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During the past decade, our knowledge of molecular mechanisms involved in
growth factor signaling has proliferated almost explosively. However, the kinetics
and control of information transfer through signaling networks remain poorly
understood. Deregulation of ErbB signaling plays a key role in the progression of
multiple human cancers. To understand ErbB signaling quantitatively, in this work
we combine traditional experiments with computational modeling, building a
model that describes how stimulation of ErbB receptor leads to activation of two
critical downstream proteins, extracellular-signal-regulated kinase (ERK) and Akt,
thus in turn, leads to the cell survival and proliferation respectively. As the time
course kinetics of Akt and ERK activities seemed to be transient and complex, we
constructed a mathematical simulation model for ErbB induced signaling to explain
the dynamics of the regulation mechanism
in this signal transduction cascade. We
strategies.
also modeled the impact of the phytochemical compound Costunolide isolated from
Costus speciosus on this pathway. Results showed that Costunolide was able to
inhibit the survival of Akt, but not Erk. Hence, further studies are needed for the
costunolide to block both Akt and Erk simultaneously.

Introduction
Molecularly
targeted
therapies
are
transforming the treatment of cancer at
various levels (1). Small molecule inhibitors
that target the cancer dependent enzymes
raise the possibility of rational approaches to
cancer therapy. The wealth of molecular
information from the recent genomics
technologies offers a remarkable opportunity
for new target discovery (2, 3). Systems
level view of perturbed networks or
pathways can provide promising therapeutic

ErbB receptor tyrosine kinases play essential
roles in cellular proliferation and
differentiation, and their deregulated
expression or mutation highly correlates
with the incidence of certain types of human
cancer (4, 5, 6). A complex network of
interactions between the activated receptors,
recruited proteins, and plasma membrane
molecules eventually culminates in the
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activation of multiple downstream effectors,
including extracellular-signal regulated
kinase (ERK) and protein kinase B/Akt,
which are implicated in the control of
proliferation and survival. Abnormalities
within the ErbB signaling network correlate
with the development of several cancer
types, and multiple drugs that target these
defects have been used to treat cancer
successfully (7). Knowledge of some
specific ErbB signaling network defects
associated with tumorigenesis has led to the
development
of
successful
cancer
treatments. Furthermore, there are instances
where potentially drug-sensitive cancers
either do not respond and/or eventually
become resistant to treatment (8). Improving
the efficacy of these targeted treatments
requires a more detailed understanding of
the mechanisms by which cancer-correlated
network properties cause deregulation of the
entire ErbB signaling network.

such as PI3K pathway and Erk pathway. The
ErbB receptors are stimulated upon the
binding of their cognate growth factors,
which results in the stimulation of multiple
downstream signaling cascades. These
signaling pathways are important for a wide
range of cellular functions including protein
synthesis, transcription, angiogenesis, and
regulation of the cell cycle, cell proliferation
and survival. These two pathways are
modeled and simulated using the parameters
obtained from the literature. This study,
thus, predicts the systems behavior by
integrating several levels of useful
information.
Materials and methods
Kegg (Kyoto Encyclopedia of Genes and
Genomes)
Kegg
is
a
collection
of online
databases dealing with genomes, enzymatic
pathways, and biological chemicals. It was
initiated by the Japanese human genome
programme in 1995. The KEGG databases
have disease information computerized in 2
forms. Pathway maps and gene/molecule
lists. In the KEGG pathway database, there
are pathway maps for the molecular systems
in both normal and perturbed states. The
molecular interaction networks can be
constructed from KEGG PATHWAY
database. KEGG PATHWAY contains
pathway maps, which are manually created
from published materials, of metabolism,
genetic
information
processing,
environmental information processing,
cellular processes, human diseases and drug
development.

Different ErbB ligands can stimulate
different network activation dynamics, and
that there is a connection between liganddependent activation kinetics and cell fate,
to understand how the ErbB signaling
network controls cell fate, we must first
elucidate the mechanisms that control
ligand-dependent
activation
kinetics.
Similarly, understanding ligand-dependent
signaling mechanisms is a key step in
understanding how the ErbB network s
deregulation contributes to tumorogenesis.
Because the ErbB signaling system is a
highly interconnected, dynamic network
containing multiple feedback loops, it is
difficult to predict the response of the
network solely by qualitative means. It is
becoming increasingly clear that quantitative
methods are required to understand the
mechanisms by which signaling networks
function.

Cell Designer
All the simulations in this research work
were performed using Cell designer
software, whose networks are able to link

There are two major oncogenic pathways
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with simulation and other analysis packages
through the systems biology workbench.
Cell Designer is a process diagram editor for
drawing gene-regulatory and biochemical
networks
(http://www.celldesigner.org/).
Cell Designer also supports simulation and
parameter search, which is supported by
integration with SBML ODE (SBML
Ordinary Differential Equation) Solver,
enabling us to simulate through our
sophisticated graphical user interface.

receptors displayed on the cell surface,
cytoplasm; the concentration of the growth
factor, docking, and target proteins; and
their initial activity states. The kinetic model
emphasizes that the dynamic pattern of
signal propagation strongly depends on the
relative abundance of molecular factors
involved in the ErbBR pathway. Table.1
shows the initial concentration each protein
in the pathway. Rate constants of step in the
reaction have been depicted in Table 2.
Ordinary Differential Equations of each step
in the reaction was given in Table3. Table 4
showed the concentration of each protein in
cancer condition after a time of 100 sec.
Table 5 represented the concentration level
of each protein in the cancer pathway after
introducing Costunolide.

Methods
The First step of Pathway modeling is a
careful curation of models from existing
pathway databases and biochemical data
buried in literature. The Information about
individual pathways has been taken from
Kegg database and drawn in Cell designer.
For each and every species we set up the
kinetic equations and performed simulation.
Vibrant modeling of the disease mechanism
is often limited to mechanistic details of the
entities available within the pathways. Thus
using the quantitative information of
reaction
rates
and
the
molecular
concentration of such entities, we have
developed a mathematical model of the
ErbB oncogenic pathway. The kinetic
parameters and the chemical equations along
with the concentration of the each entities
obtained from the literature were used to
simulate
the
oncogenic
pathways.
Simulation was carried out through Cell
Designer. For the purpose of simulation, rate
constant for Costunolide in the pathway was
given a default value 1.0. All other
parameters obtained from literature.

Fig
(1)
represented
the
pictorial
representation of ErbB mediated Raf, PI3K
signaling pathway. Graphical representation
of each protein level present in the diseased
pathway was given in Fig (2). In Fig (2), the
expression level of Ras, Sos, Mek, PI3K and
Erk were not clearly differentiated, which
will be clearly depicted in Fig(3). After
introducing Costunolide, the expression
level of ErbB got decreased and shown in
Fig4. But at the same time the concentration
of Grb2 and that of Shc increased (Fig5 and
Fig12 respectively). Fig 6 showed the
inhibition of Raf after administration of
Costunolide. Inhibition of PKB/Akt shown
in Fig7. Expression level of Erk, Sos, Ras
and Mek, after introducing the compound
had been given in Fig.8, Fig.9, Fig.10 and
Fig.11 respectively.
To evaluate the dynamics of signal
transduction pathways, we developed a
computational model of the ErbB signaling
pathways and also modeled the effect of a
phytochemical
compound
Costunolide
isolated from C.speciosus, on it. To our
knowledge, this is first model to take into
account the Costunolide and ErbB receptor

Result and Discussion
ERbBR mediated Raf, PI3K signaling
pathways are shown in Fig.1. The kinetics
(i.e. the transient and steady-state behavior)
of the cellular response to ErbBR depends
on many factors, including the number of
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simultaneously.
Table.1 Initial concentration of each protein in the pathway
S.I.
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11

Entities in
the pathway
ErbBR
Shc
PI3K
Grb2
SOS
Ras
Raf
Mek
Erk
PKB/Akt
Costunolide

Initial
Concentration
80
100
0.006
0.1
0.5
2
0.5
0.6
0.018
0.05
20

References
9
17
17
10
10
17
10
10
17
10
11

Table.2 Rate constant of each reaction in the pathway
Rate Constants
References
12
13
13
13
13
13
9

K1 = 1.2
K2 = 0.01
K3 = 1
K4 = 50
K5 = 0.1
K6 = 20
K7 = 60

Fig.1 Pictorial representation of ERBBR mediated Raf, PI3K signaling pathways
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Fig.2. Mutant ErbB (shown in red) Signaling Pathway

Fig.3 Expression level of Ras, Sos, Mek and Erk protein in ErbB signaling pathway
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Table.3 ODEs of each reaction in ErbBR pathway
d [ErbBR]/dt = -k1{ [Shc] + [ PI3K]}
d [Shc]/dt = -k2 [Grb2] + k1{[ErbBR]
d [Grb2]/dt = k2 [Shc]- k3 [SOS]
d [SoS]/dt = k3[Grb2] k4[Ras]
d[Ras]/dt = k4 [Sos] k5 [Raf]
d [Raf]/dt = k5 [Ras] k6[Mek]
d [Erk]/dt = k6 [Mek]
d [Akt/PKB]/dt = k7 [ PI3K]
d [Mek]/ dt = k6 [Raf] k7[Erk]

[PI3K]}

Table.4 Concentration of each target in the cancer condition
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Fig.4 Inhibited mutant ERBBR kinetics

Fig.5 Activation of Grb2 after administration of Costunolide
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Fig.6 Inhibiton of mutant Raf

Fig.7 Inhibition of PKB/Akt in the kinetics
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Fig.8 Expression level of Erk in the kinetics, after Costunolide administration

Fig.9 Level of Sos in the pathway after introducing Costunolide
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Fig.10 Expression level of Ras in the pathway after administration of Costunolide

Fig.11. Expression level of Mek in the pathway after introducing Costunolide
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Table.5 Concentration changes after introducing Costunolide to the system

Fig.12 Concentration level of Shc
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In the context of this study, we used this
model to help gain mechanistic insight into
ligand-dependent responses of the ErbB
signaling network. Studies similar to the
current work hold the potential to
complement the field of targeted cancer
treatment. Currently, many ErbB-targeted
pharmaceuticals are clinically used to treat
cancer, including the small molecule ErbB1
kinase inhibitors erlotinib and gefitinib (14),
and a monoclonal ErbB2 antibody,
trastuzumab (15). A computational model of
the ErbB signaling systems in the cancer
type of interest can help predict factors that
could guide the choice of when to use a
particular targeted pharmaceutical, and in
what combinations (16).

increasing the expression level of these
proteins upon increased time scales. This
activation was achieved from the ErbB
mediated signaling. The concentration table
of each protein in the pathway also showed
as an evidence for over expression of Erk
and PKB.
ErbB signaling pathway was drawn in cell
designer and was given in Fig (1). Table (3)
represented the concentration level of each
proteins present in the above pathway, in
which S8 denoted Erk and S10 PKB/Akt. So,
it was clear from Table (3) that
concentration level of Erk increased from
0.018 to 10.0155 where as that of PKB/Akt
0.05 to 79.226. This indicated that once
ErbB signaling pathway initiated, it will
affect the series of proteins and finally cause
the over expression of Erk and PKB/Akt to
lead cell proliferation and survival.

The kinetic parameters and chemical
equations along with the concentrations of
the proteins present in the pathway obtained
from literature were used to simulate the
ErbB signaling pathways. This simulation
was carried out under a specific time scale
(100 sec) in order to analyze the levels of all
the components in the pathway. For the
purpose of simulation, the rate constant of
Costunolide was set to be 1.All the other
parameters obtained from the previous work
(17-20).

In this work, we also incorporated the
simulation of effect of Costunolide isolated
from C.speciosus on ErbB signaling
pathway. It was already reported that (11),
Costunolide induces ROS- mediated
mitochondrial permeability and apoptosis.
Hence, this compound has been taken and
model its effect on ErbB pathway. After
introducing the compound, changes
happened to the expression levels of each
protein in the pathway.

Results of ErbB pathway simulation showed
that once ErbB protein triggered, pathway
initiated, and high level of Raf expression
was achieved by increasing the time scale to
100 sec. Further, it was observed that the
expression of Raf was higher than other
proteins in the pathway. This serves as an
initiation state of the increased expression of
other onco proteins such as Erk and
PKB/Akt in the pathway. Thus, this
computational simulation of the modeled
ErbB pathway resulted in the increased
expression of Grb2, Shc, Sos, Ras etc. This
in turn activated the cascading proteins such
as Raf, Mek, Erk which were upregulated by

Initially, signaling pathways were viewed as
linear relay routes, which simply transmitted
and amplified signals. Now it is increasingly
appreciated that signaling responses are
shaped by multiple interactions of many
components of signaling networks (22). A
subtle difference in input signals and/or
interaction kinetics may result in differential
response patterns and, eventually, in
alterations in gene expression by signalregulated transcription factors. Graphs of the
expression levels of all the proteins in the
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pathway before and after treatment with
Costunolide vary differently.
It was observed that when the Costunolide
was added to inhibit the ErbB signaling
pathway, the expression of ErbB reduced
(Fig.2) followed by the decrease in the
levels of downstream signaling proteins,
except Shc (Fig.12) and Erk (Fig.8). Hence,
the reduced signaling of oncogenes may
decrease cell proliferation. Thus it is
evidently recognized that cell survival could
be decreased by inhibiting PKB/ Akt (Fig.7).
Similarly, the computational simulation
showed that the decreased concentration of
Grb2, Raf, and Sos (Fig.5, Fig. 6, Fig. 9
respectively).
But
still
Shc
was
overexpressed even after the introduction of
Costunolide. This in turn activated Erk,
which were up-regulated by increasing the
expression levels of these proteins upon
increased time scales (Fig.8).
From this study, we propose that combined
targeting of these proteins will provide new
insights in cancer therapy. Thus, there arises
a highly demanding need to develop
compounds favoring multiple targeting (21)
that would be a promising therapeutic agent
in future.
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