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Upon their exit from mitosis, mammalian cells enter a G1 phase 
during which they acutely sense all sorts of environmental stimuli. 
On the basis of these signals that they first need to decipher and 
integrate, they decide whether to undergo division, differentia-
tion, senescence or apoptosis. We questioned whether, despite the 
complexity of the G1 regulatory network, simple organizing prin-
ciples might be identified that could explain how specific input 
signals are converted into appropriate cell fates. For this purpose, 
we formulated a mathematical model of the G1 regulatory network 
using a simplified description of activities linked to signal transduc-
tion, cell growth, cell division and cell death. Bifurcation analysis 
of the model revealed the existence of multistability between 
several attractor states corresponding to G0-arrest, G1-arrest, 
S-phase entry and apoptosis cell fates. We further unravelled inter-
linked feedback and feedforward loops within the G1 regulatory 
network that drive the signal-dependent transition between G0 
arrest and the other cell fates. Initially, exit from G0 and progres-
sion in early G1 entail growth factor-dependent activation of an 
upstream positive feedback loop that activates the cell-growth 
machinery. Once ribosome synthesis is restored in G1, a compe-
tition develops between a downstream positive feedback loop, 
which, upon activation, triggers S-phase entry, and stress-activated 
pathways that promote G1 arrest. If S-phase entry prevails over 
G1 arrest, cells are sensitized to apoptosis due to stress-induced 
activation of pro-apoptotic pathways or repression of pro-survival 
pathways. Thus, the choice between the four possible cell fates in 
the G1 phase relies on the flexibly interlinked growth-activatory 
and division-activatory modules, certain components of which 
have antagonistic effects on pathways involved in driving apop-
tosis and G1 arrest. The final outcome ultimately depends on the 
context-dependent coordination between the cell-growth and cell-
division processes.

Introduction

In unicellular organisms, the issue whether a cell would divide 
primarily relies on its growth capacity which, in turn, depends on 
the concentration of nutrients in its environment. Thus, single cells 
generally initiate division when they reach a critical size that reflects 
a rate of macromolecular synthesis sufficient to execute accurately 
major cell cycle events.1-3 The situation is very different in multi-
cellular organisms, especially mammals, in which the rate of cell 
division strongly depends on the context. Thus, cell division actively 
takes place during development and tissue regeneration but rarely 
in most fully-developed organs despite the fact that the organism’s 
cells are suffused with an abundance of nutrients. This is because, in 
adult tissues, local and systemic controls operate to restrain cell divi-
sion in order to maintain tissue homeostasis.4 In fact, mammalian 
cells that exit mitosis enter a G1 phase during which they are snowed 
under a flood of conflicting signals which must be deciphered and 
integrated before the cells become committed either to divide or not 
and, eventually then, differentiate, senesce or die.5-7 Failures in this 
process may lead to cancer.7,8 G1-phase regulating signals include 
soluble macromolecules as well as insoluble structures bound to the 
surface of neighboring cells or to the extracellular matrix and various 
forms of exogenous and endogenous stresses. Depending on the type, 
strength and timing of the signals, cells either commit to divide or 
shift into reversible or irreversible out-of-cycle states: (i) G0 arrest (or 
quiescence), which is reversible; (ii) G1 arrest, which can be reversible 
or irreversible and may ultimately drift toward either a senescent or a 
differentiated state; (iii) programmed cell death (or apoptosis).

Because of the complexity of G1 signaling network involved in a 
cell’s response to the manifold environmental stimuli that it senses, 
it is difficult to determine how a given input signal directs commit-
ment to a particular cell fate. However, because this apparently 
inextricable network in fact operates to maintain tissue homeostasis, 
we expect that simple rules exist to govern the connection between 
input signals and cell fates. In an attempt to capture these rules, we 
use a modeling approach that has been exploited over the last decade 
to gain insights into the dynamic mechanisms that underlie the cell 
cycle.9 G1-phase regulation in mammalian cells has already inspired 
a broad spectrum of models essentially based on interactions between 
key cell cycle regulators: (i) the retinoblastoma (Rb) protein; (ii) the 
cyclin-Cdk complexes; (iii) the E2F transcription factors; and (iv) 
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the Cdk inhibitors (CKIs).10-18 Our model extends the scope of 
such G1-phase models by integrating the contribution of selected 
signal transduction pathways and of cell growth, which are likely 
to play a crucial role in cell fate determination during G1-phase 
progression. In particular, the involvement of two families of 
G1 regulatory signals were considered: (i) mitogenic factors that 
activate the interactive Ras/Erk/Raf and PI3K/Akt/mTOR signal 
transduction pathways;19 and (ii) stresses (e.g., DNA damage, 
hypoxia, nutrient deprivation, oncogenic signals) that activate the 
p53 pathway.20 Both impinge on the activity of cell cycle as well 
as cell-growth regulators.

Considering the absence of quantitative data on kinetics and the 
inherent complexity of the G1 regulatory pathways, we adopted a 
simplified description of activities linked to signal transduction, 
cell growth, cell division and cell death. Such a coarse-grained 
model is amenable to bifurcation analysis and numerical simu-
lations and enabled us to identify how the attractors in the G1 
regulatory network model depend on network architecture and 
the control parameters of the model. Our working hypothesis is 
that the attractor states represent various cell fates.21 Indeed, the 
G1 regulatory network model exhibits four attractor states referred 
to as G0 arrest, G1 arrest, S-phase entry and apoptosis. The occur-
rence of multistability between these states indicates the presence of 
positive feedbacks that enforce cell transition from the G0-arrested 
state to one of the other states in response to appropriate stimuli. 
First, we depicted the transition between the state of G0 arrest and 
that of S-phase entry as an event that is triggered by the sequential 
activation of two positive feedback loops by growth factors: a first 
loop drives partial phosphorylation of Rb and initiation of ribo-
some synthesis while a second loop leads to the completion of Rb 
phosphorylation and to the accumulation and activation of both 
cyclin E-Cdk2 and E2F transcription factors. Next, we examined 
how the stress-induced p53/p21 pathway may interfere with this 
two-step progression between G0 arrest to S-phase entry. In early 
G1, p21 levels are sufficient to antagonize the activity of the cyclin 
E-Cdk2 complex and preclude full activation of the second posi-
tive feedback loop, thus giving rise to an intermediate stable state, 
namely G1 arrest. Later in G1, the p21 levels become insufficient to 
antagonize cyclin E-Cdk2 activity, thus enabling p53 and E2F factors 
to cooperate in the initiation of cell-death programs. Based on these 
informations, we designed a toy model of the G1 regulatory network, 
which recapitulates the simple rules that underlie the connection 
between input signals and cell fates.

Model

Figure 1 presents a simplified depiction of the mammalian G1 
regulatory network, which includes key interactions between cell 
cycle regulators that have been experimentally identified over the last 
two decades22 and incorporated into our model. This G1 regulatory 
network model was formulated as a set of ordinary differential equa-
tions listed in Table 1.

Ribosomes and cell growth regulation. Ribosomes are the 
central parts of the protein-synthesizing machine of the cell. 
They consist of two dissociable subunits that are produced in the 
nucleolus and exported from the nucleus into the cytoplasm where 
they are assembled into functional ribosomes. Ribosome biogenesis 
is a highly complex and energy-expending process that requires 

the interaction of a diversity of cellular components, including 
the three RNA polymerases Pol I/II/III, ribosomal proteins, 
ribosomal RNAs (rRNAs) and small molecules, in various cell 
compartments.23,24 Thus, there are many levels at which ribosome 
synthesis could be regulated. A critical regulatory element is the 
phosphoprotein Rb, which is not only a powerful repressor of cell 
cycle-regulating gene transcription but also acts as a potent block to 
rRNA Pol I transcription by interacting with and inactivating the 
nucleolar transcription initiation cofactor UBF25 (Fig. 1, pathway 
a). Another likely regulatory element is the kinase cyclin E-Cdk2, 
which has been shown to participate in nucleolar re-assembly and 
restoration of ribosome biogenesis after mitotic exit26,27 (Fig. 1, 
pathway b). Finally, rRNA synthesis and pre-RNA processing are 
downregulated in response to various forms of exogenous and 
endogenous stress, notably via p53-dependent mechanisms26,28,29 
(Fig. 1, pathway c). Many events could affect the initiation and 
rate of ribosome synthesis to some degree; however, for the purpose 
of our model, we developed a qualitative description of cell-growth 
regulation by assuming that the rate of ribosome synthesis primarily 
depends on the levels of these three entities: (i) unphosphorylated 
Rb; (ii) cyclin E-Cdk2 activity; and (iii) p53 (Equation 1, Table 1). 
Newly synthesized ribosomes, in turn, catalyze protein synthesis 
(Fig. 1, pathway d).

Figure 1. Molecular network regulating G1-phase progression in mammalian 
cells. Gray arrowhead lines (vs light gray roundhead lines) indicate positive (vs 
negative) regulations of the G1 signaling network that are mentioned in the text 
using alphabetic letters. Black arrowhead lines point to specific downstream 
biological programs such as quiescence/G0, S phase, apoptosis and G1 arrest 
(reversible or irreversible). Upstream, the G1 regulatory network integrates input 
signals emanating from two main families of signaling pathways: (i) IGF refers 
to factors (mitogenic, growth and survival factors) that activate the interact-
ing Ras/Erk/Raf and PI3K/Akt/mTOR signaling pathways and (ii) IStr refers 
more specifically in this study to p53-activating stresses. (Abbreviations: E.k2, 
cyclin E-Cdk2; D.k4, cyclin D-Cdk4,6; Ap, Apaf-1; E2F, activator E2Fs; Rib, 
Ribosomes; Rbp, hypophosphorylated Rb).
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CKIs of the Ink4 family, which compete with the D-type cyclins 
for binding to Cdk4,6.30 For the sake of simplicity, we consider 
that these conflicting signals combine to ultimatily generate a single 
input IGF that modulates cyclin D-Cdk levels (Equation 2, Table 1 
and Fig. 1, pathway e). It should not be ignored, however, that there 
are many pathways that could regulate the rate of cyclin D-Cdk 
accumulation.

Rb regulation at the crossroad of G1-phase signaling pathways. 
The first identified member of the retinoblastoma (Rb) protein 
family acts as a central pivot in the G1 regulatory network, operating 
at the endpoint of signaling cascades which convey information 
concerning the extracellular environment and at the startpoint of 

Cyclin D-Cdk4,6 complexes as extracellular growth factor 
sensors. Exit of cells from G0 entails continuous mitogenic stimu-
lation, which upregulates cyclin D mRNA levels and facilitates 
the formation, accumulation and activation of cyclin D-Cdk4,6 
complexes. The increase in cyclin D-Cdk levels in response to 
interactions between mitogens and cell-surface receptors requires 
activation of the leading member of the Ras superfamily of small 
GTPases. Three major Ras effector pathways, mediated by Erk, 
PI3K and the Rho subfamily of small GTPases, cooperate in this 
process.19 By contrast, activation of certain other signaling pathways 
(e.g., those involving cell-adhesion molecules or TGFβ) inhibits 
cyclin D-Cdk complex formation by inducing the expression of 

Table 1 Differential equations and parameters for mammalian G1 regulatory network model
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stress (Fig. 1, pathway m) even though the negative feedback loop 
between Mdm2 and p53 should build up a non-linear p53 response 
(Equation 6, Table 1).

Stress-induced p53 nuclear accumulation and activation during 
the G1 phase triggers cell cycle arrest that is mediated in great part 
by p21Cip1, which belongs to the Cip/Kip family of CKIs. Like the 
two other family members (p27Kip1, p57Kip2), p21Cip1 binds to and 
inhibits the activity of all cyclin-Cdk1,2 complexes (Fig. l, pathway 
q). Interestingly, it also binds to cyclin D-Cdk complexes and facili-
tates their nuclear import, but does not impair their kinase activity.40 
p21, in turn, is quickly downregulated upon phosphorylation by the 
cyclin-Cdk1,2 complexes, which indicates a strong mutually antago-
nistic interaction between these two components (Equation 7, Table 
1; Fig. 1, pathway r). The expression of various Cip/Kip proteins is 
induced by different signals.41 Our model focuses on p21, which was 
the first identified42 and is the most thoroughly studied member of 
the Cip/Kip family, perhaps because it is the product of a main target 
gene of p53,43 and a major mediator of p53-dependent cell cycle 
arrest. However, given their relatively high degree of homology with 
p21, it is likely that other Cip/Kip proteins could function similarly, 
albeit in different contexts.

Cyclin E-Cdk2 regulation. We recapitulate here all the processes 
described above, which either regulate or are regulated by the activity 
of cyclin E-Cdk2 complexes. On the one hand, unphosphorylated 
Rb and the activator E2Fs repress and upregulate, respectively, the 
expression of cyclin E mRNAs (Fig. 1, pathways f and k), which is 
prerequisite for the appearance of cyclin E-Cdk2 complexes, while 
p21 inhibits cyclin E-Cdk2 kinase activity (Equation 4, Table 1). On 
the other hand, cyclin E-Cdk2 hyperphosphorylates Rb, facilitates 
p53 nuclear export and downregulates p21 (Fig. 1, pathways i, p and 
r). Furthermore, cyclin E-Cdk2 kinase activity reinstates nucleolar 
assembly and pre-rRNA processing, which eventually leads to the 
restoration of ribosome synthesis (Fig. 1, pathway b).

Apoptosome-mediated initiation of cell death. Apoptosis refers 
to a form of programmed cell death, which results from the activa-
tion of caspases, a family of proteases that irreversibly cleave cellular 
proteins, generating dramatic physiological and morphological 
changes incompatible with cell survival. Apoptosis may be triggered 
via two main routes:44 (i) an extrinsic pathway that is initiated upon 
binding of specific extracellular ligands to cell-surface death recep-
tors, which mediate instructive apoptosis; (ii) an intrinsic pathway 
that is activated in response to endogenous stress signals which lead 
to the release of cytochrome c from mitochondria and subsequently 
drives the formation of apoptosomes and activation of caspases. 
Apoptosome formation is driven by the oligomerization of Apaf-1 
(a caspase-9 cofactor) in response to cytochrome c binding in the 
presence of dATP or ATP. The intrinsic pathway is regulated at many 
levels by activator E2Fs and p53,36,37 both of which transactivate 
Apaf-1,45 (Fig. 1, pathways l and o). In turn, apoptosis is opposed by 
the activity of the PI3K/Akt pathway, which operates at both the tran-
scriptional and translational levels via a multiplicity of mechanisms 
to promote cell survival46 (Fig. 1, pathway s). Equation 7 (Table 1) 
formulates, in a simplified way, how Apaf-1 activation depends on 
the balance between the pro-apoptotic activities of the E2F factors 
and p53 vis-à-vis the anti-apoptotic effects of growth factors and 
survival factors. It is assumed that, when Apaf-1 reaches a threshold 
level, caspase-3 is irreversibly activated and induces apoptosis.47

genetic cascades which elicit diverse responses to these inputs.31,32 
Indeed Rb, on the one side, is a principal phosphorylation substrate 
of cyclin D,E-Cdks but, on the other side, obstructs gene expression 
by two distinct mechanisms: (i) it binds to and blocks the transac-
tivation domain of transcription factors, notably the E2F factors, 
which positively regulate RNA polymerase II (Fig. 1, pathways f and 
g); (ii) it mobilizes chromatin-modifying factors, and consequently it 
directly represses transcription, especially of rRNA and tRNA poly-
merases Pol I and Pol III (Fig. 1, pathway a). Rb can exist in three 
different phosphorylated forms, each of which exerts unique activi-
ties:33 (1) unphosphorylated, Rb acts as a general transcriptional 
repressor inhibiting the activity of all three RNA polymerases;25 
(2) when partially (hypo) phosphorylated by cyclin D-Cdks (Fig. 
1, pathway h), it loses its ability to directly repress transcription, 
especially that of rRNAs and cyclin E; (3) when hyperphosphory-
lated by cyclin E-Cdk2 (Fig. 1, pathway i), Rb dissociates from the 
E2F factors, enabling them to stimulate the transcription of genes 
involved in both cell division and cell death. In our model, phospho-
rylation/dephosphorylation reactions are assumed to be fast enough 
while the half-life of Rb is assumed to be long enough34 so that the 
three forms are always in equilibrium (Equations 8 and 9, Table 1).

Regulation of activator E2Fs. There are two subclasses of 
E2F transcription factors, termed activator E2Fs (E2F1,2,3) and 
repressor E2Fs (E2F4,5). Activator E2Fs occur in cycling cells, 
where they induce transcription of a cohort of cell cycle regulatory 
as well as pro-apoptotic genes; notably they upregulate their own 
expression (Fig. 1, pathway j) as well as that of cyclin E (Fig. 1, 
pathway k). In contrast, repressor E2Fs primarily occur in quiescent 
and terminally-differentiated cells.35 Rb is a powerful repressor of 
activator E2Fs and, thus, of cell cycle-regulating gene transcription. 
It is important to recognize that cyclin D-Cdk-mediated Rb phos-
phorylation does not dissociate the activator E2Fs, which would 
promote S-phase entry, a function which is strictly controlled by 
cyclin E-Cdk2 complex activity. Equation 3 (Table 1) recapitulates 
these regulations of activator E2Fs. Our model also assumes that 
DNA replication is initiated and S-phase entry takes place when the 
level of activator E2Fs reaches a threshold. E2F-mediated apoptosis 
involves many target genes of the activator E2Fs, some of which are 
transcriptional targets or pro-apoptotic cofactors of p53 as well36-39 
(Fig. 1, pathway l).

The stress-sensitive p53/p21 module. The tumor suppressor 
protein p53 is a ubiquitous transcription factor that not only upregu-
lates the expression of genes involved in cell cycle arrest (e.g., p21) 
and in apoptosis (e.g., Bax, Apaf1), but also represses Pol I and Pol 
III transcription, and thus can interfere with ribosome biogenesis 
and cell growth20 (Fig. 1, pathways c, n and o). The transactiva-
tion function of p53 is finely tuned to its nuclear level of expression 
due to the formation of a negative loop with the product of one of 
its target genes, Mdm2, which binds p53 and thereby inhibits its 
transcriptional activity and facilitates its nuclear export and degrada-
tion. p53 nuclear levels dramatically increase in response to a wide 
variety of stress signals (e.g., DNA damage, depletion of nucleotide 
triphosphates, hypoxia, nutrient deprivation, cell-cell contact, onco-
genic signals, cell deformation) that alleviate its negative regulation 
by Mdm2. p53 nuclear exclusion, in turn, is facilitated by cyclin 
E-Cdk2 activity (Fig. 1, pathway p). For simplicity, we shall assume 
that p53 passively accumulates in the nucleus in the presence of 
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signals is low enough and the intensity of IStr 
signals is high enough and is characterized by 
high levels of Apaf-1 along with high levels of 
cyclin E-Cdk2, E2Fs and p53. The existence 
of multistability between these distinct states 
allows us to predict that the final outcome 
depends not only on the actual signal inten-
sities, but also on the history of the signal 
intensity changes.

It is important to recognize that the physi-
ological states of G0 arrest, G1 arrest, S-phase 
entry or apoptosis do not have, strictly speaking, 
‘steady’ properties. In fact, the physiological 
G1-arrest state is transitory as G1-arrested cells 
ultimately drift toward diverse differentiated 
or senescent states or even return to the cell 
cycle. Likewise, cells do not stay confined to S 
phase as they usually progress toward later cell 
cycle phases. However, for the purpose of our 
model, it is valid to consider these transient 
states as steady so long as we focus on the 
G1 regulatory network dynamics and do not 
incorportate specific events activated down-
stream from cyclin E-Cdk2, E2Fs, Rb or p21.

In the following sections, we describe how 
our model predicts the possible mechanisms 
by which context-dependent multistability 
drive these different cell fates during the G1 
phase.

From G0 arrest to S-phase entry: activating two positive feed-
backs and crossing one irreversible transition. We first investigated 
how growth factors that stimulate both cell growth and cell division 
(IGF) drives G1 regulatory network dynamics in the absence of p53/
p21-activating signals (IStr = 0). In the absence of growth-factor 
stimulation, postmitotic cells exhibit high levels of unphosphory-
lated Rb as well as a generally moderate pool of ribosomes while the 
levels of cyclin-Cdk and of activator E2Fs (thereafter called E2Fs) 
are nearly nil (Fig. 3A). Physiologically, this stable state corresponds 
to G0 arrest. A moderate level of IGF does not significantly modify 
the G1 regulatory network activity but larger amounts can drive the 
network into a steady state characterized by a substantial pool of 
ribosomes as well as of hyperphosphorylated Rb, E2Fs and selected 
cyclin-Cdk complexes (cyclin D-Cdks and cyclin E-Cdk2). This state 
corresponds to S-phase entry in which [E2F] exceeds the critical value 
θE2F. The bifurcation diagram (right, Fig. 3) depicts how the stable 
G0-arrest state disappears when IGF exceeds a critical amount.

Like the IGF strength, the duration of suprathreshold growth-
factor stimulation is a determining factor in cell exit from G0. If, 
indeed, growth factors are withdrawn before a specific time in G1, 
the cell can readily return to the G0-arrest state (Fig. 3B). If, however, 
growth factors are withdrawn beyond that specific time, the cell is 
unable to return to G0 and it inevitably continues to drift toward the 
state of S-phase entry (Fig. 3C). This specific ‘point of no-return’ in 
the G1 phase has been called the restriction point.48,49 In terms of 
dynamical systems theory, it corresponds to the unstable boundary 
that separates the attractors of G0-arrest and of S-phase entry in the 
absence of growth factors.

Results

Cell fates as attractor states of the G1 regulatory network. To 
begin with, we present a static picture of the behavior of the G1 regu-
latory network predicted by our model. The bifurcation diagrams in 
Figure 2A show how the steady state levels of selected species (E2F, 
Apaf-1, Rb and p21) depend on the two main control parameters, 
IGF and IStr. There are clearly three separate classes of solution 
branches that differ in their content of the selected species. In one 
of the branches (III), the Apaf-1 level varies such that it could be 
either below (IIIa) or beyond (IIIb) a threshold at which a cell-death 
program is triggered. Thus, it is possible to qualitatively identify four 
distinct stable steady states that arise depending on cellular content 
of selected species, including ribosomes (Rib), unphosphorylated Rb, 
activator E2Fs (E2F), cyclin E-Cdk2 (E.k2), p53, p21 and Apaf-1 
(Fig. 2B). We assume that these four classes of steady states corre-
spond to the physiological states of G0 arrest, G1 arrest, S-phase entry 
and apoptosis. Their overlapping stability domains are shown in 
Figure 2C: (i) the G0-arrest state is stable when the intensity of IGF 
signals is low enough and typically exhibits high Rb content but low 
contents of all other species; (ii) the state of S-phase entry is stable 
when the intensity of IStr signals is low enough and the intensity of 
IGF signals is high enough and it is characterized by high contents 
of ribosomes as well as of cyclin E-Cdk2 and E2Fs; (iii) the G1-arrest 
state is stable when the intensities of IGF and IStr signals are high 
enough and typically displays high p53 and p21 levels, an interme-
diate ribosome supply, and relatively low levels of cyclin E-Cdk2 and 
E2Fs; (iv) the state of apoptosis is stable when the intensity of IGF 

Figure 2. The four steady-state attractors of the G1 regulatory network. (A) Plots depicting the steady-
state levels of Rb, E2F, p21 and Apaf-1 as a function of IGF for three different values of IStr ranging 
from 0 to 0.4, which reveal three branches (I–III) of stable solutions (full lines indicate stable states 
and dotted lines indicate unstable states; dashed lines indicate θE2F and θAp, respectively). (B) 
Qualitative and relative estimation of the amounts of selected species in the four identified stable 
steady states of the G1 regulatory network. (C) Overlapping stability domains of the four stable 
steady states of the G1 regulatory network as a function of the intensities of the IGF and IStr signals. 
Coding : S-phase entry (white region), apoptosis (gray region), G0 arrest (black dots) and G1 arrest 
(empty squares).
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rates of p53 and p21 accumulation that are insufficient to stop the 
activation of the cyclin E-Cdk2/Rb/E2F loop, only delays G1-phase 
progression and entry into S phase (Fig. 5A). However, exposure 
to a more severe stress intensity (e.g., IStr = 0.4), results in higher 
rates of p53 and p21 accumulation that stop activation of the cyclin 
E-Cdk2/Rb/E2F loop and halt G1-phase progression at a steady 
state that is distinct from G0 arrest or S-phase entry (Fig. 5B). The 
bifurcation diagram depicted in Figure 5B (right) depicts how, in 
this case, a new steady state branch appears and coexists with the two 
other stable branches corresponding to G0 arrest and S-phase entry. 
This new branch, which we call the ‘G1-arrest’ state, is characterized 
by low levels of E2Fs and cyclin E-Cdk2 ([E.k2] ~ 0.01) as occurs 
in the situation where Cp21→E.k2 = 0 and dE.k2→Rb = 0 (Fig. 
4B). This suggests that G1 arrest results from a failure to activate 

The irreversible switch between the states of G0 arrest and S-phase 
entry entails the existence of a strong positive feedback loop within 
the G1 regulatory network that could generate bistability between the 
two states. Our model enables us to identify the origin of this feed-
back, which actually results from a cascade of at least two intimately 
linked positive feedback loops. The bifurcation diagrams of Figure 4 
emphasize the critical role played in this process by the differential 
capacity of cyclin D-Cdks and cyclin E-Cdk2 to phosphorylate Rb. 
For dE.k2→Rb = 0, the main operational G1 regulatory module 
comprises cyclin D-Cdks, hypophosphorylated Rb, and a moderate 
pool of cyclin E-Cdk2 and of ribosomes (‘cyclin D-Cdks/Rb/cyclin 
E-Cdk2/Ribosome loop’): cyclin D-Cdks partially phosphorylate 
Rb, relieving the Rb-dependent repression of rRNA and cyclin E 
transcription and, thereby, reinstate ribosome and protein synthesis 
(operating with the pre-existing pool of ribosomes and the low-
level of emerging cyclin E-Cdk2 activity). The resulting increase in 
overall protein translation, in turn, contributes to raising the levels 
of all cyclin-Cdks. Such a multiple-path positive feedback loop can 
induce bistability between the G0-arrest state and an ‘active’ state 
with increased levels of ribosomes and cyclin-Cdks (Fig. 4A; light 
gray line). However, as long as cyclin E-Cdk2 does not efficiently 
phosphorylate Rb, the rise in cyclin E-Cdk2 and E2F levels is rela-
tively modest because cyclin D-Cdk-dependent Rb phosphorylation 
does not induce E2F release from the Rb-E2F complex efficiently. 
In contrast, at large dE.k2→Rb values, the levels of cyclin E-Cdk2 
and E2Fs increase significantly (Fig. 4A; dark gray and black lines) 
in response to the activation of a positive feedback loop which drives 
cyclin E-Cdk2-dependent hyperphosphorylation of Rb, thereby 
liberating the E2F factors and enabling them to boost their own 
synthesis as well as that of cyclin E (‘cyclin E-Cdk2/Rb/E2F loop’). 
Thus, the steady state concentration of cyclin E-Cdk2 exhibits a 
discrete transition from low to high values as dE.k2→Rb increases 
(Fig. 4B).

In summary, activation of the cyclin D-Cdks/Rb/cyclin E-Cdk2/
Ribosome loop enables to restore ribosome biogenesis and protein 
synthesis, which does not require a high level of cyclin E-Cdk2 
activity. On the other hand, activation of the cyclin E-Cdk2/Rb/E2F 
loop is necessary to promote S-phase entry. Thus, early activation of 
the cyclin D-Cdks/Rb/cyclin E-Cdk2/Ribosome loop contributes to 
the later activation of the cyclin E-Cdk2/Rb/E2F loop because cyclin 
E-Cdk2 accumulation depends on both the translational cell capacity 
and Rb phosphorylation status. It should be possible, however, 
to uncouple the two loops by changing parameters other than 
dE.k2→Rb. Indeed, any process that would straightaway prohibits or 
promotes cyclin E or E2F accumulation would consequently repress 
or activate the cyclin E-Cdk2/Rb/E2F loop.

Stress-induced G1 arrest versus apoptosis. The pivot of the cyclin 
E-Cdk2/Rb/E2F loop is the activity of the cyclin E-Cdk2 complex, 
which controls the release of E2F factors that activate cell cycle-
regulating gene transcription and promotes S-phase entry. Therefore, 
negative regulation of cyclin E-Cdk2 by physiological inhibitors 
such as Cip/Kip proteins (e.g., p21) are expected to interfere with 
G1-phase progression toward S-phase.

We applied our model to investigate how p53-activating stresses 
modify G1 regulatory network dynamics in the presence of growth 
factors that otherwise impel cell exit from quiescence (Fig. 5). 
Exposure to a mild stress intensity (IStr = 0.3), which results in 

Figure 3. S-phase entry requires a minimal strength and duration of growth-
factor signals. Results from simulation and bifurcation analysis of the G1 regu-
latory network dynamics in the absence of stress signals (IStr = 0). Left: Plots 
of concentration changes over time of selected components of the G1 regu-
latory network in response to a step or pulse of IGF. Right: Corresponding 
plots of the cyclin E-Cdk2 concentration changes as a function of IGF (gray 
lines), as compared to its steady-state level (full lines indicate stable states 
and dotted lines indicate unstable states): (A) Successive increasing IGF 
steps: 0, 0.3, 0.6 and 0.9. (B) A ‘short’ pulse of growth factors (IGF = 1) is 
applied from t = 20 to t = 25. (C) A ‘long’ pulse of growth factors (IGF = 1) 
is applied from t = 20 to t = 27.
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Figure 5. Stress-induced G1 delay and arrest. (A and B) Simulation and 
analysis of G1 regulatory network dynamics in the presence of various 
steps of stress (A: IStr = 0.3; B: IStr = 0.4). Left: Plots of the concentration 
changes over time of selected components of the G1 regulatory network 
in response to IGF and IStr steps, simultaneously applied at time t = 20. 
Right: Corresponding plots of the changes in cyclin E-Cdk2 concentration 
as a function of IGF (gray lines), as compared to its steady-state level (full 
lines indicate stable states and dotted lines indicate unstable states). (A) a 
moderate step of stress delays S-phase entry while (B) a slightly larger step 
induces G1 arrest (characterized by high levels of p53 and p21 and low 
levels of E2F and cyclin E-Cdk2). (C) Bifurcation diagrams as a function 
of IGF in situations in which stress application results in (i) p53-dependent 
induction of p21 only (dark gray: Cp53→Rib = 0; kp53→p21 = 0.9), 
(ii) p53-dependent downregulation of ribosome synthesis only (light gray: 
Cp53→Rib = 1; kp53→p21 = 0) or (iii) both (black: Cp53→Rib = 1; 
kp53→p21 = 0.9).

the cyclin E-Cdk2/Rb/E2F loop. The exact mechanism of failure 
is depicted on the bifurcation diagram obtained as a function of 
IGF for different values of kp53→p21 and of Cp53→Rib in the 
presence of stress (IStr = 0.4) (Fig. 5C). Following stress-induced 
p53 activation, the branch corresponding to the G1-arrest steady 
state inflates proportionately to the extent of p53-dependent p21 
induction or downregulation of ribosome synthesis. Thus, two 
distinct processes cooperate to induce G1 arrest in response to 
p53-activating stresses: (i) p21-dependent cyclin E-Cdk2 inhibi-
tion, which results in the requirement for a larger ribosome supply 
to support activation of the cyclin E-Cdk2/Rb/E2F loop and (ii) 
p53-dependent downregulation of ribosome synthesis.

Because the G1 regulatory network model exhibits bistability 
between the states of G1 arrest and S-phase entry, we predict that 
the time in G1 phase at which the stress signal is applied would 
have a critical impact on cell fate. Figure 6 depicts the differential 
effect of stress (IStr = 0.4) exposure at different times after growth 
factor stimulation. When the stress is applied at time t = 26, inhi-
bition of the cyclin E-Cdk2 complexes is sufficient to drive G1 
arrest (Fig. 6A). However, when the stress is applied slightly later 
(t = 28), it is unable to sufficiently repress cyclin E-Cdk2 activity 

to block the surge in E2F factor concentrations, which otherwise 
precipitate entry into S phase (Fig. 6B). In the later case, however, 
p53 continues to accumulate in the nucleus of late-G1/S-phase 
cells, where it can activate pro-apoptotic target genes. As a result, 

the simultaneous presence of high levels of p53 and E2Fs leads 
to increased apoptosome activity in late G1/S-phase cells, which 
eventually surpasses the threshold required to trigger cell-death 
programs (Fig. 6C). In summary, E2F factors and p53 cooperate 
to trigger apoptosis when p53-dependent p21 accumulation in G1 
phase fails to arrest cell cycle progression by preventing activation of 
cyclin E-Cdk2 above the threshold necessary to free E2F factors.

Bypassing the Rb module. In the previous section, we established 
that the selective inhibition of cyclin E-Cdk2 by stress-induced 
CKIs is able to stop activation of the cyclin E-Cdk2/Rb/E2F loop 
and create a stable G1-arrest state. The G1-arrest state especially 
differs from the G0-arrest state with respect to its ribosome content. 
Moreover, it is not incompatible with continued cell growth in 
the absence of cell division as long as Rb continues to prevent the 
liberation of E2F factors. Thus, the probability that a cell arrests 
in G1 and eventually drifts toward a differentiated or senescent 
state depends on the presence of a functional Rb module. In the 
absence of Rb, E2F factors would be constitutively activated and 

Figure 4. Coupled growth-activatory and division-activatory positive feedback 
loops. Bifurcation diagrams demonstrating the presence of two intricately 
entwined positive feedback loops within the G1 regulatory network (full lines 
indicate stable states and dotted lines indicate unstable states). (A) Steady-state 
levels of cyclin E-Cdk2 as a function of IGF for three values of dE.k2→Rb (light 
gray line: 0; dark gray line: 20; black line: 50). (B) Steady state level of cyclin 
E-Cdk2 as a function of dE.k2→Rb in the presence of growth-activatory signals 
(IGF = 1).
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G1-phase regulatory network dictates the issue whether a cell would 
divide or shift into out-of-cycle states such as G0 or G1 arrests or 
apoptosis in response to environmental stimuli. These principles 
depend on the unique organization of the G1 regulatory network, 
which consists of two temporally separable but flexibly coupled 
positive feedback loops: an upstream ‘growth-activatory loop’ and 

E2F-dependent cell cycle-regulating gene transcription and ribo-
some synthesis would simultaneously take place after mitotic exit 
in the absence of cyclin D-Cdk complexes. As shown in Figure 7A, 
Rb-negative (Rb-) cells are unable to undergo G0 arrest because cyclin 
E-Cdk2 and E2F factors accumulate even in the absence of growth-
factor signals (IGF = 0). As a result, Rb- cells become sensitized 
to apoptosis because, in the absence of growth factors, they fail to 
experience levels of anti-apoptotic factors sufficient to overcome the 
pro-apoptotic activity of E2F factors. This scenario of apoptosis does 
not require the presence of stress signals such as those that activate 
p53 functions. Instead, it proceeds from a premature activation of 
E2F factors, which leads to a precipitate loading of pro-apoptotic 
factors that is not countered at the time by a large enough cell 
provisioning of survival factors from the environment. The absence 
of a G0-arrest state and the enhanced sensitivity to apoptosis associ-
ated with the loss of Rb function is depicted in the phase diagram 
of Figure 7B. E2F or cyclin E upregulation should a priori have the 
same effect as Rb loss, considering that E2F factors induce cyclin E 
expression and that cyclin E-Cdk2 complexes can substitute for the 
cyclin D-Cdk complexes to relieve Rb-dependent repression of RNA 
Pol I and III transcription.

A toy model of the G1 regulatory network. Dissecting the G1 
regulatory network allowed us to extract the main feedback/feedfor-
ward structure that underlies the context-dependent switch between, 
on one side, the state of G0 arrest, and, on the other side, the states 
of S-phase entry, G1 arrest or apoptosis: the growth factor-stimu-
lated cyclin D-Cdks/Rb/cyclin E-Cdk2/Ribosome loop triggers a 
competition between the cyclin E-Cdk2/Rb/E2F loop and the stress-
activated p53/p21 pathway. We have designed a toy model based on 
this feedback/feedforward structure to verify whether such a simple 
organization is necessary and sufficient to reproduce the qualita-
tive dynamic properties of the G1 regulatory network. The model 
contains four variables, each of them represents the ‘activity’ of one 
particular module of the G1 regulatory network: the cyclin D-Cdks/
Rb/cyclin E-Cdk2/Ribosome module (M1), the cyclin E-Cdk2/Rb/
E2F module (M2), the p53/p21 module (M3) and the apoptosome 
module (M4). The internal dynamics of M1, M3 and M4 contains 
one positive feedback loop. IGF switches on M1 while IStr switches 
on M3 and M4. M1 activates M2 and M3 while M2 and M3 inhibit 
each other and M2 activates M1 and M4 (Fig. 8A and Table 2). 
Using an appropriate and carefully-selected set of parameters, the 
dynamics of the model displays a phase diagram closely similar to 
that of the original model (compare Figs. 8B and C with 2A and 
B). Hence, the toy model preserves the bifurcation structure of the 
original model, which supports the view that the modular organiza-
tion of the G1 regulatory network depicted in Figure 8A portrays 
critical roles in determining cell fate during the G1 phase. Such a 
match, however, is very sensitive to parameter changes, which are 
likely to induce gradual rather hysteretic transitions between steady 
states, or even prevent such transitions. We therefore conclude that 
the complexification of more realistic G1 regulatory networks would 
contribute to reinforce the robustness of their switching behavior 
against mild change in kinetics parameters.

Discussion

Uncoupling cell growth and cell division. Our findings underscore 
that simple organizing principles can explain how the mammalian 

Figure 6. E2Fs and p53 cooperate in promoting apoptosis. Simulation and 
analysis of G1 regulatory network dynamics in the presence of an IStr step 
elicited at various times. Left: Plots of the concentration changes over time 
of selected components of the G1 regulatory network in response to a IGF 
step applied at time t = 20 and IStr step applied later at various time. Right: 
Corresponding plots of the changes in cyclin E-Cdk2 level as a function of 
IGF (gray lines), as compared to its steady-state level (full lines indicate stable 
states and dotted lines indicate unstable states). (A) A stress step (IStr = 0.4) 
applied at time t = 26 induces G1 arrest with high levels of p53 and p21. 
(B) The same stress step applied at time t = 28 induces apoptosis with high 
levels of E2F, p53 and Apaf-1.

Figure 7. Bypassing the Rb module leads to premature S-phase entry and 
promotes apoptosis. (A) Concentration changes over time of selected com-
ponents of the G1 regulatory network following the disruption of Rb function 
([Rb] = [Rbp] = 0) at time t = 30 , in the absence of growth-activatory sig-
nals (IGF = 0). The G1 regulatory network switches from the G0-arrest state 
to apoptosis ([Ap] > θAp). (B) The phase diagram of an Rb-deficient cell 
shows a large apoptotic region while the G1-arrest and G0-arrest domains 
totally vanish.
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of conflicting signals and, on the other side, could drive opposing 
cellular responses, lays the foundations for cell fate diversification in 
mammalian cells.5,50-52

This antagonistic relationship between cell-growth regulators, 
which facilitate G1-arrest and pro-survival pathways and cell divi-
sion regulators, which facilitate apoptosis and strongly compete with 
components of G1-arrest pathways, possibly originates from the 
ancestral device elaborated by unicellular systems to coordinate their 
growth and division. Indeed, in order to quickly reproduce under the 
best of conditions, unicellular organisms have evolved cell-size and 
DNA-damage checkpoints that enable them to delay cell cycle entry 
to allow enough ‘time to grow’ and enough ‘time to repair’, respec-
tively.3,53 Multi-celled organisms, however, have developed more 
sophisticated mechanisms. Notably, they created new cell fates for 
their unit cells, such as apoptosis or permanent G1 arrest, to allow, 
for instance, the shaping of organs during development and the 
safeguarding of tissue homeostasis in adulthood.4 ,54 The G1 regula-
tory checkpoints inherited from unicellular systems have probably 
been relaxed and made more flexible in metazoan cells in order to 
adapt to new constraints imposed by the necessity of preserving the 
viability of the organism as a whole. Owing to this flexibility, specific 
environmental signals may now either precipitate cell division in the 
absence of sufficient prior cell growth, thus triggering apoptosis, or 
delay cell division, possibly forever, despite continued cell growth, 
thus inducing G1 arrest.

Exiting from G0 arrest. G0 arrest (or quiescence) usually 
describes a collection of low-energy states in which specific sets 
of genes involved in repressing the transcription of rRNA and 
cyclins are activated.55 This low-metabolism state can be induced 
in vitro by serum starvation, which deprives cells of mitogens and 
growth factors. Conversely, re-exposure of cells to these factors 
triggers G0 exit following activation of a positive feedback loop 
(the cyclin D-Cdks/Rb/cyclin E-Cdk2/Ribosome loop), which 
primarily functions to relieve Rb-dependent repression of rRNA and 
cyclin transcription and restore ribosome biogenesis. The restriction 
point48,49 coincides with the time point in the G1 phase when cyclin 
E-Cdk2 kinase activity reaches the critical level necessary to achieve 

a downstream ‘division-activatory loop’, certain components of 
which have antagonistic effects on pathways involved in apoptosis in 
G1-arrest (Fig. 9A).

Cells that exit mitosis are exposed during the G1 phase to a multi-
tude of stimuli and stresses that differ in their capacity to activate 
or inhibit these two loop mechanisms. Thus, cell fate determina-
tion during the G1 phase is dictated by the specific combination 
of stimuli and stresses that the cell senses. G1-specific regulatory 
signals impinge on the two loops principally at the level of two 
well-defined cyclin-dependent protein kinases, cyclin D-Cdk4,6 and 
cyclin E-Cdk2, that differ in their timing of apparition, their mode 
of regulation and their substrate specificity. In the absence of signals 
that positively or negatively regulate cyclin E-Cdk2 activity, inactiva-
tion or activation of the growth-activating loop merely triggers the 
inactivation or activation of the division-activating loop, giving rise 
to the states of G0-arrest or S-phase entry, respectively (Fig. 9B and 
C). But, activation of stress-response pathways that directly affect 
cyclin E-Cdk2 activity may alter the tight coordination between 
growth and division that is required to initiate timely cell division. 
For instance, selective inhibition of cyclin E-Cdk2 by p53/p21-acti-
vating stresses in the presence of growth-factor stimulation leads to 
the emergence of high-energy G1-arrest states (Fig. 9D). By contrast, 
selective cyclin E-Cdk2 upregulation (e.g., via Myc overexpression or 
Rb loss of function) in the absence of sufficient levels of growth and 
survival factors would favor apoptosis (Fig. 9E). Thus, our modeling 
study supports the view that the inherent ambivalence of signaling 
pathways, which, on one side, could be activated by a multiplicity 

Figure 8. Toy model of the G1 regulatory network. (A) Reduced representation of the G1 regulatory network as a set of interactive modules. (B) Steady-state 
levels of the M1, M2, M3, M4 activities for three values of IStr (0, 0.4, 0.8). (C) Phase diagram corresponding to the toy model, the equations of which 
are displayed in Table 2.

Table 2  Differential equations for the toy model of the 
G1 regulatory network

d M1/dt = (2 IGF + 3M2) - 5M1 + 4M1
2 - M1

3 (1)

d M2/dt = M1 - (5 + M3)M2 + 4M2
2 - M2

3 (2)

d M3/dt = M1(IStr + 0.2) - (1 + M2
2)M3 (3)

d M4/dt = 3M2 IStr/(1 + 0.5IGF) - 5M4 + 4M4
2 - M4

3 (4)
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activity. The p53 tumor suppressor protein may serve as a paradigm 
on this subject.

DNA damage, which typically produces irreversible p53 responses 
(irreversible G1 and G2 arrests or apoptosis) operates by activating a 
set of protein kinases (ATM, ATR, Chk1,2) that phosphorylate both 
p53 and Mdm2 at multiple sites, irreversibly disrupting p53-Mdm2 
interaction.58 In contrast, oncogenic stresses activate p53 func-
tion by inducing the expression of the Arf protein, which binds to 
Mdm2 to mitigate its antagonistic effects on p53 without disrupting 
the p53-Mdm2 interaction.59 Arf-dependent p53/p21-activating 
stresses could thereby trigger reversible G1 arrest. The fact that Arf/
p53-dependent oncogenic Ras-induced senescence is readily reversed 
by Myc overexpression60 is consistent with this prediction. In the 
case of p53-activating stresses, it appears that the reversibility of 

hyperphosphorylation of Rb and activate a 
second positive feedback loop (the cyclin 
E-Cdk2/Rb/E2F loop), which primarily 
functions to promote growth factor-inde-
pendent cell cycle progression. An elegant 
study combining experiments and modeling 
provides convincing evidence of the impli-
cation of the second loop in this function.56 
Our findings predict that the critical level of 
cyclin E-Cdk2 activity required to cross the 
R point is much lower than that required 
to enter S-phase. This would be difficult to 
detect experimentally, which may explain 
why it has been previously stated that R 
point transit precedes cyclin E-Cdk2 accu-
mulation.57

Shifting to G1 arrest. The relief of 
Rb-dependent repression of rRNA, ribo-
somal protein and cyclin synthesis associated 
with early G1-phase progression is necessary 
but not sufficient to activate the second 
positive feedback loop, whereby the cyclin 
E-Cdk2 complex frees E2F factors and 
boosts its own production. Indeed, any 
event that interferes with the accumula-
tion and/or activation of cyclin E-Cdk2 
complexes could consequently prevent acti-
vation of the cyclin E-Cdk2/Rb/E2F loop 
and irreversible transit into S phase. This 
is what occurs in the presence of p53/
p21-activating stresses that induce G1 arrest 
via a combination of two distinct processes: 
(i) p21-dependent inhibition of cyclin 
E-Cdk2; and (ii) p53-dependent downregu-
lation of ribosome synthesis. Thus, G1-arrest 
states would emerge following exposure of 
cells to various forms of cytotoxic as well as 
genotoxic stresses that induce the accumula-
tion of CKIs in the Cip/Kip family, which 
directly inhibit cyclin E-Cdk2 complex 
activity. In sharp contrast to the G0-arrest 
state, G1-arrest states require mitogens and 
growth factors.52 Our model, however, does 
not discriminate between (i) reversible G1 arrest from which the cell 
can readily exit to return into a viable cell cycle and (ii) irreversible 
(or permanent) G1 arrest, which may ultimately drift toward a senes-
cent or a differentiated state.

In principle, stress-induced CKI-dependent G1 arrest should be 
reversible/irreversible if the events arising during breaks in the cell 
cycle were transitory/persistent and would vanish/persist after stress 
removal. The nature and intensity of the division-inhibitory stress 
signal(s) as well as their timing of application should be determining 
factors in the drive toward reversible or irreversible G1 arrest, senes-
cence or differentiation. In the case of irreversible outcomes, our 
model predicts that the impact of the G1 arrest-promoting signals 
would not be restricted to simply inducing CKI accumulation and 
subsequent CKI-dependent inhibition of the cyclin E-Cdk2 complex 

Figure 9. Cell fates associated with various patterns of growth-division relationship. (A) The positively 
coupled growth-activatory and division-activatory modules have antagonist effets on stress-activated 
modules involved in driving apoptosis and G1-arrest. These core modules comprise a multiple path posi-
tive feedback loop (Abbreviations: E.k2, cyclin E-Cdk2; D.k4, cyclin D-Cdk4,6; E2F, activator E2Fs; Rib, 
Ribosomes; Rbp, hypophosphorylated Rb; Rbhp, hyperphos-phorylated Rb). (B) Inhibition of the growth-
activatory module prevents activation of the division-activatory module, thus producing a G0-arrest state. 
(C) Activation of the growth-activatory module stimulates the division-activatory module, thus triggering 
S-phase entry. (D) Selective inhibition of the division-activatory module associated with stimulation of 
the growth-activatory module leads to a G1-arrest state. (E) Selective activation of the division-activatory 
module without sufficient prior stimulation of the growth-activatory module promotes apoptosis.



©20
08

 LA
NDES

 B
IO

SC
IE

NCE.
 U

NCORREC
TE

D P
ROOF.

Modeling cell fate determination

11 Cell Cycle 2008; Vol. 7 Issue 20

Limits and perspectives of the model. By definition, models are 
an abstraction of reality because they require simplifying assumptions 
to deal with constraints imposed by the technical tools, the state of 
scientific knowledge and the modeler’s questions. Our coarse-grained 
model of the G1 regulatory network of mammalian cells is based on 
a simplified description of activities linked to signal transduction, 
cell growth, cell division and cell death. Admittedly, it neglects a 
multitude of variant pathways that could significantly contribute to 
signal-specific and cell-type-specific events. We focused on selected 
members of the Rb, E2F, p53 or Cip/Kip families but realize that 
other members of these families may have redundant and/or comple-
mentary functions, depending on the cellular context.8 The model 
does not exhaustively take into account either the ubiquituous inter-
actions between cell-growth and cell-division processes. Notably, it 
ignores the competition between growth-related protein mRNAs and 
division-related protein mRNAs for monopolizing the translational 
cell machinery, which most likely contributes to establishing an 
antagonistic relationship between cell growth and cell division.72 It 
also ignores the possible impact of the growth-dependent increase in 
cell size on the rate of nucleocytoplasmic transport and, then, on the 
rate of appearance of active cyclin-Cdk complexes in the nucleus.73 
Furthermore, the model focuses on p53-activating stresses without 
stipulating the particular type of stress involved (DNA damage, 
ribonucleotide depletion, cell adhesion, oncogenic signals, telomere 
shortening, and so on), even though it is known that each type of 
stress utilizes unique mechanisms to activate p53 function. Finally, 
p53-independent stress signals are not considered in our model.

Yet, our simplified model provides a sound description of how 
the organization of the mammalian G1 regulatory network as a set of 
flexibly interlinked positive feedkback loops enables cells to integrate 
two streams of opposite input signals and offers them the alterna-
tive between four diverging fates. The utmost important dynamic 
feature associated with these positive feedbacks is the emergence of 
multistable states, which offer cells the possibility to switch, eventu-
ally irreversibly, from one state to another.74 Switching behavior is 
a well-recognized biological phenomenon associated with cell cycle 
progression13,75,76 as well as cell differentiation21,77 and biochemical 
signaling.78 From an evolutionary perspective, the model provides 
a valuable framework for understanding the evolution toward 
multicellularity that is marked by a magnitudinous jump in cell-
fate multiplication and diversification despite the fact that many 
core processes that participate in cell fate determination, especially 
cyclin-Cdk-based cell cycle, are highly conserved from yeast to 
mammals.53,79 Finally, our model stresses the importance of the Rb 
and p53 modules in context-dependent cell-fate determination and, 
thereby, in the safeguarding of tissue homeostasis and organism’s 
defence against cancer.8

Material and Methods

Numerical methods. The differential equations used to simulate 
the G1 regulatory network model were integrated using the second-
order Runge-Kutta scheme with fixed-time step: t = 0.01. Bifurcation 
diagrams were constructed with AUTO2000.80

Assumptions of the model. To simplify the equations, several 
important assumptions were made: (i) The variables are protein 
concentrations. Because of their rapid turnover, mRNAs levels are 
assumed to be always at steady states.

p21-dependent G1 arrest depends on whether nuclear p53 accumula-
tion and activation as a transcription factor is reversible.58,61,62 p21, 
however, can also be upregulated via p53-independent pathways, 
for example during differentiation.63-66 Therefore, in order for our 
model to take into account how cells are driven into different fates 
following initial p53-dependent cell cycle arrest, we must include 
potential concurrent mechanisms of CKI activation as well as the 
intricate p53 interaction network with its numerous coregulators 
such as Arf, Mdm2, ATM, Chk1, and so on.

Shifting to cell death. Once a cell has been exposed to suffi-
cient levels of mitogens and growth factors to bypass both G0 and 
G1 arrests, it can still initiate DNA replication or die because E2F 
transcription factors can initiate both of these processes. Our model 
anticipates that two distinct situations favor apoptosis.

First, even in the absence of p53-activating stresses, cells must 
acquire a sufficient load of anti-apoptotic signals to overcome the 
pro-apoptotic activity of E2F factors and progress into S-phase. Anti-
apoptotic cues are provided in great part by growth factor-dependent 
activation of the PI3K/Akt pathway, but also (at least in the case 
epithelial cells) by their physical attachment to neighboring cells or 
to the extracellular matrix.4,46,67 Thus, premature activation of the 
cyclin E-Cdk2/Rb/E2F loop resulting from defective cell adhesion 
and/or growing capacity should favor cell death over S-phase entry. 
Our model depicts how this scenario occurs upon loss of Rb. In Rb- 
cells, the cyclin E-Cdk2/Rb/E2F loop is constitutively activated so 
that Rb- cells, which lack a restriction point control, can not retire 
in the G0 state while they are unable to develop a rate of macromo-
lecular synthesis sufficient to support cell division. This explains why 
they are prone to undergo apoptosis in response to growth-factor 
deprivation. Indeed, it is well known that Rb- cells in culture exhibit 
accelerated rates of S-phase entry and apoptosis. Moreover, the ratio 
between the rates of apoptosis and S-phase entry increases with 
decreasing serum concentration.68 The observation that E2F1 loss 
suppresses apoptosis and inappropriate S-phase entry in Rb- mouse 
embryos further argues that apoptosis in Rb- mouse embryos is 
driven by E2F1 upregulation.69

Second, in the presence of p53-activating stresses, nuclear p53 
accumulation may lead to activation of a set of pro-apoptotic p53 
target genes and thereby increase the pro-apoptotic load of the cell. 
p53 has indeed been reported to induce the expression of approxi-
mately 5,000 target genes.70 A few of these (e.g., p21) mediate 
its cell cycle arrest functions. However, many of them mediate 
its pro-apoptotic activities by participating in both the extrinsic 
and intrinsic apoptotic pathways.44 Our analysis predicts that a 
transitional point divides the G1 phase in two domains in which 
p53-activating stresses generate opposite cell fates: G1 arrest would 
occur upstream from this point, and apoptosis, downstream from it. 
This transitional point coincides with the time when cyclin E-Cdk2 
activity reaches the critical level sufficient to bypass p21-dependent 
inactivation and activate the positive cyclin E-Cdk2/Rb/E2F feed-
back loop, allowing thereby the explosive rise in activator E2F 
levels. Beyond this point, both p53 and E2F are predicted to be 
present at relatively high concentrations in the nucleus where they 
would cooperate to increase the load of pro-apoptotic signals above 
a threshold capable of driving completion of a cell-death program, 
despite the possible presence of an abundance of growth and survival 
factors.38,39,71
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(ii) The effects of many regulations, through which one compo-
nent triggers the activation/synthesis or inactivation/degradation of 
another at either the transcriptional or translational level, have been 
linearized.

Only the E2F-dependent synthesis of the E2F factors and the 
regulation of ribosome synthesis exhibit saturation kinetics described 
by Hill functions.

(iii) Regarding ribosome synthesis, we assume linear dynamics 
controlled by effective synthesis and degradation rates. This is 
certainly a rough approximation since the real dynamics of ribosome 
concentration is intrinsically non-linear. Indeed, the cell growth rate 
depends on the ribosome concentration and the dilution rate associ-
ated with cell volume expansion is not smaller than the ribosome 
degradation rate. That is, we assume that the dilution rate associated 
with cell volume expansion is much smaller than the degradation 
rates of proteins.

Choice of the kinetic parameters. The choice of the parameters 
is mostly arbitrary because of the lack of data regarding the rate 
constants of the physiological reactions that participate in the G1 
regulatory network and, also, because we were interested by the 
phenomenological features of the network dynamics.

(i) First, we have taken the same intrinsic degradation rate for all 
proteins (except for the Rb proteins) which has been set to 1, thereby 
setting the intrinsic timescale of the system.

(ii) Second, since the variables and parameters of the model are 
dimensionless, a large subset of parameters has been adjusted in order 
to normalize the maximum values of all concentrations to 1 (except 
for Apaf-1, which has been normalized to 6), in the situations where 
IGF and IStr are ranging from 0 to 1.

(iii) Third, the remaining kinetic constants have been adjusted so 
that the dynamical behavior of the G1 regulatory network would give 
rise to four distinct cell fates characterized by their relative contents 
of selected species. Such constraint is loose enough to be satisfied 
over a relatively large range of parameters, among which we made 
an arbitrary choice. All parameter values are shown in Table 1 and 
their possible changes in the course of the study are specified in the 
captions.

Acknowledgements

BP is supported by the Japan Society for the Promotion of Science 
(JSPS).

References
 1. Fantes PA. Control of cell size and cycle time in Schizosaccharomyces pombe. J Cell Sci 

1977; 24:51-67.
 2. Johnston GC, Ehrhardt CW, Lorincz A, Carter BL. Regulation of cell size in the yeast 

Saccharomyces cerevisiae. J Bacteriol 1979; 137:1-5.
 3. Jorgensen P, Tyers M. How cells coordinate growth and division. Curr Biol 1979; 

14:1014-27.
 4. Conlon I, Raff M. Size control in animal development. Cell 1999; 96:2325-44.
 5. Blagosklonny MV. Apoptosis, proliferation, differentiation: in search of the order. Semin 

Cancer Biol 2003; 13:97-105
 6. Blomen VA, Boonstra J. Cell fate determination during G1 phase progression. Cell Mol Life 

Sci 2007; 64:3084-104.
 7. Massague J. G1 cell cycle control and cancer. Nature 2004; 432:298-306.
 8. David-Pfeuty T. The flexible evolutionary anchorage-dependent Pardee’s restriction point 

of mammalian cells: how its deregulation may lead to cancer. Biochim Biophys Acta 2006; 
1765:38-66.

 9. Tyson JJ, Csikasz-Nagy A, Novak B. The dynamics of cell cycle regulation. Bioessays 2002; 
24:1095-109.

 10. Obeyesekere MN, Herbert JR, Zimmerman SO. A model of the G1 phase of the cell 
cycle incorporating cyclin E/cdk2 complex and retinoblastoma protein. Oncogene. 1995; 
11:1199-205.



©20
08

 LA
NDES

 B
IO

SC
IE

NCE.
 U

NCORREC
TE

D P
ROOF.

Modeling cell fate determination

13 Cell Cycle 2008; Vol. 7 Issue 20

 47. Legewie S, Bluthgen N, Herzel H. Mathematical modeling identifies inhibitors of apoptosis 
as mediators of positive feedback and bistability. PLoS Comput Biol 2006; 2:120.

 48. Pardee AB. A restriction point for control of normal animal cell proliferation. Proc Natl 
Acad Sci USA 1974; 71:1286-90.

 49. Blagosklonny MV, Pardee AB. The restriction point of the cell cycle. Cell Cycle 2002; 
1:103-10.

 50. Evan G, Littlewood T. A matter of life and cell death. Science 1998; 281:1317-22.
 51. Aguda BD, Algar CK. A structural analysis of the qualitative networks regulating the cell 

cycle and apoptosis. Cell Cycle 2003; 2: 538-44.
 52. Blagosklonny MV. Cell senescence and hypermitogenic arrest. EMBO Rep 2003; 4:358-62.
 53. Wahl GM, Carr AM. The evolution of diverse biological responses to DNA damage: 

insights from yeast and p53. Nat Cell Biol 2001; 3:277-86.
 54. Jacobson MD, Weil M, Raff MC. Programmed cell death in animal development. Cell 

1997; 88: 347-54.
 55. Coller HA, Sang L, Roberts JM. A new description of cellular quiescence. PLoS Biol 2006; 

4:83.
 56. Yao G, Lee TJ, Mori S, Nevins JR, You L. A bistable Rb-E2F switch underlies the restriction 

point. Nat Cell Biol 2008; 10:476-82.
 57. Ekholm SV, Zickert P, Reed SI, Zetterberg A. Accumulation of cyclin E is not a prerequisite 

for passage through the restriction point. Mol Cell Biol 2001; 21:3256-65.
 58. Ashcroft M, Vousden KH. Regulation of p53 stability. Oncogene 1999; 18:7637-43.
 59. Sherr CJ. Tumor surveillance via the ARF-p53 pathway. Genes Dev 1998; 12:2984-91.
 60. Leone G, DeGregori J, Sears R, Jakoi L, Nevins JR. Myc and Ras collaborate in inducing 

accumulation of active cyclin E/Cdk2 and E2F. Nature 1997; 387:422-6.
 61. Freedman DA, Levine AJ. Nuclear export is required for degradation of endogenous p53 by 

MDM2 and human papillomavirus E6. Mol Cell Biol 1998; 18:7288-93.
 62. David-Pfeuty T, Nouvian-Dooghe Y. Human p14(Arf ): an exquisite sensor of morpho-

logical changes and of short-lived perturbations in cell cycle and in nucleolar function. 
Oncogene 2002; 21:6779-90.

 63. Steinman RA, Hoffman B, Iro A, Guillouf C, Liebermann DA, el-Houseini ME. Induction 
of p21 (WAF-1/CIP1) during differentiation. Oncogene 1994; 9:3389-96.

 64. MacLeod KF, Sherry N, Hannon G, Beach D, Tokino T, Kinzler K, et al. p53-dependent 
and independent expression of p21 during cell growth, differentiation, and Dna damage. 
Genes Dev 1995; 9:935-44.

 65. Halevy O, Novitch BG, Spicer DB, Skapek SX, Rhee J, Hannon GJ, et al. Correlation of 
terminal cell cycle arrest of skeletal muscle with induction of p21 by MyoD. Science 1995; 
267:1018-21.

 66. Parker SB, Eichele G, Zhang P, Rawls A, Sands AT, Bradley A, et al. p53-independent 
expression of p21Cip1 in muscle and other terminally differentiating cells. Science 1995; 
267:1024-7.

 67. van Opstal A, Boonstra J. Inhibitors of phosphatidylinositol 3-kinase activity prevent cell 
cycle progression and induce apoptosis at the M/G1 transition in CHOcells. Cell Mol Life 
Sci 2006; 63:220-8.

 68. Hurford RK Jr, Cobrinik D, Lee MH, Dyson N. pRB and p107/p130 are required for the 
regulated expression of different sets of E2F responsive genes. Genes Dev 1997; 11:1447-
63.

 69. Tsai KY, Hu Y, Macleod KF, Crowley D, Yamasaki L, Jacks T. Mutation of E2f-1 suppresses 
apoptosis and inappropriate S phase entry and extends survival of Rb-deficient mouse 
embryos. Mol Cell 1998; 2:293-304.

 70. Wang L, Wu Q, Qiu P, Mirza A, McGuirk M, Kirschmeier P, et al. Analyses of p53 target 
genes in the human genome by bioinformatic and microarray approaches. J Biol Chem 
2001; 276:43604-10.

 71. Wu X, Levine AJ. p53 and E2F-1 cooperate to mediate apoptosis. Proc Natl Acad Sci USA 
1994; 91:3602-6.

 72. Thomas G. An encore for ribosome biogenesis in the control of cell proliferation. Nat Cell 
Biol 2000; 2:71-2.

 73. Yang L, Han Z, Robb MacLellan W, Weiss JN, Qu Z. Linking cell division to cell growth 
in a spatiotemporal model of the cell cycle. J Theor Biol 2006; 241:120-33.

 74. Angeli D, Ferrell JE Jr, Sontag ED. Detection of multistability, bifurcations, and hysteresis 
in a large class of biological positive-feedback systems. Proc Natl Acad Sci USA 2004; 
01:1822-7.

 75. Bai S, Goodrich D, Thron CD, Tecarro E, Obeyesekere M. Theoretical and experimental 
evidence for hysteresis in cell proliferation. Cell Cycle 2003; 2:46-52.

 76. Novak B, Tyson JJ, Gyorffy B, Csikasz-Nagy A. Irreversible cell cycle transitions are due to 
systems-level feedback. Nat Cell Biol 2007; 9:724-8.

 77. Xiong W, Ferrell JE Jr. A positive-feedback-based bistable ‘memory module’ that governs a 
cell fate decision. Nature 2003; 426:460-5.

 78. Ferrell JE Jr. Self-perpetuating states in signal transduction: positive feedback, double-
negative feedback and bistability. Curr Opin Cell Biol 2002; 14:140-8.

 79. Kirschner M, Gerhart J. Evolvability. Proc Natl Acad Sci USA 1998; 95:8420-7.
 80. Doedel EJ, Paffenroth RC, Champneys AR, Fairgrieve TF, Kuznetsov YA, Sandstede B, et 

al. AUTO 2000: Continuation and bifurcation software for ordinary differential equations 
(with HomCont). Technical Report, California Institute of Technology 2001.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


