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We present, here, a detailed and curated map of molecular
interactions taking place in the regulation of the cell cycle by
the retinoblastoma protein (RB/RB1). Deregulations and/or
mutations in this pathway are observed in most human
cancers. The map was created using Systems Biology
Graphical Notation language with the help of CellDesigner
3.5 software and converted into BioPAX 2.0 pathway
description format. In the current state the map contains 78
proteins, 176 genes, 99 protein complexes, 208 distinct
chemical species and 165 chemical reactions. Overall, the
map recapitulates biological facts from approximately 350
publications annotated in the diagram. The network contains
more details about RB/E2F interaction network than existing
large-scale pathway databases. Structural analysis of the
interaction network revealed a modular organization of the
network, which was used to elaborate a more summarized,
higher-level representation of RB/E2F network. The simpli-
fication of complex networks opens the road for creating
realistic computational models of this regulatory pathway.
Molecular Systems Biology 4 March 2008; doi:10.1038/
msb.2008.7
Subject Categories: metabolic and regulatory networks; cell cycle
Keywords: cell-cycle regulation; E2F; RB pathway; RB1; systems-
biology standards
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Introduction

The cell cycle is the succession of four phases called G1, S, G2
andM. In dividing cells, DNA replication (S phase) andmitosis

(M phase) alternate (Alberts et al, 1994), and are separated by
two gap phases, G1 and G2 phases. In quiescent cells, the cells
are considered to be in G0 phase. When they receive external
signals, such as growth factors, a series of activations push the
cell from a G0 to a G1 state and enters the cell cycle. The whole
process of cell division is mainly orchestrated by complexes
composed of two subunits, a kinase and a cyclin partner. These
complexes phosphorylate a certain number of proteins, either
activating or inhibiting them. Among them, the retinoblasto-
ma tumour suppressor protein RB (RB1) is a key regulator in
cell-cycle entry (transition G1/S). It sequesters a family of
transcription factors, the E2Fs, responsible for the transcrip-
tion of many genes involved in cell-cycle regulation, DNA
replication and other functions like the activation of the
apoptotic pathway (Muller et al, 2001). RB functions as a brake
in the cell cycle, which is releasedwhen external signals trigger
S-phase entry. The main targets of the external signals are the
G1 cyclin/CDK complexes. Once active, the complexes, among
them CycD1/CDK4,6, act as starters of the cell cycle (Novak
et al, 2007) and phosphorylate RB, which then releases E2F
(DeGregori, 2004).
RB is a member of a family of proteins called the pocket

proteins (Knudsen and Wang, 1997). These proteins RB, p107
and p130, share sequence similarities, especially in the ‘pocket
domain’ (Stevaux and Dyson, 2002), which is responsible for
their repressor function. RB protein contains domains where
the binding sites for co-repressors (E2F proteins and viral
oncoproteins) are situated. These sites are subjected to most
mutations.
RB is a tumour suppressor gene. Because of its implication in

so many, if not all, cancers (Sherr and McCormick, 2002), the
study of RB regulation requires a special attention.
More specifically, the RB/E2F pathway is commonly

deregulated in cancer through genetic or epigenetic mechan-
isms, resulting in E2F activation. Several common oncogenes
(involved in many cancer types) are the activators of the
pathway, whereas several common tumour suppressor genes
are inhibitors of the pathway. For example, cyclin D1 (CCND1),
E2F3 and the two cyclin-dependent kinases CDK4 and CDK6
can be activated by translocation, amplification or mutation,
whereas RB (RB1) and the cyclin-dependent kinase inhibitors
p16INK4a (CNKN2A) and p15INK4b (CDKN2B) can be
inactivated by point mutation, homozygous deletion or DNA
methylation. In addition, RB can be inactivated by several
oncogenic viral proteins including E7 from human papilloma-
virus, which is responsible for more than 90% of cervical
carcinomas (Munger et al, 2001). Tumour suppressor gene
inactivation is found not only in sporadic tumours but also in
tumour-prone families. Germline mutations of RB1 results in
retinoblastoma with a high penetrance early in young
individuals and late in life in sarcomas and lung and bladder
carcinomas (Knudson, 1971; Nevins, 2001; Giacinti and
Giordano, 2006). Germinal mutations of p16INK4a results in

& 2008 EMBO and Nature Publishing Group Molecular Systems Biology 2008 1

Molecular Systems Biology 4; Article number 173; doi:10.1038/msb.2008.7
Citation: Molecular Systems Biology 4:173
& 2008 EMBO and Nature Publishing Group All rights reserved 1744-4292/08
www.molecularsystemsbiology.com

are connected by ‘activation’ and ‘inhibition’ relations. The
information about these relations is derived from the detailed
diagram. For example, in the detailed map, E2F1 is phos-

phorylated by CycA2/CDK2 and is subsequently recognized
for degradation, which is translated in the modular map by
CycA2/CDK2 module inhibiting E2F1-3 module.

Figure 2 The textbook pathway of RB has been expanded by integrating data from the literature. The E2F transcription factors (represented here by single proteins in
the nuclear compartment) are connected by activation and inhibition arrows to their gene targets. (A) Map of target genes of E2F transcription factors. Each E2F
associates with different cofactors to activate or inhibit the transcription of many genes; pointed arrows mean activation and flat arrows mean inhibitions (B) Map of
protein–protein interaction network. Each icon on the diagram represents distinct chemical species. See Kitano and co-workers’ description of CellDesigner’s standard
notation (Kitano et al, 2005) for a detailed meaning of shapes. When the information is available (from Atlas Oncology web-page: www.atlasgeneticsoncology.org/),
tumour suppressor genes and the corresponding proteins are coloured in blue and oncogenes in red, the other proteins are in green. To read and navigate through the
map, visit our webpage: http://bioinfo-out.curie.fr/projects/rbpathway/. The map is clickable and allows easy access to all included information (such as literature
references or standard protein ids) and hyperlinked to other databases.
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Mathematical model
PLoS One, 7(12): e51000. doi: 
10.1371/journal.pone.0051000

(Rate Equations of the Mathematical Model).
Drebrin module. To build this Drebrin module, we consid-

ered two states of Drebrin: the dispersed state (Drebrin) and the
clustered state (Drebrin/F-actin complex cluster). The dispersed
state shows the state of Drebrin which exists in spines sparsely and
does not form a cluster. The clustered state shows the state of
Drebrin which exists densely in spines as a cluster with F-actin. A
rate equation of cluster formations is expressed by using the Hill
equation [57], which is often used to express orchestrated binding.
A Drebrin/F-actin cluster causes further clustering by stabilizing
the F-actin skeleton. We also considered Drebrin accumulations in
dendritic protrusions, such as filopodia, protospine and spine,
because Drebrin accumulates in them, when L-LTP is induced
[19,20]. An accurate mechanism of Drebrin accumulations has
not yet been clarified, so we assumed that external stimuli simply
increase Drebrin in our mathematical model. However, synapses
are also maintained by spontaneous activity of the neuron [20,58].
There may be a mechanism whereby extra synapses are trimmed
if synapses increase to a larger extent than the limited amount
which is maintained by spontaneous activity. In fact, there are
experimental results that show that the number of synapses
decreases when spontaneous neuronal activity is blocked by
Tetrodotoxin (TTX) [20]. An example of the dynamics of a
Drebrin module is shown in Figure 12. The time-course simulation
in this module succeeded in reproducing the phenomena that
accumulations of Drebrin in spines and the clustering of Drebrin
with F-actin are produced by LTP inducing stimuli. Rate
equations of the Drebrin module are shown in the following
subsection (Rate Equations of the Mathematical Model).

Synapse dynamics module. In the Synapse dynamics
module, we considered two states of synapses. One is ‘‘Dynamic
Synapses’’, which has Dynamic F-actin as the post-synaptic spine
skeleton and actively reorganizes its structure. The other is ‘‘Stable
Synapses’’, which has Stable F-actin as the post-synaptic spine
skeleton and remains for a long time as it is. Dynamic Synapses
fluctuate in coordination with Dynamic F-actin, and Stable
Synapses fluctuate in coordination with Stable F-actin. The

number of Stable Synapses exceeds the number of Dynamic
Synapses when a larger amount of Stable F-actin exists than in the
equilibrium state. This case is considered to correspond with the
process whereby actin polymerization occurs actively in the spine
head to stabilize the spines. An example of the dynamics of the
Synapse dynamics module is shown in Figure 13. The time-course
simulation in this module succeeded in reproducing synaptogen-
esis and synaptic maintenance with repetitive stimuli. The rate
equations of the Synapse dynamics module are shown in the
following subsection (Rate Equations of the Mathematical Model).

Rate Equations of the Mathematical Model
The following abbreviations are used in this subsection:
Dynamic F-actinRD_F-actin Stable F-actinRS_F-actin
Dynamic SynapseRD_Synapse Stable SynapseRS_Synapse
These three actin states, G-actin, Stable F-actin, and Dynamic

F-actin express the relative concentrations of these species,
respectively. stimulation means the non-unit strength of the external
stimuli.

All the other variables express the concentration of species
which appear in Figure 4 and Figure 5 with the same names. The
values and units of parameters and the initial conditions are listed
in Tables 1, 2, 3, 4, 5, 6.

Rate equations of Hypothetical protein module.

d cAMP½ "
dt

~{v1zv2{v3zv4{v5zv6{v7zv8zv15{v16

d R2C2½ "
dt

~{v1zv2

d R2C2-cAMP½ "
dt

~v1{v2{v3zv4

Figure 8. Example of dynamics of PKA, Proteins 1, 2, 3 (interval
between stimuli = 720 min). The colored lines show the time-course
fluctuations of each of the components. Red: PKA; Green: Protein 1;
Blue: Protein 2; Purple: Protein 3. External stimuli increase cAMP level
(not shown) and cAMP increases the PKA level. PKA directly increases
Protein 1 level. Protein 1 and PKA coordinately increase Protein 2.
Protein 2 and PKA coordinately increase Protein 3. Protein generation is
time-consuming, so there are time-lags between the PKA increase and
protein increase.
doi:10.1371/journal.pone.0051000.g008

Figure 9. Example of dynamics of PAK4, LIMK, SSH, COFILIN
(interval between stimuli = 720 min). Red: PAK4; Green: LIMK; Blue:
LIMK P; Purple: LIMK PP; Light blue: SSH; Brown: SSH P; Amber: COFILIN;
Pink: COFILIN P. PAK4, LIMK, SSH and COFILIN are increased by external
stimuli. Immediately after stimuli, LIMK decreases and LIMK PP increases
by PAK4 and self-phosphorylation, SSH decreases and SSH P increases
by PAK4 and then COFILIN decreases and COFILIN P increases by LIMK
PP. Because the generation velocities of SSH and COFILIN are decreased
by repetitive stimuli, the COFILIN level becomes very low after the third
stimulation.
doi:10.1371/journal.pone.0051000.g009

Mathematical Modeling for Long Term Memory In Vivo
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stimulation increases Protein 1 (Figure 8, green), the second
stimulation increases Protein 2 (Figure 8, blue) via Protein 1, and
the third stimulation increases Protein 3 (Figure 8, purple) via
Protein 2. Rate equations of the Hypothetical protein module are
shown in the following subsection (Rate Equations of the
Mathematical Model).

The structure and the parameters of the cAMP-PKA module
follow the comprehensive mathematical model, which was
originally built for Bhalla’s research [52] and was refined in
Ajay’s research ([18], Figure 3B in the reference). Briefly, this
module consists of various states of cAMP and PKA complex, and
also the states of the PKA catalytic domain with its inhibitor. PKA
is formed by a holoenzyme, in which catalytic (C) and regulatory
(R) subunits are associated. The C subunit contains the active
center, whereas the R subunit has two cAMP binding sites. This C
and R subunit complex is in an inactive state. The binding of
cAMP to the R subunit induces C subunit activation, accompa-
nied by the dissociation of the R subunit from the C subunit [53].
There exists a physiological PKA inhibitor, such as a heat-stable
protein kinase inhibitor (PKI). PKI is one of the key players in the
regulation of activity and in localizing the C subunit [54]. PKI is
also involved in neuronal signal transduction with effects on
learning and memory by affecting LTP [55]. The signal of PKA

activation is reflected in the expression of the hypothetical Proteins
1 to 3.

Actin control module. We built this module according to
Breindl’s model [56]. The Actin control module includes PAK4,
LIMK, SSH and COFILIN. PAK4 and the Non-phosphorylated
state LIMK, SSH and COFILIN are generated by external
stimulation. LIMK and SSH are phosphorylated into LIMK_P
and SSH_P by PAK4. LIMK has two phosphorylated states, the
single phosphorylated state (LIMK_P) and the double phosphor-
ylated state (LIMK_PP). LIMK_P is phosphorylated into
LIMK_PP by auto-phosphorylation. SSH and COFILIN have
only a single phosphorylated state (SSH_P, COFILIN_P).
COFILIN is phosphorylated by LIMK_PP and COFILIN_P is
dephosphorylated by SSH. Most of the reactions in the Actin
control module are phosphorylation and dephosphorylation.
Therefore, we describe the rate equations as Michaelis-Menten
kinetics, except for production and degradation. Production of
PAK4, LIMK, SSH and COFILIN has a delay after the external
stimulation because of the time of gene expressions and protein
synthesis. An example of the dynamics of the Actin control module
is shown in Figure 9. The time-course simulation in this module
succeeded in reproducing the changes in the synthesis pattern of
the actin-related proteins, which are caused by the changes in the
gene expression pattern with repetitive stimuli [30]. Rate

Figure 4. Whole view of the model. The model is written in accordance with Systems Biology Graphical Notation (SBGN) [83]. 0. Black box:
External stimulation exists at the most upstream and drives our model. 1. Red box: Hypothetical protein module includes hypothetical proteins which
play an important role in possible network succession for long-term synaptic maintenance. 2. Blue box: Actin control module includes actin binding
protein: COFILIN and COFILIN kinase/phosphatase. 3. Purple box: Actin dynamics module includes G-actin and F-actin to explain the actin dynamics
(polymerization and depolymerization). 4. Orange box: Drebrin module includes the actin binding protein: Drebrin. Drebrin affects actin dynamics
and is clustered with F-actin. 5. Green box: Synapse dynamics module includes two kinds of synapses to explain the dynamics of synaptogenesis and
synaptic maintenance. The white square boxes linked to two connectors are process nodes, which represent processes that transform one or several
entity pools to be identical or different. The circles crossed by a bar linking the upper-right and lower-left corners of an invisible square drawn around
the circle (Ø) are empty sets which represent the source or sink [84].
doi:10.1371/journal.pone.0051000.g004
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Mathematical Modeling of Sustainable Synaptogenesis by Repetitive Stimuli 
Suggests Signaling Mechanisms in vivo
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Graphical Notation
Graphical Notation for representing 
biological interactions
protein-protein interaction, gene 
regulatory networks

Kitano, H. et al. "Using process diagrams for the graphical representation of biological 
networks", Nature Biotechnology 23(8), 961 - 966 (2005)
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SBGN viewer
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Nature Biotechnology, 23(8), pp.961-66, 
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Nature Biotechnology, 27(8), pp.735-41, 
(2009)
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 Import a model from
 BioModels.net
 PANTHER

 Import kinetic law etc. from SABIO-RK

S1 S2

E1

Database connection

k * [S1]

Name, EC number



CellDesigner 4.4

http://celldesigner.org

SBML Level 2 version 4 support
Graphical notation (SBGN Viewer, SBGN-ML export)
Built-in simulator (SOSlib, COPASI, Simulation Core)
Database connection (BioModels.net, SABIO-RK, 
PANTHER, JWS Online)
MIRIAM, SBO, SED-ML
Plugin API
Export to PDF, PNG.
Freely available

Windows (XP or later)
Mac OS X
Linux



 Standards:
SBML Level-3 support*
Enhance SBO, SED-ML, MIRIAM support*
Garuda gadget*

 Simulation:
High performance ODE, SSA simulator using 
GPGPU
Spatial simulator*

Future Plan (CellDesigner 4.5 & 5)

Proc. NOLTA, 2012 &  Frontiers in Physiology, 6, 2015

* will be included in CellDesigner4.5



• Automatically create an SBML (+spatial extension)
   model from microscopic image
   https://github.com/spatialsimulator/XitoSBML

• 52x (advection), 63x (diffusion) performance
    improvement with GPGPU

Spatial Simulator
Microscopic Image → 3D reconstruction Simulation
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Simulation Result



CellDesigner 5
Completely rewritten from scratch
SBML Level 3 core support
Scalable
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