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The in silico study and reverse engineering of regulatory networks has gained in
recognition as an insightful tool for the qualitative study of biological mechanisms that
underlie a broad range of complex illness. In the creation of reliable network models,
the integration of prior mechanistic knowledge with experimentally observed behavior is
hampered by the disparate nature and widespread sparsity of such measurements. The
former challenges conventional regression-based parameter fitting while the latter leads
to large sets of highly variable network models that are equally compliant with the data.
In this paper, we propose a bounded Constraint Satisfaction (CS) based model checking
framework for parameter set identification that readily accommodates partial records and
the exponential complexity of this problem. We introduce specific criteria to describe the
biological plausibility of competing multi-valued regulatory networks that satisfy all the
constraints and formulate model identification as a multi-objective optimization problem.
Optimization is directed at maximizing structural parsimony of the regulatory network
by mitigating excessive control action selectivity while also favoring increased state
transition efficiency and robustness of the network’s dynamic response. The framework’s
scalability, computational time and validity is demonstrated on several well-established
and well-studied biological networks.

Keywords: multi-valued discrete logic, constraint satisfaction, regulatory networks, multi-objective, data
compliance, transition efficiency, path robustness

INTRODUCTION

With the rapid advances in broad-spectrum biological assays and corresponding algorithmic
developments in the computational sciences, the in silico analysis of regulatory networks has
become an increasingly valuable tool in creating new insight into the underpinnings of complex
biological phenomena. While conventional continuous domain models offer high temporal and
state resolution these come at the cost of much more strenuous requirements with regard to data

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 1

March 2019 | Volume 7 | Article 48


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2019.00048
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2019.00048&domain=pdf&date_stamp=2019-03-26
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:gordon.broderick@rochesterregional.org
mailto:gordon.broderick@rochesterregional.org
https://doi.org/10.3389/fbioe.2019.00048
https://www.frontiersin.org/articles/10.3389/fbioe.2019.00048/full
http://loop.frontiersin.org/people/508204/overview
http://loop.frontiersin.org/people/197907/overview
http://loop.frontiersin.org/people/33509/overview
http://loop.frontiersin.org/people/594915/overview

Sedghamiz et al.

Leveraging Prior Knowledge of Biology

quantity and quality. Discrete logical modeling of regulatory
networks offers a simple framework for the qualitative
representation of complex dynamic behavior exhibited by
even relatively simple biological networks. Such formalisms can
be classified into two general categories: binary and multi-valued.
Of the many proposed discrete modeling formalisms (see de
Jong, 2002; Saadatpour and Albert, 2016) for an overview),
the Generalized Discrete Framework (GDF) introduced by
Thomas and D’Ari (1990) is one of the richest and most flexible
methods. In this formalism, every biological entity (cell type,
transcript, etc.) may assume an expression level proportional
to the number of control actions it exercises in the regulatory
network. Biologically, this mimics the diverse selective actions
supported through a broad range of varying molecular receptor
affinity. Furthermore, the context-specific nature of biological
network dynamics is captured in the model by a set of tunable
logical operators (K parameters) that provide high flexibility
in response to multiple competing stimuli, each with different
relative biological activity i.e., signal strength. There are many
challenges in reverse engineering regulatory networks from
quantitative (e.g., time sampled measurements) and qualitative
information (e.g., behavior of steady states), these include;

e Sparse, irregularly collected and incompletely surveyed samples:
Often experimental measurements are non-uniformly
sampled and some markers may be very difficult to survey.
Cost and sample availability limitations also lead more often
than not to small sample size.

e Large and complex networks: The size of the network model
parameter search space increases exponentially with respect to
the number of entities and interactions, many of which may
be unknown.

o Multiple competing models: With model complexity typically
greatly exceeding the number of data records, there usually
exist many model parametrizations that equally satisfy the
limited experimental data.

Many of the early efforts (Bernot et al., 2004; Batt et al,
2011; Klarner et al., 2012b; Monteiro and Chaouiya, 2012)
at parameterization of regulatory networks relied on NuSMV
(Cimatti et al., 2000) to address the combinatorial nature
of this problem. NuSMV relies on Ordered Binary Decision
Diagrams (OBDD) for model checking that is known to have
unpredictable memory allocation (Kurshan, 2018). Therefore,
as soon as the number of entities or nodes in the model
grows, it becomes increasingly difficult to rely on OBDD-based
approaches. Alternatively, Klarner et al. (2012a) proposed a
model identification method for multi-valued regulatory graphs
based on a colored model-checking (Barnat et al., 2012) of
general Linear Temporal Logic (LTL) to handle the combinatorial
complexity of the parameter space. Their approach consists
of first identifying those parameter sets that satisfy a set of
observed experimental data and second ranking them based on
Length Cost and Robustness. However, since the parameter space
of multivalued regulatory networks is super exponential their
approach is likewise limited to models with a small number
of entities or nodes (~<15 binary nodes). Streck and Siebert

(2015) improved the efficiency of LTL-based model checking
by proposing a more efficient encoding method for biological
time series. Likewise, Corblin et al. (2012) employed Answer
Set Programming (ASP) in order to infer dynamical properties
in incomplete gene regulatory networks from incomplete
expression data. But, it is not clear how scalable their proposed
method is and whether different state transition update schemes
such as synchronous and asynchronous are accommodated in
their framework.

There are already various tools developed for logical analysis
of biological networks, such as Caspo (Guziolowski et al., 2013),
TREMPPI (Streck et al., 2016), GINsim (Chaouiya et al., 2003),
and Bio Model Analyzer (BMA) (Benque et al., 2012). Caspo
employs ASP in order to parameterize the regulatory networks.
However, it is only applicable to Boolean models and only
minimizes the Mean Squared Error (MSE) to experimental
measurements. TREMPPI is able to parameterize multivalued
models, but being based on LTL model checking it does
not scale to larger networks (=40 binary nodes or more)
(Streck, 2015) and also does not incorporate the derivation
of some features supporting the use of multi-valued models
such as thresholds of action which are very hard to estimate
a priori. GINsim also employs Thomas formalism in order
to study the regulatory networks, but it is not able to learn
the full trajectory dynamics directly from the experimental
measurements. Similarly, BMA also applies model checking
to multi-valued LTL networks (Claessen et al.,, 2013), making
it accessible to non-programmers through a natural language
and graphical interface (Ahmed et al., 2017), however its
application is focused on recovery of end-point stable states in
a synchronous updating environment. Furthermore, these tools
are generally directed at supporting the manual entry of user-
defined networks which limits the scale of the networks studied.
In this work we attempt to build on the strengths of these
various tools to produce a more integrated flexible environment
that supports asynchronous updating and biological uncertainty,
captures experimentally measured transition states and projects
these onto larger networks where a user’s prior knowledge is
supplemented by the direct incorporation of a much broader
automated text mining of the scientific literature conducted using
Elsevier's (Amsterdam) MedScan natural language processing
(NLP) engine (Novichkova et al., 2003).

In control theory the quality of a model parametrization is
measured by its goodness-of-fit to data and structural parsimony.
For instance, Akaike Information Criterion (AIC) combines the
log-likelihood of adhering to the data and the model complexity
(e.g., number of coefficients in a model) to assess the quality of a
fit (Box et al., 1994). In logical regulatory models, especially as it
might apply to the State Transition Graph (STG) generated by a
model, goodness-of-fit might be understood as a combination of
minimum number of transitions that is required to reproduce the
time sampled measurement data and how robust that generated
transition might be, while complexity can be interpreted by
the number of interactions (e.g., edges) and thresholds of
action (e.g., edge weights in multi-valued networks). This
paper presents an extension of earlier conceptual work by our
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group (Sedghamiz et al, 2017) and the implementation of
these formalisms into a standalone software tool capable of
performing model checking and ranking regulatory networks:
the Biological Model Checker (Bio-ModelChecker). First, a set
of propositional equations inspired from Garg et al. (2008)
are introduced for asynchronous and synchronous discrete
GDF networks. After defining the logical equations for each
specific time update scheme, the problem is formulated as a
Constraint Satisfaction Problem (CSP). CSP offers a declarative
and efficient way of describing combinatorial problems in terms
of a set of constraints (Bartik, 1999). This is particularly
suitable for biological regulatory networks that need to satisfy a
broad range of constraints. We construct bounded propositional
formulas that allow us to efficiently check whether a regulatory
model is able to reproduce a time sampled measurement. It
is common to have several models reproduce a measurement
equally well because the complexity of these networks more
often than not greatly exceeds the number of available data
records. Therefore, we extend the CSP problem into a multi-
objective optimization. The method accepts an incomplete model
from either automated natural language processing (NLP) or
manual curation of literature as the first estimate of network
structure and computes the complete set of parameterizations
(topology and dynamics) of the model by maximizing several
biologically inspired criteria namely: efficiency, robustness, and
selectivity. We have implemented our proposed framework in
FlatZinc (Nethercote et al., 2007; Becket, 2008) which is a
standard CSP language readable by many state-of-the-art solvers.
This gave us the ability to validate the proposed framework
on several different solver technologies including Lazy Clause
Generation (LCG) and Satisfiability Modulo Theories (SMT)
(Yordanov et al., 2013; Giacobbe et al., 2017). Therefore, in
this study, we employed three different solvers namely, Chuffed
(Chu etal., 2014), Google Operations Research Tools (OR-Tools)
(Perron, 2011) which employ LCG technology and OptiMathSat
(Sebastiani and Trentin, 2015) that employs SMT. Our proposed
method is validated on several biological regulatory networks
detailed in Table 1.

This work is novel in several respects. Importantly it
introduces a complete framework for the identification of
biologically relevant parameters in a discrete logic regulatory
network (i.e., a parsimonious topology, contextual decision
weights, polarity of interactions, and even the threshold of actions
among entities). Since we use a generalized Thomas framework
it easily supports Boolean logic, multivalued logic, and the
combination of both. The framework formulates the parameter
identification problem as a bounded constraint satisfaction
problem, enabling one to parametrize larger models by reducing
the corresponding bound, something which remains daunting
(NP-hard) in a conventional OBDD-based framework (Bollig and
Wegener, 1996). It then ranks models satisfying these constraints
based on their goodness-of-fit and complexity which in this
discrete logic framework are denoted as path-length, robustness,
number of interactions, and their threshold of action. Beyond
the immediate task of parameter identification, our framework
can also be used for model reduction, identifying the minimum
number of interactions required to reproduce a desired behavior.

Moreover, the whole framework is implemented in a unified
standard constraint programming syntax which enables it to
benefit from the latest state-of-the-art solvers which are well-
supported and frequently updated.

A REGULATORY NETWORK MODEL

In the following sections, first, we briefly review GDF and
rigorously formulate the parametrization problem. Then, we
introduce the multi-valued logical equations for synchronous
and asynchronous update schemes. Next, we introduce the
concepts of Efficiency, the Length Cost, Robustness, and
Selectivity. A biological regulatory graph G = (VE,W,UP') is a
signed, weighted, and directed graph. Where:

e V denotes the entities (e.g., transcripts, proteins, cells, etc...)
in the network,

e p;i :V — Nj is the maximum expression level that node v;
may assume over its domain D;. In an unconstrained network
node, p; is initially set by default to the number of actions
component v; exerts on the network (e.g., out-degrees).

e N denotes the complete set of natural numbers excluding 0

e E C V x V,is the set of interactions (edges) where:

° wj € {1, ceos ,oj} is the interaction threshold above which the

regulation from node v; to v; is active,

e u; € {—1,1} is a polarity associated with such an interaction
where an activating (inhibiting) effect is expressed by u; =
1 (”ij =-1),

o p;j € {0, 1}, is a bit associated with edge w;; indicating that the
existence of this edge is necessary for the network. This vector
of bits 'P is intended to incorporate prior knowledge in the
parameterization process.

State Transition Function and Graph

Each component v; € V under the GDF is described by a set
of logical parameters, K; : y; — [0, p;] governing its response
behavior toward the target state y; under combinatorial incoming
actions from other components in the network. Intuitively, it
might be thought of synthesis to decay kinetics of entities
influencing v; (Thomas et al., 1995). The state transition function
(image) explains the temporal evolution of the regulatory
network using the K; and is defined as Chaouiya et al. (2003),
Devloo et al. (2003);

yi = Ki (I;) where

Io: = {i € V|(i.j) € E A S“i(xj, wij)} M

S"iis a threshold function that determines whether the expression
level xj of node v; is sufficient to exercise a control action response
i.e., activate (or inhibit) a regulatory target x;. Therefore, the
set of all active interactions on a node are in fact each denoted
by a unique K;j(I;) logical value that collectively define the
image of that node (see Figure 1). Given an instantiation of all
topological (e.g., W, V; U) and dynamical (e.g., K) parameters,
one can study the temporal evolution of regulatory graph G by
iteratively computing the transition function in Equation (1).
This would result in a State Transition Graph (STG) S that
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TABLE 1 | Benchmark problem definition.

Network v| E] F W |0 1P| K] m

Synch Asynch
HPA 4 8 14 2 8 46,656 10 5
IRMA 6 9 16 0 0 ~604 x 100 50 12
Deell 114 129 3 0 95,268 x 10135 3
HPG 5 25 16 25 18 25 3160
Th 23 35 3 0 0 35 2100 2 2

Specification of the five benchmark problems to which an analysis was applied*, where |V | denotes the number of network nodes, |E| the number of regulatory edges, Fthe number of
samples, |W| the number of activation thresholds supporting multi-level logic, |U] the size of polarity specifier set, |P| the size of the edge confidence set, and |K| the size of the logical

parameter space. M is the bounded horizon of reachable states along a trajectory.

*Stress hormone hypothalamic-pituitary-adrenal (HPA) axis (Sedghamiz et al., 2018); synthetic in vivo Reverse-engineering and Modeling Assessment (IRMA) network (Cantone et al.,
2009); the dendritic cell cycle from Garg et al. (2008); the female sex hormone hypothalamic-pituitary-gonadal axis (HPG) (Bennett et al., 2013; Sedghamiz et al., 2017); T-helper cell
differentiation (Garg et al., 2008). Note that the bound for model checking is different under synchronous and asynchronous update schemes.

contains [[;c, (14 p;) states. Note that the edges in S (ie.,
number of edges and reachability of states) directly depends on
the update scheme employed during the simulation. The most
popular update schemes reported in literature are synchronous
and asynchronous (Kauffman, 1969; Thomas and D’Ari, 1990;
Albert and Robeva, 2015).

PARAMETER IDENTIFICATION PROBLEM

The parameter identification problem consists in identifying
from all parameter sets available to the model 3¢, the sub-family

of parameter sets ic (where XA:G c ZG) that would enable
a hypothetically incomplete regulatory network G to generate
a certain behavior (e.g., produce a given attractor and/or a
sequence of partial experimental measurements that might have
to optionally satisfy other additional constraints).

Parameter Space
We define the combinatorial parameter space of size ‘ZG’

associated with regulatory graph G as the product of all unknown
model parameter subspaces for the following;

e Logical values:

K| = 1—[ {(Pz‘ T l)zlq(x‘)\}

ieV

Where |q(i)| is the in-degree of component v; [i.e., q(i) is the set
of regulators of v;] and where there are 2140 parameters required
to capture all possible combinatorial effects on component v; with
each of those parameters assuming a value in [0, p; ].

e Threshold of action:

wi=T] I

€V je(q(i) N W)

Pj

Where w; — [1,p;] and where W < W denotes the
set of interactions for which the threshold of action is not
known a priori.

e Polarity:

2

w=11 T

€V je(q(h N U)

Where, u;; € {0,1} and where U < U denotes the set of
interactions for which polarity is not known a priori. Note that
in a multi-valued formalism, the polarity of an edge constrains
the logical values involved in that interaction. For instance, a
positive (resp. negative) edge from v; to v; requires that there
exists at least a logical value that increases (respectively decrease)
the expression level of v; once v; is active. Formally:

% (xj, wij) <> IR C q (i) : Ki(R) < Ki(RU})

Where R is a subset of q(i) the set of all regulators of node v;.
Intuitively, this criterion requires that the regulators of node v;
should at least be weak activators or inhibitors. However, it is
possible to apply a stricter constraint that requires the regulator
of node v; to be strong modulators (e.g., $*i (xj, w,j) «~—> VR C
q () : Ki(R) < Ki(R|Jj) ). In this study, we only require that
the regulator be at least weak regulator but have the possibility
to strengthen this constraint (see Klarner et al., 2012b for a more
detailed list of available constraints).

e Confidence of interaction:

2

PI=]T TI

€V je(q() N B)

Where p;; € {0, 1} and where P is a bit vector with a cardinality
equal to the total number of interactions in the network (E)
and where a true bit in this vector implies that the existence
of an interaction is necessary in order to satisfy a compliant
parameterization. p C P denotes the subset of interactions that
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et al. (2019).

K.(®) =0 P K3(@) =0
Ki({3}) =1 JUPTTTLL T — Ks({2}) =2
\'“' * §~.
1 — 2 / OJ— 3 G— ¢

Kall) =0 e e K-
Kz({l}) =1 TEe LT K4({3}) =1
Ka({4}) =1 Ky({4}) =2
Kz({1,4}) =1 Ki({3,4}) =2

FIGURE 1 | An example of HPA axis described in GDF. Each interaction (edge ej) is assigned a threshold (wj; ), polarity [uj where solid (resp. dashed) stands for

positive (resp. negative)] and each node is allowed to assume an expression level equal to its number of actions (outdegrees). Transition dynamics of each node is
represented by a set of Kj(/) values. K;j(@) defines the basal value of entities (no activation is present). For instance, Ko ({1, 4}) defines how entity v, behaves when
both its activator v4 and inhibitor v4 are present simultaneously (which is an increase in its expression since Ko ({1,4}) = 1). Adapted from Figure 1A, Sedghamiz

are poorly supported or absent altogether from prior knowledge
and for which a high confidence level could not be assigned by the
user. The vector P is useful for finding the most parsimonious
model (e.g., by minimizing its cardinality) while incorporating
established prior knowledge and exploring the possible role of
new posited interactions.

Consequently, the parameter space of G is super-exponential:

G
’Z ’:|S|><|IC|><|W|><|Z/I|><I77|

Where [S] is the size of the state transition graph, |K| the size
of the logical parameter space, |W|, the size of the threshold of
action parameter space, |U| the size of the polarity of action space
and |P| the size of the confidence of action space.

Logical Equations

In the process of regulatory graph generation, sometimes it
is not possible to confidently determine the polarity of the
regulatory action (U C U) and the thresholds of action (W C
W). Furthermore, experiments are often sparsely sampled and
incompletely surveyed (only partially observed). Therefore, our
proposed method combines the partial information from the
incomplete model and measurements in order to constrain the
parameter sets to satisfy both as well as infer the unknown
model parameters (K, U, W) and the expected values of
missing experimental measurements. In this section, we formally
introduce equations specific to the logical time update scheme
(synchronous and asynchronous).

Propositional Formula for State Transition

Update Schemes

In order to study the temporal evolution of a biological system,
we first need to formally derive the logical equations under each
updating schedule. In this study, we derive such logical equations
for two well-known synchronous and asynchronous update
schedules. Let x'= {x},x},...,x%} be a vector representing the
state of a regulatory network, TRyxn be a trajectory consisting M
transitions x'is the state of the network at time ¢ and N entities.
The logical equation governing such a trajectory depends on

the choice of update scheme is may be defined for the classical
synchronous and asynchronous update schemes as follows:

e Under synchronous update all state variable nodes may update
their current state simultaneously which can be denoted as the

. . o Synch
conjunction of transitions Tl-y across all elements v;:

Snch t_t+1
/\t 1 /\11 'y (' x)

e Under asynchronous update only one state variable node at a
time is permitted to update from its current state which can

Synch
1 M

2)

- . fps h
be denoted as the disjunction of transitions T?Sy " across all
elements v;:
Asynch synch t £t
= A Vo, T 3)

Where Tisy " and T;Asy mhrepresent the transition for node v;
given its image vector Y and current state of the network x' under
synchronous and asynchronous update, respectively. Additional
details regarding the derivation of these propositional formulas

may be found in the Supplementary Material.

Propositional Formula for Bounded Model Checking
of Time Series

In the previous section, we stated that the output of a regulatory
model might be logically formulated as the conjunction of
several states. A time series might be denoted as a matrix
LN with F time samples and N entities. We say a model
generates time series L where there exists at least a path in
its STG which passes through all the samples in L sequentially
(e.g., in order from time sample t; to tr ). This problem
has been traditionally addressed with OBDD based symbolic
model checking (Cimatti et al, 2000) where reachability
analysis is performed on sets of states rather than individual
states. However, the computational requirements and memory
allocation associated with the identification of optimal (minimal
node) OBDD does not scale well with increasing problem size
even using the most efficient ordering techniques (Bollig and
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Wegener, 1996; Singh and Mohan, 2008). As a result, Bounded
Model Checking techniques (Clarke et al., 2001) were introduced
that instead of checking the reachability properties on sets of
states deal with a user-defined bounded number of states that
mitigate the state space explosion. These methods construct a
propositional formula for which satisfiability is checked using
SAT solvers. Given:

e A transition characteristic function defined under the
synchronous (Equation 2) or asynchronous update scheme
(Equation 3).

e A user supplied upper bound M on the number of
transitions and

e A matrix of time series measurements L™ that might contain
uncertain or unmeasured entities denoted by _L.

The unrolled propositional formula for a pair of samples in L
(e.g., consecutive rows Iy and I¢ ) is defined as follows:

e For the synchronous update scheme:

[SST ptpson = = </\ier,j i x})
AN AT @)
M
A (\/t:Z /\ier,j hari — xf) @

where,

Byj:={j e Lnlll; # L}

The first term of Equation (4) sets the initial state of the transition
(x!) equal to the first pair of the sampled measurement (lf ) for
those entities which are certain (—_L). The second term computes
the set of all reachable states within a bound M. Finally, the
last term states that at least one of the transitions within the
bound (t := [2,M]) should be equal to the second pair of the
measurement (lf+1 ).

e For the asynchronous update scheme similarly:

M-1 N syncl
[SSY gt om = = (/\iesf,j i — xil) A (/\tZI Vi e
DAV Ay s ) ©

Note that Equations (4) and (5) apply to pairs of measurements
only. For a measurement matrix with more than F > 2 samples,
we construct conjunction of Equations (4) and (5) consecutively.
Therefore, for a measurement matrix LFN;

F-1
/\f:1 S8 (1) (©)

Intuitively, for each pair in L a set of all reachable sets within a
bound M is computed and the whole matrix is reproducible when
all sub-clauses in Equation (6) are satisfiable.

Example: Assume a measurement matrix L with 3 time-course
samples of the simple generic example depicted in Figure 1 which
contains three uncertain measurements:

L
L=|1
1

o

10
21
12

The corresponding unfolded propositional formula for this
matrix’s row 1 and 2 (e.g., time samples 1 and 2) with a checking
bound of M = 3 under the synchronous update scheme is
defined as;

[SST (1y,1); = /\ i <— X (—-x% /\x§ /\—-xi) /\

i€By;
Tfymh (xl,xz) : ((x% <~ (x% + SC%)) /\ (x% <~ (xé + SC%))
A G o (& +sc)) A
" (2, 2) - ((xf < (F+8C)) A (3 < (3+522)

A G (3 +5¢) ) A

VA o (4 (3 2) A )

t=2 ieBy;

Y (xf A (xg <~ 2) A xi))

The propositional formula for row 2 and 3 of L (e.g., SS, 1), )
is computed similarly. Taking the conjunction of these two
propositional formulas as shown in Equation (6) would result in
bounded checking of the whole matrix. Note that the existence
of node and cyclic attractors might also be easily checked with
a similar propositional formula where the initial and end state
are identical. This is true for node attractors and transient cycles
under the asynchronous update scheme, and node attractors as
well as cyclic attractors under the synchronous update scheme
(Dubrova and Teslenko, 2011).

Constraint Satisfaction Problem

CSP is a declarative paradigm in which the problems are
described in terms of their constraints (Jaffar and Maher, 1994;
Bartak, 1999; Tack, 2009). A constraint satisfaction problem is
stated as:

o Asetof V={vy,..
domain D;.
o A set of constraints that restrict the bound of each variable.

., Yy} variables; where each variable v; has a

A solution to CSP is the assignment of each variable to a
domain that satisfies all of the constraints. CSP has been
previously used successfully in identification of attractors in
large regulatory networks (Devloo et al., 2003). In this work,
we have formulated the model identification task as a CSP and
implemented it in a standard CSP language known as FlatZinc
(Nethercote et al., 2007) that is readable by many state-of-the-
art solvers. An extension of the basic CSP might be solved as
an optimization problem where for each satisfying solution the
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value of an objective(s) is improved (e.g., branch-and-bound;
Clausen, 1999).

Optimization Objective Functions

In control and regression theory, there exists measures such
as Akaike Information Criterion (AIC) that combine goodness-
of-fit (e.g., log-likelihood) and complexity (e.g., number of
coefficients) of the model to score the quality of a fit.
Inspired from the same ideas, in this section, we introduce
several biologically relevant objective functions employed in
our parameterization to rank the constraint satisfying models
(Sedghamiz et al., 2017). We denote our final multi-objective
function as a vector Z which consists of three objectives in
the case of the asynchronous update scheme and two under
synchronous update scheme as detailed below.

Structural Efficiency

Our first assumption is that biology tends to be energy efficient
and parsimonious in structure. In multivalued regulatory graphs,
this is reflected as a minimal number of interactions (|E|) and
aggregate threshold of actions (W). A regulatory network is
energy efficient and parsimonious if it is able to generate a
response behavior with as few control actions as possible. This
is defined as:

L N
| minimize 32y 3 g Piwii

Z1: = . (7)

Subject to wij € [1,p;] .

Where P vector is a binary mask (see A Regulatory Network
Model). pj; is true iff the existence of edge p;; is necessary in the
graph G in order to reproduce a behavior.

Path Length Cost

A sequence of time sampled measurements might be assumed
to represent a trajectory with length F. The shortest possible
walk from the first sample ¢ to t + 1 is denoted by F,,,,.
Then, the length cost is defined as the smallest number of
transitions (shortest walk) required by a parameterization to
reproduce the time-sampled trajectory in question. For instance,
if a measurement only consists of two samples 1 and ¢, then we
find a smallest value of F, , for which Equation (6) is satisfiable
[specifically see the last clauses in Equations (4) and (5)]. The
length cost for a measurement with F samples is defined as:

F—-1
Zy 1 = minimize Zt:l (Fmt,z+1 - 2) (8)

Where F, Fy,,,, € {l,...,M}, M < Dp are the number of
sampled measurements, the minimum length cost for samples
t and t + 1, and reachability bound, respectively (D is
the diameter of State Transition Graph (STG). Therefore, the
minimum possible value for z, is 0 (e.g., the constant 2 in
Equation (8) is used to remove the initial and end state as offsets)
and it grows as the length cost increases (see Figure 2).

Path Robustness

The asynchronous update scheme employed in this study
considers the stochasticity in system behavior that results from
uncertainty in the relative kinetics of the nodes in the network.

As Klarner et al. (2012a) pointed out, variability in the time delays
separating the sequential activation of different nodes manifests
as perturbations to the system dynamics overall. A model is
considered robust if it is insensitive to such changes. This can be
quantified as the number of competing trajectories between time
sample f to t+1.We prioritize the parameter sets that generate
fewer branches between two consecutive measured states since
as the number of paths increase the chance of deviating from
the destination grows as well. We count the total number of
variables that tend to change (R; ;4+1) from state t to t + 1.
Formally, we find a robust parameterization with respect to a set
of measurements with length F by:

minimize Zle Ry 141
where Ry, 141 = Zf\; ()’f D xzt) ©)
subject to Ry, 111 € [0, N]

Z3Z=

Where @ is multivalued XOR operator (e.g., 2 @ 1 = true; 3
P 3 = false).

The Robustness idea is illustrated in Figure 3. Note that it is a
function of length cost. We first find a minimum F,,, | for which
two samples are reachable and then for that F,;,,,,, minimize the
robustness cost. Note that the minimum value for Ry 41 is 0,
where 0 means that the state is steady (e.g., no variable tends
to change). For an example see Figure 3, there are two different
paths with equal length costs (solid and dashed curves) generated
by two parameterizations (instantiation of K;(I), W, and U).
The solid-line trajectory offers the possibility of an alternate
destination and is hence has a higher robustness cost.

The multi-objective vector Z might be solved by linearly
combining the objectives (e.g., Z?:l 8iz; where §; is a penalizing
integer weight) or in a Pareto front manner which is supported
by some of the solvers (e.g., OptiMathSat; Sebastiani and Trentin,
2015). In this study, we weighted all the objectives equally for the
linear mixture.

BENCHMARKS AND APPLICATIONS

As mentioned in the Introduction, the concepts reported
here have been integrated into a standalone software tool,
the BioMC (https://github.com/hooman650/BioModelChecker),
that accepts the input problem definitions as a JSON file.
The regulatory network structure is described by an adjacency
matrix. This matrix has 5 rows, where the first and second
row indicate the target and source node indices, respectively.
The third and fourth rows indicate threshold of action and
the polarity (e.g., activator/inhibitor), respectively. Finally, the
last row is a binary flag that indicates whether the interaction
should be necessarily preserved during the parameterization.
This adjacency matrix may be defined directly by the user or
may be generated automatically by deploying a text-mining
tool to survey the scientific literature, or both. Currently our
group uses the MedScan natural language processing (NLP)
engine (Novichkova et al, 2003) that supports the Pathway
Studio database (Elsevier, Amsterdam) to extract regulatory
interactions reported in the literature. The output of the pathway
studio is an adjacency list that indicates the target and source
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FIGURE 2 | An example visualizing the length cost (denoted by Frmy 1) concept. Assuming (xt and xt”) are two sampled experimental measurements. There are
three sets of parameters that make xt1 reachable from xt: a direct transition with me = 0 and two indirect transitions with qu = 2 and me = 1,
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FIGURE 3 | An illustration of robustness. Here there are two parameterizations that generate paths with equal length costs (solid and dashed). In order to compute
the robustness, we only count the number of branches for the shortest trajectories. It is clear that while the dashed trajectory is still reachable to sample 2 with a
similar cost length, it has a chance of deviating and missing its destination in transitions [0100] and [0101] (dotted branches).

entities and their nature of interaction (e.g., activator/inhibitor).
BioMC directly imports this list and completes the annotation by
computing the regulatory polarity and the expected confidence
metric for each edge (the last row of the adjacency list).
The BioMC analytical framework is implemented for Windows
64bit and incorporates three solvers. In our implementation,
we employ variable ordering by instructing the solvers to start
with those variables having the most narrow range of discrete

values. In this work, we also compare the results obtained
from solving the objective vector Z by linearly combining its
components with the Pareto approach proposed in Sebastiani
and Trentin (2015). We demonstrate the capabilities of this
framework by applying the latter to the 5 benchmark problems
described in Table 1. Specifically, we show how the framework
can be used to effectively integrate sparsely collected and partially
observed samples with prior knowledge of the network structure
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in order to validate and rationalize the latter and support the
mechanistically informed simulation of the system’s dynamic
behavior at various scales of biology and levels of structural
complexity (i.e., connection density). All the sequential solvers
were tested on an Intel core i7 machine.

Model Validation: The

Hypothalamic-Pituitary-Adrenal (HPA) Axis
The Hypothalamic-Pituitary-Adrenal (HPA) axis represented
in Figurel is the most central regulator of immune and
endocrine response to stress and has aptly been called the
“fight or flight” axis. Due to its important regulatory role, it
is no surprise that the HPA axis has been associated with a
number of complex chronic diseases (Silverman and Sternberg,
2012). Perceived stress triggers a cascade of hormone release
starting with corticotrophin-releasing hormone (CRH; node
1) and adrenocorticotropic hormone (ACTH; node 2) by the
hypothalamus and pituitary in the mid-brain and leading to the
release of the broad-acting immune regulator cortisol (node 3)
from the adrenal glands and up-regulates receptor expression
R (node 4). Circulating cortisol then regulates in a negative
feedback to the mid-brain where it slows additional CRH (node
1) release (see also, Figure S2.1). Here we provided 7 time
points simulated for two of the 4 state variables and asked
the model checker to find all missing parameters (interaction
polarities, threshold of actions, and dynamics) defining the 6
regulatory interactions. In addition, we introduced two spurious
interactions to the model in order to see whether the model
checker would be able to flag these (all the bits in confidence
vector P corresponding to all interactions were set as unknown).
In the synchronous case, all the three solvers agreed on a single
solution that accurately aligns with the reference HPA axis model
presented in our earlier work (Sedghamiz et al., 2018, also see
Figure 1). Interestingly, this solution also correctly identified
the 2 spurious interactions as redundant (e.g., interactions from
the glucocorticoid receptor R (node 4) to corticotropin-releasing
hormone CRH (node 1), and CRH (node 1) to cortisol (Cort;
node 3), respectively). The time required to converge to a solution
was very similar for OR-tools and Chuffed.

Model Reduction: The T-Helper Cell

Differentiation Network

In order to illustrate the utility of our approach in the reduction
of models to minimal representations, we analyzed an immune
signaling network describing the differentiation of naive T helper
(Th) cells to either a Thl or Th2 phenotype. This network
was composed of 26 molecular and cellular cues (Garg et al,
2008) linked by 35 regulatory interactions (see, Figure §2.2). We
asked the model checker what would be the smallest network
model in terms of number of interactions capable of reproducing
the same 3 attractors supported by the original model without
changing any polarity of interactions in the network. Note that
node steady states are identical regardless of the state transition
update scheme and that accordingly the running times are
identical for both scenarios. The model-checker identified a
minimal network with 26 interactions (e.g., z; = 0.74) and

their corresponding logical parameters that exactly reproduced
the 3 attractors reported by the original model (see Figure 4).
The resultant minimal network model was able to reproduce
the documented bi-stability of competition between the master
regulatory Th1/Th2 transcription factors T-bet and GATA3
(Fang and Zhu, 2017) in a more parsimonious form. Where the
initial model contained direct inhibitory connections in both
directions between T-bet and GATA3, we discovered that these
direct interactions were not necessary to support the available
steady states. Instead, selective activation of T-bet or GATA3
in the reduced model is sustained by positive feedback (direct
in the case of T-bet and mediated by IL-4 and STAT6 in the
case of GATA3), with activation of either interrupting the other’s
feedback loop. In order to verify this, we used BoolNet (Mssel
et al.,, 2010) to identify the attractors of the reduced model and
obtained identical results. Note that here, the only objective was
to minimize the cardinality of the P vector, since the network
is binary (V{i,j} € V, wj < 1) and since the only criteria
is to reproduce the node steady states (e.g, X< Y) =
(Zz =0Az3 = 0))

Recovering Dynamics: The IRMA

Gene Network

We also applied the model checker to the synthetic network
regulating the expression of 5 genes in yeast known as the
IRMA network, a well-studied model in the development of
reverse engineering applications (see, Figure $2.3). We asked
the model checker to find the most robust model reproducing
the knockout measurements provided in Cantone et al. (2009)
and translated into discrete data points in Klarner et al.
(2012b). The linear optimizers identified a slightly different
solution (e.g., though the overall objective function value
was lower) than the solution found by the pareto solver.
The former solution has a lower robustness but is more
efficient (e.g., in terms of the number of transitions needed
to reproduce the time series), while the latter is more robust
and slightly less efficient suggesting that a Pareto solution
might prioritize robustness over efficiency. In terms of run
time, Chuffed and OR-tools showed similar performance with
both being at least 7 times faster than the Pareto solver
OptiMathsat. The parameterization under the synchronous
update scheme was unsatisfiable for a bound of up to M =
50. Chuffed was the fastest solver to prove unsatisfiability (e.g.,
only ~ 5s) followed by OptiMathSat illustrating the power
of CP solvers in proving unsatisfiability even for large state
transition bounds.

Scalability: The Dendritic Cell Network

In order to show the scalability of our approach to large
state spaces, we applied it to a literature-mined network
known as Dendritic Cell (Dcell) (Garg et al., 2008) that
contains 114 entities connected by 129 interactions (see,
Figure $2.4). We generated a synthetic measurement data
along a 3-point time course to serve in parameterizing this
network. All the techniques listed in Table2 agreed on a
single optimal solution and again in terms of convergence
time the sequential Chuffed was the fastest. Importantly while

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

March 2019 | Volume 7 | Article 48


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Sedghamiz et al.

Leveraging Prior Knowledge of Biology

5A, Sedghamiz et al. (2019).

FIGURE 4 | The T-helper network. Arrow-head and circle-head edges indicate activating and inhibiting interactions, respectively. Dashed edges highlight the
interactions that were marked by the model checker not necessary in order to reproduce the three steady states reported in Garg et al. (2008). Adapted from Figure

this network included the largest number of entities, it was
also the most sparsely connected which further exacerbates
the network identification problem from experimental data.
While regulatory complexity, or the number of regulators at
a given node, is a central driver of complexity in parameter
identification the overall size of the state transition space is
also an important contributor. In this example, regulatory
complexity may be moderate however the state space is sizable
i.e., |S| is of the order of 2!'*. This would be a challenge for
exact parameterization methods that explore the complete STG
while in this work we show that the bounded parameterization
techniques such as the one proposed are able to easily traverse
such large STG.

Model Discovery: The Female
Hypothalamic-Pituitary-Gonadal

(HPG) Axis

Finally, we applied this framework to the recovery and analysis
of a minimal representation of female sex hormone regulation
by the Hypothalamic-Pituitary-Gonadal (HPG) axis required to
reproduce the basic menstrual cycle as previously reported in
our earlier work (Sedghamiz et al, 2017). Activation of the
HPG axis involves release of Gonadotropin-releasing hormone
(GnRH) by the hypothalamus in the mid-brain, prompting the
pituitary to then release luteinizing hormone (LH), as well as
follicle-stimulating hormone (FSH) into circulation. LH and FSH
flow to the gonads, stimulating the ovaries produce estrogen and
progesterone which in turn prompt a negative feedback to the
hypothalamus down-regulating GnRH release (Viau, 2002). We
started with a fully connected network (5 entities, 25 edges) where
only 5 interactions were known in terms of polarity and where
the characteristics of the remaining interactions were completely
unknown (e.g., polarity, threshold of action, and dynamics) (see
Figure S2.5). In addition, the time course is cyclic with the last
time point returning to the first, making this benchmark network
the most challenging model to identify because of its complex
dynamic behavior (i.e., limit cycle). Under the asynchronous

update scheme none of the solvers found an optimal solution
within the time limit but OR-tools provided the best solutions in
terms of all objectives and the total objective Z.

DISCUSSION

While the significant inroads have been made in the study
of biological networks with platforms like CelINOptR (Terfve
2012) and Optimusqual (Dorier et al., 2016) these
pioneering tools apply global goal-seeking approaches like
genetic algorithms to reconcile experimental data with prior
knowledge network dynamics based on Boolean logic and
extensions such as constrained fuzzy logic and logic-based ODEs.
In this work, we have proposed an extended framework based
on multi-level logic where we apply bounded model checking
using CSP in order to provide an exhaustive search of the
parameter space while addressing the super-exponential nature
of this problem in a multi-objective setting, both of which
are novel. This work integrates in a modular framework, the
latest techniques developed in the Artificial Intelligence (AI)
community specifically CSP to the biological model identification
problem, making it effortless to employ the latest refinements
to these solvers. In an extension of similar tools available for
studying logical networks such as TREMPPI, Caspo and GINsim,
Bio-ModelChecker directly supports the learning of activation
threshold values for regulatory interactions (edge thresholds)
from experimental data and also accommodates the use of
confidence scores on edges derived from the literature. We show
that by choosing smaller bounds for model checking it is possible
to reverse engineer relatively large biological networks (e.g.,
Dcell with 114 entities) in a reasonably efficient computational
time. A caveat to this increase in scale remains the degree of
regulatory complexity at individual nodes. Indeed, as this method
is based on an exhaustive search of all possible combinations
of active regulators, the number of discrete values that may be
assumed by the logical parameters K increases exponentially with

et al.,

respect to the number of regulators of a given node (e.g., 2lail,
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where |q,~| is the number of regulators of node v;). Therefore,
regardless of the parameterization technique employed, due to
the formalism definition itself, the number of regulators may be
expected to be a limiting factor, especially as it increases beyond
15. However, as our proposed parameterization technique is
based on constraint satisfaction programming (CSP), we submit
that it is especially well-suited to such complexity and may
nonetheless continue to support complete searches within
reasonable execution times even in networks populated by nodes
with 5 or more concurrent regulators.

In addition to offering an attractive algorithmic compromise
between completeness of search and network complexity, we
introduced here in the formulation of the problem itself several
biologically inspired measures of optimality such as efficiency of
regulatory structure, robustness of response, and path length cost
that may serve in ranking families of feasible models according to
their plausibility. For instance, the reduction of models to their
simplest representation by focusing on the minimization of the
first objective alone translates into identifying the set of most
crucial interactions in a network that are necessary to reproduce
a set of steady states or temporal behavior. With regard to better
understanding the design principles of biological signaling, a
multi-objective view of these problems opens new doors for
further research. Specifically, applying these objective functions
separately to well-studied biological systems would allow us to
further explore how signal transduction efficiency is balanced
against signal robustness and how this trade-off may be weighted
differently according to biological function and level of biology.
In this work we define increased robustness as a reduction in
the branching of dynamic response offered by competing state
transitions. Though some level of kinetic stochasticity remains
a legitimate feature at certain levels of biology, we present the
limit case where no information regarding the relative kinetics of
any state variable is available and the system evolves according
to a completely asynchronous update. This is an extreme case
that almost invariably supports trajectories that are biologically
infeasible. Indeed, in previous work (Sedghamiz et al., 2018)
we have shown that grouping state variables according to
physiological compartment and assigning a priority of update
based on the relative kinetics of these groups greatly reduces
the complexity of the state transition graph and significantly
improves biological fidelity. Nonetheless as stochasticity remains
a basic feature of biology, we submit that this measure of signal
robustness will remain of interest even in well-characterized
systems and that the identification of regulatory characteristics
that accommodate such stochasticity while also imparting an
increasing consistency in behavior will offer new insights into
these systems. Importantly, this framework is the only method
that to our knowledge offers this type of parameterization
in two different updating schemes namely synchronous and
asynchronous. The parameterization of the models under
synchronous update being more computationally efficient, it is
useful to employ this update scheme for initial exploration of
much larger models. Moreover, being able to reverse engineer the
biological models based on two different state transition update
schemes might allow a better understanding of dependency of the
network on time delays associated with the entities involved.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

11

March 2019 | Volume 7 | Article 48


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Sedghamiz et al.

Leveraging Prior Knowledge of Biology

AUTHOR CONTRIBUTIONS

HS developed and evaluated the mathematical analysis tools,
ran simulations, prepared graphics, and drafted the initial
manuscript. MM helped design and select the biological
models, and contributed to the biological interpretations in the
manuscript. TC contributed to prior work with the model and
reviewed the manuscript. DW guided core algorithmic changes
leading to significant increases in efficiency and reviewed the
manuscript. GB directed the work, contributed directly to the
development of the original, and revised frameworks, and was
a major contributor in writing the manuscript. All authors read
and approved the final manuscript.

FUNDING

Funding for this work was provided by Rochester Regional
Health in conjunction with the US Department of Defense
Congressionally ~ Directed  Medical Research  Program

REFERENCES

Ahmed, Z., Benque, D., Berezin, S., Dahl, A. C. E,, Fisher, J., Hall, B. A., et al. (2017).
“Bringing LTL Model Checking to Biologists,” in Verification, Model Checking,
and Abstract Interpretation. VMCAI 2017. Lecture Notes in Computer Science,
eds A. Bouajjani and D. Monniaux (Cham: Springer), 1-13.

Albert, R., and Robeva, R. (2015). “Signaling networks: asynchronous boolean
models,” in Algebraic and Discrete Mathematical Methods for Modern Biology,
ed R. S. Robeva (Amsterdam, NL: Academic Press; Elsevier), 65-91.

Barnat, J., Brim, L., Krejci, A., Streck, A., Safranek, D., Vejnar, M., et al. (2012). On
Parameter Synthesis by Parallel Model Checking. IEEE/ACM Trans. Comput.
Biol. Bioinform. 9, 693-705. doi: 10.1109/TCBB.2011.110

Bartdk, R. (1999). Constraint programming: in pursuit of the holy grail. Theor.
Comput. Sci. 17, 555-564.

Batt, G., Page, M., Cantone, I, Goessler, G., Monteiro, P., and De Jong,
H. (2011). Efficient parameter search for qualitative models of regulatory
networks using symbolic model checking. Bioinformatics 27, i603-i610.
doi: 10.1093/bioinformatics/btq387

Becket, R. (2008). Specification of FlatZinc. Version 1.6, 1-22. Available online at:
http://www.minizinc.org/downloads/doc-1.6/flatzinc- spec.pdf

Bennett, N. E., Applegarth, L. D., Oates, R. D., and Schlegel, P. N. (2013).
“Functional anatomy of the hypothalamic pituitary gonadal axis and the
male reproductive tract” in Fertility Preservation in Male Cancer Patients, eds
J.P. Mulhall, L.D. Applegarth, R.D. Oates (Cambridge: Cambridge University
Press), 1-10.

Benque, D., Bourton, S., Cockerton, C., Cook, B., Fisher, J., Ishtiaq, S., et al. (2012)
“Bma: visual tool for modeling and analyzing biological networks,” in Computer
Aided Verification. CAV 2012. Lecture Notes in Computer Science, Vol. 7358,
eds P. Madhusudan and S. A. Seshia (Berlin, Heidelberg: Springer), 686-692.
doi: 10.1007/978-3-642-31424-7_50

Bernot, G., Comet, J. P., Richard, A., and Guespin, J. (2004). Application
of formal methods to biological regulatory networks: extending Thomas’
asynchronous logical approach with temporal logic. J. Theor. Biol. 229,
339-347. doi: 10.1016/j.jtbi.2004.04.003

Bollig, B., and Wegener, I. (1996). Improving the variable ordering of OBDDs
is NP-complete. IEEE Trans. Comput. 45, 993-1002. doi: 10.1109/12.
537122

Box, G. E. P, Jenkins, G. M., and Reinsel, G. C. (1994). Time Series Analysis:
Forecasting and Control. New York, NY: John Wiley and Sons.

Cantone, 1., Marucci, L., Iorio, F., Ricci, M. A,, Belcastro, V., Bansal, M., et al.
(2009). A yeast synthetic network for in vivo assessment of reverse-engineering

(CDMRP) (https://cdmrp.army.mil) under award GW140142
(Broderick/Craddock—PI; Whitley Partnering PI).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2019.00048/full#supplementary-material

BioModelChecker (BioMC), a standalone software developed
by our group for the reverse engineering and analysis of
regulatory networks based on Constraint Satisfaction (CS)
techniques is freely available at https://github.com/hooman650/
BioModelChecker. Also available at this site are accompanying
user documentation and example problems. Supplementary
Material includes the details regarding the derivation of
propositional formulas in Equations (2) and (3).

Supplementary Material File 1 | Detailed derivation of update schemes.

Supplementary Material File 2 | Model regulatory circuits; Figures $2.1-5.

and modeling approaches. Cell 137, 172-181. doi: 10.1016/j.cell.2009.
01.055

Chaouiya, C., Remy, E., Moss, B., and Thieffry, D. (2003). “Qualitative analysis of
regulatory graphs : a computational tool based on a discrete formal framework,”
in: Positive Systems. Lecture Notes in Control and Information Science, Vol 294.
eds L. Benvenuti, A. De Santis, and L. Farina L (Heidelberg: Springer), 119-126.

Chu, G., Garcia De La Banda, M., Mears, C., and Stuckey, P. J. (2014). Symmetries,
almost symmetries, and lazy clause generation. Constraints 19, 434-462.
doi: 10.1007/s10601-014-9163-9

Cimatti, A., Clarke, E., Giunchiglia, F., and Roveri, M. (2000). NUSMV: a new
symbolic model checker. Int. J. STTT 2, 410-425. doi: 10.1007/s100090050046

Claessen, K., Fisher, J., Ishtiaq, S., Piterman, N., and Wang, Q. (2013). “Model-
checking signal transduction networks through decreasing reachability sets,” in
Computer Aided Verification. CAV 2013. Lecture Notes in Computer Science, eds.
N. Sharygina, and H. Veith (Heidelberg: Springer), 85-100.

Clarke, E., Biere, A., Raimi, R, and Zhu, Y. (2001). Bounded model
checking using SAT solving. Form. Methods Syst. Design 19, 7-34.
doi: 10.1023/A:1011276507260

Clausen, J. (1999). Branch and Bound Algorithms-Principles and Examples.
Department of Computer Science, University of Copenhagen, 1-30.

Corblin, F., Fanchon, E., Trilling, L., Chaouiya, C., and Thieffry, D. (2012).
“Automatic inference of regulatory and dynamical properties from incomplete
gene interaction and expression data,” in Information Processing in Cells and
Tissues. IPCAT 2012. Lecture Notes in Computer Science, vol 7223, eds. M.A.
Lones, S.L. Smith, S. Teichmann, F. Naef, J.A. Walker, and M.A. Trefzer
(Heidelberg: Springer), 25-30.

de Jong, H. (2002). Modeling and simulation of genetic regulatory systems: a
literature review. J. Comput. Biol. 9, 67-103. doi: 10.1089/10665270252833208

Devloo, V., Hansen, P., and Labb,é, M. (2003). Identification of all steady
states in large networks by logical analysis. Bull. Math. Biol. 65, 1025-1051.
doi: 10.1016/S0092-8240(03)00061-2

Dorier, J., Crespo, I, Niknejad, A., Liechti, R, Ebeling, M., and Xenarios, I. (2016).
Boolean regulatory network reconstruction using literature-based knowledge
with a genetic algorithm optimization method. BMC Bioinformatics. 17:410.
doi: 10.1186/s12859-016-1287-z

Dubrova, E., and Teslenko, M. (2011). A SAT-based algorithm for finding
attractors in synchronous boolean networks. IEEE/ACM Trans. Comput. Biol.
Bioinform. 8, 1393-1399. doi: 10.1109/TCBB.2010.20

Fang, D., and Zhu, J. (2017). Dynamic balance between master transcription factors
determines the fates and functions of CD4T cell and innate lymphoid cell
subsets. J. Exp. Med. 214, 1861-1876. doi: 10.1084/jem.20170494

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

12

March 2019 | Volume 7 | Article 48


https://cdmrp.army.mil
https://www.frontiersin.org/articles/10.3389/fbioe.2019.00048/full#supplementary-material
https://github.com/hooman650/BioModelChecker
https://github.com/hooman650/BioModelChecker
https://doi.org/10.1109/TCBB.2011.110
https://doi.org/10.1093/bioinformatics/btq387
http://www.minizinc.org/downloads/doc-1.6/flatzinc-spec.pdf
https://doi.org/10.1007/978-3-642-31424-7_50
https://doi.org/10.1016/j.jtbi.2004.04.003
https://doi.org/10.1109/12.537122
https://doi.org/10.1016/j.cell.2009.01.055
https://doi.org/10.1007/s10601-014-9163-9
https://doi.org/10.1007/s100090050046
https://doi.org/10.1023/A:1011276507260
https://doi.org/10.1089/10665270252833208
https://doi.org/10.1016/S0092-8240(03)00061-2
https://doi.org/10.1186/s12859-016-1287-z
https://doi.org/10.1109/TCBB.2010.20
https://doi.org/10.1084/jem.20170494
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Sedghamiz et al.

Leveraging Prior Knowledge of Biology

Garg, A., Di Cara, A., Xenarios, I, Mendoza, L., and De Micheli, G. (2008).
Synchronous versus asynchronous modeling of gene regulatory networks.
Bioinformatics 24, 1917-1925. doi: 10.1093/bioinformatics/btn336

Giacobbe, M., Guet, C. C., Gupta, A., Henzinger, T. A., Paixdo, T., and Petrov,
T. (2017). Model checking the evolution of gene regulatory networks. Acta
Informat. 54, 765-787. doi: 10.1007/s00236-016-0278-x

Guziolowski, C., Videla, S., Eduati, F., Thiele, S., Cokelaer, T., Siegel, A,
et al. (2013). Exhaustively characterizing feasible logic models of a signaling
network using answer set programming. Bioinformatics 29, 2320-2326.
doi: 10.1093/bioinformatics/btt393

Jaffar, J., and Maher, M. J. (1994). Constraint logic programming: a survey. J. Logic
Program. 19-20(Suppl. 1), 503-581. doi: 10.1016/0743-1066(94)90033-7

Kauffman, S. A. (1969). Metabolic stability and epigenesis in randomly constructed
genetic nets. J. Theor. Biol. 22, 437-467. doi: 10.1016/0022-5193(69)90015-0

Klarner, H., Siebert, H., and Bockmayr, A. (2012b). Time series dependent
analysis of unparametrized thomas networks. IEEE/ACM Trans. Comput. Biol.
Bioinformat. 9, 1338-1351. doi: 10.1109/TCBB.2012.61

Klarner, H., Streck, A., Safrdnek, D., Kol¢dk, J., and Siebert, H. (2012a). “Parameter
identification and model ranking of Thomas networks,” in Computational
Methods in Systems Biology. CMSB 2012. Lecture Notes in Computer Science,
eds. D. Gilbert and M. Heiner (Heidelberg: Springer), 207-226.

Kurshan, R. P. (2018). “Transfer of model checking to industrial practice,” in
Handbook of Model Checking, eds. E.M. Clarke, T.A. Henzinger, H. Veith, and
R. Bloem (Heidelberg: Springer Nature), 786.

Monteiro, P. T., and Chaouiya, C. (2012). “Efficient verification for logical
models of regulatory networks,” in 6th International Conference on Practical
Applications of Computational Biology ¢ Bioinformatics. Advances in Intelligent
and Soft Computing, eds M. Rocha, N. Luscombe, F. Fdez-Riverola, J. Rodriguez
(Heidelberg: Springer), 259-267.

Mssel, C., Hopfensitz, M., and Kestler, H. A. (2010). BoolNet-an R package for
generation, reconstruction and analysis of Boolean networks. Bioinformatics 26,
1378-1380. doi: 10.1093/bioinformatics/btq124

Nethercote, N., Stuckey, P. J., Becket, R., Brand, S., Duck, G. J., and Tack, G.
(2007). “MiniZinc: towards a standard CP modelling language,” in Principles
and Practice of Constraint Programming — CP 2007. CP 2007. Lecture Notes in
Computer Science, ed C. Bessiére (Berlin, Heidelberg: Springer), 529-543.

Novichkova, S., Egorov, S., and Daraselia, N. (2003). MedScan, a natural language
processing engine for MEDLINE abstracts. Bioinformatics 19, 1699-1706.
doi: 10.1093/bioinformatics/btg207

Perron, L. (2011). “Operations research and constraint programming at google,” in
Principles and Practice of Constraint Programming - CP 2011. CP 2011. Lecture
Notes in Computer Science, ed. J. Lee (Heidelberg: Springer), 2.

Saadatpour, A., and Albert, R. (2016). A comparative study of qualitative and
quantitative dynamic models of biological regulatory networks. EPJ] Nonlinear
Biomed. Phys. 4:5. doi: 10.1140/epjnbp/s40366-016-0031-y

Sebastiani, R., and Trentin, P. (2015). “OptiMathSAT: atool for optimization
modulo theories,” in Computer Aided Verification. CAV 2015. Lecture Notes in
Computer Science, eds. D. Kroening, C. Pasareanu (Cham: Springer), 447-454.

Sedghamiz, H., Chen,W., Rice, M., Whitley, D., and Broderick, G. (2017).
“Selecting optimal models based on efficiency and robustness in multi-
valued biological networks” in 2017 IEEE 17th International Conference
on Bioinformatics and Bioengineering (BIBE) (Washington, DC), 200-205.
doi: 10.1109/BIBE.2017.00-55

Sedghamiz, H., Morris, M., Craddock, T. J. A., Whitley, D., and Broderick, G.
(2018). High-fidelity discrete modeling of the HPA axis: A study of regulatory

plasticity in biology. BMC Syst. Biol. 12:76. doi: 10.1186/s12918-018-0599-1

Sedghamiz, H., Morris, M., Whitley, D., Craddock, T. J. A., Pichichero, M.,
and Broderick G. (2019). Computation of robust minimal intervention
sets in multi-valued biological regulatory networks. Physiol.
doi: 10.3389/fphys.2019.00241

Silverman, M. N., and Sternberg, E. M. (2012). Glucocorticoid regulation
of inflammation and its functional correlates: from HPA axis to
glucocorticoid receptor dysfunction. Ann. N. Y. Acad. Sci. 1261, 55-63.
doi: 10.1111/.1749-6632.2012.06633.x

Singh, A. K., and Mohan, A. (2008). An efficient method for generating optimal
OBDD of boolean functions, computer and information Science 1, 56-62.
doi: 10.5539/cis.vIn2p56

Streck, A. (2015). Toolkit for Reverse Engineering of Molecular Pathways Via
Parameter Identification Dissertation/ PhD thesis. Berlin: Freier University.

Streck, A., and Siebert, H. (2015). “Extensions for LTL model checking of Thomas
networks,” in Advances in Systems and Synthetic Biology (Les Ulis: EDP
Sciences), 101-114.

Streck, A., Thobe, K., and Siebert, H. (2016). Data-driven optimizations for
model checking of multi-valued regulatory networks. BioSystems 149, 125-138.
doi: 10.1016/j.biosystems.2016.05.004

Tack, G. (2009). Constraint Propagation: Models, Techniques, Implementation.
Dissertation/Ph.D. thesis. Saarbrcken: Universitt des Saarlandes.

Terfve, C., Cokelaer, T., Henriques, D., MacNamara, A., Goncalves, E., Morris,
M. K., et al. (2012). CelINOptR: a flexible toolkit to train protein signaling
networks to data using multiple logic formalisms. BMC Syst. Biol. 6:133.
doi: 10.1186/1752-0509-6-133

Thomas, R., and D’Ari, R. (1990). Biological Feedback. (Boca Raton, FL: CRC
Press).

Thomas, R., Thieffry, D., and Kaufman, M. (1995). Dynamical behaviour of
biological regulatory networks-I. Biological role of feedback loops and practical
use of the concept of the loop-characteristic state. Bull. Math. Biol. 57, 247-276.
doi: 10.1007/BF02460618

Viau, V. (2002). Functional cross-talk between the hypothalamicpituitary-
gonadal and -adrenal axes. J. 14, 506-513.
doi: 10.1046/j.1365-2826.2002.00798.x

Yordanov, B., Wintersteiger, C. M., Hamadi, Y., and Kugler, H. (2013). "SMT-based
analysis of biological computation,” in NASA Formal Methods. NFM 2013.
Lecture Notes in Computer Science, vol 7871, eds G. Brat, N. Rungta, and A.
Venet (Heidelberg: Springer), 78-92.

Front.

Neuroendocrinol.

Disclaimer: The opinions and assertions contained herein are the private views of
the authors and are not to be construed as official or as reflecting the views of the
Department of Defense.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Sedghamiz, Morris, Craddock, Whitley and Broderick. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

13

March 2019 | Volume 7 | Article 48


https://doi.org/10.1093/bioinformatics/btn336
https://doi.org/10.1007/s00236-016-0278-x
https://doi.org/10.1093/bioinformatics/btt393
https://doi.org/10.1016/0743-1066(94)90033-7
https://doi.org/10.1016/0022-5193(69)90015-0
https://doi.org/10.1109/TCBB.2012.61
https://doi.org/10.1093/bioinformatics/btq124
https://doi.org/10.1093/bioinformatics/btg207
https://doi.org/10.1140/epjnbp/s40366-016-0031-y
https://doi.org/10.1109/BIBE.2017.00-55
https://doi.org/10.1186/s12918-018-0599-1
https://doi.org/10.3389/fphys.2019.00241
https://doi.org/10.1111/j.1749-6632.2012.06633.x
https://doi.org/10.5539/cis.v1n2p56
https://doi.org/10.1016/j.biosystems.2016.05.004
https://doi.org/10.1186/1752-0509-6-133
https://doi.org/10.1007/BF02460618
https://doi.org/10.1046/j.1365-2826.2002.00798.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Bio-ModelChecker: Using Bounded Constraint Satisfaction to Seamlessly Integrate Observed Behavior With Prior Knowledge of Biological Networks
	Introduction
	A Regulatory Network Model
	State Transition Function and Graph

	Parameter Identification Problem
	Parameter Space
	Logical Equations
	Propositional Formula for State Transition Update Schemes
	Propositional Formula for Bounded Model Checking of Time Series

	Constraint Satisfaction Problem
	Optimization Objective Functions
	Structural Efficiency
	Path Length Cost
	Path Robustness


	Benchmarks and Applications
	Model Validation: The Hypothalamic-Pituitary-Adrenal (HPA) Axis
	Model Reduction: The T-Helper Cell Differentiation Network
	Recovering Dynamics: The IRMA Gene Network
	Scalability: The Dendritic Cell Network
	Model Discovery: The Female Hypothalamic-Pituitary-Gonadal (HPG) Axis

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


