouse Hes2 gene, a
homologue of Drosophila hairy and Enhancer of split. Genomics, 1998. 49(1): p. 69-75.

74.

de la Pompa, J.L., A. Wakeham, K.M. Correia, E. Samper, S. Brown, R.J. Aguilera, T.
Nakano, T. Honjo, T.W. Mak, J. Rossant, and R.A. Conlon, Conservation of the Notch
signalling pathway in mammalian neurogenesis. Development, 1997. 124(6): p. 1139-48.

75.

Feder, J.N., L.Y. Jan, and Y.N. Jan, A rat gene with sequence homology to the
Drosophila gene hairy is rapidly induced by growth factors known to influence neuronal
differentiation. Mol Cell Biol, 1993. 13(1): p. 105-13.

76.

Hirata, H., S. Yoshiura, T. Ohtsuka, Y. Bessho, T. Harada, K. Yoshikawa, and R.
Kageyama, Oscillatory expression of the bHLH factor Hes1 regulated by a negative
feedback loop. Science, 2002. 298(5594): p. 840-3.

77.

Gammill, L.S. and M. Bronner-Fraser, Neural crest specification: migrating into
genomics. Nat Rev Neurosci, 2003. 4(10): p. 795-805.

78.

Anderson, D.J., Cellular and molecular biology of neural crest cell lineage
determination. Trends Genet, 1997. 13(7): p. 276-80.

79.

Holgert, H., A. Dagerlind, and T. Hokfelt, Phenotype of intraadrenal ganglion neurons
during postnatal development in rat. J Comp Neurol, 1996. 371(4): p. 603-20.

80.

Hedborg, F., R. Ohlsson, B. Sandstedt, L. Grimelius, J.C. Hoehner, and S. Påhlman, IGF2
expression is a marker for paraganglionic/SIF cell differentiation in neuroblastoma.
Am J Pathol, 1995. 146(4): p. 833-47.

81.

Gestblom, C., J.C. Hoehner, F. Hedborg, B. Sandstedt, and S. Påhlman, In vivo

47

Notch Signaling In Human Neuroblastoma Cells

spontaneous neuronal to neuroendocrine lineage conversion in a subset of
neuroblastomas. Am J Pathol, 1997. 150(1): p. 107-17.
82.

Langley, K. and N.J. Grant, Molecular markers of sympathoadrenal cells. Cell Tissue
Res, 1999. 298(2): p. 185-206.

83.

Påhlman, S. and F. Hedborg, Development of the neural crest and sympathetic nervous
system. First ed. Neuroblastoma, ed. G.M. Brodeur, et al. Vol. 1. 2000, Amsterdam:
Elsevier Science. 9-19.

84.

Anderson, D.J. and R. Axel, A bipotential neuroendocrine precursor whose choice of
cell fate is determined by NGF and glucocorticoids. Cell, 1986. 47(6): p. 1079-90.

85.

Anderson, D.J., J.F. Carnahan, A. Michelsohn, and P.H. Patterson, Antibody markers
identify a common progenitor to sympathetic neurons and chromaffin cells in vivo and
reveal the timing of commitment to neuronal differentiation in the sympathoadrenal
lineage. J Neurosci, 1991. 11(11): p. 3507-19.

86.

Nye, J.S., R. Kopan, and R. Axel, An activated Notch suppresses neurogenesis and
myogenesis but not gliogenesis in mammalian cells. Development, 1994. 120(9): p.
2421-30.

87.

Morrison, S.J., S.E. Perez, Z. Qiao, J.M. Verdi, C. Hicks, G. Weinmaster, and D.J.
Anderson, Transient Notch activation initiates an irreversible switch from neurogenesis
to gliogenesis by neural crest stem cells. Cell, 2000. 101(5): p. 499-510.

88.

Williams, R., U. Lendahl, and M. Lardelli, Complementary and combinatorial patterns
of Notch gene family expression during early mouse development. Mech Dev, 1995.
53(3): p. 357-68.

89.

Lewis, J., Notch signalling and the control of cell fate choices in vertebrates. Semin
Cell Dev Biol, 1998. 9(6): p. 583-9.

90.

Oishi, K., S. Kamakura, Y. Isazawa, T. Yoshimatsu, K. Kuida, M. Nakafuku, N. Masuyama,
and Y. Gotoh, Notch promotes survival of neural precursor cells via mechanisms distinct
from those regulating neurogenesis. Dev Biol, 2004. 276(1): p. 172-84.

91.

Hitoshi, S., T. Alexson, V. Tropepe, D. Donoviel, A.J. Elia, J.S. Nye, R.A. Conlon, T.W.
Mak, A. Bernstein, and D. van der Kooy, Notch pathway molecules are essential for
the maintenance, but not the generation, of mammalian neural stem cells. Genes Dev,
2002. 16(7): p. 846-58.

92.

Lindsell, C.E., J. Boulter, G. diSibio, A. Gossler, and G. Weinmaster, Expression patterns
of Jagged, Delta1, Notch1, Notch2, and Notch3 genes identify ligand-receptor pairs that
may function in neural development. Mol Cell Neurosci, 1996. 8(1): p. 14-27.

93.

Ishibashi, M., K. Moriyoshi, Y. Sasai, K. Shiota, S. Nakanishi, and R. Kageyama,
Persistent expression of helix-loop-helix factor HES-1 prevents mammalian neural
differentiation in the central nervous system. Embo J, 1994. 13(8): p. 1799-805.

94.

Sasai, Y
Y., R. Kageyama, Y. Tagawa, R. Shigemoto, and S. Nakanishi, Two mammalian
helix-loop-helix factors structurally related to Drosophila hairy and Enhancer of split.
Genes Dev, 1992. 6(12B): p. 2620-34.

95.

Castella, P., J.A. Wagner, and M. Caudy, Regulation of hippocampal neuronal
differentiation by the basic helix-loop-helix transcription factors HES-1 and MASH-1.
J Neurosci Res, 1999. 56(3): p. 229-40.

96.

Ishibashi, M., S.L. Ang, K. Shiota, S. Nakanishi, R. Kageyama, and F. Guillemot,

48

References

Targeted disruption of mammalian hairy and Enhancer of split homolog-1 (HES-1)
leads to up-regulation of neural helix-loop-helix factors, premature neurogenesis, and
severe neural tube defects. Genes Dev, 1995. 9(24): p. 3136-48.
97.

Johnson, J.E., S.J. Birren, and D.J. Anderson, Two rat homologues of Drosophila
achaete-scute specifically expressed in neuronal precursors. Nature, 1990. 346(6287):
p. 858-61.

98.

Lo, L.C., J.E. Johnson, C.W. Wuenschell, T. Saito, and D.J. Anderson, Mammalian
achaete-scute homolog 1 is transiently expressed by spatially restricted subsets of early
neuroepithelial and neural crest cells. Genes Dev, 1991. 5(9): p. 1524-37.

99.

Anderson, D.J., M
MASH genes and the logic of neural crest cell lineage diversification.
C R Acad Sci III, 1993. 316(9): p. 1082-96.

100.

Guillemot, F., L.C. Lo, J.E. Johnson, A. Auerbach, D.J. Anderson, and A.L. Joyner,
Mammalian achaete-scute homolog 1 is required for the early development of olfactory
and autonomic neurons. Cell, 1993. 75(3): p. 463-76.

101.

Sommer, L., N. Shah, M. Rao, and D.J. Anderson, The cellular function of MASH1 in
autonomic neurogenesis. Neuron, 1995. 15(6): p. 1245-58.

102.

Kageyama, R., M. Ishibashi, K. Takebayashi, and K. Tomita, bHLH transcription
factors and mammalian neuronal differentiation. Int J Biochem Cell Biol, 1997. 29(12):
p. 1389-99.

103.

Johnson, J.E., K. Zimmerman, T. Saito, and D.J. Anderson, Induction and repression
of mammalian achaete-scute homologue (MASH) gene expression during neuronal
differentiation of P19 embryonal carcinoma cells. Development, 1992. 114(1): p. 75-87.

104.

Gestblom, C., A. Grynfeld, I. Øra, E. Örtoft, C. Larsson, H. Axelson, B. Sandstedt, P.
Cserjesi, E.N. Olson, and S. Påhlman, The basic helix-loop-helix transcription factor
dHAND, a marker gene for the developing human sympathetic nervous system, is expressed
in both high- and low-stage neuroblastomas. Lab Invest, 1999. 79(1): p. 67-79.

105.

Farah, M.H., J.M. Olson, H.B. Sucic, R.I. Hume, S.J. Tapscott, and D.L. Turner,
Generation of neurons by transient expression of neural bHLH proteins in mammalian
cells. Development, 2000. 127(4): p. 693-702.

106.

Söderholm, H., E. Örtoft, I. Johansson, J. Ljungberg, C. Larsson, H. Axelson, and
S. Påhlman, Human achaete-scute homologue 1 (HASH-1) is downregulated in
differentiating neuroblastoma cells. Biochem Biophys Res Commun, 1999. 256(3): p.
557-63.

107.

Lo, L., L. Sommer, and D.J. Anderson, MASH1 maintains competence for BMP2induced neuronal differentiation in post-migratory neural crest cells. Curr Biol, 1997.
7(6): p. 440-50.

108.

Shah, N.M., A.K. Groves, and D.J. Anderson, Alternative neural crest cell fates are
instructively promoted by TGFbeta superfamily members. Cell, 1996. 85(3): p. 331-43.

109.

Lo, L., M.C. Tiveron, and D.J. Anderson, MASH1 activates expression of the paired
homeodomain transcription factor Phox2a, and couples pan-neuronal and subtypespecific components of autonomic neuronal identity. Development, 1998. 125(4): p.
609-20.

110.

Stanke, M., D. Junghans, M. Geissen, C. Goridis, U. Ernsberger, and H. Rohrer, The
Phox2 homeodomain proteins are sufficient to promote the development of sympathetic
neurons. Development, 1999. 126(18): p. 4087-94.
49

Notch Signaling In Human Neuroblastoma Cells

111.

Mosse, Y.P., M. Laudenslager, D. Khazi, A.J. Carlisle, C.L. Winter, E. Rappaport, and
J.M. Maris, Germline PHOX2B mutation in hereditary neuroblastoma. Am J Hum
Genet, 2004. 75(4): p. 727-30.

112.

van Limpt, V., A. Schramm, A. van Lakeman, P. Sluis, A. Chan, M. van Noesel, F.
Baas, H. Caron, A. Eggert, and R. Versteeg, The Phox2B homeobox gene is mutated in
sporadic neuroblastomas. Oncogene, 2004. 23(57): p. 9280-8.

113.

Brodeur, G.M., J. Pritchard, F. Berthold, N.L. Carlsen, V. Castel, R.P. Castelberry, B. De
Bernardi, A.E. Evans, M. Favrot, F. Hedborg, and et al., Revisions of the international
criteria for neuroblastoma diagnosis, staging, and response to treatment. J Clin Oncol,
1993. 11(8): p. 1466-77.

114.

Brodeur, G.M., Neuroblastoma: biological insights into a clinical enigma. Nat Rev
Cancer, 2003. 3(3): p. 203-16.

115.

Ross, J.A. and S.M. Davies, Screening for neuroblastoma: progress and pitfalls. Cancer
Epidemiol Biomarkers Prev, 1999. 8(2): p. 189-94.

116.

van Noesel, M.M. and R. Versteeg, Pediatric neuroblastomas: genetic and epigenetic
ʻdanse macabreʼ. Gene, 2004. 325: p. 1-15.

117.

Brodeur, G.M., R.C. Seeger, M. Schwab, H.E. Varmus, and J.M. Bishop, Amplification
of N-myc in untreated human neuroblastomas correlates with advanced disease stage.
Science, 1984. 224(4653): p. 1121-4.

118.

Seeger, R.C., G.M. Brodeur, H. Sather, A. Dalton, S.E. Siegel, K.Y. Wong, and
D. Hammond, Association of multiple copies of the N-myc oncogene with rapid
progression of neuroblastomas. N Engl J Med, 1985. 313(18): p. 1111-6.

119.

Schwab, M., K. Alitalo, K.H. Klempnauer, H.E. Varmus, J.M. Bishop, F. Gilbert, G.
Brodeur, M. Goldstein, and J. Trent, Amplified DNA with limited homology to myc
cellular oncogene is shared by human neuroblastoma cell lines and a neuroblastoma
tumour. Nature, 1983. 305(5931): p. 245-8.

120.

Weiss, W.A., K. Aldape, G. Mohapatra, B.G. Feuerstein, and J.M. Bishop, Targeted
expression of MYCN causes neuroblastoma in transgenic mice. Embo J, 1997. 16(11):
p. 2985-95.

121.

Fong, C.T., N.C. Dracopoli, P.S. White, P.T. Merrill, R.C. Griffith, D.E. Housman, and
G.M. Brodeur, Loss of heterozygosity for the short arm of chromosome 1 in human
neuroblastomas: correlation with N-myc amplification. Proc Natl Acad Sci U S A,
1989. 86(10): p. 3753-7.

122.

Caron, H., M. Peter, P. van Sluis, F. Speleman, J. de Kraker, G. Laureys, J. Michon, L.
Brugieres, P.A. Voute, A. Westerveld, and et al., Evidence for two tumour suppressor
loci on chromosomal bands 1p35-36 involved in neuroblastoma: one probably
imprinted, another associated with N-myc amplification. Hum Mol Genet, 1995. 4(4):
p. 535-9.

123.

Caron, H., N. Spieker, M. Godfried, M. Veenstra, P. van Sluis, J. de Kraker, P. Voute,
and R. Versteeg, Chromosome bands 1p35-36 contain two distinct neuroblastoma
tumor suppressor loci, one of which is imprinted. Genes Chromosomes Cancer, 2001.
30(2): p. 168-74.

124.

Ejeskar, K., R.M. Sjöberg, F. Abel, P. Kogner, P.F. Ambros, and T. Martinsson, Fine
mapping of a tumour suppressor candidate gene region in 1p36.2-3, commonly deleted
in neuroblastomas and germ cell tumours. Med Pediatr Oncol, 2001. 36(1): p. 61-6.
50

References

125.

Hogarty, M.D., X. Liu, C. Guo, P.M. Thompson, M.J. Weiss, P.S. White, E.P. Sulman, G.M.
Brodeur, and J.M. Maris, Identification of a 1-megabase consensus region of deletion at
1p36.3 in primary neuroblastomas. Med Pediatr Oncol, 2000. 35(6): p. 512-5.

126.

Maris, J.M., C. Guo, D. Blake, P.S. White, M.D. Hogarty, P.M. Thompson, V.
Rajalingam, R. Gerbing, D.O. Stram, K.K. Matthay, R.C. Seeger, and G.M. Brodeur,
Comprehensive analysis of chromosome 1p deletions in neuroblastoma. Med Pediatr
Oncol, 2001. 36(1): p. 32-6.

127.

Martinsson, T., R.M. Sjöberg, F. Hedborg, and P. Kogner, Deletion of chromosome 1p
loci and microsatellite instability in neuroblastomas analyzed with short-tandem repeat
polymorphisms. Cancer Res, 1995. 55(23): p. 5681-6.

128.

Ohira, M., H. Kageyama, M. Mihara, S. Furuta, T. Machida, T. Shishikura, H.
Takayasu, A. Islam, Y. Nakamura, M. Takahashi, N. Tomioka, S. Sakiyama, Y. Kaneko,
A. Toyoda, M. Hattori, Y. Sakaki, M. Ohki, A. Horii, E. Soeda, J. Inazawa, N. Seki, H.
Kuma, I. Nozawa, and A. Nakagawara, Identification and characterization of a 500-kb
homozygously deleted region at 1p36.2-p36.3 in a neuroblastoma cell line. Oncogene,
2000. 19(37): p. 4302-7.

129.

Savelyeva, L., R. Corvi, and M. Schwab, Translocation involving 1p and 17q is a
recurrent genetic alteration of human neuroblastoma cells. Am J Hum Genet, 1994.
55(2): p. 334-40.

130.

Caron, H., P. van Sluis, N. van Roy, L. Beks, P. Maes, R. Pereira do Tanque, R. Slater,
J. de Kraker, F. Speleman, P.A. Voute, and et al., Chromosome 1p allelic loss in
neuroblastoma: prognosis, genomic imprinting and 1;17 translocations. Prog Clin Biol
Res, 1994. 385: p. 35-42.

131.

Thompson, P.M., B.A. Seifried, S.K. Kyemba, S.J. Jensen, C. Guo, J.M. Maris, G.M.
Brodeur, D.O. Stram, R.C. Seeger, R. Gerbing, K.K. Matthay, T.C. Matise, and P.S.
White, Loss of heterozygosity for chromosome 14q in neuroblastoma. Med Pediatr
Oncol, 2001. 36(1): p. 28-31.

132.

Fong, C.T., P.S. White, K. Peterson, C. Sapienza, W.K. Cavenee, S.E. Kern, B.
Vogelstein, A.B. Cantor, A.T. Look, and G.M. Brodeur, Loss of heterozygosity for
chromosomes 1 or 14 defines subsets of advanced neuroblastomas. Cancer Res, 1992.
52(7): p. 1780-5.

133.

Kogner, P., G. Barbany, C. Dominici, M.A. Castello, G. Raschella, and H. Persson,
Coexpression of messenger RNA for TRK protooncogene and low affinity nerve growth
factor receptor in neuroblastoma with favorable prognosis. Cancer Res, 1993. 53(9): p.
2044-50.

134.

Nakagawara, A., M. Arima-Nakagawara, N.J. Scavarda, C.G. Azar, A.B. Cantor, and
G.M. Brodeur, Association between high levels of expression of the TRK gene and
favorable outcome in human neuroblastoma. N Engl J Med, 1993. 328(12): p. 847-54.

135.

Påhlman, S., L. Odelstad, E. Larsson, G. Grotte, and K. Nilsson, Phenotypic changes
of human neuroblastoma cells in culture induced by 12-O-tetradecanoyl-phorbol-13acetate. Int J Cancer, 1981. 28(5): p. 583-9.

136.

Påhlman, S., A.I. Ruusala, L. Abrahamsson, M.E. Mattsson, and T. Esscher, Retinoic
acid-induced differentiation of cultured human neuroblastoma cells: a comparison with
phorbolester-induced differentiation. Cell Differ, 1984. 14(2): p. 135-44.

137.

Påhlman, S., A.I. Ruusala, L. Abrahamsson, L. Odelstad, and K. Nilsson, Kinetics and

51

Notch Signaling In Human Neuroblastoma Cells

concentration effects of TPA-induced differentiation of cultured human neuroblastoma
cells. Cell Differ, 1983. 12(3): p. 165-70.
138.

Ichimiya, S., Y. Nimura, N. Seki, T. Ozaki, T. Nagase, and A. Nakagawara,
Downregulation of hASH1 is associated with the retinoic acid-induced differentiation
of human neuroblastoma cell lines. Med Pediatr Oncol, 2001. 36(1): p. 132-4.

139.

Grynfeld, A., S. Påhlman, and H. Axelson, Induced neuroblastoma cell differentiation,
associated with transient HES-1 activity and reduced HASH-1 expression, is inhibited
by Notch1. Int J Cancer, 2000. 88(3): p. 401-10.

140.

Lopez-Carballo, G., L. Moreno, S. Masia, P. Perez, and D. Barettino, Activation of
the phosphatidylinositol 3-kinase/Akt signaling pathway by retinoic acid is required
for neural differentiation of SH-SY5Y human neuroblastoma cells. J Biol Chem, 2002.
277(28): p. 25297-304.

141.

Jögi, A., P. Persson, A. Grynfeld, S. Påhlman, and H. Axelson, Modulation of basic
helix-loop-helix transcription complex formation by Id proteins during neuronal
differentiation. J Biol Chem, 2002. 277(11): p. 9118-26.

142.

Chen, H., A. Thiagalingam, H. Chopra, M.W. Borges, J.N. Feder, B.D. Nelkin, S.B.
Baylin, and D.W. Ball, Conservation of the Drosophila lateral inhibition pathway in
human lung cancer: a hairy-related protein (HES-1) directly represses achaete-scute
homolog-1 expression. Proc Natl Acad Sci U S A, 1997. 94(10): p. 5355-60.

143.

Franklin, J.L., B.E. Berechid, F.B. Cutting, A. Presente, C.B. Chambers, D.R. Foltz,
A. Ferreira, and J.S. Nye, Autonomous and non-autonomous regulation of mammalian
neurite development by Notch1 and Delta1. Curr Biol, 1999. 9(24): p. 1448-57.

144.

Wei, J.S., B.T. Greer, F. Westermann, S.M. Steinberg, C.G. Son, Q.R. Chen, C.C.
Whiteford, S. Bilke, A.L. Krasnoselsky, N. Cenacchi, D. Catchpoole, F. Berthold, M.
Schwab, and J. Khan, Prediction of clinical outcome using gene expression profiling
and artificial neural networks for patients with neuroblastoma. Cancer Res, 2004.
64(19): p. 6883-91.

145.

van Limpt, V., A. Chan, H. Caron, P.V. Sluis, K. Boon, M.C. Hermus, and R. Versteeg,
SAGE analysis of neuroblastoma reveals a high expression of the human homologue of
the Drosophila Delta gene. Med Pediatr Oncol, 2000. 35(6): p. 554-8.

146.

Molenaar, J.J., P. van Sluis, K. Boon, R. Versteeg, and H.N. Caron, Rearrangements and
increased expression of cyclin D1 (CCND1) in neuroblastoma. Genes Chromosomes
Cancer, 2003. 36(3): p. 242-9.

147.

Maillard, I. and W.S. Pear, Notch and cancer: best to avoid the ups and downs. Cancer
Cell, 2003. 3(3): p. 203-5.

148.

Ellisen, L.W., J. Bird, D.C. West, A.L. Soreng, T.C. Reynolds, S.D. Smith, and J. Sklar,
TAN-1, the human homolog of the Drosophila notch gene, is broken by chromosomal
translocations in T lymphoblastic neoplasms. Cell, 1991. 66(4): p. 649-61.

149.

Zweidler-McKay, P.A. and W.S. Pear, Notch and T cell malignancy. Semin Cancer Biol,
2004. 14(5): p. 329-40.

150.

Weng, A.P., A.A. Ferrando, W. Lee, J.P.t. Morris, L.B. Silverman, C. Sanchez-Irizarry,
S.C. Blacklow, A.T. Look, and J.C. Aster, Activating mutations of NOTCH1 in human
T cell acute lymphoblastic leukemia. Science, 2004. 306(5694): p. 269-71.

151.

Jhappan, C., D. Gallahan, C. Stahle, E. Chu, G.H. Smith, G. Merlino, and R.
Callahan, Expression of an activated Notch-related int-3 transgene interferes with cell
52

References

differentiation and induces neoplastic transformation in mammary and salivary glands.
Genes Dev, 1992. 6(3): p. 345-55.
152.

Soriano, J.V., H. Uyttendaele, J. Kitajewski, and R. Montesano, Expression of an
activated Notch4(int-3) oncoprotein disrupts morphogenesis and induces an invasive
phenotype in mammary epithelial cells in vitro. Int J Cancer, 2000. 86(5): p. 652-9.

153.

Pece, S., M. Serresi, E. Santolini, M. Capra, E. Hulleman, V. Galimberti, S. Zurrida, P.
Maisonneuve, G. Viale, and P.P. Di Fiore, Loss of negative regulation by Numb over
Notch is relevant to human breast carcinogenesis. J Cell Biol, 2004. 167(2): p. 215-21.

154.

Purow, B.W., R.M. Haque, M.W. Noel, Q. Su, M.J. Burdick, J. Lee, T. Sundaresan,
S. Pastorino, J.K. Park, I. Mikolaenko, D. Maric, C.G. Eberhart, and H.A. Fine,
Expression of Notch-1 and its ligands, Delta-like-1 and Jagged-1, is critical for glioma
cell survival and proliferation. Cancer Res, 2005. 65(6): p. 2353-63.

155.

Murtaugh, L.C., B.Z. Stanger, K.M. Kwan, and D.A. Melton, Notch signaling controls
multiple steps of pancreatic differentiation. Proc Natl Acad Sci U S A, 2003. 100(25):
p. 14920-5.

156.

Steidl, C., C. Leimeister, B. Klamt, M. Maier, I. Nanda, M. Dixon, R. Clarke, M.
Schmid, and M. Gessler, Characterization of the human and mouse HEY1, HEY2, and
HEYL genes: cloning, mapping, and mutation screening of a new bHLH gene family.
Genomics, 2000. 66(2): p. 195-203.

157.

Miyamoto, Y., A. Maitra, B. Ghosh, U. Zechner, P. Argani, C.A. Iacobuzio-Donahue,
V. Sriuranpong, T. Iso, I.M. Meszoely, M.S. Wolfe, R.H. Hruban, D.W. Ball, R.M.
Schmid, and S.D. Leach, Notch mediates TGF alpha-induced changes in epithelial
differentiation during pancreatic tumorigenesis. Cancer Cell, 2003. 3(6): p. 565-76.

158.

Nicolas, M., A. Wolfer, K. Raj, J.A. Kummer, P. Mill, M. van Noort, C.C. Hui, H.
Clevers, G.P. Dotto, and F. Radtke, Notch1 functions as a tumor suppressor in mouse
skin. Nat Genet, 2003. 33(3): p. 416-21.

159.

Rangarajan, A., C. Talora, R. Okuyama, M. Nicolas, C. Mammucari, H. Oh, J.C. Aster,
S. Krishna, D. Metzger, P. Chambon, L. Miele, M. Aguet, F. Radtke, and G.P. Dotto,
Notch signaling is a direct determinant of keratinocyte growth arrest and entry into
differentiation. Embo J, 2001. 20(13): p. 3427-36.

160.

Sriuranpong, V., M.W. Borges, R.K. Ravi, D.R. Arnold, B.D. Nelkin, S.B. Baylin, and
D.W. Ball, Notch signaling induces cell cycle arrest in small cell lung cancer cells.
Cancer Res, 2001. 61(7): p. 3200-5.

161.

Sriuranpong, V., M.W. Borges, C.L. Strock, E.K. Nakakura, D.N. Watkins, C.M.
Blaumueller, B.D. Nelkin, and D.W. Ball, Notch signaling induces rapid degradation
of achaete-scute homolog 1. Mol Cell Biol, 2002. 22(9): p. 3129-39.

162.

Linnoila, R.I., B. Zhao, J.L. DeMayo, B.D. Nelkin, S.B. Baylin, F.J. DeMayo, and
D.W. Ball, Constitutive achaete-scute homologue-1 promotes airway dysplasia and
lung neuroendocrine tumors in transgenic mice. Cancer Res, 2000. 60(15): p. 4005-9.

163.

Ba D.W., C.G. Azzoli, S.B. Baylin, D. Chi, S. Dou, H. Donis-Keller, A. Cumaraswamy, M.
Ball,
Borges, and B.D. Nelkin, Identification of a human achaete-scute homolog highly expressed
in neuroendocrine tumors. Proc Natl Acad Sci U S A, 1993. 90(12): p. 5648-52.

164.

Yoo, A.S., C. Bais, and I. Greenwald, Crosstalk between the EGFR and LIN-12/Notch
pathways in C. elegans vulval development. Science, 2004. 303(5658): p. 663-6.

165.

Johnson, G.L. and R. Lapadat, Mitogen-activated protein kinase pathways mediated by
53

Notch Signaling In Human Neuroblastoma Cells

ERK, JNK, and p38 protein kinases. Science, 2002. 298(5600): p. 1911-2.
166.

Gudermann, T., R. Grosse, and G. Schultz, Contribution of receptor/G protein signaling
to cell growth and transformation. Naunyn Schmiedebergs Arch Pharmacol, 2000.
361(4): p. 345-62.

167.

Normanno, N., C. Bianco, A. De Luca, and D.S. Salomon, The role of EGF-related
peptides in tumor growth. Front Biosci, 2001. 6: p. D685-707.

168.

Fitzgerald, K., A. Harrington, and P. Leder, Ras pathway signals are required for notchmediated oncogenesis. Oncogene, 2000. 19(37): p. 4191-8.

169.

Weijzen, S., P. Rizzo, M. Braid, R. Vaishnav, S.M. Jonkheer, A. Zlobin, B.A. Osborne,
S. Gottipati, J.C. Aster, W.C. Hahn, M. Rudolf, K. Siziopikou, W.M. Kast, and L.
Miele, Activation of Notch-1 signaling maintains the neoplastic phenotype in human
Ras-transformed cells. Nat Med, 2002. 8(9): p. 979-86.

170.

Wang, G.L., B.H. Jiang, E.A. Rue, and G.L. Semenza, Hypoxia-inducible factor 1 is
a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl
Acad Sci U S A, 1995. 92(12): p. 5510-4.

171.

Semenza, G.L., Hypoxia-inducible factor 1: oxygen homeostasis and disease
pathophysiology. Trends Mol Med, 2001. 7(8): p. 345-50.

172.

Maxwell, P.H., M.S. Wiesener, G.W. Chang, S.C. Clifford, E.C. Vaux, M.E. Cockman,
C.C. Wykoff, C.W. Pugh, E.R. Maher, and P.J. Ratcliffe, The tumour suppressor protein
VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature, 1999.
399(6733): p. 271-5.

173.

Ryan, H.E., M. Poloni, W. McNulty, D. Elson, M. Gassmann, J.M. Arbeit, and R.S.
Johnson, Hypoxia-inducible factor-1alpha is a positive factor in solid tumor growth.
Cancer Res, 2000. 60(15): p. 4010-5.

174.

Ivan, M., K. Kondo, H. Yang, W. Kim, J. Valiando, M. Ohh, A. Salic, J.M. Asara, W.S.
Lane, and W.G. Kaelin, Jr., HIFalpha targeted for VHL-mediated destruction by proline
hydroxylation: implications for O2 sensing. Science, 2001. 292(5516): p. 464-8.

175.

Lando, D., D.J. Peet, D.A. Whelan, J.J. Gorman, and M.L. Whitelaw, Asparagine
hydroxylation of the HIF transactivation domain a hypoxic switch. Science, 2002.
295(5556): p. 858-61.

176.

Semenza, G.L., Targeting HIF-1 for cancer therapy. Nat Rev Cancer, 2003. 3(10): p.
721-32.

177.

Sang, N., D.P. Stiehl, J. Bohensky, I. Leshchinsky, V. Srinivas, and J. Caro, MAPK
signaling up-regulates the activity of hypoxia-inducible factors by its effects on p300. J
Biol Chem, 2003. 278(16): p. 14013-9.

178.

Richard, D.E., E. Berra, E. Gothie, D. Roux, and J. Pouyssegur, p42/p44 mitogenactivated protein kinases phosphorylate hypoxia-inducible factor 1alpha (HIF-1alpha)
and enhance the transcriptional activity of HIF-1. J Biol Chem, 1999. 274(46): p.
32631-7.

179.

Jögi, A., I. Øra, H. Nilsson, A. Lindeheim, Y. Makino, L. Poellinger, H. Axelson, and
S. Påhlman, Hypoxia alters gene expression in human neuroblastoma cells toward an
immature and neural crest-like phenotype. Proc Natl Acad Sci U S A, 2002. 99(10): p.
7021-6.

180.

Jögi, A., J. Vallon-Christersson, L. Holmquist, H. Axelson, A. Borg, and S. Påhlman,

54

References

Human neuroblastoma cells exposed to hypoxia: induction of genes associated with
growth, survival, and aggressive behavior. Exp Cell Res, 2004. 295(2): p. 469-87.
181.

Gomez, G., E.W. Englander, G. Wang, and G.H. Greeley, Jr., Increased expression of
hypoxia-inducible factor-1alpha, p48, and the Notch signaling cascade during acute
pancreatitis in mice. Pancreas, 2004. 28(1): p. 58-64.

182.

Smith, I.F., J.P. Boyle, K.N. Green, H.A. Pearson, and C. Peers, Hypoxic remodelling
of Ca2+ mobilization in type I cortical astrocytes: involvement of ROS and proamyloidogenic APP processing. J Neurochem, 2004. 88(4): p. 869-77.

183.

Tian, H., R.E. Hammer, A.M. Matsumoto, D.W. Russell, and S.L. McKnight, The
hypoxia-responsive transcription factor EPAS1 is essential for catecholamine
homeostasis and protection against heart failure during embryonic development. Genes
Dev, 1998. 12(21): p. 3320-4.

184.

Nilsson, H., A. Jögi, S. Beckman, A.L. Harris, L. Poellinger, and S. Påhlman, HIF2alpha expression in human fetal paraganglia and neuroblastoma: relation to
sympathetic differentiation, glucose deficiency, and hypoxia. Exp Cell Res, 2005.
303(2): p. 447-56.

185.

Marks, P., R.A. Rifkind, V.M. Richon, R. Breslow, T. Miller, and W.K. Kelly, Histone
deacetylases and cancer: causes and therapies. Nat Rev Cancer, 2001. 1(3): p. 194-202.

186.

Cress, W.D. and E. Seto, Histone deacetylases, transcriptional control, and cancer. J
Cell Physiol, 2000. 184(1): p. 1-16.

187.

Marmorstein, R. and S.Y. Roth, Histone acetyltransferases: function, structure, and
catalysis. Curr Opin Genet Dev, 2001. 11(2): p. 155-61.

188.

Ogryzko, V.V., R.L. Schiltz, V. Russanova, B.H. Howard, and Y. Nakatani, The
transcriptional coactivators p300 and CBP are histone acetyltransferases. Cell, 1996.
87(5): p. 953-9.

189.

Johnstone, R.W., Histone-deacetylase inhibitors: novel drugs for the treatment of
cancer. Nat Rev Drug Discov, 2002. 1(4): p. 287-99.

190.

Lin, R.J., T. Sternsdorf, M. Tini, and R.M. Evans, Transcriptional regulation in acute
promyelocytic leukemia. Oncogene, 2001. 20(49): p. 7204-15.

191.

Zelent, A., F. Guidez, A. Melnick, S. Waxman, and J.D. Licht, Translocations of the
RARalpha gene in acute promyelocytic leukemia. Oncogene, 2001. 20(49): p. 7186-203.

192.

He, L.Z., T. Tolentino, P. Grayson, S. Zhong, R.P. Warrell, Jr., R.A. Rifkind, P.A.
Marks, V.M. Richon, and P.P. Pandolfi, Histone deacetylase inhibitors induce remission
in transgenic models of therapy-resistant acute promyelocytic leukemia. J Clin Invest,
2001. 108(9): p. 1321-30.

193.

Qian, D.Z., X. Wang, S.K. Kachhap, Y. Kato, Y. Wei, L. Zhang, P. Atadja, and R. Pili,
The histone deacetylase inhibitor NVP-LAQ824 inhibits angiogenesis and has a greater
antitumor effect in combination with the vascular endothelial growth factor receptor
tyrosine kinase inhibitor PTK787/ZK222584. Cancer Res, 2004. 64(18): p. 6626-34.

194.

Blaheta, R.A. and J. Cinatl, Jr., Anti-tumor mechanisms of valproate: a novel role for an
old drug. Med Res Rev, 2002. 22(5): p. 492-511.

195.

Blaheta, R.A., M. Michaelis, P.H. Driever, and J. Cinatl, Jr., Evolving anticancer drug
valproic acid: insights into the mechanism and clinical studies. Med Res Rev, 2005.
25(4): p. 383-97.

55

Notch Signaling In Human Neuroblastoma Cells

196.

Göttlicher, M., S. Minucci, P. Zhu, O.H. Kramer, A. Schimpf, S. Giavara, J.P. Sleeman,
F. Lo Coco, C. Nervi, P.G. Pelicci, and T. Heinzel, Valproic acid defines a novel class of
HDAC inhibitors inducing differentiation of transformed cells. Embo J, 2001. 20(24):
p. 6969-78.

197.

Gurvich, N., O.M. Tsygankova, J.L. Meinkoth, and P.S. Klein, Histone deacetylase is
a target of valproic acid-mediated cellular differentiation. Cancer Res, 2004. 64(3): p.
1079-86.

198.

Cinatl, J., Jr., J. Cinatl, P.H. Driever, R. Kotchetkov, P. Pouckova, B. Kornhuber, and
D. Schwabe, Sodium valproate inhibits in vivo growth of human neuroblastoma cells.
Anticancer Drugs, 1997. 8(10): p. 958-63.

199.

Cinatl, J., Jr., J. Cinatl, M. Scholz, P.H. Driever, D. Henrich, H. Kabickova, J.U. Vogel,
H.W. Doerr, and B. Kornhuber, Antitumor activity of sodium valproate in cultures of
human neuroblastoma cells. Anticancer Drugs, 1996. 7(7): p. 766-73.

200.

Driever, P.H., M.M. Knupfer, J. Cinatl, and J.E. Wolff, Valproic acid for the treatment
of pediatric malignant glioma. Klin Padiatr, 1999. 211(4): p. 323-8.

201.

Regan, C.M., Therapeutic levels of sodium valproate inhibit mitotic indices in cells of
neural origin. Brain Res, 1985. 347(2): p. 394-8.

202.

Rocchi, P., R. Tonelli, C. Camerin, S. Purgato, R. Fronza, F. Bianucci, F. Guerra,
A. Pession, and A.M. Ferreri, p21Waf1/Cip1 is a common target induced by shortchain fatty acid HDAC inhibitors (valproic acid, tributyrin and sodium butyrate) in
neuroblastoma cells. Oncol Rep, 2005. 13(6): p. 1139-44.

203.

Michaelis, M., T. Suhan, J. Cinatl, P.H. Driever, and J. Cinatl, Jr., Valproic acid and
interferon-alpha synergistically inhibit neuroblastoma cell growth in vitro and in vivo.
Int J Oncol, 2004. 25(6): p. 1795-9.

204.

Cinatl, J., Jr., R. Kotchetkov, R. Blaheta, P.H. Driever, J.U. Vogel, and J. Cinatl,
Induction of differentiation and suppression of malignant phenotype of human
neuroblastoma BE(2)-C cells by valproic acid: enhancement by combination with
interferon-alpha. Int J Oncol, 2002. 20(1): p. 97-106.

205.

Chen, G., P.X. Yuan, Y.M. Jiang, L.D. Huang, and H.K. Manji, Valproate robustly enhances
AP-1 mediated gene expression. Brain Res Mol Brain Res, 1999. 64(1): p. 52-8.

206.

Chen, G., P. Yuan, D.B. Hawver, W.Z. Potter, and H.K. Manji, Increase in AP-1
transcription factor DNA binding activity by valproic acid. Neuropsychopharmacology,
1997. 16(3): p. 238-45.

207.

Yuan, P.X., L.D. Huang, Y.M. Jiang, J.S. Gutkind, H.K. Manji, and G. Chen, The mood
stabilizer valproic acid activates mitogen-activated protein kinases and promotes
neurite growth. J Biol Chem, 2001. 276(34): p. 31674-83.

208.

Di Daniel, E., A.W. Mudge, and P.R. Maycox, Comparative analysis of the effects of
four mood stabilizers in SH-SY5Y cells and in primary neurons. Bipolar Disord, 2005.
7(1): p. 33-41.

209.

Weissman, A.M., Themes and variations on ubiquitylation. Nat Rev Mol Cell Biol,
2001. 2(3): p. 169-78.

210.

Ciechanover, A. and A.L. Schwartz, Ubiquitin-mediated degradation of cellular
proteins in health and disease. Hepatology, 2002. 35(1): p. 3-6.

211.

Jentsch, S. and G. Pyrowolakis, Ubiquitin and its kin: how close are the family ties?

56

References

Trends Cell Biol, 2000. 10(8): p. 335-42.
212.

Walters, K.J., A.M. Goh, Q. Wang, G. Wagner, and P.M. Howley, Ubiquitin family
proteins and their relationship to the proteasome: a structural perspective. Biochim
Biophys Acta, 2004. 1695(1-3): p. 73-87.

213.

Kleijnen, M.F., A.H. Shih, P. Zhou, S. Kumar, R.E. Soccio, N.L. Kedersha, G. Gill,
and P.M. Howley, The hPLIC proteins may provide a link between the ubiquitination
machinery and the proteasome. Mol Cell, 2000. 6(2): p. 409-19.

214.

Kleijnen, M.F., R.M. Alarcon, and P.M. Howley, The ubiquitin-associated domain of
hPLIC-2 interacts with the proteasome. Mol Biol Cell, 2003. 14(9): p. 3868-75.

215.

Mah, A.L., G. Perry, M.A. Smith, and M.J. Monteiro, Identification of ubiquilin, a novel
presenilin interactor that increases presenilin protein accumulation. J Cell Biol, 2000.
151(4): p. 847-62.

216.

Massey, L.K., A.L. Mah, D.L. Ford, J. Miller, J. Liang, H. Doong, and M.J. Monteiro,
Overexpression of ubiquilin decreases ubiquitination and degradation of presenilin
proteins. J Alzheimers Dis, 2004. 6(1): p. 79-92.

217.

Funakoshi, M., S. Geley, T. Hunt, T. Nishimoto, and H. Kobayashi, Identification of
XDRP1; a Xenopus protein related to yeast Dsk2p binds to the N-terminus of cyclin A
and inhibits its degradation. Embo J, 1999. 18(18): p. 5009-18.

218.

Massey, L.K., A.L. Mah, and M.J. Monteiro, Ubiquilin regulates presenilin
endoproteolysis and modulates gamma-secretase components, Pen-2 and Nicastrin.
Biochem J, 2005.

219.

Ko, H.S., T. Uehara, and Y. Nomura, Role of ubiquilin associated with protein-disulfide
isomerase in the endoplasmic reticulum in stress-induced apoptotic cell death. J Biol
Chem, 2002. 277(38): p. 35386-92.

220.

Takata, T. and F. Ishikawa, Human Sir2-related protein SIRT1 associates with the
bHLH repressors HES1 and HEY2 and is involved in HES1- and HEY2-mediated
transcriptional repression. Biochem Biophys Res Commun, 2003. 301(1): p. 250-7.

221.

Ciana, P., S. Ghisletti, P. Mussi, I. Eberini, E. Vegeto, and A. Maggi, Estrogen receptor
alpha, a molecular switch converting transforming growth factor-alpha-mediated
proliferation into differentiation in neuroblastoma cells. J Biol Chem, 2003. 278(34):
p. 31737-44.

222.

Barolo, S., R.G. Walker, A.D. Polyanovsky, G. Freschi, T. Keil, and J.W. Posakony,
A notch-independent activity of suppressor of hairless is required for normal
mechanoreceptor physiology. Cell, 2000. 103(6): p. 957-69.

223.

Tonon, G., S. Modi, L. Wu, A. Kubo, A.B. Coxon, T. Komiya, K. OʼNeil, K. Stover,
A. El-Naggar, J.D. Griffin, I.R. Kirsch, and F.J. Kaye, t(11;19)(q21;p13) translocation
in mucoepidermoid carcinoma creates a novel fusion product that disrupts a Notch
signaling pathway. Nat Genet, 2003. 33(2): p. 208-13.

57

