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Abstract

Despite many evidences supporting the concept of ‘‘oncogene addiction’’ and many hypotheses rationalizing it, there is still
a lack of detailed understanding to the precise molecular mechanism underlying oncogene addiction. In this account, we
developed a mathematic model of epidermal growth factor receptor (EGFR) associated signaling network, which involves
EGFR-driving proliferation/pro-survival signaling pathways Ras/extracellular-signal-regulated kinase (ERK) and phosphoino-
sitol-3 kinase (PI3K)/AKT, and pro-apoptotic signaling pathway apoptosis signal-regulating kinase 1 (ASK1)/p38. In the
setting of sustained EGFR activation, the simulation results show a persistent high level of proliferation/pro-survival
effectors phospho-ERK and phospho-AKT, and a basal level of pro-apoptotic effector phospho-p38. The potential of p38
activation (apoptotic potential) due to the elevated level of reactive oxygen species (ROS) is largely suppressed by the
negative crosstalk between PI3K/AKT and ASK1/p38 pathways. Upon acute EGFR inactivation, the survival signals decay
rapidly, followed by a fast increase of the apoptotic signal due to the release of apoptotic potential. Overall, our systems
biology modeling together with experimental validations reveals that inhibition of survival signals and concomitant release
of apoptotic potential jointly contribute to the tumor cell death following the inhibition of addicted oncogene in EGFR
addicted cancers.
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Introduction

The concept of ‘‘oncogene addiction’’ was firstly raised by

Weinstein based on the peculiar phenomena that the proliferation

and survival of some cancers strongly depend on only one

oncogenic protein or pathway, despite the presence of multiple

gene mutations and epigenetic abnormalities [1–3]. Now a lot of

evidences have been found to support this concept, including those

from genetically engineered mouse models [4,5], mechanistic

studies in human cancer cell lines [6,7], and particularly the good

clinical therapeutic efficacy of a series of antibodies or small

molecular drugs that target specific proteins in human cancers

reported in recent years [8–10]. Currently several hypotheses have

been proposed to explain the phenomenon of oncogene addiction,

including genetic streamlining [11,12], synthetic lethality [13],

oncogenic amnesia [14], and oncogenic shock [15,16]. These

hypotheses give various explanations from different angles to the

phenomenon of oncogene addiction. Even so, there is still a lack of

detailed understanding to the precise mechanism underlying the

oncogene addiction. In particular, the molecular basis of some

essential phenomena related to the oncogene addiction remains

unclear, for example, the phenomenon that acute oncogene

inactivation leads to tumor cell death in the oncogene addicted

cancers, while sparing other cells that are not similarly addicted.

It has been suggested that the abnormity of intracellular

circuitry (signal transduction network) or ‘‘wiring diagram’’ is the

most fundamental reason that accounts for the phenomena of

oncogene addiction [2,17]. The complexity of intracellular

circuitry together with multi-genetic mutations in cancer cells

hampers the understanding of molecular basis underpinning

oncogene addiction [18,19]. The situation has now changed a

little due to recent advances in systems biology [20–22],

particularly the computational systems biology [23,24]. Thus,

one is currently in a good position to apply such technologies to

reveal possible molecular mechanisms underlying various phe-

nomena associated with the oncogene addiction.

As the first work of understanding the oncogene addiction from the

viewpoint of systems biology, in this study, we developed a mathematic

model of epidermal growth factor receptor (EGFR)-associated

signaling network to investigate possible molecular mechanism of

the tumor cell death following the inhibition of addicted oncogene.

Here we chose the EGFR-associated signaling network mainly due to

the following reasons: (1) EGFR is one of the most important

oncogenes and implicated in many human tumor types, in particular,
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lung cancers, head and neck tumors [25,26]; (2) the EGFR signaling

network has been widely studied experimentally and theoretically [27–

30], implying that many parameters are available in literature that

facilitates the model development. This model was validated first, and

then utilized to simulate the normal state of cancer cells and network

responses upon acute EGFR inhibition.

Results

Establishment of the mathematic model of EGFR-
associated signaling network

We here present an ordinary differential equation (ODE) based

mathematic model of EGFR-associated signaling network, which

involves EGFR-driving proliferation/pro-survival signaling path-

ways Ras/extracellular-signal-regulated kinase (ERK) and phos-

phoinositol-3 kinase (PI3K)/AKT, and pro-apoptotic signaling

pathway apoptosis signal-regulating kinase 1 (ASK1)/p38. The

portions of Ras/ERK and PI3K/AKT pathways in this model

were established based on the known Ras/ERK and PI3K/AKT

models including such as Brightman [31], Birtwistle [30],

Schoeberl [29], and Oda [32] models. To the authors’ knowledge,

however, there is no mathematic model of p38 mediated pro-

apoptotic signaling pathway reported yet in literature. We thus

built a model of p38 signaling and incorporated it into the EGFR

signaling network. The model comprises 243 equations and

interactions with 160 distinct molecular species, characterized by

145 kinetic parameters and 28 non-zero initial molecular

concentrations. Most of the kinetic parameters and initial

molecular concentrations in this model were taken from literature

or derived from basic physicochemical quantities [29,30,33].

Others were estimated by fitting model outputs to known

experimental data with the use of hybrid quasi ensemble modeling

algorithm proposed by us recently [34]. The main reactions and

parameters are presented in Table S1, and initial molecular

concentrations in Table S2 (see Supporting Information). The

important signaling pathways and key components involved in our

network model are shown in Figure 1. A brief description for this

EGFR-associated network is given as follows.

Figure 1. Simplified schematic representation of the EGFR-associated signaling network model established in this study. Solid lines
with arrows indicate the activation of proteins or lipids. Dotted lines represent direct protein–protein and protein–lipid interactions. Solid lines with
blunt ends represent inhibition.
doi:10.1371/journal.pone.0028930.g001
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In the normal condition, the network signaling is initiated by

binding of epidermal growth factor (EGF) to EGFR, followed by

the dimerization and subsequent mutual trans-phosphorylation on

several tyrosine residues of EGFR; although EGFR family has

other three members including ErbB2, ErbB3, and ErbB4 in

addition to EGFR (ErbB1) which can form different dimmers

(either homo- or hetero-dimers) [30,35], just EGFR and EGFR-

EGFR homo-dimers are considered in this model for simplifica-

tion. These phospho-tyrosine residues act as docking sites that

enable receptors to recruit adaptor proteins Shc and Grb2 [36],

which can then recruit the guanosine nucleotide exchange factor

SOS. SOS promotes the replacement of GDP by GTP in Ras,

thereby activating Ras [37]. The activated Ras subsequently

results in the activation of protein kinase Raf [38]; since the direct

activator of Raf kinase is not known yet, we assume that Raf

phosphorylation is caused directly by a Ras-GTP molecule in this

model. The activated Raf finally activates the mitogen-activated

protein kinase kinase1/2 (MEK) and ERK in a cascade way [39].

The activated ERK can phosphorylate the upstream protein SOS,

hence causing the dissociation of Grb2-SOS from the receptor

complex, which forms a negative feedback loop [40]. In addition,

Grb2 in cytomembrane can also recruit Gab1, which causes the

phosphorylation of Gab1 and the consequent recruitment of PI3K

[41]. In cytomembrane, PI3K transforms phosphatidylinositol 4,5-

bisphosphate (PIP2) into phosphatidylinositol (3,4,5)-trisphosphate

(PIP3) that induces the activation of AKT through cooperating

with 3-phosphoinositide dependent protein kinase-1 (PDK1) [42].

In this process, phosphatase and tensin homolog (PTEN) and

protein phosphatase 2A (PP2A) can specifically dephosphorylate

PIP3 and AKT respectively [43]. Phosphorylated Raf, MEK and

ERK can be dephosphorylated by their specific phosphatases [30].

P38 that is thought as an important pro-apoptotic effector can

be activated by a variety of environmental stresses and

inflammatory cytokines [44–46]. Among which, of particular

importance is the stress due to reactive oxygen species (ROS). For

example, Dolado et al. reported that the oncogenic H-Ras-

induced ROS plays a key role in the inhibition of tumor initiation

by activating p38 and hence resulting in apoptosis in fibroblasts

derived from mouse embryos [47]. Moreover numerous studies

have demonstrated that stimulation of human cancer cells with

EGF results in an increase in the intracellular concentration of

ROS [48–50]. Jin and his colleagues even detected the rate of

ROS generation induced by EGF stimulation in A431 [50]. Thus,

ROS is involved in our model as an important upstream

component of p38 signaling pathway. ROS triggers the activation

of ASK1, which then induces the phosphorylation of mitogen-

activated protein kinase kinase3/6 (MKK) and p38 in a cascade

style [51]. Specific phosphatases of ASK1, MKK and p38 are also

included in this model. In addition, it has been established that

activated AKT can suppress the activation of p38 via phosphor-

ylating ASK1, which forms a negative crosstalk between PI3K/

AKT and ASK1/p38 signaling pathways. For instance, Zhang et

al. reported that AKT can phosphorylate ASK1 at site Ser83 to

inhibit hydrogen peroxide-induced ASK1/p38 signaling activation

in endothelial cells [52]. Yuan and his collegues also proved that

AKT can inhibit the cisplatin-induced p38 activation through

phosphorylation of ASK1 [53]. Accordingly, the crosstalk AKT-

ASK1 between PI3K/AKT and ASK1/p38 signaling pathways is

also involved in our model.

Model validation
The established model was validated by calculating the time

courses of several key species activation including Ras, ERK,

AKT and p38 after a short EGF stimulation and comparing the

simulation results with other published experimental or simula-

tion studies on EGFR signaling. Figure 2 shows the simulated

time course patterns of Ras, ERK, AKT and p38 activation

exposure to EGF with varying concentrations over 60 minutes.

Upon addition of EGF at t = 0, the total concentrations of Ras-

GTP, phospho-ERK (p-ERK) and phospho-AKT (p-AKT)

rapidly increase to a maximum within 5 minutes with their

peaks depending on the EGF concentration, followed by decaying

to their basal levels within 50 minutes. Meantime, a delayed

increase of phospho-p38 (p-p38), which is peaked after 15 min-

utes, is observed. These are consistent with previous experimental

findings. For instance, EGF stimulation of PC12 cells results in a

rapid, transient activation of Ras and ERK [27]. The level of

Ras-GTP rapidly reaches a maximum within 2 minutes exposure

to EGF, but declines within 10 minutes and gradually returns to

the basal level within 60 minutes. Similarly, ERK activation is

maximal within 5 minutes, and decays to less than 50% of the

maximum level by 30 minutes, and to less than 25% within

60 minutes. The transient activations of ERK and p38 after EGF

stimulation was also observed in retinal capillary endothelial cells

[54]. After a 5-minute exposure of retinal capillary endothelial

cells to EGF, ERK reaches a maximum level of phosphorylation

that is 20-fold greater than that of its control. During the

subsequent 2 hours, ERK activation decays until it reaches a

baseline. For p-p38, it increases a level nearly threefold relative to

its control after 15 minutes, followed by a decline to its control

level.

Simulation of sustained activation of EGFR
We then simulate the sustained EGFR activation in EGFR

addicted cancer cells. For this purpose, the receptor internalization

reactions were removed from the model, and the EGF

concentration was set to a fixed value. Figure 3 presents the time

courses of ERK, AKT and p38 activation. Clearly, the sustained

EGFR activation finally results in a stable high level of p-ERK and

p-AKT after a rapid increase in the beginning. However, p38

activation still keeps at its basal level although a detectable small

peak of p-p38 within the first 5 minutes. Overall, the sustained

activation of EGFR leads to a final result of persistent high level of

p-ERK and p-AKT, but a low level of p-p38. This is consistent

with experimental findings in EGFR addicted cancer cells that the

ERK and AKT keep in a high level of activation and the p38

maintains in a low level of activation [16].

Simulation of the network response upon acute EGFR
inactivation in EGFR addicted cancer cells

We have just simulated the normal state of EGFR addicted

cancer cells, namely a setting of sustained EGFR activation. In this

section, we shall simulate the network response upon acute EGFR

inactivation, which mimics the situation of using the EGFR

inhibitors in EGFR addicted cancer cells. In this simulation, the

acute EGFR inactivation was carried out through a pre-assigned

event at a fixed time point, namely the EGFR activity was set to its

basal level. Changes in concentration of activated ERK, AKT and

p38 after acute EGFR inhibition are shown in Figure 4.

Obviously, the acute EGFR inactivation leads to an immediate

decline of the concentration of p-ERK and p-AKT, and a delayed

increase of p-p38. The simulation well reproduced the experi-

mental phenomena that acute inactivation of EGFR oncogene

results in a rapid diminution of the cell proliferation/pro-survival

effectors p-ERK and p-AKT, and subsequent engagement of the

pro-apoptotic effector p-p38 in EGFR addicted cancer cells

[16,55].

Understanding the Mechanism of Oncogene Addiction
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Sensitivity analysis reveals critical factors responsible for
the p38 activation

Sensitivity analysis has long been used in systems biology to

study how variation of the value of the simulated output of a

mathematical model can be apportioned to different sources of

variation in the input of a model, which can be used to identify

critical proteins that dominate the output of an effector protein

[29]. Here p-ERK, p-AKT and p-p38 were taken as the output

variables for the sensitivity analysis. Figure 5 presents the

normalized time-integrated sensitivity for species with nonzero

values in the EGFR signaling network model. Obviously, the most

sensitive nodes for ERK activation are MEK and Raf in addition

to the incurious ERK and EGF; ERK and EGF are the trivial

solutions since ERK is the direct precursor of p-ERK, and EGF is

the initiator of the network response (for simplicity, these incurious

sensitive nodes will be ignored later). For AKT activation, the most

sensitive nodes include Grb2, PIP2, Gab1, PI3K, PDK1, SOS,

and PTEN. And those for the activation of p38 mainly include

ASK1, MKK, RacGDP, PP2A, AKT, PDK1 and SOS.

The sensitivity analysis above reveals the critical regulators in

the network for the survival effectors p-ERK and p-AKT, and pro-

apoptotic effector p-p38. We also observed that the largest positive

and negative values of sensitivity all correspond to the output

variable p-p38. For example, AKT that has the largest negative

value of sensitivity to the pro-apoptotic effector p-p38 may play an

important negative regulation role in cell apoptosis. ASK1, MKK

and RacGDP, which all are the key components of ROS/ASK1/

MKK/p38 signaling cascade, have the largest positive values of

sensitivity, implying a key positive role of ROS associated signaling

in cell apoptosis. These findings may also be related to the

Figure 3. Simulation of the protein phosphorylation profiles at sustained activation of EGFR. Concentration changes of (A) active ERK
(phospho-ERK), (B) active AKT (phospho-AKT) and (C) active p38 (phospho-p38) upon sustained stimulation of EGFR at different levels.
doi:10.1371/journal.pone.0028930.g003

Figure 2. Simulation of the phosphorylation profiles of some critical signals under transient EGF stimulation. Concentration changes
of (A) active ERK (phospho-ERK), (B) active AKT (phospho-AKT), (C) active Ras (Ras-GTP) and (D) active p38 (phospho-p38) upon transient stimulation
by EGF at different concentrations.
doi:10.1371/journal.pone.0028930.g002
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sensitivity of tumor cells to the killing effects of targeted drugs. In

order to test this hypothesis, we changed the original network by

removing either the crosstalk AKT-ASK1 or ROS, and then re-

simulated the network responses in the settings of sustained EGFR

activation and acute EGFR inactivation. Figure 6A presents the

simulation results when removing the crosstalk AKT-ASK1.

Obviously, high levels of p-ERK and p-AKT in the setting of

sustained EGFR activation and a rapid drop upon acute EGFR

inhibition (see Figure 6A) were observed, which are very similar to

the modeling results obtained on the original network. However,

after removing the crosstalk AKT-ASK1, p-p38 keeps in a high

level in the case of either sustained EGFR activation or acute

EGFR inhibition, implying a stronger apoptotic capacity.

Figure 6B depicts the modeling results when removing ROS.

Similar to the case when removing AKT-ASK1, we still monitored

high levels of p-ERK and p-AKT in the setting of sustained EGFR

activation and a rapid drop upon acute EGFR inhibition.

However, ROS removal resulted in a low level of p-p38 in the

case of either sustained EGFR activation or acute EGFR

inactivation. These data show that removal of ROS leads to the

loss of apoptotic capacity.

Collectively, the simulation results obtained here suggest that

there is a stronger apoptotic potential existing in the normal state

of cancer cells, which is suppressed by the negative crosstalk AKT-

ASK1 between PI3K/AKT and ASK1/p38 signaling pathways.

The release of the apoptotic potential due to the fading away of

negative crosstalk AKT-ASK1 upon EGFR inactivation could be

an important factor causing the cell death, in addition to the

Figure 4. Simulation of the molecular responses upon acute EGFR inhibition. Profile of concentration changes of (A) active ERK (phospho-
ERK), (B) active AKT (phospho-AKT) and (C) active p38 (phospho-p38). The virtual event of EGFR inhibition was performed at time 0 hr.
doi:10.1371/journal.pone.0028930.g004

Figure 5. Sensitivity analysis of model species. Normalized time-integrated sensitivities of ERK, AKT and p38 phosphorylation (p-ERK, p-AKT,
and p-p38) to each nonzero species in the EGFR-associated network model.
doi:10.1371/journal.pone.0028930.g005
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inhibition of proliferation/pro-survival signaling. In particular, the

rapid release of accumulated apoptotic potential could be a key

reason that leads to the sensitivity of tumor cells to the killing

effects of drugs that target the addicted oncogene.

Experimental evidences for the existence of ROS and
apoptotic potential in EGFR-addicted cancer cells

The model described above is somewhat artificial, which may

not correspond closely with the actual EGFR addicted cancer

cells. Therefore, we also performed a series of experiments to

examine several key issues related to our modeling. Two non-small

cell lung cancer (NSCLC) cell lines HCC827 and NCI-H460

(H460) were selected for the experiments; HCC827 is a typical

EGFR addicted cancer cell line, and H460 is not EGFR addicted,

which is for comparison. The first experiment was devised to

investigate ROS levels in the two NSCLC cell lines. The

intracellular ROS level was displayed by 29,79-dichlorodihydro-

fluorescein diacetate (DCFH-DA) [56], a ROS responsive

molecular probe, and visualized by using an inverted fluorescence

microscope. As shown in Figure 7, a very high level of ROS was

detected in the EGFR-addicted HCC827 cells, whereas ROS

could hardly be perceived in H460 cells. This finding reflects one

fact that HCC827 suffers a large ROS stress, or in other words,

HCC827 bears a stronger apoptotic potential. Even so HCC827

still keeps vigorous proliferation ability, suggesting that the

apoptotic potential is well suppressed.

Subsequently western blot analysis and flow cytometry (FCM)

assays were used to investigate whether the activation of p38 as

well as the apoptosis of cancer cells can be triggered through AKT

inhibition. We treated HCC827 and H460 cells with 1 mM

wortmannin; wortmannin is an inhibitor of PI3K/AKT signaling.

As shown in Figure 8A, wortmannin treatment of HCC827 cells

can cause almost complete inhibition of AKT and large

accumulation of p-p38 within 4 hours of treatment. For H460

cells, wortmannin treatment can also cause almost complete

inhibition of the AKT, but very small accumulation of p-p38

without changing the intracellular ROS level (Figure S1). The

results of FCM assays (Figure 8B) show that wortmannin treatment

can result in increases of apoptosis rates both in HCC827 and

H460 cells. In comparison with H460, HCC827 cells exhibited

much more apoptosis after 10 mM wortmannin treatment. These

experiments demonstrate that the inactivation of survival effector

p-AKT leads to the rapid release of accumulated apoptotic

potential in EGFR-addicted cancer cells, which may be an

important reason that leads to the sensitivity of tumor cells to drugs

that target the addicted oncogene EGFR.

Since we have demonstrated the existence of apoptotic potential

due to ROS stress in EGFR-addicted cancer cells, we further

postulate that the easement of ROS stress may desensitize the

cancer cells to the targeted treatment. To test this hypothesis, we

treated HCC827 cells with vitamin c, an antioxidant that can be

used to partly mitigate the ROS stress. Then FCM and western

blot assays were carried out to test the cell apoptosis exposure to

the EGFR inhibitor gefitinib. As shown in Figure 9A, vitamin c

can decrease the apoptosis of HCC827 cells treated by gefitinib

compared with the control in which no vitamin c was used.

Figure 9B depicts the results of western blot assays, which show

that the mitigation of ROS indeed reduced the p-p38 level in

HCC827 cells treated by gefitinib. At the same time, we also

noticed that the alleviation of ROS decreased the p-ERK and p-

Figure 6. Influences of removing either the crosstalk AKT-ASK1 or ROS on the p-ERK, p-AKT and p-p38 levels. The virtual event of
EGFR inhibition was performed at time 0 hr. (A) The effects of removing crosstalk AKT-ASK1 on the concentration changes of p-ERK, p-AKT and p-P38.
(B) The effects of ROS removal on the concentration changes of p-ERK, p-AKT and p-P38.
doi:10.1371/journal.pone.0028930.g006
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AKT levels as well. A possible explanation could be that ROS

stress can promote proliferation/survival, in addition to induce

apoptosis [57–59], hence the mitigation of ROS consequentially

leads to a decrease of p-ERK and p-AKT. We acknowledge that

this did not get reflection from our modeling results since our

mathematic model ignored the signaling from ROS to ERK/

AKT, which is not known at present. In addition, a MTT assay

was carried out to test the viability of HCC827 cells. The result

shows that vitamin c can decrease the cytotoxicity of gefitinib in

HCC827 cells (Figure 9C). These results suggest that the sensitivity

of HCC827 cells to the EGFR inhibitor gefitinib is reduced due to

the mitigation of apoptotic potential.

Discussion

The concept of ‘‘oncogene addiction’’ has now been accepted

by more and more researchers through the past decade.

Nevertheless, the mechanism underlying the oncogene addiction

is far from understood. In this investigation, we developed a

mathematic model of EGFR-associated signaling network. We

acknowledge that the established network model does not include

all the signaling pathways and components that regulate the

survival and apoptosis of cancer cells; establishment of a complete

network model is impractical at present. From another point of

view, ignoring other alternative signaling pathways may give a

lucky fluke that the established model more closes to the EGFR

addicted state.

Simulations with the validated EGFR-associated network model

together with the experimental validation reveal the existence of

apoptotic potential. The apoptotic potential could be induced by

various stresses, typically for example, ROS. Cancer cells often

show increased levels of intracellular ROS [60,61]. Many factors

may contribute to ROS generation [61]. The activation of

oncogene EGFR can bring on ROS generation via the sequential

activation of PI3K, Rac and NADPH oxidase [48]. In addition,

hypoxia-reperfusion in the tumor microenvironment can lead to

ROS production, which in turn can initiate a viscous cycle of

mitochondrial damage and further ROS generation [62]. In

normal cells, the ROS could be alleviated by engaging glycolysis

and down-regulating mitochondrial function [63]. Cancer cells

often have deficiency in the ROS reduction system due to genetic

alterations, which hinder the clearance of ROS [61]. The

accumulation of ROS usually results in the apoptosis through

the sequential ROS/ASK1/p38 activation [47,64]. Nevertheless,

the activation of pro-apoptotic effector p38 is inhibited by negative

crosstalk AKT-ASK1 in cancer cells [52,65]. Once the mitigation

of negative crosstalk AKT-ASK1, through for example, inactiva-

tion of AKT, the apoptotic potential can be released, hence

inducing cell apoptosis [53].

The rapid release of accumulated apoptotic potential following

oncogene inhibition is an important reason that leads to the

sensitivity of tumor cells to the killing effects of drug that target the

addicted oncogene, which is the most important hallmark of

oncogene addiction. However, it does not mean that the overall

apoptotic outcome in response to oncogene inactivation is

contributed only by the apoptotic potential. It has been recognized

that EGFR can produce pro-apoptotic outcome through activat-

ing some downstream effector pathways that have been linked to

Figure 7. ROS levels in HCC827 and H460 cells. The ROS probe signals as well as the DAPI nuclear localization in HCC827 and H460 were
presented alone or merged (Merge).
doi:10.1371/journal.pone.0028930.g007
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pro-apoptotic outcomes. For example, EGFR can bind directly to

the so-called ‘‘death ligand’’ FAS/CD95 [66], hence leading to

apoptotic outcome. The downstream Ras can be pro-apoptotic via

an interaction with the effector target Nore1 [67].

Findings in this study may also have clinical implications in

targeted cancer therapies as well as in the anti-cancer drug

development. For example, sole use of ERK or AKT inhibitor

may not bring a good therapeutic effect even to patients with

Figure 8. AKT inhibition induces differential p38 phosphorylation and apoptosis in HCC827 and H460. (A) Immunoblotting with
indicated antibodies to show the phosphorylation of AKT and p38 in HCC827 and H460 cells treated with 1 mM wortmannin (WM). (B) Apoptosis of
HCC827 and H460 cells with or without 10 mM wortmannin (WM) treatment for 24 hours. The apoptosis rates are given as percentages.
doi:10.1371/journal.pone.0028930.g008
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EGFR-addicted cancers. Faber et al. [68] have demonstrated that

PI3K/AKT inhibition did not promote substantial apoptosis in

the EGFR addicted cancers. However, blockading both PI3K/

AKT and Ras/MEK simultaneously led to apoptosis to similar

levels as the EGFR inhibitors. In addition, the use of agents that

benefit the increase of apoptotic potential may further increase the

sensitivity of tumor cells to targeted drugs. For example, it has

been reported that ROS-generating agents have selective killing

effects in targeted-therapy-resistant cancers [69,70]. Conversely,

agents that can help to mitigate apoptotic potential could decrease

the sensitivity of tumor cells to the EGFR inhibitors [59], which

should be avoided to use clinically. Finally, this study also suggests

that a good anti-cancer target should have a character that its

functional inhibition should benefit the release of accumulated

apoptosis potential in cancer cells, in addition to the blockade of

survival.

In summary, our systems biology modeling reveals that there

is a stronger apoptotic potential existing in the EGFR-addicted

cancers, which is largely suppressed by the negative crosstalk

between PI3K/AKT and ASK1/p38 signaling pathways.

Inhibition of survival signals and concomitant release of

accumulated apoptotic potential jointly contribute to the tumor

cell death following the inhibition of addicted oncogene in

EGFR addicted cancers. Overall, this is the first attempt to

understand ‘‘oncogene addiction’’ from the systems biology’s

viewpoint. Further insights into the mechanisms underlying the

oncogene addiction from the systems biology’s viewpoint are still

strongly required. Any advances in this field would ultimately

Figure 9. Vitamin c treatment reduces the apoptosis of HCC827 cells after gefitinib treatment. HCC827 cells were treated with vitamin c
(vc), gefitinib (gef) or their combination (gef+vc). (A) Flow cytometry detecting the apoptosis of HCC827 cells under each treatment for 24 hours. The
apoptosis rates of treatments are given as percentages. (B) Immunoblotting with indicated antibodies to show the phosphorylation of ERK, AKT and
p38 in HCC827 cells treated by indicated agents. 1 mM gefitinib, 1 mM vitamin c or their combination were used. (C) The cell viability of HCC827 cells
exposure to indicated agents measured by MTT. 1 nM gefitinib, 10 nM vitamin c or their combination were used.
doi:10.1371/journal.pone.0028930.g009
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benefit the targeted cancer therapy as well as the anti-cancer

drug development.

Materials and Methods

Model Development
The network model was developed with the aid of Matlab

(MathWorks, MA, USA, http://www.mathworks.com). The

information for all the signaling pathways and topology of the

network was collected from various published works. Molecular

interactions in the model were described by a set of coupled

ODEs, which were derived based on laws of Mass Action. For

enzymatic reactions, the reaction constant (K) and turn-over rates

(Kcats) were used instead of the Michaelis-Menten constants (Km)

that are primarily applicable to steady-state models. These ODEs

were solved using the sundials solvers in MatLab.

Sensitivity Analysis
Sensitivity analysis was performed to identify important species

that control signaling networks. Normalized, time-integrated

sensitivities of each species were calculated by varying the initial

value of them and simulating the perturbed system output (for

example, phospho-AKT, -ERK and -p38). The normalized

sensitivity S was calculated according to the following equation:

S~(dx=x)=(dy=y)

Where S corresponds to the normalized integrated sensitivity and

x is any output species and y is each species with non-zero initial

amount.

Cell Lines and Cell Culture
The human lung cancer cell lines NCI-HCC827 and NCI-

H460 were obtained from the American Type Culture Collection

(ATCC, Manassas, VA), and were cultured in RPMI 1640 (Life

Technologies, Bedford, MA) containing 10% heat-inactivated fetal

bovine serum, 100 units/ml penicillin and 100 units/ml

streptomycin in a humid chamber at 37uC under 5% CO2 in

atmosphere. Gefitinib (AstraZeneca), wortmannin (Cell Signaling)

and vitamin C (Sigma) were used as drugs treating cancer cells.

Stock solutions of all drugs were prepared in dimethyl sulfoxide

(DMSO) and stored at 220uC.

Flow cytometry assays
Flow cytometric analysis was done to identify apoptotic cells and

to measure the percentage of apoptotic cells after propidium

iodide staining in hypotonic buffer as described [69]. Briefly, cells

were suspended in 1 mL hypotonic fluorochrome solution

containing 50 mg propidium iodide/mL in 0.1% sodium citrate

plus 0.1% Triton X-100 and the cells were analyzed by flow

cytometer (ESP Elite, Beckman-Coulter, Miami, FL). Apoptotic

cells appeared in the cell cycle distribution as cells with a DNA

content of less than that of G1 cells and were estimated with

Listmode software.

Cell viability assay
NCI-HCC827 and NCI-H460 cells (4–56103) were seeded in

96-well plates and treated with gefitinib or vitamin c, or

combination of them. Followed by 3 day incubation after these

drug treatments, cells were then incubated with 3-(4,5-Di-

methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) re-

agent for 4 hours, lysed with DMSO, and quantified by a plate

reader. The data were graphically displayed using GraphPad

Prism version 5.00 for Windows. Each point (mean (+/2 standard

deviation)) represents growth of treated cells compared to

untreated cells. The curves were fitted using a non-linear

regression model with a sigmoidal dose response.

Western Blot Analysis
Whole-cell lysates were extracted with cell lysis buffer for

Western blotting (Beyotime) supplemented with 1 mM PMSF

(Beyotime). Protein content was determined using BCA protein

assay kit (Beyotime). Lysates were mixed with 56sodium

dodecyl sulfate (SDS)- polyacrylamide gel electrophoresis

(PAGE) sample loading buffer (Beyotime) and denatured in a

boiling water bath for 5 minutes. Protein extracts were

separated by SDS-PAGE on 10% polyacrylamide Tris/glycine

gels and transferred onto a polyvinylidene difluoride membrane

(Millipore). Membranes were blocked in Tris-buffered saline

(TBS) containing 0.1% Tween and 10% nonfat dry milk for

1 hour. Antibodies were diluted in TBS containing 0.1% Tween

and 5% nonfat dry milk. Blots were incubated with the

corresponding primary antibody (1:1000) overnight. Then, blots

were incubated for 1 hour with the corresponding horseradish

peroxidase-linked secondary antibodies (Santa Cruz) diluted

1:5,000 in TBS containing 0.05% Tween, and 0.5% nonfat dry

milk. The primary antibodies used for the Western blot analyses

include anti-p38a MAPK, anti-phospho-p38a MAPK, anti-

ERK 1/2, anti-phospho-ERK1/2, anti-AKT, and anti-phos-

pho-AKT from Cell Signaling Technology; and anti-b actin

from Sigma. Following secondary antibody reaction, the

proteins were detected with BeyoECL reagents (Beyotime) by

exposure on a Kodak film.

Determination of Intracellular ROS Levels
To visualize intracellular ROS of cancer cells, proliferating cells

were grown on 6 well plates, washed once with warm PBS, and

incubated with 10 mM 29,79-dichlorodihydrofluorescein diacetate

(DCFH-DA, Beyotime) in warm PBS supplemented with 5.5 mM

glucose. After 10 minutes at 37uC, PBS was replaced with

complete culture medium, and cells were incubated for an

additional 20–30 minutes, washed once again with warm PBS.

Cells were incubated with 1 mM 4,6-diamidino-2-phenylindole

(DAPI) for nuclei staining (Sigma) and intracellular ROS levels

were visualized by using an inverted fluorescence microscope,

Leica DM5000B, coupled to a Leica DC500 camera. Pictures

were taken at 206magnification with the Leica IM50 software.

Statistical analysis
Data were presented as the mean6SD error of the mean.

Student’s t test was used for comparison among different groups. A

P value of less than 0.05 is considered statistically significant.

Supporting Information

Figure S1 ROS levels in H460 cells with or without
gefitinib treatment. The ROS probe signals as well as the

DAPI nuclear localization in H460 cells were presented alone or

merged (merge).

(TIF)

Table S1 Biochemical reactions involved in the computational

model together with corresponding parameters.

(DOC)

Table S2 Initial conditions of the computational model.

(DOC)

Understanding the Mechanism of Oncogene Addiction

PLoS ONE | www.plosone.org 10 December 2011 | Volume 6 | Issue 12 | e28930



Acknowledgments

We appreciate the constructive suggestions of the anonymous reviewers

and the editor in improving the manuscript.

Author Contributions

Conceived and designed the experiments: JZ SY. Performed the

experiments: JZ XC YP SF SL LZ PJ ZW SM. Analyzed the data: JZ

SY XC SL. Contributed reagents/materials/analysis tools: YW LL SL SY.

Wrote the paper: JZ SY. Obtained permission for use of cell lines: SY YW.

References

1. Weinstein IB (2000) Disorders in cell circuitry during multistage carcinogenesis:

the role of homeostasis. Carcinogenesis 21: 857–864.

2. Weinstein IB (2002) Cancer. Addiction to oncogenes–the Achilles heal of cancer.

Science 297: 63–64.

3. Weinstein IB, Joe AK (2006) Mechanisms of Disease: oncogene addiction—a

rationale for molecular targeting in cancer therapy. Nat Clin Pract Oncol 3:

448–457.

4. Huettner CS, Zhang P, Van Etten RA, Tenen DG (2000) Reversibility of acute

B-cell leukaemia induced by BCR-ABL1. Nat Genet 24: 57–60.

5. Gunther EJ, Moody SE, Belka GK, Hahn KT, Innocent N, et al. (2003) Impact

of p53 loss on reversal and recurrence of conditional Wnt-induced tumorigen-

esis. Genes Dev 17: 488–501.

6. Hui AB, Or YY, Takano H, Tsang RK, To KF, et al. (2005) Array-based

comparative genomic hybridization analysis identified cyclin D1 as a target

oncogene at 11q13.3 in nasopharyngeal carcinoma. Cancer Res 65: 8125–8133.

7. Sharma A, Trivedi NR, Zimmerman MA, Tuveson DA, Smith CD, et al. (2005)

Mutant V599EB-Raf regulates growth and vascular development of malignant

melanoma tumors. Cancer Res 65: 2412–2421.

8. Pao W, Miller V, Zakowski M, Doherty J, Politi K, et al. (2004) EGF receptor

gene mutations are common in lung cancers from ‘‘never smokers’’ and are

associated with sensitivity of tumors to gefitinib and erlotinib. Proc Natl Acad

Sci U S A 101: 13306–13311.

9. Demetri GD, von Mehren M, Blanke CD, Van den Abbeele AD, Eisenberg B,

et al. (2002) Efficacy and safety of imatinib mesylate in advanced gastrointestinal

stromal tumors. N Engl J Med 347: 472–480.

10. Hinoda Y, Sasaki S, Ishida T, Imai K (2004) Monoclonal antibodies as effective

therapeutic agents for solid tumors. Cancer Sci 95: 621–625.

11. Mills GB, Lu Y, Kohn EC (2001) Linking molecular therapeutics to molecular

diagnostics: inhibition of the FRAP/RAFT/TOR component of the PI3K

pathway preferentially blocks PTEN mutant cells in vitro and in vivo. Proc Natl

Acad Sci U S A 98: 10031–10033.

12. Kamb A (2003) Consequences of nonadaptive alterations in cancer. Mol Biol

Cell 14: 2201–2205.

13. Kaelin WG (2005) The Concept of Synthetic Lethality in the Context of

Anticancer Therapy. Nat Rev Cancer 5: 689–698.

14. Felsher DW (2008) Oncogene addiction versus oncogene amnesia: perhaps more

than just a bad habit? Cancer Res 68: 3081–3086.

15. Sharma SV, Fischbach MA, Haber DA, Settleman J (2006) ‘‘Oncogenic shock’’:

explaining oncogene addiction through differential signal attenuation. Clin

Cancer Res 12: 4392s–4395s.

16. Sharma SV, Gajowniczek P, Way IP, Lee DY, Jiang J, et al. (2006) A common

signaling cascade may underlie ‘‘addiction’’ to the Src, BCR-ABL, and EGF

receptor oncogenes. Cancer Cell 10: 425–435.

17. Sawyers C (2004) Targeted cancer therapy. Nature 432: 294–297.

18. Garber K (2007) New insights into oncogene addiction found. J Natl Cancer Inst

99: 264–265, 269.

19. Faber AC, Wong KK, Engelman JA (2010) Differences underlying EGFR and

HER2 oncogene addiction. Cell Cycle 9: 851–852.

20. Kitano H (2002) Systems Biology: A Brief Overview. Science 295: 1662–1664.

21. Wolkenhauer O, Auffray C, Baltrusch S, Bluthgen N, Byrne H, et al. (2009)

Systems Biologists Seek Fuller Integration of Systems Biology Approaches in

New Cancer Research Programs. Cancer Res 70: 12–13.

22. Kohl P, Noble D (2009) Systems biology and the virtual physiological human.

Mol Syst Biol 5: 292.

23. Huang S, Ernberg I, Kauffman S (2009) Cancer attractors: A systems view of

tumors from a gene network dynamics and developmental perspective. Semin

Cell Dev Biol 20: 869–876.

24. Materi W, Wishart DS (2007) Computational systems biology in drug discovery

and development: methods and applications. Drug Discovery Today 12:

295–303.

25. Paez JG, Jänne PA, Lee JC, Tracy S, Greulich H, et al. (2004) EGFR Mutations

in Lung Cancer: Correlation with Clinical Response to Gefitinib Therapy.

Science 304: 1497–1500.

26. Ongkeko WM, Altuna X, Weisman RA, Wang-Rodriguez J (2005) Expression of

protein tyrosine kinases in head and neck squamous cell carcinomas. Am J Clin

Pathol 124: 71–76.

27. Sasagawa S, Ozaki Y-i, Fujita K, Kuroda S (2005) Prediction and validation of

the distinct dynamics of transient and sustained ERK activation. Nat Cell Biol 7:

365–373.

28. Borisov N, Aksamitiene E, Kiyatkin A, Legewie S, Berkhout J, et al. (2009)

Systems-level interactions between insulin–EGF networks amplify mitogenic

signaling. Mol Syst Biol 5: 256.

29. Schoeberl B, Pace EA, Fitzgerald JB, Harms BD, Xu L, et al. (2009)
Therapeutically Targeting ErbB3: A Key Node in Ligand-Induced Activation

of the ErbB Receptor-PI3K Axis. Sci Signal 2: ra31.

30. Birtwistle MR, Hatakeyama M, Yumoto N, Ogunnaike BA, Hoek JB, et al.

(2007) Ligand-dependent responses of the ErbB signaling network: experimental
and modeling analyses. Mol Syst Biol 3: 144.

31. Brightman FA, Fell DA (2000) Differential feedback regulation of the MAPK

cascade underlies the quantitative differences in EGF and NGF signalling in
PC12 cells. FEBS Lett 482: 169–74.

32. Oda K, Matsuoka Y, Funahashi A, Kitano H (2005) A comprehensive pathway

map of epidermal growth factor receptor signaling. Mol Syst Biol 1: E1–E17.

33. Ung CY, Li H, Ma XH, Jia J, Li BW, et al. (2008) Simulation of the regulation

of EGFR endocytosis and EGFR-ERK signaling by endophilin-mediated RhoA-
EGFR crosstalk. FEBS Lett 582: 2283–2290.

34. Zou J, Luo SD, Wei YQ, Yang SY (2011) Integrated computational model of

cell cycle and checkpoint reveals different essential roles of Aurora-A and Plk1 in

mitotic entry. Mol BioSyst 7: 169–179.

35. Chen WW, Schoeberl B, Jasper PJ, Niepel M, Nielsen UB, et al. (2009) Input–
output behavior of ErbB signaling pathways as revealed by a mass action model

trained against dynamic data. Mol Syst Biol 5: 239.

36. Schlessinger J (2000) Cell signaling by receptor tyrosine kinases. Cell 103:
211–225.

37. Waterman H, Yarden Y (2001) Molecular mechanisms underlying endocytosis
and sorting of ErbB receptor tyrosine kinases. FEBS Lett 490: 142–152.

38. Voice JK, Klemke RL, Le A, Jackson JH (1999) Four human ras homologs differ

in their abilities to activate Raf-1, induce transformation, and stimulate cell
motility. J Biol Chem 274: 17164–17170.

39. Kolch W (2000) Meaningful relationships: the regulation of the Ras/Raf/MEK/

ERK pathway by protein interactions. Biochem J 351 Pt 2: 289–305.

40. Meakin SO, MacDonald JI, Gryz EA, Kubu CJ, Verdi JM (1999) The signaling

adapter FRS-2 competes with Shc for binding to the nerve growth factor
receptor TrkA. A model for discriminating proliferation and differentiation.

J Biol Chem 274: 9861–9870.

41. Kiyatkin A, Aksamitiene E, Markevich NI, Borisov NM, Hoek JB, et al. (2006)

Scaffolding protein Grb2-associated binder 1 sustains epidermal growth factor-
induced mitogenic and survival signaling by multiple positive feedback loops.

J Biol Chem 281: 19925–19938.

42. Rintelen F, Stocker H, Thomas G, Hafen E (2001) PDK1 regulates growth
through Akt and S6K in Drosophila. Proc Natl Acad Sci U S A 98:

15020–15025.

43. Kwon J, Lee SR, Yang KS, Ahn Y, Kim YJ, et al. (2004) Reversible oxidation

and inactivation of the tumor suppressor PTEN in cells stimulated with peptide
growth factors. Proc Natl Acad Sci U S A 101: 16419–16424.

44. Benhar M, Dalyot I, Engelberg D, Levitzki A (2001) Enhanced ROS Production

in Oncogenically Transformed Cells Potentiates c-Jun N-Terminal Kinase and

p38 Mitogen-Activated Protein Kinase Activation and Sensitization to
Genotoxic Stress. Mol Cell Biol 21: 6913–6926.

45. Tikhomirov O, Carpenter G (2003) Ligand-induced, p38-dependent Apoptosis

in Cells Expressing High Levels of Epidermal Growth Factor Receptor and
ErbB-2. J Biol Chem 279: 12988–12996.

46. Porras A, Zuluaga S, Black E, Valladares A, Alvarez AM, et al. (2003) p38

Mitogen-activated Protein Kinase Sensitizes Cells to Apoptosis Induced by

Different Stimuli. Mol Biol Cell 15: 922–933.

47. Dolado I, Swat A, Ajenjo N, De Vita G, Cuadrado A, et al. (2007) p38a MAP
Kinase as a Sensor of Reactive Oxygen Species in Tumorigenesis. Cancer Cell

11: 191–205.

48. Park HS, Lee SH, Park D, Lee JS, Ryu SH, et al. (2004) Sequential Activation of

Phosphatidylinositol 3-Kinase, Pix, Rac1, and Nox1 in Growth Factor-Induced
Production of H2O2. Mol Cell Biol 24: 4384–4394.

49. Bae YS, Kang SW, Seo MS, Baines IC, Tekle E, et al. (1997) Epidermal growth

factor (EGF)-induced generation of hydrogen peroxide. Role in EGF receptor-
mediated tyrosine phosphorylation. J Biol Chem 272: 217–221.

50. Jin H, Heller DA, Kalbacova M, Kim JH, Zhang J, et al. (2010) Detection of

single-molecule H2O2 signalling from epidermal growth factor receptor using

fluorescent single-walled carbon nanotubes. Nat Nanotechnol 5: 302–309.

51. Hsieh CC, Papaconstantinou J (2006) Thioredoxin-ASK1 complex levels
regulate ROS-mediated p38 pathway activity in livers of aged and long-lived

Snell dwarf mice. FASEB J 20: 259–268.

52. Zhang R, Luo D, Miao R, Bai L, Ge Q, et al. (2005) Hsp90–Akt phosphorylates

ASK1 and inhibits ASK1-mediated apoptosis. Oncogene 24: 3954–3963.

53. Yuan ZQ, Feldman RI, Sussman GE, Coppola D, Nicosia SV, et al. (2003)
AKT2 Inhibition of Cisplatin-induced JNK/p38 and Bax Activation by

Phosphorylation of ASK1: implication of AKT2 in chemoresistance. J Biol
Chem 278: 23432–23440.

Understanding the Mechanism of Oncogene Addiction

PLoS ONE | www.plosone.org 11 December 2011 | Volume 6 | Issue 12 | e28930



54. Wang Z, Yang H, Tachado SD, Capo-Aponte JE, Bildin VN, et al. (2006)

Phosphatase-Mediated Crosstalk Control of ERK and p38 Signaling in Corneal

Epithelial Cells. Invest Ophthalmol Visual Sci 47: 5267–5275.

55. Costa DB, Halmos B, Kumar A, Schumer ST, Huberman MS, et al. (2007) BIM

Mediates EGFR Tyrosine Kinase Inhibitor-Induced Apoptosis in Lung Cancers

with Oncogenic EGFR Mutations. PLoS Med 4: e315.

56. Lebel CP, Ischiropoulos H, Bondy SC (1992) Evaluation of the probe 29,79-

dichlorofluorescin as an indicator of reactive oxygen species formation and

oxidative stress. Chem Res Toxicol 5: 227–231.

57. Nishida M, Maruyama Y, Tanaka R, Kontani K, Nagao T, et al. (2000) G

alpha(i) and G alpha(o) are target proteins of reactive oxygen species. Nature

408: 492–495.

58. Yalcin S, Marinkovic D, Mungamuri SK, Zhang X, Tong W, et al. (2010) Ros-

mediated amplification of akt/mtor signalling pathway leads to myeloprolifer-

ative syndrome in foxo32/2 mice. Embo J 29: 4118–4131.

59. Trachootham D, Alexandre J, Huang P (2009) Targeting cancer cells by ros-

mediated mechanisms: A radical therapeutic approach? Nat Rev Drug Discov 8:

579–591.

60. Trachootham D, Zhou Y, Zhang H, Demizu Y, Chen Z, et al. (2006) Selective

killing of oncogenically transformed cells through a ROS-mediated mechanism

by b-phenylethyl isothiocyanate. Cancer Cell 10: 241–252.

61. Pelicano H, Carney D, Huang P (2004) ROS stress in cancer cells and

therapeutic implications. Drug Resist Updates 7: 97–110.

62. Qutub AA, Popel AS (2008) Reactive Oxygen Species Regulate Hypoxia-

Inducible Factor 1 Differentially in Cancer and Ischemia. Mol Cell Biol 28:

5106–5119.

63. Raddatz E, Thomas AC, Sarre A, Benathan M (2011) Differential contribution

of mitochondria, NADPH oxidases, and glycolysis to region-specific oxidant
stress in the anoxic-reoxygenated embryonic heart. Am J Physiol Heart Circ

Physiol 300: H820–835.

64. Matsuzawa A, Saegusa K, Noguchi T, Sadamitsu C, Nishitoh H, et al. (2005)
ROS-dependent activation of the TRAF6-ASK1-p38 pathway is selectively

required for TLR4-mediated innate immunity. Nat Immunol 6: 587–592.
65. Liao Y, Hung MC (2003) Regulation of the Activity of p38 Mitogen-Activated

Protein Kinase by Akt in Cancer and Adenoviral Protein E1A-Mediated

Sensitization to Apoptosis. Mol Cell Biol 23: 6836–6848.
66. Reinehr R, Schliess F, Haussinger D (2003) Hyperosmolarity and CD95L

trigger CD95/EGF receptor association and tyrosine phosphorylation of CD95
as prerequisites for CD95 membrane trafficking and DISC formation. FASEB J

17: 731–733.
67. Vos MD, Martinez A, Ellis CA, Vallecorsa T, Clark GJ (2003) The pro-

apoptotic Ras effector Nore1 may serve as a Ras-regulated tumor suppressor in

the lung. J Biol Chem 278: 21938–21943.
68. Faber AC, Li D, Song Y, Liang MC, Yeap BY, et al. (2009) Differential

induction of apoptosis in HER2 and EGFR addicted cancers following PI3K
inhibition. Proc Natl Acad Sci U S A 106: 19503–19508.

69. Zhang H, Trachootham D, Lu W, Carew J, Giles FJ, et al. (2008) Effective

killing of Gleevec-resistant CML cells with T315I mutation by a natural
compound PEITC through redox-mediated mechanism. Leukemia 22:

1191–1199.
70. Trachootham D, Zhang H, Zhang W, Feng L, Du M, et al. (2008) Effective

elimination of fludarabine-resistant CLL cells by PEITC through a redox-
mediated mechanism. Blood 112: 1912–1922.

Understanding the Mechanism of Oncogene Addiction

PLoS ONE | www.plosone.org 12 December 2011 | Volume 6 | Issue 12 | e28930


