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Cancer
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Onset of a tumor is a clonal process + 
inheritable cell phenotype

Cancer

Normal

Le Cancer

Apparition tumeur est un processus clonal

Un phénotype cellulaire héritable
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Tumor cells
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increased proliferation, resistance to apoptosis, invasion of 
tissues, ability to form metastases ....

Hanahan & Weinberg, Cell 2000

Les propriétés Générales des Cellules Tumorales

prolifération accrue, résistance à l'apoptose, invasion des 
tissus, capacité à former des Métastases….
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Complex disease
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Each cancer is different

Sequencing compared lung cancer cell / blood cells: 
23000 mutations 
(10 cigarettes smoked = 1 mutation) 

Nature 463, 2010.

Up to several tens of thousands of mutations in the 
genome of cancer cells
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An idea of the problem
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Bible: 
3 million of characters

Genome: 
3 billion of characters
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Mutations accumulation
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Proc Natl Acad Sci USA 110, 2013.
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Mutations accumulation
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Proc Natl Acad Sci USA 110, 2013.

Fraction of somatic mutations before tumor initiation

Interpréter la contribution des mutations à la 
carcinogenèse 

Proc Natl Acad Sci USA 2013; 110: 1999-2004.  

La  plupart  des  mutations  précèdent  l‘apparition  du  cancer  ! 
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Mutations accumulation
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Proc Natl Acad Sci USA 110, 2013.

Most mutations precede the onset of cancer!

Fraction of somatic mutations before tumor initiation

Interpréter la contribution des mutations à la 
carcinogenèse 

Proc Natl Acad Sci USA 2013; 110: 1999-2004.  

La  plupart  des  mutations  précèdent  l‘apparition  du  cancer  ! 
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Mutations accumulation
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L’accumulation progressive des anomalies 
génétiques dicte la progression tumorale

La progression tumorale: 
l‘exemple du cancer du Colon
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Hepatocellular carcinoma cells
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HCC the most common form of primary liver tumor

Alterations in 
intermediary metabolism

Alcohol

HBV/HCV
Normal liver

Cirrhosis

HCC
Few mutations
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Cell signaling
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RAF 

MEK 

ERK 

RAS 

Stimulus cellulaire  

Une voie de transduction 
normale, mais souvent dévoyée 
dans les cancers 

Les  mathématiques  pour  l’étude  du  ciblage  
thérapeutique 

Récepteurs de surface 

Basic pathway
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Angiogenesis
Survival

Proliferation
Migration

Differentation

Cellular Stimulus Surface receptors

A normal but often deviated 
transduction pathway in 
cancers

Gene transcription

dimerization.37–41 These biochemical properties allow Raf
activity to be sensitive to drugs that block protein:protein
interactions such as geldanamycin and coumermycin.49,52

Geldanamycin is a nonspecific Raf inhibitor as it also affects
the activity of many proteins including the BCR–ABL oncopro-
tein, which has a critical role in the etiology of chronic
myelogenous leukemia. Geldanamycin is currently in clinical
trials.50 Raf-specific iinhibitors have been developed. Raf
inhibitors range from small molecular weight cell membrane-
permeable drugs that bind the kinase domain to antisense
RNAs.50–55 Some of these compounds and approaches are in
clinical trials. Some of the studies performed with Raf inhibitors
have shown significant promise in the treatment of diverse
cancers, which have been difficult to treat (eg colorectal,
ovarian). The structure of some of these Raf inhibitors is
presented in Figure 4.

Currently, the mammalian Raf gene family consists of Raf-1,
A-Raf and B-Raf, which share three domains termed CR1, CR2
and CR3.4 Among these three domains, CR1 is the Ras-binding
domain; CR2 is the regulatory domain that has recently been
shown in some cells to regulate negatively Raf-1 activity by Akt
or PKA phosphorylation at S259; and CR3 is the kinase domain
which when phosphorylated on S338, tyrosine (Y) Y340 and
Y341 positively regulates Raf-1 activity.35, 56–59

There are at least 13 regulatory phosphorylation sites on Raf-
1.43–47,60–64 Some of these sites (eg S43, S259 and S621) are
phosphorylated when Raf-1 is inactive. This allows the 14-3-3
chaperonin protein to bind the Raf-1 protein and confer a
conformation which is inactive. Upon cell stimulation, S621
becomes transiently dephosphorylated and protein phosphatase
2A (PP2A) dephosphorylates S259.60 14-3-3 is then disasso-
ciated from Raf-1/.60–62 This allows Raf to be phosphorylated
at other sites including S338, Y340, Y341 and others. A Src
family kinase is likely responsible for phosphorylation at
Y340 and Y341.44–47,59 The phosphatases that dephosphory-
late S621 and other Raf phosphorylation sites, excluding S259,
are unknown.

Y340 and Y341, the phosphorylation targets of Src family
kinases, are conserved in A-Raf (Y299 and Y300), but are
replaced with aspartic acid (D) at the corresponding positions in
B-Raf (D492 and D493).44, 65–67 Hence, maximal activation of
Raf-1 and A-Raf requires both Ras and Src activity, while B-Raf
activation is Src–independent.66

A means to prevent Raf activation could be the development
of specific Src family kinase inhibitors. Indeed, we have
observed that Raf-responsive hematopoietic cells are very
sensitive to the Src kinase inhibitor herbimycin A. Herbimycin
A inhibits the c-Src kinase with an IC50 of 900 nM, whereas it

AAA

IL-3

Grb2

ERK

RSKp90

Raf

c-Myc Ets

PP2a

Gene Transcription

CREB

! "

c-Jun c-Fos

Shc

P

P

P

MEK

P

P

P

P PP P

P

Overview of Ras/Raf/MEK/ERK Pathway

P

P

Ras-GTP

SOS

P

Src Family
Kinase

PAK

PKA

Cytokines, Bcl-2, etc

Proliferation, Prevention of  Apoptosis

Cytoplasm

Nucleus

P
Pp110 PI3KPIP3

p85
Akt PDK

PKC

P

Figure 1 Overview of Ras/Raf/MEK/ERK pathway. This figure illustrates how the Raf/MEK/ERK pathway is regulated by Ras as well as various
kinases, which serve to phosphorylate S/T and Y residues on Raf. Some of these phosphorylation events serve to enhance Raf activity (shown by a
black P in a white circle), whereas others serve to inhibit Raf activity (shown by a white P in a black circle. Moreover, there are phosphatases such
as PP2A, which remove phosphates on certain regulatory residues. Activation of the PI3K/PDK/AKT pathway is also shown, as this pathway
interacts with the Raf/MEK/ERK pathway to regulate its activity. PI3K can be activated by two mechanisms; either the p85 PI3K subunit can bind the
activated IL-3Rb chain or Ras. Activated ERK can enter the nucleus and phosphorylate transcription factors such as Ets. The downstream
transcription factors regulated by this pathway are indicated in diamond-shaped outlines.

Targeting the Raf/MEK/ERK pathway for therapeutic intervention
F Chang et al

1264

Leukemia
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activity to be sensitive to drugs that block protein:protein
interactions such as geldanamycin and coumermycin.49,52

Geldanamycin is a nonspecific Raf inhibitor as it also affects
the activity of many proteins including the BCR–ABL oncopro-
tein, which has a critical role in the etiology of chronic
myelogenous leukemia. Geldanamycin is currently in clinical
trials.50 Raf-specific iinhibitors have been developed. Raf
inhibitors range from small molecular weight cell membrane-
permeable drugs that bind the kinase domain to antisense
RNAs.50–55 Some of these compounds and approaches are in
clinical trials. Some of the studies performed with Raf inhibitors
have shown significant promise in the treatment of diverse
cancers, which have been difficult to treat (eg colorectal,
ovarian). The structure of some of these Raf inhibitors is
presented in Figure 4.

Currently, the mammalian Raf gene family consists of Raf-1,
A-Raf and B-Raf, which share three domains termed CR1, CR2
and CR3.4 Among these three domains, CR1 is the Ras-binding
domain; CR2 is the regulatory domain that has recently been
shown in some cells to regulate negatively Raf-1 activity by Akt
or PKA phosphorylation at S259; and CR3 is the kinase domain
which when phosphorylated on S338, tyrosine (Y) Y340 and
Y341 positively regulates Raf-1 activity.35, 56–59

There are at least 13 regulatory phosphorylation sites on Raf-
1.43–47,60–64 Some of these sites (eg S43, S259 and S621) are
phosphorylated when Raf-1 is inactive. This allows the 14-3-3
chaperonin protein to bind the Raf-1 protein and confer a
conformation which is inactive. Upon cell stimulation, S621
becomes transiently dephosphorylated and protein phosphatase
2A (PP2A) dephosphorylates S259.60 14-3-3 is then disasso-
ciated from Raf-1/.60–62 This allows Raf to be phosphorylated
at other sites including S338, Y340, Y341 and others. A Src
family kinase is likely responsible for phosphorylation at
Y340 and Y341.44–47,59 The phosphatases that dephosphory-
late S621 and other Raf phosphorylation sites, excluding S259,
are unknown.

Y340 and Y341, the phosphorylation targets of Src family
kinases, are conserved in A-Raf (Y299 and Y300), but are
replaced with aspartic acid (D) at the corresponding positions in
B-Raf (D492 and D493).44, 65–67 Hence, maximal activation of
Raf-1 and A-Raf requires both Ras and Src activity, while B-Raf
activation is Src–independent.66

A means to prevent Raf activation could be the development
of specific Src family kinase inhibitors. Indeed, we have
observed that Raf-responsive hematopoietic cells are very
sensitive to the Src kinase inhibitor herbimycin A. Herbimycin
A inhibits the c-Src kinase with an IC50 of 900 nM, whereas it
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Figure 1 Overview of Ras/Raf/MEK/ERK pathway. This figure illustrates how the Raf/MEK/ERK pathway is regulated by Ras as well as various
kinases, which serve to phosphorylate S/T and Y residues on Raf. Some of these phosphorylation events serve to enhance Raf activity (shown by a
black P in a white circle), whereas others serve to inhibit Raf activity (shown by a white P in a black circle. Moreover, there are phosphatases such
as PP2A, which remove phosphates on certain regulatory residues. Activation of the PI3K/PDK/AKT pathway is also shown, as this pathway
interacts with the Raf/MEK/ERK pathway to regulate its activity. PI3K can be activated by two mechanisms; either the p85 PI3K subunit can bind the
activated IL-3Rb chain or Ras. Activated ERK can enter the nucleus and phosphorylate transcription factors such as Ets. The downstream
transcription factors regulated by this pathway are indicated in diamond-shaped outlines.

Targeting the Raf/MEK/ERK pathway for therapeutic intervention
F Chang et al

1264

Leukemia

Muta1on	in	50%	of	
colon	cancers	

Muta1on	in	60%	of	
melanomas	
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Therapeutic targeting
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New medical treatments designed rationally:

Goal: turn off oncogenic signaling

Enzyme inhibitors (kinases)
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Sorafenib in HCC
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•  Mortality +++

•  80% of patients are 
diagnosed at a late 
stage of the disease

•  Until 2008, no medical 
treatment of proven 
efficacy on survival for 
these advanced stages

Llovet et al. N Engl J Med 2008 
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Heterogeneous dynamic
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Saidak et al. Cancer Letters 2017

Sensitive ResistantResilient
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Motivation
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Understanding how the medicine works

Identify and control the pathway

Improve the knowledge of the ERK pathway regulation
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Schoeberl et al. Nat Biotechnol 20, 2002.
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Average
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Material support
3 cell lines : Hep3b (sensitive), Huh7 
(resilient) and PLC\PRF5 (resistant),

Western blot analysis
Quantification of each phosphorylated 
protein and their total at three measure 
times after sorafenib treatment  (4, 8 and 
18h). 

Experiments repeated three times.

CRAF	

MEK	

ERK	

Exterior regulators
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Data analysis
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14 
 

 
 
Figure 9.The “Varpart” function in R allowed us to study the relationships between different variables of the RAF kinase system 
in HCC cells treated with sorafenib. The variables that best explain the variance of ERK and MEK were determined at 18 hours 
(A), 8 hours (B) and 4 hours (C) of sorafenib treatment. 

 
Based on the “varpart” analysis carried out using R and previous literature, we have reduced the 

number of relationships between pairs of proteins in the RAF kinase pathway that we want to describe 
mathematically to five: CRAF→MEK; BRAF→MEK; MEK→ERK; ERK→CRAF and ERK→BRAF, 
summarised in Fig.10. 
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Model a reaction
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The general chemical reaction
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where [X ] denotes the concentration of the chemical species X (usually
in mol/L).
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N

The general chemical reaction

defines a reaction rate

where [X ] denotes the concentration of the chemical species 
X (usually in mol/L). 
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Enzyme kinetics
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enzyme

substrate

active site

enzyme substrate complex

products
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ERK pathway
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ERK pathway
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(RKIP) [6]. In addition, autocrine production of growth factors, such
as the Vascular endothelial growth factor (VEGF) and amphiregulin
often leads to the activation of the corresponding RTKs and the
RAF-MEK-ERK cascade in HCC cells [7,8]. The multiplicity of the
actors that potentially regulate the RAF-MEK-ERK cascade and the
coexistence of multiple alterations constitute major obstacles in the
exploration of the regulation of the RAF-MEK-ERK cascade in HCC.

Sorafenib, a clinically-approved kinase inhibitor, is currently the
treatment of reference for patients with advanced HCC [9]. Sor-
afenib was initially developed on the basis of its ability to inhibit
RAF kinases and the RAF-MEK-ERK cascade in HCC cells [10].
Cellular studies exploring the resistance of HCC to sorafenib have
identified the RAF-MEK-ERK cascade as an important target for this
drug [11e13]. In HCC cells that are resistant to clinically-relevant
concentrations of sorafenib, sorafenib fails to inhibit the phos-
phorylation of ERK, for example as a consequence of the activation
of the Epidermal Growth Factor Receptor (EGFR) or other RTKs
[11,12]. These studies suggest that perturbations introduced in the
intrinsic regulation of the RAF-MEK-ERK cascade are a potential
source of resistance of HCC to sorafenib, a finding that highlights
the crucial importance of this cascade as a target of sorafenib in
HCC. Interestingly, clinical studies exploring the expression of
phosphorylated ERK in tumour explants and in circulating tumour
cells isolated from the blood of HCC patients confirm the impor-
tance of the RAF-MEK-ERK cascade as a target of sorafenib [14,15].
Nevertheless, it remains unclear how sorafenib achieves efficient
control over this transduction cascade. Besides its inhibitory ac-
tivity directed against RAF kinases, sorafenib possesses multiple
therapeutic targets that could contribute to its anti-ERK activity.
Among these targets are the RTKs, such as the VEGF Receptor [16].
Part of sorafenib anti-ERK efficacy might come from its ability to
induce a broad-range reprogramming of the kinome of cancer cells.
Crosstalk between different MAPK signalling pathways, involving
stress pathways and phosphatases that are active against compo-
nents of the RAF-MEK-ERK cascade, may also contribute to the anti-
ERK efficacy of sorafenib in HCC cells [17e19]. Finally, sorafenib's
effect on the protein secretory pathway of HCC cells might interrupt
cellular autocrine loops, further contributing to the inhibition of the
RAF-MEK-ERK cascade in this context [20,21]. It is currently not
clear which of these mechanisms account for the ability of sor-
afenib to potently inhibit the RAF-MEK-ERK cascade in HCC cells.

Mathematical modelling is a useful strategy for addressing the
biological behaviour of complex pathways and transduction net-
works [22]. Models based on ordinary differential equations (ODE)
enable the study of cellular pathways, such as the RAF-MEK-ERK
cascade, in a non-reductionist fashion, as well as the exploration of
their responses to drugs and a variety of perturbagens at the system
level [23e27]. Based on previous data that have indicated the
importance of the RAF-MEK-ERK cascade as a target of sorafenib, we
decided to applymathematicalmodelling to explore the regulationof
this signalling cascade in HCC cells in the therapeutic context.

Materials and methods

Cell culture and reagents

The three HCC cell lines used in this study (Huh7, Hep3B and PLC/PRF5) were
obtained from Dr. Wychowski (Institut de Biologie de Lille, France) and were
authenticated using profiling of short tandem repeats at 16 loci (LGC Standards,
Strasbourg, France). The cells were cultured in Dulbecco Modified Eagle's Medium
(DMEM) (Sigma) supplemented with 10% fetal calf serum (Jacques Boy), 2 mM
glutamine, penicillin and streptomycin. Sorafenib was purchased from Selleck
chemicals and kept as 10 mM stock in DMSO at !20 "C. All other compounds were
purchased from Sigma.

Western blots

Complete cell extracts were prepared in RIPA buffer. Proteins were precipitated,
loaded on SDS-PAGE and transferred to nitrocellulose membranes using standard

procedures [28]. The primary antibodies raised against the core components of the
RAF-MEK-ERK cascade were rabbit antibodies from Cell Signalling Technology (anti-
pERK: reference 9101, ERK: 4695, pMEK: 9154, MEK: 8727, pBRAF: 2696, BRAF: 9433,
pCRAF: 9427, and CRAF: 9422). The antibody directed against b-actin was a mouse
monoclonal from Sigma (A5441). All primary antibodies were used at a dilution of
1:2000 and incubated overnight. Secondary antibodies coupled to horseradish
peroxidase were from GE healthcare. The ECL reaction was used for revelation.
Western blots were scanned and quantified using the software ImageJ (NIH).

Variance analysis

Experimental data were analysed using ANOVA, comparing the three different
cell lines and the three experimental replicas for each cell line. We used the Varpart
function in R [29] to identify the relationships between the different proteins of our
model that exert the greatest influence on the downstream components of the
cascade.

Mathematical modelling of the RAF-MEK-ERK cascade

We focused our study on the core components of the RAF cascade, i.e. BRAF,
CRAF, MEK and ERK. Based on the previous analysis of variance, the model was
restricted to five connections with the greatest importance in the activation of ERK.
To build the mathematical model, we followed the standard strategy developed in
the literature concerning the ERK pathway [23e27]. We assumed that only two
possible states can be reached by each kinase: active (phosphorylated) and inactive
(non-phosphorylated). Since we were dealing with enzymatic reactions, the dy-
namics were described by Michaelis Menten kinetics and the governing equations
were written as a system of four ordinary differential equations (ODE) as follows:
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where #pX$ denotes the phosphorylated and #Xtot $ represents the total amount of X.
The parameter Kf;:g describes the saturated maximal rate of the production or the
disappearance of a protein. The Michaelis constant Vf;:g , is the amount of the sub-
strate that produces a half maximal rate. The parameters VB;1 and VC;1 represent the
activation parts of the upstream components that were omitted in our model. Two
terms, VM,1 and VE,1, represent the activation of MEK and ERK that can occur inde-
pendently of the RAF kinases. The parameters, a and b; can be positive or negative
corresponding to a positive or a negative feedback loop from pERK to each RAF
kinase.

Parameter estimation

The model is made up of 22 parameters that need to be determined. Given
&yjexp&ti'', 1 ) i ) M, 1 ) j ) N, N experimental data at M hours, the nonlinear least
squares objective function

J&p' %
XM

i%1

XN

j%1

%
yjexp&ti' ! yi&ti; p'

&2

sj;i

is minimized. Here yj(ti,p) denotes the output of the mathematical model at time ti
computed with the parameter p, and &yjexp&ti'' is the mean of the repeated experi-
mental measures of &yjexp&ti'' done with a standard deviation sj,i. The optimization
problem was solved using the Constrained Optimization BY Linear Approximation
(Cobyla) [30].

Sensitivity analysis

Morris global sensitivity analysis, a randomised one-at-a-time design, was car-
ried out to identify which of the 22 parameters produced the most significant ef-
fects. This method, recommended for large numbers of input and time consuming
models, is useful for studying specific behaviours of a biological system under
perturbation, allowing us to improve our understanding of a biological process,
adjust the model parameter values or confirm the model robustness [31]. This sta-
tistical method involves ranking the parameters into three groups, according to their
effects on the model output: negligible effects, linear effects without interactions
and nonlinear effects with interactions.
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Cell heterogeneity underlined by sensitivity analysis

In order to explore the regulation of the RAF-MEK-ERK pathway
using our model, we performed a sensitivity analysis (Fig. 3). The
most influential parameters with respect to the absolute mean
tendency m* and the standard deviation s of the elementary effects
are shown in Fig. 3. The uppermost parameters, i.e. those with large
s values, are indicative of nonlinear and interaction effects, while
the rightmost parameters, i.e. with large m* values, translate into
linear and additive effects. All parameters are below the dashed line
m* ! 2s/sqrt(r), where s/sqrt(r) denotes the standard error of the
mean and r is the number of trajectories. This translates into a
confidence interval of 95% [32,33].

The sensitivity analysis was performed taking the pERK/ERK
ratio at 18 h as read-out. This analysis revealed great differences
between the HCC cell lines in their regulation of the RAF-MEK-
ERK cascade, both in terms of dynamics and the parameters
involved. When perturbations of 10% were applied, no param-
eters appeared to have a significant impact in PLC/PRF5 cells. In
Huh7 cells, the VE,3 parameter that reflects the satured maximal
rate of pERK disappearance, was identified as being important
for the pERK/ERK output (Fig. 3). In Hep3B cells, the parameters
VB,1 and VB,2, reflecting the saturated maximal rates of the
production and degradation of BRAF, respectively, were pre-
dicted to play a leading role in the regulation of ERK activation
(Fig. 3). When larger perturbations were applied, VE,3 was
identified as being influential in addition to VB,1 and VB,2
(Suppl. Fig. 1).

Fig. 2. Construction and calibration of the mathematical model based on ordinary differential equations for in silico analysis of RAF-MEK-ERK signalling in HCC cells. A: Schematic
representation of the five main connections between the BRAF, CRAF, MEK and ERK variables. B: A summary of the parameters included in the model. The model presented is based
on Michaelis Menten kinetics. For each enzymatic reaction, the parameterKf;:g represents the saturated maximal rate of the production or the disappearance of a protein, and the
Michaelis constant,Vf;:g represents the amount of the substrate that produces a half maximal rate. C: Simulations were performed for the three HCC cell lines. The dots denote the
experimental data.

Table 1
Parameters calibrated for each cell line.

Parametera Hep3B Huh7 PLC/PRF5

Objective function 0.0646 0.0122 0.0395
VB,1 1.6359 1.8305 2.2835
KB,1 1.9986 0.0003 0.0000
KB,E 0.9041 0.5119 1.1427
a 3.9930 2.7735 1.6772
VB,2 0.9934 1.7369 3.8387
KB,2 1.0285 0.4570 2.4085
VC,1 1.1444 0.9749 5.5045
KC,1 1.6678 0.0000 0.0112
KC,E 0.7108 0.7633 2.3959
b 4.0724 2.6917 7.8857
VC,2 0.5433 0.9961 0.3328
KC,2 1.7492 0.8771 0.0000
VM,1 0.3428 0.8056 2.9910
VM,2 4.6631 0.2087 0.9539
KM,1 0.0012 5.1693 0.0137
VM,3 0.7719 3.0186 10.2080
KM,2 1.1731 0.3544 1.3918
VE,1 0.0000 0.0002 0.0001
VE,2 0.9761 0.6542 0.0091
KE,1 4.1710 3.7975 0.0029
VE,3 3.0767 0.8302 0.2687
KE,2 1.1768 0.3401 16.8468

a We refer the reader to Fig. 2B for a graphical description of the role of each
parameter listed in the table.
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Cell heterogeneity underlined by sensitivity analysis

In order to explore the regulation of the RAF-MEK-ERK pathway
using our model, we performed a sensitivity analysis (Fig. 3). The
most influential parameters with respect to the absolute mean
tendency m* and the standard deviation s of the elementary effects
are shown in Fig. 3. The uppermost parameters, i.e. those with large
s values, are indicative of nonlinear and interaction effects, while
the rightmost parameters, i.e. with large m* values, translate into
linear and additive effects. All parameters are below the dashed line
m* ! 2s/sqrt(r), where s/sqrt(r) denotes the standard error of the
mean and r is the number of trajectories. This translates into a
confidence interval of 95% [32,33].

The sensitivity analysis was performed taking the pERK/ERK
ratio at 18 h as read-out. This analysis revealed great differences
between the HCC cell lines in their regulation of the RAF-MEK-
ERK cascade, both in terms of dynamics and the parameters
involved. When perturbations of 10% were applied, no param-
eters appeared to have a significant impact in PLC/PRF5 cells. In
Huh7 cells, the VE,3 parameter that reflects the satured maximal
rate of pERK disappearance, was identified as being important
for the pERK/ERK output (Fig. 3). In Hep3B cells, the parameters
VB,1 and VB,2, reflecting the saturated maximal rates of the
production and degradation of BRAF, respectively, were pre-
dicted to play a leading role in the regulation of ERK activation
(Fig. 3). When larger perturbations were applied, VE,3 was
identified as being influential in addition to VB,1 and VB,2
(Suppl. Fig. 1).

Fig. 2. Construction and calibration of the mathematical model based on ordinary differential equations for in silico analysis of RAF-MEK-ERK signalling in HCC cells. A: Schematic
representation of the five main connections between the BRAF, CRAF, MEK and ERK variables. B: A summary of the parameters included in the model. The model presented is based
on Michaelis Menten kinetics. For each enzymatic reaction, the parameterKf;:g represents the saturated maximal rate of the production or the disappearance of a protein, and the
Michaelis constant,Vf;:g represents the amount of the substrate that produces a half maximal rate. C: Simulations were performed for the three HCC cell lines. The dots denote the
experimental data.

Table 1
Parameters calibrated for each cell line.

Parametera Hep3B Huh7 PLC/PRF5

Objective function 0.0646 0.0122 0.0395
VB,1 1.6359 1.8305 2.2835
KB,1 1.9986 0.0003 0.0000
KB,E 0.9041 0.5119 1.1427
a 3.9930 2.7735 1.6772
VB,2 0.9934 1.7369 3.8387
KB,2 1.0285 0.4570 2.4085
VC,1 1.1444 0.9749 5.5045
KC,1 1.6678 0.0000 0.0112
KC,E 0.7108 0.7633 2.3959
b 4.0724 2.6917 7.8857
VC,2 0.5433 0.9961 0.3328
KC,2 1.7492 0.8771 0.0000
VM,1 0.3428 0.8056 2.9910
VM,2 4.6631 0.2087 0.9539
KM,1 0.0012 5.1693 0.0137
VM,3 0.7719 3.0186 10.2080
KM,2 1.1731 0.3544 1.3918
VE,1 0.0000 0.0002 0.0001
VE,2 0.9761 0.6542 0.0091
KE,1 4.1710 3.7975 0.0029
VE,3 3.0767 0.8302 0.2687
KE,2 1.1768 0.3401 16.8468

a We refer the reader to Fig. 2B for a graphical description of the role of each
parameter listed in the table.
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Cell heterogeneity underlined by sensitivity analysis

In order to explore the regulation of the RAF-MEK-ERK pathway
using our model, we performed a sensitivity analysis (Fig. 3). The
most influential parameters with respect to the absolute mean
tendency m* and the standard deviation s of the elementary effects
are shown in Fig. 3. The uppermost parameters, i.e. those with large
s values, are indicative of nonlinear and interaction effects, while
the rightmost parameters, i.e. with large m* values, translate into
linear and additive effects. All parameters are below the dashed line
m* ! 2s/sqrt(r), where s/sqrt(r) denotes the standard error of the
mean and r is the number of trajectories. This translates into a
confidence interval of 95% [32,33].

The sensitivity analysis was performed taking the pERK/ERK
ratio at 18 h as read-out. This analysis revealed great differences
between the HCC cell lines in their regulation of the RAF-MEK-
ERK cascade, both in terms of dynamics and the parameters
involved. When perturbations of 10% were applied, no param-
eters appeared to have a significant impact in PLC/PRF5 cells. In
Huh7 cells, the VE,3 parameter that reflects the satured maximal
rate of pERK disappearance, was identified as being important
for the pERK/ERK output (Fig. 3). In Hep3B cells, the parameters
VB,1 and VB,2, reflecting the saturated maximal rates of the
production and degradation of BRAF, respectively, were pre-
dicted to play a leading role in the regulation of ERK activation
(Fig. 3). When larger perturbations were applied, VE,3 was
identified as being influential in addition to VB,1 and VB,2
(Suppl. Fig. 1).

Fig. 2. Construction and calibration of the mathematical model based on ordinary differential equations for in silico analysis of RAF-MEK-ERK signalling in HCC cells. A: Schematic
representation of the five main connections between the BRAF, CRAF, MEK and ERK variables. B: A summary of the parameters included in the model. The model presented is based
on Michaelis Menten kinetics. For each enzymatic reaction, the parameterKf;:g represents the saturated maximal rate of the production or the disappearance of a protein, and the
Michaelis constant,Vf;:g represents the amount of the substrate that produces a half maximal rate. C: Simulations were performed for the three HCC cell lines. The dots denote the
experimental data.

Table 1
Parameters calibrated for each cell line.

Parametera Hep3B Huh7 PLC/PRF5

Objective function 0.0646 0.0122 0.0395
VB,1 1.6359 1.8305 2.2835
KB,1 1.9986 0.0003 0.0000
KB,E 0.9041 0.5119 1.1427
a 3.9930 2.7735 1.6772
VB,2 0.9934 1.7369 3.8387
KB,2 1.0285 0.4570 2.4085
VC,1 1.1444 0.9749 5.5045
KC,1 1.6678 0.0000 0.0112
KC,E 0.7108 0.7633 2.3959
b 4.0724 2.6917 7.8857
VC,2 0.5433 0.9961 0.3328
KC,2 1.7492 0.8771 0.0000
VM,1 0.3428 0.8056 2.9910
VM,2 4.6631 0.2087 0.9539
KM,1 0.0012 5.1693 0.0137
VM,3 0.7719 3.0186 10.2080
KM,2 1.1731 0.3544 1.3918
VE,1 0.0000 0.0002 0.0001
VE,2 0.9761 0.6542 0.0091
KE,1 4.1710 3.7975 0.0029
VE,3 3.0767 0.8302 0.2687
KE,2 1.1768 0.3401 16.8468

a We refer the reader to Fig. 2B for a graphical description of the role of each
parameter listed in the table.
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Identify the most significant effects provided by the 
parameters on the phosphorylated ERK amount.

μ* absolute mean tendancy  
σ nonlinear effects with interactions

In silico prediction of the impact of therapeutic targeting at different
levels of the RAF-MEK-ERK cascade

We explored the impact of manipulations applied at each level
of the RAF-MEK-ERK cascade in the three cell lines in silico. First, in
order to address the activity of the RAF kinases, we analysed the
effect of varying the parameter VM,2, which reflects the kinase ac-
tivity levels of both BRAF and CRAF toward MEK (Fig. 4). The model
predicted that VM,2 has little impact on the ratio of pERK/ERK at
18 h, in all three cell lines (Fig. 4). On the contrary, the model
predicted that the parameters VM,3 and VE,3, which represent the
disappearance rate of pMEK and pERK, respectively, were two key
parameters that determine the response of HCC cells to sorafenib. A
reduction of VE,3 abolished the inhibitory effect of sorafenib on
pERK/ERK levels in the two sorafenib-sensitive cell lines (Fig. 4).
This prediction suggested that the direct inhibition of either RAF
kinase contributes only weakly to the control of pERK in HCC cells
exposed to sorafenib. Instead, the results suggested that pERK
disappearance, possibly reflecting its active dephosphorylation,
was an essentiel step for the control of ERK signalling in HCC cells in
this context.

Essential role of phosphatase activity in the inhibition of the RAF-
MEK-ERK cascade by sorafenib in HCC cells

In order to challenge these predictions, we initially performed
RNA interference directed against BRAF and CRAF in the Hep3B cell
line. In agreement with the in silico prediction, a strong reduction in
the expression of either RAF kinase isoform did not detectably
change the pERK levels in Hep3B cells under basal conditions or
upon application of sorafenib (Fig. 5A and B). In order to address the
second prediction, i.e. the importance of an active mechanism
promoting the loss of pERK in cells exposed to sorafenib, we
experimentally analysed the effect of sorafenib under pharmaco-
logical inhibition of cellular phosphatases.

We used okadaic acid (OA), a cell-permeable, broad spectrum
inhibitor of protein phosphatases of the PP2A family [34]. We also
tested the possible contribution of phosphatases of the DUSP (Dual-
specificity phosphatases) family, a family of phosphatases with
distinct substrate preferences for specific MAPKs. We used the
chemical inhibitor BCI, directed against the two isoforms of DUSP
(DUSP1/6) known to be active on pERK [35]. Huh7 and Hep3B cells
were preincubated with pharmacologically-active concentrations
of both inhibitors (Fig. 5C). Both inhibitors induced significant cell

toxicity in HCC cells upon long exposure, either alone or in asso-
ciation with sorafenib (Suppl. Fig. 2). In order to minimize possible
secondary interferences and the possibility of observing non-
specific events, sorafenib was applied to HCC cells for up to 8 h,
and an immunoblot analysis was performed in order to examine
the levels of pMEK and pERK. In striking agreement with the in
silico predictions, we observed that both phosphatase inhibitors
abolished the ability of sorafenib to control ERK phosphorylation in
Huh7 and Hep3B cells (Fig. 5C). Interestingly however, OA was
slightly less efficacious than BCI in preventing the disappearance of
pERK levels induced by sorafenib, especially at the early time points
following sorafenib application. OA prevented the inhibitory effects
of sorafenib on pMEK and pERK equally, whereas BCI strictly pre-
vented the effects of sorafenib on pERK (Fig. 5C). Protein levels of
the protein phosphatase DUSP1 remained stable during this win-
dow of time (Suppl. Fig. 3). Based on these experimental observa-
tions, we concluded that: i) our mathematical model accurately
predicted the effects of therapeutic manoeuvering of the RAF-MEK-
ERK cascade; ii) the activity of MEK and ERK phosphatases is an
essential condition for a robust inhibition of the RAF-MEK-ERK
cascade by sorafenib in HCC cells.

Discussion

In the present study, we explored the regulation of the RAF-
MEK-ERK cascade in HCC cells upon exposure to sorafenib, the
medical treatment of reference for this type of tumour, using a
mathematical modelling approach. Mathematical modelling based
on ODE is well-suited for exploring the dynamics of oncogenic
signalling at the system level, predicting the response of cancer
cells to drugs, and ultimately, for the design of rationally improved
therapeutic strategies [22]. Two important predictions made by the
model were experimentally validated: i) HCC cells exposed to sor-
afenib demonstrate marked heterogeneity in terms of regulation of
the RAF-MEK-ERK cascade in the therapeutic context; ii) Cellular
phosphatases play an essential role in the inhibition of RAF-MEK-
ERK signalling by sorafenib in HCC cells.

The observation that HCC cells show marked heterogeneity in
their response to sorafenib is not surprising, considering previous
reports that found variable effects of sorafenib on pERK expression
levels in HCC cells and tissues in culture [11e15]. In the present
report, we were able to tie this variability to differences in the
intrinsic control of the RAF-MEK-ERK cascade among HCC cells. Our
sensitivity analysis revealed that the signalling nodes, i.e. the most

Fig. 3. Absolute mean value m* vs standard deviation s of elementary effects. The graph presents the relative importance of each parameter used in the model, considering the
pERK/ERK ratio at 18 h as read-out. Each parameter is characterized by two Morris indices, s and m*, which represent the nonlinear effects or the interactions and the significance of
the effects, respectively. The dashed line m* ! 2s/sqrt(r), where s/sqrt(r) denotes the standard error of the mean, translates into a confidence interval of 95%.
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In silico prediction of the impact of therapeutic targeting at different
levels of the RAF-MEK-ERK cascade

We explored the impact of manipulations applied at each level
of the RAF-MEK-ERK cascade in the three cell lines in silico. First, in
order to address the activity of the RAF kinases, we analysed the
effect of varying the parameter VM,2, which reflects the kinase ac-
tivity levels of both BRAF and CRAF toward MEK (Fig. 4). The model
predicted that VM,2 has little impact on the ratio of pERK/ERK at
18 h, in all three cell lines (Fig. 4). On the contrary, the model
predicted that the parameters VM,3 and VE,3, which represent the
disappearance rate of pMEK and pERK, respectively, were two key
parameters that determine the response of HCC cells to sorafenib. A
reduction of VE,3 abolished the inhibitory effect of sorafenib on
pERK/ERK levels in the two sorafenib-sensitive cell lines (Fig. 4).
This prediction suggested that the direct inhibition of either RAF
kinase contributes only weakly to the control of pERK in HCC cells
exposed to sorafenib. Instead, the results suggested that pERK
disappearance, possibly reflecting its active dephosphorylation,
was an essentiel step for the control of ERK signalling in HCC cells in
this context.

Essential role of phosphatase activity in the inhibition of the RAF-
MEK-ERK cascade by sorafenib in HCC cells

In order to challenge these predictions, we initially performed
RNA interference directed against BRAF and CRAF in the Hep3B cell
line. In agreement with the in silico prediction, a strong reduction in
the expression of either RAF kinase isoform did not detectably
change the pERK levels in Hep3B cells under basal conditions or
upon application of sorafenib (Fig. 5A and B). In order to address the
second prediction, i.e. the importance of an active mechanism
promoting the loss of pERK in cells exposed to sorafenib, we
experimentally analysed the effect of sorafenib under pharmaco-
logical inhibition of cellular phosphatases.

We used okadaic acid (OA), a cell-permeable, broad spectrum
inhibitor of protein phosphatases of the PP2A family [34]. We also
tested the possible contribution of phosphatases of the DUSP (Dual-
specificity phosphatases) family, a family of phosphatases with
distinct substrate preferences for specific MAPKs. We used the
chemical inhibitor BCI, directed against the two isoforms of DUSP
(DUSP1/6) known to be active on pERK [35]. Huh7 and Hep3B cells
were preincubated with pharmacologically-active concentrations
of both inhibitors (Fig. 5C). Both inhibitors induced significant cell

toxicity in HCC cells upon long exposure, either alone or in asso-
ciation with sorafenib (Suppl. Fig. 2). In order to minimize possible
secondary interferences and the possibility of observing non-
specific events, sorafenib was applied to HCC cells for up to 8 h,
and an immunoblot analysis was performed in order to examine
the levels of pMEK and pERK. In striking agreement with the in
silico predictions, we observed that both phosphatase inhibitors
abolished the ability of sorafenib to control ERK phosphorylation in
Huh7 and Hep3B cells (Fig. 5C). Interestingly however, OA was
slightly less efficacious than BCI in preventing the disappearance of
pERK levels induced by sorafenib, especially at the early time points
following sorafenib application. OA prevented the inhibitory effects
of sorafenib on pMEK and pERK equally, whereas BCI strictly pre-
vented the effects of sorafenib on pERK (Fig. 5C). Protein levels of
the protein phosphatase DUSP1 remained stable during this win-
dow of time (Suppl. Fig. 3). Based on these experimental observa-
tions, we concluded that: i) our mathematical model accurately
predicted the effects of therapeutic manoeuvering of the RAF-MEK-
ERK cascade; ii) the activity of MEK and ERK phosphatases is an
essential condition for a robust inhibition of the RAF-MEK-ERK
cascade by sorafenib in HCC cells.

Discussion

In the present study, we explored the regulation of the RAF-
MEK-ERK cascade in HCC cells upon exposure to sorafenib, the
medical treatment of reference for this type of tumour, using a
mathematical modelling approach. Mathematical modelling based
on ODE is well-suited for exploring the dynamics of oncogenic
signalling at the system level, predicting the response of cancer
cells to drugs, and ultimately, for the design of rationally improved
therapeutic strategies [22]. Two important predictions made by the
model were experimentally validated: i) HCC cells exposed to sor-
afenib demonstrate marked heterogeneity in terms of regulation of
the RAF-MEK-ERK cascade in the therapeutic context; ii) Cellular
phosphatases play an essential role in the inhibition of RAF-MEK-
ERK signalling by sorafenib in HCC cells.

The observation that HCC cells show marked heterogeneity in
their response to sorafenib is not surprising, considering previous
reports that found variable effects of sorafenib on pERK expression
levels in HCC cells and tissues in culture [11e15]. In the present
report, we were able to tie this variability to differences in the
intrinsic control of the RAF-MEK-ERK cascade among HCC cells. Our
sensitivity analysis revealed that the signalling nodes, i.e. the most

Fig. 3. Absolute mean value m* vs standard deviation s of elementary effects. The graph presents the relative importance of each parameter used in the model, considering the
pERK/ERK ratio at 18 h as read-out. Each parameter is characterized by two Morris indices, s and m*, which represent the nonlinear effects or the interactions and the significance of
the effects, respectively. The dashed line m* ! 2s/sqrt(r), where s/sqrt(r) denotes the standard error of the mean, translates into a confidence interval of 95%.
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In silico prediction of the impact of therapeutic targeting at different
levels of the RAF-MEK-ERK cascade

We explored the impact of manipulations applied at each level
of the RAF-MEK-ERK cascade in the three cell lines in silico. First, in
order to address the activity of the RAF kinases, we analysed the
effect of varying the parameter VM,2, which reflects the kinase ac-
tivity levels of both BRAF and CRAF toward MEK (Fig. 4). The model
predicted that VM,2 has little impact on the ratio of pERK/ERK at
18 h, in all three cell lines (Fig. 4). On the contrary, the model
predicted that the parameters VM,3 and VE,3, which represent the
disappearance rate of pMEK and pERK, respectively, were two key
parameters that determine the response of HCC cells to sorafenib. A
reduction of VE,3 abolished the inhibitory effect of sorafenib on
pERK/ERK levels in the two sorafenib-sensitive cell lines (Fig. 4).
This prediction suggested that the direct inhibition of either RAF
kinase contributes only weakly to the control of pERK in HCC cells
exposed to sorafenib. Instead, the results suggested that pERK
disappearance, possibly reflecting its active dephosphorylation,
was an essentiel step for the control of ERK signalling in HCC cells in
this context.

Essential role of phosphatase activity in the inhibition of the RAF-
MEK-ERK cascade by sorafenib in HCC cells

In order to challenge these predictions, we initially performed
RNA interference directed against BRAF and CRAF in the Hep3B cell
line. In agreement with the in silico prediction, a strong reduction in
the expression of either RAF kinase isoform did not detectably
change the pERK levels in Hep3B cells under basal conditions or
upon application of sorafenib (Fig. 5A and B). In order to address the
second prediction, i.e. the importance of an active mechanism
promoting the loss of pERK in cells exposed to sorafenib, we
experimentally analysed the effect of sorafenib under pharmaco-
logical inhibition of cellular phosphatases.

We used okadaic acid (OA), a cell-permeable, broad spectrum
inhibitor of protein phosphatases of the PP2A family [34]. We also
tested the possible contribution of phosphatases of the DUSP (Dual-
specificity phosphatases) family, a family of phosphatases with
distinct substrate preferences for specific MAPKs. We used the
chemical inhibitor BCI, directed against the two isoforms of DUSP
(DUSP1/6) known to be active on pERK [35]. Huh7 and Hep3B cells
were preincubated with pharmacologically-active concentrations
of both inhibitors (Fig. 5C). Both inhibitors induced significant cell

toxicity in HCC cells upon long exposure, either alone or in asso-
ciation with sorafenib (Suppl. Fig. 2). In order to minimize possible
secondary interferences and the possibility of observing non-
specific events, sorafenib was applied to HCC cells for up to 8 h,
and an immunoblot analysis was performed in order to examine
the levels of pMEK and pERK. In striking agreement with the in
silico predictions, we observed that both phosphatase inhibitors
abolished the ability of sorafenib to control ERK phosphorylation in
Huh7 and Hep3B cells (Fig. 5C). Interestingly however, OA was
slightly less efficacious than BCI in preventing the disappearance of
pERK levels induced by sorafenib, especially at the early time points
following sorafenib application. OA prevented the inhibitory effects
of sorafenib on pMEK and pERK equally, whereas BCI strictly pre-
vented the effects of sorafenib on pERK (Fig. 5C). Protein levels of
the protein phosphatase DUSP1 remained stable during this win-
dow of time (Suppl. Fig. 3). Based on these experimental observa-
tions, we concluded that: i) our mathematical model accurately
predicted the effects of therapeutic manoeuvering of the RAF-MEK-
ERK cascade; ii) the activity of MEK and ERK phosphatases is an
essential condition for a robust inhibition of the RAF-MEK-ERK
cascade by sorafenib in HCC cells.

Discussion

In the present study, we explored the regulation of the RAF-
MEK-ERK cascade in HCC cells upon exposure to sorafenib, the
medical treatment of reference for this type of tumour, using a
mathematical modelling approach. Mathematical modelling based
on ODE is well-suited for exploring the dynamics of oncogenic
signalling at the system level, predicting the response of cancer
cells to drugs, and ultimately, for the design of rationally improved
therapeutic strategies [22]. Two important predictions made by the
model were experimentally validated: i) HCC cells exposed to sor-
afenib demonstrate marked heterogeneity in terms of regulation of
the RAF-MEK-ERK cascade in the therapeutic context; ii) Cellular
phosphatases play an essential role in the inhibition of RAF-MEK-
ERK signalling by sorafenib in HCC cells.

The observation that HCC cells show marked heterogeneity in
their response to sorafenib is not surprising, considering previous
reports that found variable effects of sorafenib on pERK expression
levels in HCC cells and tissues in culture [11e15]. In the present
report, we were able to tie this variability to differences in the
intrinsic control of the RAF-MEK-ERK cascade among HCC cells. Our
sensitivity analysis revealed that the signalling nodes, i.e. the most

Fig. 3. Absolute mean value m* vs standard deviation s of elementary effects. The graph presents the relative importance of each parameter used in the model, considering the
pERK/ERK ratio at 18 h as read-out. Each parameter is characterized by two Morris indices, s and m*, which represent the nonlinear effects or the interactions and the significance of
the effects, respectively. The dashed line m* ! 2s/sqrt(r), where s/sqrt(r) denotes the standard error of the mean, translates into a confidence interval of 95%.
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An essential actor in blocking ERK pathway by 
sorafenib!

protein phosphatase DUSP1 is of particular importance in the
context of human hepatocarcinogenesis, since decreased protein
levels of DUSP1 were reported in a subset of HCC with poor prog-
nosis [43]. The activity of ERK kinases itself regulates the ubiquitin-
dependent turn-over of DUSP1 at the protein level, thereby
partially accounting for the downregulation of DUSP1 protein levels
in this subset of tumours [43]. Therefore, the phosphatase activity
of DUSP1 is a key element in the restriction of the activity of ERK
kinases in HCC [43]. Identification of new biomarkers based on
protein phosphatases reflecting the activity of protein phospha-
tases that would predict the efficacy of sorafenib in individual pa-
tients is a promising lead for future developments, considering the
need to personalize the medical treatment of individual HCC tu-
mours [9]. Ultimately, a better understanding of protein phospha-
tase regulation could also assist in the conception of new
therapeutic strategies for improved treatment of HCC.
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context of human hepatocarcinogenesis, since decreased protein
levels of DUSP1 were reported in a subset of HCC with poor prog-
nosis [43]. The activity of ERK kinases itself regulates the ubiquitin-
dependent turn-over of DUSP1 at the protein level, thereby
partially accounting for the downregulation of DUSP1 protein levels
in this subset of tumours [43]. Therefore, the phosphatase activity
of DUSP1 is a key element in the restriction of the activity of ERK
kinases in HCC [43]. Identification of new biomarkers based on
protein phosphatases reflecting the activity of protein phospha-
tases that would predict the efficacy of sorafenib in individual pa-
tients is a promising lead for future developments, considering the
need to personalize the medical treatment of individual HCC tu-
mours [9]. Ultimately, a better understanding of protein phospha-
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Conclusion
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Mathematics allows the study of all aspects of oncology 
from the most practical to the most fundamental: 
non-reductionist approaches adapted to complex problems

unexpected action mode of sorafenib phosphatases 
activate the pERK degradation

Each tumor is different ! Adjust individually the treatment of 
the patient
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Towards	a	predic1ve	oncology
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Most anti-cancer drugs fail in Phase 2 clinical development

Need to develop tools to integrate this complexity and to 
predict the impact of each therapeutic intervention

Better design clinical trials to increase the chances of 
success and promote therapeutic innovation

Confirm on cells
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