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Abstract

The fundamental goal of systems biology is to understand the dynamic aspects of cells and their behaviour. This organism is
represented by a network so-called complex biomolecular network in which the nodes represent the different cellular components
and the edges represent the interactions occurring among them. Through this network, it is easy to study the transition states and the
dynamic behaviour of cells. Indeed, perturbing some nodes of the biomolecular network induce the transition of all the network.
This process, known as the “transittability”, expresses the idea of steering the complex biomolecular network from an unexpected
state to a desired state.

In this context, we are thus interested in how to use the transittability of biomolecular networks to increase the efficiency of
translational medicine for improving human health and disease, including genetic and environmental factors of of patient’s well-
being. This is a great opportunity to understand diseases, and find new diagnoses and treatments.

Due to its complexity, the transittability of complex biomolecular networks can be considered as an optimization problem. Up to
arecent date only few studies have been carried out in this problem. Most of them focused only on the minimization of the required
nodes to steer the entire network, and others considered the minimization of the number of stimuli to be applied on the network.
However, this assumption is not always realistic, because steering complex biomolecular networks is in general a multi-objective
optimization problem. It requires finding appropriate trade-offs among various objectives, for example between the appropriate
nodes to be stimulated and the number of external stimuli to be used and their cost, and the impact on patient’s well-being.

In this paper, the optimization of the transittability of complex biomolecular networks is investigated from the multi-objective
perspective. In the mathematical model four criteria are considered simultaneously: the minimization of the number of external
stimuli, the minimization of their total cost, the minimization of the number of target nodes, and the minimization of the patient
discomfort. All these objectives are described theoretically and mathematically in detail.
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1. Introduction

The cell is a complex system consisting of thousands of diverse molecular entities (genes, proteins and metabolites)
which interact with each other physically, functionally and logically creating a biomolecular network 2. Recently,
some authors have started to address the dynamic aspects of these complex networks, and have introduced concepts
such as the ’controllability’ of a network, where the ability to steer a complex network from any initial state toward
any other desired state is measured by the minimum number of required driver nodes (nodes with the ability to steer
the entire network). It has been shown that in order to achieve complete controllability, the minimum number of driver
nodes is 80% of the nodes in a regulatory biomolecular network. Indeed, rather than control and stimulate the network
as a whole, it is preferable to control only some nodes. According to the literature, a network cannot be guaranteed
to transit from one specific state to any other state by acting on all its nodes, but on acting on some specific nodes
called driver nodes. Furthermore, this result led other groups to develop a theoretic framework for studying transitions
between specific states of complex networks, a concept they call *transittability’ !. In general, this concept expresses
the idea of steering the complex biomolecular network from an unexpected state to a desired state by acting only on
the minimum numbers of steering nodes. Moreover, these authors proved that the minimum number of steering nodes
required for transittability are much less than those for complete controllability.

This is where the present study is situated. Indeed, the most recent biological studies prove that the transittability
of biomolecular networks can be useful to translational biomedical medicine research for improving human health
and disease, including genetic and environmental factors of of patient’s well-being. This is a great opportunity to
understand diseases, and find new diagnoses and treatments '>*3. Thus, we in our research we are working on how
to exploit the transittability of biomolecular networks, by integrating information about molecular entities (DNA,
RNA, proteins, and metabolites) with information about clinical entities (patients, diseases, symptoms, and drugs),
to improve patient care and our understanding of systems biology. This work is a continuation of our previous
research %1920 in which we propose a detailed logic-based modelling and a semantic architecture for the optimization
of the transittability of complex biomolecular networks.

In the recent literature, several problems in biology can be considered and formulated as optimization problems,
such as the optimization of the design of optimal dynamic experiments, biological network alignment, biochemical
reaction networks, etc. However, only few studies have focused on the optimization of the transittability of complex
biomolecular networks. Most of them are mono-objective, since they only focus on the minimization of the number
of required driver nodes for steering the network and/or on the minimization of the number of external stimuli to be
applied on the network. However, even these two criteria are necessary conditions, but they are not sufficient for
completely steering complex biomolecular networks.

To this end, we propose a multi-objective mathematical formulation for optimizing the transittability of complex
biomolecular networks in which we take into account more criteria such as the minimization of the number of input
signals, the minimization of the cost of these signals, the minimization of the number of target nodes, the mini-
mization of the patient discomfort. Applications of the proposed approach can be the design of treatments such as
chemotherapy, the identification of potential drug targets in a signalling network of human cancer, or to study the
phenotype transitions (for example, to direct a biomolecular network from its abnormal or disease phenotype to a
healthy phenotype).

The reminder of this paper is organized as follows. In Section 2, we summarize the related studies advocated for
optimizing the problem of steering complex biomolecular networks. Section 3 presents a description of the problem
tackled in this study. Furthermore, we propose the theoretical and mathematical modelling of the addressed problem
by introducing its parameters, decision variables, objective functions and constraints in Section 4. Finally, Section 5
concludes this paper and discusses some possible future directions.

2. Literature review

Several problems in systems biology can be considered and formulated as optimization problems®”-8%10 In this
section we focus only on those that were interested only in the task of steering complex biomolecular networks also
called the control theory>'!. Indeed, few studies have been focused on this problem. Among them we cite the works
of Wen-Xu Wang et al.!> who propose a general approach to optimize the controllability of complex networks by
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minimizing the structural perturbations. This approach consists to drive the biological network using a minimum
signals of perturbation. Therefore, they aim to minimize the number of signals to be applied into the biological
network rather than using a signal for each node. As well as, they propose to use only one control signal to achieve
the optimal controllability of networks by adding a minimum number of links. To do this, they formulate their
approach into an optimization problem using the concept of matching path which is based on the maximum matching
algorithm. In the same topic, Kim et al. '3 propose an optimization algorithm for searching the minimum steering node
set. This algorithm is used only with Boolean networks. They use a realistic T-cell cancer network to demonstrate
the practicality of their approach. Even if this approach promotes to study the transittability, it needs to know the
exact expression of nonlinear functions and parameters in the Boolean model of complex systems, which is generally
unavailable in practice!.

According to, Gao et al., it is not necessary to control the whole network but it would be preferable to explore the
target control which is a preselected subset of nodes. To do this, they minimize the number of driver nodes needed
for target control. Their optimization approach is based on the ’k-walk’ theory for directed networks, and on a greedy
algorithm for treating general networks.

Wu et al.>!4%13:16 address the problem of drug target identification by formulating it as a problem of finding the
steering kernel in the network. To accomplish this goal, they propose a graph-theoretic algorithm to find a minimum
set of steering nodes in biomolecular networks which can be a potential set of drug targets.

However, Wang Le-Zhi et al. !’ consider that the optimization methods cited previously (which control the network
using the minimum set of driver nodes) can cause the development of unexpected phenomenon. As well as, they have
seen that a network cannot be controlled with a small number of drivers, but it is necessary to balance the number of
driver nodes and control signals. To overcome this difficulty, they propose a physical controllability framework based
on the probability of achieving the real control by increasing the set of input signals on properly chosen nodes.

A summary of these works is given in the comparison Table 1. Based on this comparison, we note that only
few works focus on the driving of complex biomolecular networks. As well as, most of them are mono-objective or
bi-objective, and neglect other criteria for steering biomolecular networks. Indeed, applying a minimum of external
stimuli on a minimum of steering nodes is a necessary condition, but not a sufficient condition, for completely driving
complex biomolecular networks. Therefore, we conclude that to understand how these networks steer we have to take
into account more criteria such as the minimization of the number of input signals, the minimization of the cost of
these signals, the minimization of the number of target nodes, the minimization of the patient discomfort.

Table 1: Comparison table of the main approaches applied to the steering of biological networks according to their characteristics.

References
Cornelius Gao J. Wu L. Wu L. WuL  WulL  WangL.Z. Our ap-
S.etal.’®  etal.* etal.’  etal® etal!® etal’ etal.l’7 proach
Type of mono-objective v v v v v v - -
optimization bi-objective - - - - - - v/ N
problem multi-objective - - - - - - - 7
minimize  the v v v v v v v v
number of
Objective driver nodes
functions minimize  the - - - - - - v/ v/
number of input
signals
minimize  the - - - - B z 7 7
cost of input
signals
minimize  the - - - - - - - /

patient discom-

fort
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3. Problem statement

According to the transittability notion, a complex biomolecular network can be steered from a state to another one
through appropriate stimuli. These stimuli can be internal, such as the changes of the physical and chemical properties
of the cell, or external such as environment effects and drugs. Therefore, we can define a stimulus as an action or
condition that interferes with a node, which can in turn affect other nodes and consequently causes the transition of
the entire network. The transition of the biomolecular network starts when one (or more) stimuli triggers one (or
more) nodes. Indeed, when the stimulus triggers a node, the state or the concentration of this molecular component
will change to reach a specific node threshold. This threshold defines the type of the interaction that will be occur and
the condition that activates it. The state change of a node provokes the change of the overall network state (changing
a node automatically modifies other network nodes) creating the stimulus-response behaviour of the biomolecular
network. Thus, the state of the biomolecular network at an instant 7 is a set represented by the set of the states of all
components in the network at time 7.

Formally, the biomolecular network is defined as an undirected graph denoted by BN = (M,I). Where a node
m; € M corresponds to a molecular component which can be a gene, protein or metabolite. And an edge i = (m;,m;) €
I; m;,m; € M expresses the different types of interactions among the molecular components. The partition of the
graph nodes induces a partition of the different types of interactions into intraomic interactions (interactions among
molecular components of the same type) and interomic interactions (interactions among molecular components of
different types). We have three intraomic interactions: between genes Igg, proteins Ipp, and metabolites Izy. Six
interomic interactions: four interactions are considered among the genes and proteins (Igp, Ipg), and among proteins
and metabolites (Ipys, Iyzp). Two interactions among the genes and metabolites (Igys, IysG) are not taken into account
because there is no direct interaction between the genes and metabolites and vice versa. For each molecular component
m;, we associate a concentration ¢; which represents the value of its concentration at time ¢. The concentration level
¢! should be inside the interval [¢/"", "], where ¢/"" and ¢!"*" represent the minimum and maximum concentration
value of the molecular component m;, respectively.

The state transition of the biomolecular network occurs by changing at least the concentration of one of its nodes.
These changes in the concentration of the molecules can occur either by an internal stimulus (for example, due to
reactions that are internal to the cell) already seen with the aggregate function presented in our previous works '3) or
by an external stimulus generated outside the cell (for example, because of a medicine taken by the patient). Let S be
the external stimuli set. Each stimulus interferes with a node at time of introduction A/, kv changing its concentration
with a certain concentration S;”. leading to an increase (or a decrease) of its actual concentration. Moreover, for each
stimulus, we associate a cost CostStimy. In addition, the patient discomfort is measured during all the transittability
process and should not reach its maximum value denoted by Discomfortp®*.

Our goal is to optimize simultaneously the different criteria involved in the transittability of biomolecular net-
works, in particular the number of external stimuli, their cost, the number of target nodes and the patient discomfort.
Especially by finding the best compromise among these criteria to optimize the steering of the biomolecular network
from an unexpected state to a desired state.

4. Proposed multi-objective mathematical model

In this section, we propose a multi-objective mathematical model for optimizing the transittability of complex
biomolecular networks considering diverse criteria, such as: the minimization of the number of external stimuli, the
minimization of their total cost, the minimization of the number of target nodes, and the minimization of the patient
discomfort. The notation, parameters, decision variables and constraints of the model are presented in the following
sections.

4.1. Parameters

Table 2 enumerates the parameters of the proposed multi-objective mathematical model.
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Table 2: Nomenclature used in the proposed mathematical model.

Symbol Description

P a patient

BN = (M,I) the complex biomolecular network of nodes M and edges /
M={1,...,m} the set of all the molecular components of the network
I1={1,...,n} the set of all the interaction among the molecular components of the network
S={1,...,k} the set of external stimuli

t=A{1,....,T} the time period

StartTransigy the starting time of the biomolecular network’s transition
FinishTransipy  the finishing time of the biomolecular network’s transition
S;ﬂi the time of introduction of the stimulus k to the node i

ek the execution time of the stimulus & on the node i

ct the level of concentration of the node i at time ¢

cl’f”" the minimum level of concentration of the node i

cinax the maximum level of concentration of the node i

l
Ag_k i the change in concentration caused by the stimulus k on the node i at time ¢

74X the maximum amount of discomfort that a patient P can feel during the transittability process

Discomfortp

4.2. Decisions variables

e x! ;: Binary variable equal to 1 if and only if the stimuli k affect the molecular component i at time 7, 0 otherwise.

e ! ;: Binary variable equal to 1 if and only if the molecular component i is stimulated by the stimuli k at time ,
0 otherwise.

e CostStimy: Real variable corresponding to the cost of the stimuli k which affect the molecular component i at
time 7.

e Discomfort),: Nominal variable denotes the level of the discomfort of patient P at time 7. As described in Sec-
tion 4.3.4, this variable is categorized as Discom fortp =1: No discomfort; Discomfortp =2 : Light discomfort;
Discomfortp = 3 : Medium discomfort; Discomfortp =4 : Strong discomfort; Discomfortp =5 : Extreme
discomfort.

4.3. Objective functions

In this section, we detail each one of the different criteria considered to optimize the transittability of complex
biomolecular networks.

4.3.1. Minimizing the number of the external stimuli

As discussed in the previous sections, external stimuli called also input signals or structural perturbations are
necessary for steering biomolecular networks from their actual state to a desired state. Indeed, external stimuli are the
key element since they are responsible for steering biomolecular networks.

Therefore, the goal of this objective function is to identify the minimum number of stimuli that are most likely to
steer the global biomolecular network from the initial state to the desired state. In other words, this criteria aims to
give priority to the quality of the external stimuli over their quantity. Figure 1 explains this notion through an example
of biomolecular network which can be steered to the desired state through three possibilities. These possibilities are
explained from the point of view of the number of indispensable external stimuli for steering the network from a state
to another one. We can reach the desired state via three different stimulation strategies (a, b and c¢). In the strategy
a, each node receives an external stimulus. In the strategy b, we use three external stimuli. And in the strategy c, we
only use two external stimuli. As a result, we note that the strategy c is the best one because we use the minimum
external stimuli for steering the network.

To do this, we define the objective function Z;(x) which aims to minimize the number of external stimuli for
achieving the transittability of complex biomolecular networks using Eq. (1).
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Different timulation strategies
(a,b and c)

() Desired state

e »3

Fig. 1: A simple illustration of the transittability of complex biomolecular networks from the number and cost of external stimuli perspective.

Minimize Z;(X) = Zle Z?il ZtT:l x;c,i M

4.3.2. Minimizing the cost of the external stimuli

This criteria is related to the first objective function (Section 4.3.1). In fact, the cost of external stimuli can be
proportional to the number of external stimuli. So, if we have a number of external stimuli equal to the number of
nodes and all the external stimuli have the same cost, the transittability process of the complex biomolecular network
will be very expensive. For these reasons, this criteria aims to find the best compromise between the quality of the
external stimuli and their cost. We clarify this objective in the same example used in the first Section 4.3.1 (Figure 1).
Here we focus only on the cost of the stimuli. In the strategy a, the total cost of external stimuliis 11 (§+3+1+2).
In the strategy b, the cost of external stimuli is 9 (5+ 1+ 3). And in the strategy c, the total cost of external stimuli is
5 (24 3). Consequently, the strategy c offers the best cost of external stimuli for steering the network.

Thus, we define the objective function Z(x) which aims to minimize the cost of the external stimuli considering
their quality for achieving the transittability of complex biomolecular networks using Eq. (2).

Minimize Zo(X) = Y3_, XX Y.L %, ; x CostStimy 2)

4.3.3. Minimizing the number of target nodes

Several research studies have revealed that among all the nodes composing the biomolecular network, there are
some specific nodes that have the ability to steer the network from its actual state to another specific state. Moreover,
the stimulation of all the nodes of the network, may place the patient at risk of developing additional adverse effects
caused by the external stimuli such as ultraviolet irradiation'*!>1®. Thus, instead of stimulating all the nodes ran-
domly, it is better to have a stimulation strategy which targets a set of specific nodes. This will allow to stimulate only
a minimum number of nodes thus allowing the transition of the network to the desired state, so-called the minimum
steering nodes.

As discussed in Section 2, a number of researches focused on the minimum steering sets and prove that identify
the minimum set of nodes to be affected by external stimuli is a primordial condition to study biomolecular network’s
transitions. According to Butcher et al.>! and Yang et al.?? there are some biomolecular networks for which the
perturbation of a minimum number of nodes can contribute to their transition from a state to a specific state, such as
the promyelocytic leukemia network ?2. However, this is not the case for all biomolecular networks. That is why, we
have to select only indispensable nodes (driver nodes) among neutral nodes (not profitable nodes). We explain this
point by reference to the example presented in Figure 1 and from the point of view of the number of indispensable
nodes for steering the network from its initial state to the desired state. We can reach the desired state via three
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different stimulation strategies (a, b and c). In the strategy a, we interfere all the network nodes. In the strategy b,
we interfere three nodes among four. And in the strategy ¢, we only interfere two nodes. Therefore, we note that the
strategy c is the best one because there is only two indispensable nodes for steering the network.

So, we define the objective function Z3(x) which aims to identify the minimum number of nodes that are indis-
pensable for steering the network from a state to another using Eq. (3).

Minimize Z3(X) = X2, X3 X1, 3)

4.3.4. Minimizing the patient discomfort

The transittability of a biomolecular network can potentially be uncomfortable. By way of example, let’s take the
chemotherapy which is an anti-cancer treatment that consists of acting on cancer cells through toxic drugs (either
by injection, or sometimes in the form of infusion) until they die and disappear. This treatment corresponds to the
transittability of a biomolecular network which generally causes acute pain, vomiting, dizziness, fatigue and stress.
As well as, it has been proved that the patient discomfort negatively impacts emotional and mental health of patients,
the quality of their life and increases the use of health care resources>>>*. For all these reason, we must consider this
important criterion in the transittability process.

Therefore, our objective here is to reduce the patient discomfort during a certain treatment (while finding the best
compromise with the other objective functions cited previously). In our context, the patient discomfort encompasses
different aspects such as patient pain, stress, vomiting, dizziness, anxiety, fatigue, etc.

Based on the IPREA questionnaire proposed by Kalfon et al.>> which focuses on the assessment of discomfort
perceived by patients related to their intensive care, we define the uncomfortable level felt by a patient as an integer
between 0 and 4. The patient is asked to mark his uncomfortable level on the line between the two extremities. These
levels are defined as follows:

Level 0 corresponds to no discomfort,
Level 1 corresponds to light discomfort,
Level 2 corresponds to medium discomfort,
Level 3 corresponds to strong discomfort,
Level 4 corresponds to extreme discomfort.

Therefore, patient discomfort is one of the major aims to be achieved during the optimization of the transittability
of biomolecular network. This goal is represented by the objective function Z4(x) aims to minimize the patient
discomfort using Eq. (4).

Minimize Z4(X) = Y.I_| Discomfortl, “4)
4.4. Constraints

In this section, all constraints required to steer the complex biomolecular network from a state to another are
presented.

e Constraint (5) ensures that the time of introduction of the stimulus k on a node i is greater than (after) the
starting time of the transittability process of the biomolecular network BN.

wa» > StartTransigy VkeS,teT (5

e Constraint (6) ensures that the time of introduction of the stimulus k on a node i is smaller than the finishing
time of the transittability process of the biomolecular network BN.

Si.; < FinishTransigy ~ Vk€S,t €T (©)

o Constraint (7) ensures that the stimuli are introduced by order of time: stimulus k + 1 begins after the stimulus
k finished its perturbation.
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Spitei<Si,, VieMkeSteT (7
e Constraint (8) ensures that both stimuli and nodes are acting simultaneously.
if Yo%, =1then YLy, =1 VieMkeS;teT 8)

o Constraint (9) ensures that the sum of the costs of the selected external stimuli does not exceed the total cost of
all stimuli.

Yoo XLy g, x CostStimy < Y3, CostStimy, )

e Constraint (10) ensures the minimum number of indispensable nodes required for the transittability process.
Y Yl yvik>1 VieMkesS (10)

e Constraint (11) ensures the minimum number of external stimuli required for the transittability process.
XY i >1 VkeS,ieM (11)

e Constraint (12) ensures the non-negativity constraints.

>0
t
Ac,k.i 20

Discomfortp >0
CostStimy >0 (12)

e Constraint (13) represents the binary constraints.

x§<7i €{0,1} VkeS,ieMzteT
yi,€{0,1} VieMkeSteT 13)

e Constraint (14) ensures that the patient discomfort felt during the transittability process should not exceed the
limit (maximum) of discomfort.

FinishTransigy . t , max
Y —StartTransigy Piscomfortp < Discomfortp vieT (14)

e Constraint (15) ensures that each stimulus affect only one node and each node is stimulated by only one stimulus
ata time ¢.

Yo X, =1 VkeSieMieT
Yoy =1 VieMkeSiteT (15)

e Constraint (16) ensures that the change in concentration applied by the stimulus k on the node i does not exceed
both limits minimum and maximum of concentration of the node i.

A,y tch >
Ayt < (16)
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5. Conclusion and future works

In this paper, an important problem in systems biology, the “transittability” of complex biomolecular networks
has been formulated as a multi-objective mathematical programming problem. Indeed, the transittability of complex
biomolecular networks is a multi-criteria problem by nature since there are several potentially conflicting criteria to
consider while steering the network from a state to a desired state. In this paper, four essential criteria, which need
to be minimizing simultaneously to steer complex biomolecular networks from their actual state to a desired state,
are presented and described in detail. There are: the minimization of the number of input signals, the minimization
of the cost of these external stimuli, the minimization of the number of target nodes and the minimization of the
patient discomfort. Applying a minimum number of external stimuli on a minimum number of steering nodes has
been already considered in existing mathematical models in literature, however these criteria are not sufficient for
completely steering complex biomolecular networks. That is why other criteria have been considered in this model.

Future works will focus on the implementation of this proposed model using a multi-objective genetic algorithm-
based method and its application in real complex biomolecular networks.
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