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Abstract

Self-renewal and differentiation of CNS stem cells are regulated by still poorly understood cell–cell interactions. Notch is a well-known
cell surface protein that can promote both cell cycle progression and mitotic arrest but the molecular mechanism controlling these
opposite effects is unknown. Here we demonstrate that, in CNS stem cells, the level of active Notch1 determines the cellular
response. Specifically, low levels of the active form of Notch1 promote proliferation whereas high levels lead to growth arrest. Here
we provide the first evidence that Notch effects on proliferation and differentiation are a function of dose, and propose a hypothesis on
how oncogenes may also act as tumor suppressors.

Introduction

Stem cells are multipotent cells present in a wide range of tissues in
developing and adult organisms. Recently, much public and scientific
interest has been focused on them, due to their therapeutic potential
(McKay, 2000). Besides being a very promising treatment in many
disorders, stem cells have gained respect as a model for normal
development and pathogenesis of disease. For example, overexpres-
sion of oncogenes in different cell types showed that gliomas are
probably derived from nestin-positive progenitor cells but not mature
glia (Holland et al., 2000).

Bone morphogenetic proteins (BMPs) are members of the trans-
forming growth factor-b superfamily of growth factors (Shi &
Massagué, 2003). In a previous study we demonstrated that BMPs
induce both proliferation and growth arrest in rat central nervous
system (CNS) stem cells (Panchision et al., 2001). The two contrary
effects are caused by the opposing actions of two BMP receptors
(BMPRs), BMPR1A and BMPR1B. In this model, BMPs promote
proliferation through BMPR1A, which subsequently up-regulates
BMPR1B. Activated BMPR1B induces growth arrest and differenti-
ation via a p21WAF1 ⁄ CIP1-dependent mechanism.

A major regulator of self-renewal and differentiation of stem cells,
activated by cell–cell interactions, is the Notch pathway (Artavanis-
Tsakonas et al., 1995). Ligand binding to the highly conserved Notch
receptors initiates cleavage, releasing the notch intracellular domain
(NICD). This fragment translocates to the nucleus to activate
downstream target genes (Struhl & Adachi, 1998). Notch has been
shown to influence the cell cycle in different ways (Maillard & Pear,
2003; Weng & Aster, 2004), with NICD keeping stem cells in an
undifferentiated state during development (Artavanis-Tsakonas et al.,
1995) and having a neoplastic transforming activity in vivo (Pear et al.,
1996; Hoemann et al., 2000) and in vitro (Capobianco et al., 1997;

Jeffries & Capobianco, 2000; Ronchini & Capobianco, 2001; Weijzen
et al., 2002). On the other hand, gain-of-function experiments propose
that Notch activation promotes differentiation and death, as in
keratinocytes (Rangarajan et al., 2001), B-cells (Morimura et al.,
2000), CNS stem cells (Gaiano et al., 2000; Yang et al., 2004) and
neural crest stem cells (Morrison et al., 2000). In line with the later
findings, Notch acts as a tumor suppressor in mouse skin (Nicolas
et al., 2003) and in lung cancer cells (Sriuranpong et al., 2001). It is
still unclear how the activation of Notch can evoke these two contrary
responses (Maillard & Pear, 2003; Weng & Aster, 2004). Interestingly,
a recent report suggests that the level of signaling determines the effect
of Notch on fate choice in hematopoetic stem cells (Dallas et al., 2005;
Delaney et al., 2005). Nonetheless, the Ras ⁄Raf ⁄MEK ⁄ ERK signa-
ling cascade, recently linked to Notch (Weijzen et al., 2002), has
similar diverse effects on the cell cycle defined by the duration
(Marshall, 1995) or level (Sewing et al., 1997; Woods et al., 1997) of
pathway activation.
Here we investigate the function of Notch in promoting cell cycle

progression and differentiation in CNS stem cells. We demonstrated
that Notch induces two opposite responses in the same cell depending
upon the level of activation. We further showed that the levels of
BMPR1A are part of the molecular machinery controlling the switch
between these alternative effects.

Materials and methods

Cell culture

Embryonic day 12 mouse cortical neural stem cells were isolated (after
killing with CO2) and cultured as described previously for rat cells
with minor modifications (Johe et al., 1996). Mouse cells were grown
in 5% oxygen with 20 ng ⁄mL basic fibroblast growth factor (bFGF).
Passage 2, 3 or 4 CNS stem cells were used. The astrogliogenic effect
of ciliary neurotrophic factor (CNTF) is seen in rat but not in mouse
CNS stem cells (data not shown) and thus all the data presented in the
last results section were obtained from embryonic day 14.5 rat CNS
stem cells. Some experiments were performed with cells frozen in
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10% dimethylsulfoxide. rmDelta4, rhCNTF, rhbFGF2, rhBMP2 and
rhBMP4 were obtained from R & D Systems.

Plasmids

The NICD- and enhanced green fluorescent protein (EGFP)-expressing
plasmids were designed by amplifying the mouse Notch1 intracellular
domain from a myc-NICD plasmid (gift from R. Kopan) without a stop
codon and EGFP from phospho-EGFP (Clontech) and cloning it into
pENTR ⁄D-TOPO� (Invitrogen). Subsequently, the insert was recom-
bined into pEF-DEST51 (Invitrogen). The inserts were verified by
sequencing. RasV12 and RasN17 plasmids were obtained from
Clontech. BMPR plasmids were described previously (Panchision
et al., 2001). The dominant negative Notch1 (dn-N1) construct was a
generous gift from T. Macaig.

Electroporation and control of gene expression

In order to induce different amounts of protein expression we
electroporated CNS stem cells with increasing quantities of plasmid.
Our experiments with two different plasmids (NICD and EGFP)
resulted in proportional protein expression as assayed by western blot
and immunofluorescence (data not shown).
The EGFP-expressing plasmid (1 lg) was added to every experi-

ment to identify transfected cells. Co-localization of two independent
plasmids expressing EGFP and LacZ (at 1 : 1 ratio) was 98 ± 2%.
Electroporation was performed with a NucleofectorTM device (Amaxa)
program A31.
Empty plasmid was used to keep total DNA concentrations constant

between groups. In all experiments EGFP was visualized by immuno-
fluorescence.

BrdU labeling and immunofluorescence

Cells were pulsed for 3 h with bromodeoxyuridine (BrdU) and
processed as described previously (Panchision et al., 2001). Following
a 10-min fixation (4% paraformaldehyde at �24 �C) cells were
blocked with 10% normal goat serum. For BrdU staining cells were
pretreated with 1 N HCl. The following primary antibodies were used:
rabbit anti-nestin (1 : 50) (Panchision et al., 2001), rabbit anti-glial
fibrillary acidic protein (GFAP) (1 : 400, DAKO), mouse anti-
p21WAF1 ⁄ CIP1 (1 : 50, DAKO), mouse anti-green fluorescent protein
(GFP) (1 : 500, Quantum), goat anti-nucleostemin (0.1 lg ⁄mL, R &
D Systems), rabbit phospho-SMAD1 ⁄ 5 ⁄ 9 (1 : 100, Cell Signal) and
rabbit anti-active Notch1 (1 : 100, Cell Signal). Quantification was
performed blindly. In experiments where electroporation was per-
formed only EGFP-positive cells were taken into consideration.
Experiments were repeated at least twice.

Western blotting

Western blotting was performed using standard protocols. In brief,
cells were lysed in M-PER Mammalian Protein Extraction Reagent
(Pierce). Immediately after the addition of 4· sodium dodecyl sulfate
sample buffer (Invitrogen) samples were boiled at 95 �C for 10 min.
NuPAGE� Novex 4–12% Bis-Tris Gels (Invitrogen) were used to run
samples which were transferred on a polyvinylidene difluoride
membrane (Invitrogen). After blocking (1 h in 10% skim milk in
0.3% Triton X in phosphate buffered saline), the blot was incubated
with the primary antibody diluted in 5% skim milk in 0.3% Triton X in
phosphate buffered saline overnight at 4 �C. The following primary

antibodies were used: mouse anti-Notch1 with high affinity for the
activated intracellular form of Notch1 (1 : 1000, Chemicon), goat anti-
BMP4 (1 : 100, R & D Systems), goat anti-BMPR1A (1 : 50, Santa
Cruz), goat anti-BMPR1B (1 : 100, Santa Cruz), rabbit anti-GFAP
(1 : 1000, DAKO), mouse anti-bIII-tubulin (1 : 1000, Covance) and
anti-a-tubulin (1 : 4000, Sigma). Peroxidase-conjugated secondary
antibodies from Jackson ImmunoResearch were used. Blots were
developed with a SuperSignal Western Blotting Kit (Pierce).

Statistics

Logarithmically plotted data were fitted to a Gaussian curve using
prism version 3.03 for Windows (GraphPad). Subsequently, an F-test
was performed (prism; excel 2000, Microsoft) to evaluate statistical
differences between curves. A two-tailed Mann–Whitney U-test was
used to determine significance between single data points (prism).

Results

Cell density controls cell cycle progression and differentiation in
CNS stem cells

Previous experiments from our laboratory have suggested that the
initial seeding density may influence the survival and proliferation of
CNS stem cells (Johe et al., 1996). To study the mechanisms which
may control the cell cycle, we performed a BrdU incorporation
experiment on CNS stem cells plated at different densities (Fig. 1a). At
36 h after plating the cells were pulsed with BrdU and fixed after 3 h.
Only a small proportion of the cells at very low density were BrdU
positive. A gradual increase in density led to a proportional increase in
the percentage of cells undergoing DNA synthesis. The maximum was
reached at 1.25 · 104 cells ⁄ cm2. A further increase in density resulted
in a significant drop in the percentage of cells in S-phase at
5.0 · 104 cells ⁄ cm2. This results in the formation of a bell-shaped
curve describing the density-dependent BrdU incorporation in CNS
stem cells.
We then tested how major regulators of stem cell state are expressed

or activated in this model of density-dependent growth control. As
expected, at higher densities when the percentage of cells in S-phase
decreased, the number of cells expressing the cyclin-dependent kinase
inhibitor p21WAF1 ⁄ CIP1 increased significantly (Fig. 1b). Interestingly,
at very low densities the p21WAF1 ⁄ CIP1 expression was higher
compared with a plating density of 1.25 · 104 cells ⁄ cm2. Notch1
activation increased with the plating density (Fig. 1c). The nucleolar
expression of nucleostemin, a protein present in proliferating stem
cells and down-regulated during differentiation (Tsai & McKay,
2000), paralleled the percentage of cells undergoing DNA synthesis
(Fig. 1d). To assess the levels of BMPR1A activation, we stained for
phosphorylation of SMAD1 ⁄ 5 ⁄ 8 (Whitman, 1998). Interestingly, the
activation of this pathway peaked in the condition with the highest
DNA synthesis rate (Fig. 1d). Western blot analysis showed that
Notch1 cleavage and BMPR1B expression paralleled the plating
density (Fig. 1c). BMPR1A expression, however, appeared unchanged
at different plating densities. As expected, the cells at higher cell
densities spontaneously differentiated as shown by the increase of
bIII-tubulin (neurons) and GFAP (astrocytes) expression.

Notch pathway controls the density-dependent effects on the
cell cycle

In a next step we sought to determine how these density-dependant
effects are mediated. As the Notch pathway acts as a major regulator
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of contact-dependent cell–cell interactions (Artavanis-Tsakonas et al.,
1995), we tested whether Notch1 is involved in the events described.
We expressed NICD and a dn-N1 in our experimental system.
Interestingly, when electroporated with NICD, CNS stem cells at
lower densities were undergoing DNA synthesis at a faster rate than
control cells, causing a left shift of the BrdU incorporation curve
(Fig. 2a). A similar left shift was observed when Delta4, a Notch
ligand, was added to the culture at a concentration of 1 lg ⁄mL (data
not shown). On the other hand, overexpression of dn-N1 resulted in a
right shift of the peak of the BrdU incorporation from 1.25 in the
control to 2.50 · 104 cells ⁄ cm2 in the dn-N1 sample (Fig. 2b). These
observations were paralleled by an increase of the proportion of
p21WAF1 ⁄ CIP1-expressing cells at medium and high densities in NICD-
transfected CNS stem cells (Fig. 2c). Overexpression of a dn-N1 had
the opposite effect on p21WAF1 ⁄ CIP1 expression (Fig. 2d).

We next tested whether increasing amounts of NICD can mimic the
density-dependent effects on the percentage of cells in S-phase at a
constant plating of �0.63 · 104 cells ⁄ cm2. Supporting the previous
data, electroporation of low quantities (0.2 lg) of NICD-expressing

plasmid increased the rate of BrdU incorporation (Fig. 3a). Higher
quantities of plasmid (5 lg) produced the opposite effect. Interest-
ingly, coexpression with a constitutively active form of BMPR1A
inhibited this effect. The morphology of the cells transfected with 5 lg
NICD was phase-dark and elongated, resembling the morphology of
confluent CNS stem cells (data not shown). A constitutively active
form of H-Ras (RasV12), a molecule acting upstream of Notch in
oncogenic transformation (Weijzen et al., 2002), showed dose-
dependent effects similar to those of NICD (Fig. 3b). A dominant
negative form of H-Ras (RasN17) decreased the number of BrdU-
positive cells. We conclude that levels of active Notch1 and Ras
determine whether the cellular response is cell cycle progression or
growth arrest.

Notch-induced interaction between bone morphogenetic protein
receptors 1A and 1B regulates cell cycle progression and exit

In a previous in vivo study we showed that a constitutively active form
of BMPR1A increased whereas a constitutively active form of

Fig. 1. Density-dependent effects on the cell cycle in central nervous system (CNS) stem cells. (a) Low cell density correlates with a very slow rate of BrdU
incorporation. An increase in density primarily results in an increase in the proliferation rate. When the peak is reached at 1.25 · 104 cells ⁄ cm2 any further increase
of density leads to reduction of the proliferation rate. Differences between conditions 0.47 and 5.00 on one side and 1.25 (· 104 cells ⁄ cm2) on the other were highly
statistically significant [P < 0.0001; Mann–Whitney U-test; confidence interval (CI) 95%]. (b) Density-dependent p21WAF1 ⁄ CIP1 expression in CNS stem cells.
Increase of cell density correlates with a boost of p21WAF1 ⁄ CIP1 expression. There is also an increase of p21WAF1 ⁄ CIP1 expression in the very low-density cultures.
Differences between data points 0.47 and 5.00 on one side and 1.25 (· 104 cells ⁄ cm2) on the other were statistically significant (P ¼ 0.0026 and P ¼ 0.0007,
respectively; Mann–Whitney U-test; CI 95%). (c) Notch, bone morphogenetic protein receptor (BMPR)1A, BMPR1B, bIII-tubulin and glial fibrillary acidic protein
expression in CNS stem cells plated at different densities. Lanes: (1) 0.63 · 104, (2) 1.25 · 104, (3) 2.50 · 104 and (4) 5.0 · 104 cells ⁄ cm2 grown for 36 h in the
presence of bFGF. Protein loading was normalized to a-tubulin expression. (d) Phase-contrast images of the biological assay and immunofluorescent staining of
nucleostemin and phospho-SMAD1 ⁄ 5 ⁄ 8 at different plating densities.
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BMPR1B reduced the number of BrdU-positive cells in the mouse
embryonic brain (Panchision et al., 2001). Thus, we tested whether
overexpression of BMPRs will shift the density ⁄BrdU incorporation
curve. Indeed, expression of a constitutively active form of BMPR1A
caused a significant right shift of the curve (Fig. 4a). Interestingly, a

dominant negative (dn-BMPR1A) version of the receptor was even
more potent in increasing the percentage of cells in S-phase than the
constitutively active one in shifting the curve (Fig. 4b). Co-expression
of NICD and a constitutively active form of BMPR1A blocked the
BMPR1A-induced right shift of the curve (Fig. 4c). Transfection of a

Fig. 2. Notch mediates density-dependent effects on the cell cycle. (a) Expression of a constitutively active form of Notch1 (NICD) results in an increase of BrdU
incorporation in low density cultures and a decrease in medium and high density cultures as compared with the control experiment. This left shift of the curve was
statistically significant (F-test, P ¼ 0.001) (b) NICD expression increases p21WAF1 ⁄ CIP1 expression in higher and medium densities. (c) A dominant negative
Notch1 (dn-N1) shifts the density-dependent proliferation curve to the right (F-test, P ¼ 0.004) and causes p21WAF1 ⁄ CIP1 expression to increase slightly at lower
densities (d).

Fig. 3. Notch has dose-dependent effects on BrdU incorporation. (a) A gradual increase of the levels of active Notch induces BrdU incorporation and, after
reaching a critical level, growth arrest. Block of Notch via expression of a dominant negative construct [dominant negative Notch1 (dn-N1)] also leads to a decrease
of BrdU incorporation. A constitutively active bone morphogenetic protein receptor 1A blocks the growth arrest induced by 5 lg NICD. Statistically significant
differences to control samples were as follows: dn-N1, NICD 0.2 lg and NICD 5 lg, P ¼ 0.0002, P ¼ 0.0001 and P ¼ 0.0001, respectively [Mann–Whitney
U-test; confidence interval (CI) 95%]. (b) An increase of Ras activation by electroporating different amounts of RasV12-expressing plasmid induces BrdU
incorporation at low levels and growth arrest at high levels. Block of Ras activation via expression of a dominant negative mutant (RasN17) also decreased BrdU
incorporation. Statistically significant differences to control samples were as follows: RasN17, RasV12 1 lg and RasV12 2 lg, P ¼ 0.0002, P < 0.0001 and
P ¼ 0.0002, respectively (Mann–Whitney U-test; CI 95%).
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constitutively active form of BMPR1B caused an overall reduction of
the percentage of cells in S-phase (Fig. 4d). Treatment of the cultures
with 20 ng ⁄mL rhBMP4 had an effect similar to that of a constitu-
tively active form of BMPR1B (Fig. 4e).

Recent studies have shown that Notch regulates BMP expression in
avian neural crest (Endo et al., 2002, 2003). To examine whether there
is a link between Notch and the BMP pathway in our experimental
system, we expressed NICD in CNS stem cells plated at low density
(�0.63 · 104 cells ⁄ cm2) and studied the BMP4 and BMPR1B
expression. In concert with the findings in the avian model, NICD
induced the expression of BMP4 and BMPR1B in CNS stem cells
(Fig. 4f). Interestingly, the addition of rhBMP4 to expanding CNS
stem cells resulted in an increased Notch cleavage (Fig. 4g).

Notch pathway has density-dependent effects on cell fate

Previous experiments (Tsai & McKay, 2000, 2002) have shown that
cultured CNS stem cells generate smooth muscle actin-positive

derivatives at low density and GFAP-positive derivatives at high
density, suggesting that there is a cell-extrinsic switch between
peripheral and CNS fates. To test whether Notch modulation could
regulate the density-dependent switch between these two different
cell fates, in addition to influencing the cell cycle, we treated cells
at different densities with soluble Delta4. CNS stem cells were
plated at different densities and differentiated for 5 days by bFGF
withdrawal in the presence of 10 ng ⁄mL rhBMP4. As previously
reported (Tsai & McKay, 2002; Rajan et al., 2003), an increase in
cell density resulted in a transition from smooth muscle actin-
positive to GFAP-positive cell fates. In concert with previous data
showing a gliogenic effect of Delta (Morrison et al., 2000), the
addition of soluble Delta4 increased the number of GFAP-positive
cells at the expense of smooth muscle actin-positive cells at low
densities (Fig. 5). Thus, we conclude that artificial Notch activation
mimics the effects of high cell density by being sufficient to make
a low-density culture behave like a high-density culture with respect
to cell fate.

Fig. 4. (a) Overexpression of constitutively
active bone morphogenetic protein receptor 1A
(ca-BMPR1A) results in a right shift of the
density-dependent BrdU incorporation curve.
There was a statistically significant right shift of
the curve (F-test, P ¼ 0.002). (b) A dominant
negative (dn) BMPR1A also causes a right shift of
the density-dependent BrdU incorporation curve.
There was a statistically significant right shift of
the curve (F-test, P ¼ 0.0008). (c) Co-expres-
sion of ca-BMPR1A and NICD. Note that Notch
abolishes the ca-BMPR1A effect. (d) Overex-
pression of constitutively active BMPR1B results
in an overall reduction of the percentage of cells in
S-phase. There was a statistically significant
change as compared with control (F-test,
P < 0.0001). (e) Cultures treated with 20 ng ⁄mL
rhBMP4 show an overall reduction of the per-
centage of cells in S-phase. There is a statistically
significant change as compared with control
(F-test, P < 0.0001). (f) Western blot demonstra-
ting that NICD electroporation induces BMP4 and
BMPR1B expression. Lanes: (1) empty plasmid;
(2) 5 lg NICD. (g) Western blot demonstrating
that BMP treatment of central nervous system stem
cell cultures induces Notch cleavage. Lanes: (1) 0,
(2) 2, (3) 10 and (4) 40 ng ⁄mL BMP4.
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Discussion

It is now widely believed that Notch participates in neoplastic
transformation (Maillard & Pear, 2003). Both activation and
deactivation have been shown to be involved in this process. A
constitutive activation of Notch1 is associated with T-cell leukemia
(Aster & Pear, 2001) and is necessary for the maintenance of a
neoplastic phenotype in cancer cell lines (Weijzen et al., 2002). In
cervical cancer, however, block of Notch1 signaling is required for
malignant transformation (Talora et al., 2002).
The finding that in CNS stem cells the decision between self-

renewal and growth arrest is a function of Notch activity offers a new
perspective from which the above-cited, apparently contradictory,
results can be viewed. In our experimental system CNS stem cells
responded with growth arrest when the Notch pathway was blocked.
Hence, a baseline activity is absolutely necessary for maintenance of
the proliferative potential of the stem cell and the loss of stem cell
potential in Notch1-deficient CNS stem cells (Hitoshi et al., 2002)
probably reflects the inability of the cell to compensate even for the
lowest levels of Notch1 required for cell cycle progression. Further,
we demonstrate that low to intermediate levels of Notch1 activation

induce cell cycle progression, which would explain why expression of
NICD in Notch1-deficient CNS stem cells restores the stem cell
potential (Hitoshi et al., 2002). The fact that large amounts of NICD
lead to growth arrest is in concert with previous observations showing
that Notch activation in a wild-type background reduces the rate of
BrdU incorporation in CNS (Gaiano et al., 2000) and neural crest
(Morrison et al., 2000) stem cells.

Notch as an inductor of early differentiation and density-
dependent growth inhibition

In keratinocytes (Rangarajan et al., 2001) and B-cells (Go et al., 1998)
Notch induces the early stages of differentiation. This might also be
the case in cortical CNS stem cells. First, Notch expression and
cleavage during spontaneous differentiation precede and induce the
earliest signs of maturation (e.g. GFAP and bIII-tubulin up-regula-
tion), and second, high amounts of NICD are able to significantly
reduce the rate of BrdU incorporation (Gaiano et al., 2000; Morrison,
2001) and induce the expression of tumor suppressor genes as p53
(Yang et al., 2004). It is very likely that this mechanism is present

Fig. 5. Notch activation influences the density-dependent effects on fate choice. Immunofluorescent staining for smooth muscle actin (SMA) and glial fibrillary
acidic protein (GFAP) in central nervous system stem cell cultures plated at different densities and differentiated in the presence of rhBMP4. Note that in cultures
treated with Delta4 the transition between SMA and GFAP is shifted to lower densities. Magnification: · 1000. dapi, 4¢6-diamidino-2-phenylindole 2 HCl.
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during stem cell differentiation in vivo. A recent study demonstrated
that, in the brain of embryonic day 13.5 mice in the first several layers
above the ventricular wall, the level of Notch activation is very low to
undetectable and increases in cells migrating towards the upper layers
of the cortex (Tokunaga et al., 2004). These results suggest that the
majority of the CNS stem cells in the ventricular zone go through a
period of increasing Notch1 activation before starting to differentiate.

Density-dependent inhibition of growth is a characteristic feature of
all non-malignant cells. Several cellular factors and pathways, such as
p16INK4a, p21WAF1 ⁄ CIP1, p27KIP1, p53 and b-catenin, are involved
(Nelson & Daniel, 2002; Meerson et al., 2004). Notch might also play
a key role in this process as it is a transmembrane protein, its
expression and cleavage parallel density, it is able to reduce the
percentage of cells in S-phase and its block partially inhibits density-
dependent growth arrest.

We conclude that Notch has several essential functions during CNS
stem cell proliferation and maturation. Its activation induces and is
required (Hitoshi et al., 2002) for cell cycle progression and self-
renewal of CNS stem cells and at higher levels it may act as a pro-
differentiation signal. Furthermore, our results suggest that the BMP
pathway via BMPR1B up-regulation regulates the switch between
proliferation and differentiation in CNS stem cells. Here we present
data from in vitro experiments only and the in vivo relevance of these
findings will be investigated in further studies.

Hypothesis

Here we propose that oncogenes (e.g. Ras, Notch and others) influence
the cell cycle in a dose-dependent manner consistent with the
graphical model and equation shown in Fig. 6a. The plot of activation
level against the percentage of cells in S-phase forms a bell-shaped
curve. The endogenous levels of Notch, Ras and ⁄ or other oncogenes
set the primary location of the cell on the curve. Depending upon this
position, activation might induce both cell cycle progression and
growth arrest. For example, doubling the level of oncogene activity in
cell A increases the number of cells in S-phase, whereas in cell B it
results in growth arrest. This hypothesis is built on experiments
performed in primary cells. Interestingly, previous reports have shown
that there are similar dose-dependent effects of oncogenes (e.g. Raf) in
cancer cell lines, suggesting that the density proliferation curve is also
preserved in malignant cells (Woods et al., 1997).

Simplified, this model fits best in a slightly modified Gaussian
equation (Fig. 6a). Here f represents the percentage of cells in S-phase; x
the Notch (or other oncogene) pathway activation level; l the value
where f starts to decline;/ themaximum possible x value for a given cell
type and r the width (or angle of increase and decrease) of the curve.

This model gives us a new way of looking at conditions like
malignant transformation. The current view is that oncogenes are
hyperactive in cancer cells and need to be blocked to induce mitotic
arrest. According to our model, however, oncogenes can perform both
proliferation and growth arrest, and in a cancer cell the mechanism
controlling the turning point (l) between the opposite actions is
misregulated and shifted to the right (increase of l) (Fig. 6b). In this
case, levels of protein activation which would cause growth arrest in
non-malignant cells induce cell cycle progression in tumor cells.
Hence, oncogenes have to be active at higher levels in cancer cells to
cause differentiation. In some cases it might be impossible to reach the
levels required for mitotic arrest, e.g. x > /, or for initiation of
differentiation, e.g. l > /.

Our hypothesis provides a new perspective for looking at matur-
ation and degeneration. According to our model a left shift (decrease)
of l is one possible cause of differentiation (Fig. 6b). In this case

levels of oncogene activation that, under normal circumstances, cause
proliferation and maintain stem cell potential, induce mitotic arrest. A
left shift of l might be the basis for degenerative diseases and aging
and would explain why in Alzheimer’s disease the stem cell pool is
reduced (Maslov et al., 2004) and at the same time neurogenesis is
increased.
If the hypothesis is tested and found to be true, it might be helpful in

the development of new therapeutic approaches. For example, in
cancer types where Ras activation has been shown to be antiprolif-
erative (Ridley et al., 1988; Serrano et al., 1997), additional oncogene
activation might be more effective than block of oncogene activity in
inducing growth arrest. Further, factors that control the value of l, r
and other variables in the equation might be new therapeutic targets in
both cancer and degeneration.
In summary, we show that Notch actions on the cell cycle are a

function of dose. We hypothesize that this might be a general
mechanism in oncogenicity and tumor suppression.

Fig. 6. (a) Model consistent with our results. Activation level is plotted
against the percentage of cells in S-phase. The position of the cell on the curve
is determined by the endogenous levels of Notch, Ras and bone morphogenetic
proteins (BMPs). Depending upon the position of the cell on the curve,
activation of Notch, Ras or BMP pathways can induce both proliferation and
growth arrest, e.g. increasing the level of Notch activation by a factor of two in
cell A induces proliferation, whereas addition of the same amounts of active
Notch to cell B results in growth arrest. (b) A graph showing the hypothesized
density ⁄ proliferation curve in a cancer cell (dotted line) and a degenerating cell
(dashed line).
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