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ABSTRACT. A gene regulatory network summarizes the interactions between a set of genes and
regulatory gene products. These interactions include transcriptional regulation, protein activity
regulation, and regulation of the transport of proteins between cellular compartments. DSGRN
is a network modeling approach that builds on traditions of discrete time Boolean models and
continuous time switching system models. When all interactions are transcriptional, DSGRN uses
a combinatorial approximation to describe the entire range of dynamics that is compatible with
network structure. Here we present an extension of the DGSRN approach to transport regulation
across a boundary between compartments, such as a cellular membrane. We illustrate our approach
by searching a model of the p53-Mdm2 network for the potential to admit two experimentally
observed distinct stable periodic cycles.
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1. INTRODUCTION

The goal of this paper is to extend an existing dynamical systems method for modeling transcrip-
tional regulation in gene networks to include protein transport regulation. The framework under
study is a combined discrete and continuous approach implemented as a numerical method called
DSGRN (Dynamic Signatures Generated by Regulatory Networks) [9] and we will refer to both
the theoretical framework and the software as DSGRN. DSGRN is a modeling technique that uses
combinatorial dynamics to fully describe the range of long-term dynamics that is compatible with
a given network structure across all parameters [0, 8, 23]. This approach has been used successfully
to examine the robustness of different phenotypes across parameter space in the cell cycle [24], the
epithelial-mesenchymal transition in cancer [44], and synthetic biology design [20]. Motivated by
switching system network models [41] [42] [12] 16, [30} 31], which use piecewise constant nonlineari-
ties and are themselves motivated by Boolean models [3], DSGRN was originally designed to model
transcriptional interactions in biological networks. In these interactions, the rate of production of
one quantity (y) is regulated by the presence of another quantity (z). However, there are other
types of interactions that are modeled by regulatory networks, in particular, when (1) the activity
rather than the quantity of y is regulated by z, (2) the decay rate of y is regulated by z, and (3)
the transport of y between compartments is regulated by z. Regulation of activity and decay rate
has been recently incorporated into DSGRN [I1]; here we seek to further extend the methodology
to transport regulation.

A fundamental assumption of DSGRN is that an edge from node x to node y in a regulatory network
represents two levels of influence, L, , < U, . When the concentration of z is higher/lower than
a threshold (, ;, one of these two levels of influence affects y. The position of z with respect to
Cy,z is a combination of levels of its own inputs, where the amount of z increases if the input
combination exceeds the decay rate v, of x, and decreases otherwise. Therefore an arbitrary edge
x to y has three associated parameters ¢y ., Ly, Uy . In addition, each node x has an associated
decay parameter v,. The union of these non-negative parameters forms a parameter space.
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Evolution of concentrations can be coarsely represented by transitions in a state transition graph
(STG). The thresholds (,, naturally decompose phase space of concentrations into rectangular
domains. Each domain is represented by a node in the STG, i.e. a state. For each parameter set,
transitions in the STG match increasing/decreasing behavior for each x in the particular state. An
STG can be thought of as a multi-valued map on the set of states, or, equivalently, as a graph with
nodes corresponding to states. The long-term behavior of the dynamics of an STG is captured
by computing its graph of strongly connected path components, ordered by reachability, called
the Morse graph. The key observation is that STGs, and hence Morse graphs, only depend on a
finite collection of potential inequalities between the input levels to a node z and the collection
of its output node thresholds. Since all such collections of inequalities can be enumerated, one
can decompose parameter space into a finite number of regions called DSGRN parameter nodes
and capture the entire collection of possible Morse graphs for a given network. This leads to a
comprehensive (though coarse) description of all dynamical behavior that a network structure can
support through different parameterizations.

The DSGRN approach is closely related to the idea of logical bifurcation analysis introduced in [I].
In particular, the parameter graph captures proximity relationships of domains in parameter space
and each node of the parameter graph can be viewed as a collection of monotone Boolean maps [7].
Therefore any path in the parameter graph is a one-dimensional logical bifurcation diagram of [IJ.

There are three challenges associated to the extension of DSGRN to include transport terms. The
first is the loss of a product structure of the parameter graph. In particular, the DSGRN param-
eter graph PG = II' | PG(x;) is a product of factor graphs PG(z;), each of which captures the
relationship between input levels of influence and output thresholds at a single node z;. Transport
regulation always affects two compartments/nodes, as a decrease of the transported term in one
compartment is balanced by an increase in the target compartment. This leads to loss of prod-
uct structure in the parameter graph between the factor graphs corresponding to these two nodes
through the introduction of dependencies. This requires a fundamental modification to the idea
of the DSGRN parameter graph. The second challenge is that DSGRN is well-defined only if all
thresholds are distinct. This means that if a variable corresponding to node x crosses a threshold,
this may affect the dynamics of at most one other node y. However, when a transport regulation
variable x crosses a threshold, it affects two variables simultaneously. These variables represent
the concentration of the transported molecule in the compartment from which the transport orig-
inates and the concentration in the compartment where the transport terminates. These first two
challenges also arise in more general biochemical networks where enzymatic reactions convert a
substrate to a product. Then the decrease of substrate concentration is accompanied by the pro-
portional increase in the product concentration and this process can be thought of as a generalized
transport between these two compartments. Lastly, DSGRN was originally formulated for graphs
without multi-edges, so that only one edge can exist from a source to a target. While not strictly a
necessary consequence of the presence of a transport term, a protein x can act as a transcriptional
regulator of y and at the same time, control transport of y between compartments. We will see
this in our example system, which leads us to consider the possibility of two control edges between
x and y. In this paper we will show how to address these three issues and extend DSGRN to
transport regulation interactions.

We illustrate our approach by analyzing a p53-Mdm2 three node network model, which exhibits a
mixture of transcriptional regulation, activity regulation and a prominent regulated transport term.
Protein p53 is a transcription factor that responds to cell damage by regulating genes involved in
growth arrest, DNA repair, apoptosis and cellular senescence [21, 37, 43]. Mdm2 is a ubiquitin
ligase that increases the degradation rate of p53 when in the nucleus. There are two influences of
p53 on Mdm2, a transcriptional up-regulation and transport down-regulation from the cytoplasm
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to the nucleus. Nuclear and cytoplasmic Mdm2 together with p53 then form a simplified three-
node negative feedback network (see Figure [3bl and Figure that models the control of the cell’s
response to damage.

This network was analyzed by a switching system model in [2], which followed an earlier work using
traditional ODE models [I], 38]. The goal of these papers was to reproduce two types of oscillations
observed experimentally in [25] under two different conditions: low and high irradiation of the cell,
intended to produce lower and higher levels of cell damage. It was found that the two radiation
levels were associated to two different frequencies of response, lower (higher) frequency for lower
(higher) cell damage. In [2], a combination of switching system modeling and extensive numerical
simulations demonstrated that these oscillations can coexist as stable periodic orbits in a particular
parameter regime.

We validate our extension of DSGRN to transport regulation by replicating these results. We show
the coexistence of higher and lower frequency oscillations within the state transition graph, a struc-
ture that we call Ag because it resembles a figure 8, for some DSGRN parameter nodes. We then
sample these nodes, simulate ODE models with Hill function nonlinearities with sampled parame-
ters, and find both types of stable periodic orbits at nearby, although not identical, parameter sets.
While we do not find real-valued parameter samples where both periodic orbits coexist, this is not
surprising given that the parameter region of coexistence found in [2] is very narrow. Moreover,
the coexistence of two orbits implies that a change in initial conditions, i.e. protein concentrations,
is enough to trigger a shift between orbits. However, we note that the distinct periodic cycles seen
in the data induced by low and high radiation levels may be realistically modeled as a parameter
change rather than as a change in initial conditions. For these reasons, we view the existence of
both periodic orbits for parameter values that are near each other as a successful reproduction of
the experimental data.

The theoretical work presented here is intended to be incorporated into the DSGRN software in the
future. This will automate the manual work in Section [4] and make this type of transport modeling
accessible to other researchers. Since DSGRN calculations of the state transition graphs for the
entire parameter space are almost instantaneous for small network models, DSGRN is a useful tool
for quickly scanning the parameter space of a network model to locate complex dynamic signatures
such as two stable periodic orbits with particular shapes. This allows the comprehensive assessment
of the validity of hypothesized network models after experimentation, as well as prediction of
expected behavior before experimentation.

2. SUMMARY OF DSGRN
DSGRN is built on the ideas of Boolean modeling of gene regulatory networks that originated with

Thomas, Kauffman and Glass [26, 27, 41] 41]. To make the discussion in following sections more
accessible, we illustrate the development of these ideas on a simple two node network example in
Figure To such a network, following [26], 41, 12} 13|, 16, [30] one associates a system of ODEs
(1) y1=-—nyi + Uf,g(y2)0'f1(y1)

U2 = —v2y2 + 03, (y1)
where O’+(Z) represents a positive edge

L itz<(
"+(Z)—{ U ifz>¢

and 0~ (z) represents a negative edges

_ U ifz<(
7 (Z):{ L ifz>( "
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These nonlinearities are piecewise constant. The values of L < U and ( are parameters that can
be easily translated into parameters of a family of Hill function models via
N P B Cn

parameterized by the Hill coefficient n. In what follows, in order to distinguish functions assigned
to different edges, we will use the subscript (2,1) to denote the function O';: , associated with edge

1 — 2, as well as all corresponding parameters Us 1, L2 1,(2,1.

The dynamics of the ODE model of the network are relatively easy to analyze. The thresholds
C1,1,C2,1 separate the positive y; axis into three intervals and (j 2 separates the positive yo axis
into two intervals. Therefore the positive orthant R** is divided into 6 domains (Figure [Lb). In
each of them the dynamics are simple; the flow lines are linear and converge toward a target point,
the values of which are shown in each domain in Figure We want to focus on two issues:
capturing the dynamics in the form of a state transition graph (STG) and the dependence of such
dynamics on parameters of the system. The normal components of the vector field across domain
boundaries can be analytically calculated from the structure of , which captures the flow from
domain to domain, see Figure The vector field will flow from one domain to a neighboring
domain if the domain and its target point differ in that coordinate. This represents asynchronous
update dynamics. To define the STG we represent each of the 6 domains in R%* by a state in
the state space X = {0,1,2} x {0,1}; the integer in each component denotes the interval along
the corresponding axis. The edges of the STG represent all possible transitions induced by the
dynamics to neighboring domains, see Figure

The parameters of system ([1)) are two decay parameters that can be associated with the nodes of the
network, 71,72, and three parameters L, U, ¢ for each of the three edges. Therefore the parameter
space for system is the positive orthant R''*. Since the thresholds Th(1) := {¢11,{21} are
both thresholds for variable yi, there are two possible orders, (11 < (21 or (21 < (1,1. Let
T(1) := {e1,1,e21} be the set of edges that start at node 1, where e; ; is an edge (j — i) from
node j to node i. Note that since each threshold is associated with exactly one edge, there is a
bijection between T(1) and Th(1). With an eye toward notation used in the extension of DSGRN
in Section [3| we describe each of the two orders of the set Th(1) by maps 6; : {1,2} — T(1) and
¢1 : {1,2} — T(1), corresponding to the orders (11 < (2,1 and (2,1 < (1,1 respectively. The maps
are given by

(2) 61(1) =e11, 61(2) =ez1 and ¢1(1) =ez1, 1(2) =€y 1.

The order s : {1} — T(2) trivially consists of one element.
Letting ¢o := 65, we call the collections of maps 0 := (01, 62) and ¢ := (¢p1, ¢2) order parameters.

Note that the STG dynamics are directly derived from knowledge of the target point of each domain
or, more precisely, knowledge of the domain in which the target point lies. The target point of the
solution to (|1]) in each particular domain is

1 _ 1
<U1,2(3/2)Uf1(y1)7 U;:l(?ﬂ))
M 72

evaluated at any point (y1,2) in the domain. Selecting for the sake of an example the first order
6, Figure |1b| depicts the target point values %JEQ(yg)ail (y1) and %0;1 (y1), where the subscripts
on L,U have been suppressed for clarity. Observe that the identity of the domain of the target
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FIGURE 1

point depends on two sets of inequalities: in the second component either
- |-
—0oy1(y1) < G2 or (2 < —oy,(y1)
Y2 Y2

Since there are only two possible values Lo < Uz of O';_ 1 (y1), there are three regions in the
parameter space

Ly1 < Uz <v2Ci2, Loi <2 <Uy, and 72C2<L2i <Us;.

Notice the swap in subscript order between (12 and Ls1,Us 1. This is not an error; the target
point constraints depend on the ordering of the input values of yo (that is Lo 1,Usz 1) to the output
threshold (2 of ys.

We encode the inequalities via collections of monotone Boolean functions, one for each out-edge of
a node. In the case of yo, there is a single out-edge 2 4 1 and we define the associated monotone
Boolean function fi2 : Zo — B, where Z5 is a Boolean representation of the set of admissible input
words {Lg 1,Usz 1} via bijection S(Lg ;1) = 0 and S(Usz1) = 1. The Boolean value of f; 2 indicates
whether that word lies below or above the threshold. In the range off; 2 we set f12(S5(¢)) = 0 when
q < 72C2 and f12(S(q)) = 1 when ¢ > ¥2(1,2, for ¢ € {L21,Uz1}. Therefore the three choices
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above correspond to three Boolean functions
(3) f1200) = fi2(1) =0;  g12(0) =0,g12(1) =1;  h12(0) = h12(1) = 1.
Each of f? := (f12), = (g1,2), and h? = (h1,2) is a logical parameter at node 2.

Similar considerations about the position of the first coordinate of the target point leads to a set
of logical parameters that describe all possible positions of partially ordered values

(4) LipLiy < {Ui2L11,L12U11} < Ui 2Ura

within three intervals (0,v1¢1,1), (71¢1,1,71¢2,1), (71¢2,1,00) when the order parameter is 6 corre-
sponding to (11 < (21 or (0,71¢2,1), (71¢2,1,71€1,1), (71€1,1,00) when the order parameter is ¢
corresponding to (1,1 > (2,1. For our example, we choose f. In this case the logical parameter for
node 1 is a collection of pairs of Boolean functions f! := (fi1,fen) i Th — B2, where the admissible
set 7; = B? contains the inputs {00, 10,01, 11} corresponding to the list of words . The value of
function fi 1 in B describes the relationship of these words with respect to first (lower) threshold ¢; 1
and the value of function fs1 in B describes the relationship with respect to the second threshold
C2,1. The target points in Figure the flow direction in Figure and the STG in Figure
correspond to a choice of parameters for the differential equation (1)) which satisfies

(L12L11 <UipLiy <y < LU <o <UipUry, L1z <722 < Urp).
The Boolean function representation for node 1 for this choice is given by

f1,1(00) =0, f1,1(10) =0, f11(01) =1, fi1(11) =1
f2,1(00) =0, f2,1(10) =0, f2,1(01) =0, fo1(11) = 1.

Each of 20 distinct possible choices for the function f! = (fi1, f21) is a logic parameter f1(-;0)
which depends on the order of thresholds and thus the order parameter . The reduction of 64
potential pairs of Boolean functions consistent with positive regulation down to 20 happens due to
a requirement of monotonicity and a deeper idea of realizability discussed in [9].

The collection P = {(0, (f!, f2))} of paired order and logic parameters describes 120 = 2 * 20 * 3
disjoint regions of decomposition of the parameter space R''*, each of which determines an STG.
We organize this information in the form of a parameter graph (PG) whose nodes are P and edges
represent two regions that differ by a single inequality. We provide a more precise definition in the
next section. The parameter graph PG indexes information about the entire repertoire of dynamics
of the network as described by STGs. In particular, this structure can be searched for prevalence
of certain dynamic behaviors (i.e. types of attractors) or changes in dynamics as a particular
parameter (or a set of parameters) changes. The work [I] used the term logical bifurcation diagram
to describe changes in the STG as a function of changing parameters. Any logical bifurcation
diagram can be constructed from the parameter graph by a projection.

We close this section with a few remarks. The size of the parameter graph grows very quickly with
the size of the network, in particular, the number of edges. However, note that logic parameters
f? and h? shown in impart trivial functionality to edges in the network. Regardless of the
input from y;, under f2 (h?) the variable y, can only decrease (increase) through the threshold
(1,25 i.e. node 2 is non-responsive to node 1 at logic parameters f?, h?. Furthermore, 7o can never
nontrivially impact the dynamics of y;, also because it only has unidirectional motion across the
threshold (j o; i.e. 2 is an ineffective regulator of 1 at f2,h%. On the other hand, the choice of g*
in our example represents a situation where 2 is responsive to 1 and is also an effective regulator of
1. When node 1 is responsive to all of its inputs and is an effective regulator of all of its outputs at
some logic parameter f?, we say that f* is an essential parameter for i or simply essential. Given a
parameter p = (0, f) € P, if every component f* of the logic parameter f is essential, then we say
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that p is an essential parameter for the network or simply essential parameter. This is explained
in more detail in Section [3.5

The second comment is on whether STG is always well defined for every p € P. The only problem
that may occur is when the network has a negative self-edge on some node i [9]. In this case, in two
domains bordering (; ; the vector field can point toward ¢; ;, which signals a potential problem with
forward continuation of or at least a presence of flow along the boundary instead of transverse
flow across the boundary [I3]. In this situation the border along (;; between two domains is
called a black wall [40l, 16]. An important observation is that under a generic assumption that all
thresholds (;; are distinct for all target nodes j a of a node i, the black walls are consistent: all
other components besides y; do not change on (;;. Therefore one can define a consistent vector
field along a consistent black wall.

Unfortunately, the presence of the transport regulation induces an identical term in two equations
that describe donor and recipient compartments of the transport. This means that any threshold
in the transport regulation term will affect both equations. Therefore two components of the vector
field may change on the same threshold, which may lead to inconsistent black walls. We describe
a method in Section 3.7 that extracts a collection of valid STGs in this situation.

3. DSGRN PARAMETERS AND DYNAMICS FOR TRANSPORT NETWORKS

In this section we describe a construction of the DSGRN parameter graph and dynamics for trans-
port networks that incorporates both regulatory effects between nodes and transport between com-
partments. Unlike traditional DSGRN regulatory networks, transport networks allow for (1) multi-
ple edges between nodes and (2) pairs of edges associated with transport or regulation of transport
that have the same threshold. Transport networks are formally described in Section [3.1

The order parameter, logic parameter, parameter graph, and essential parameter graph for a trans-
port network are described in Sections and respectively. These are defined dif-
ferently in the transport extension of DSGRN, due to the fact that two out-edges of a single node
i have identical thresholds, (;; = (4, one of which is always associated to a black wall (Section
. This gives rise to the aforementioned inconsistent black walls. We resolve the inconsistency
by perturbing the two thresholds so that they are not equal: either (;; < (;; or ;i < (. This
results in two unfolded parameters for each unperturbed parameter, one for each ordering (Section

3.7).

The most important notation for this section is established in Table Note that for a network
edge e given by ¢ — j, the subscript convention (j,4) will sometimes be replaced by e, especially
when the nodes in the edge are not explicitly identified. As an example, instead of writing a;fi, we

may instead write o). This convention is used in Table

3.1. The transport network. We consider here actively regulated, unidirectional transport of
a substrate y from a compartment c¢; to a compartment c;. We denote the concentration of y
in compartment ¢; as y; and similarly y; in ¢;. We model this situation by a pair of differential
equations of the form

(5) yl = Ai(y’ha ce 7yit) - U+(yi)rji(yu1a oo ayus) — YiYi

95 = NjWins - ¥5) + AT W)L 5i(Wuns - -5 Yus) = ViV
where A; and I'j; are combinations of the discontinuous switching functions ot and o~ introduced
in Section Note that for any 7 the term A; or I'j; may be zero, but if I'j; is not zero, it
must appear in both i-th and j-th equation. The parameter A > 0 reflects the difference in the

volumes of compartment ¢; and ¢;. The multiplier 07 (y;) in the transport terms — o™ (y;)Tji
and + Ao (y;)T'j; indicate that as the concentration y; increases, the transport of y across the
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Notation Description
RNF positive orthant of N-dimensional real-valued space
BY N-dimensional Boolean space, {0, 1}V
B set of |S| dimensional Boolean vectors indexed by the elements of the set S
TN = (V, E, E'") | regulatory network with nodes V, edges E, and transport edge pairs E'
i, 7, u,v €V nodes in the network with integer values 1,..., N
vi,y; € RY variables representing concentrations in the switching system for nodes 1, j
T(v) set of target edges from node j
T" (v) the subset of T'(v) that are not transport edges
T (v) the set of transport edge pairs involving two edges in T'(v) \ T"(v)
S(v) set of source edges into node v
S"(v) the subset of S(v) that are not transport edges
St (v) the set of transport edge pairs such that one of the edges is in S(v) \ S"(v)
0< L <U, the lower and upper real-valued response parameters associated to an edge e € E
0 < e a real-valued threshold associated to edge e € E
0, a map that orders the thresholds (. for e € T(v)
0 an order parameter, (61,6z,...,0N)
fv a collection of monotone Boolean functions for node v
Z,(0) the set of admissible words, Z,(#) € BS("), and the domain of fv
f(9) a logic parameter, (f1, f2,..., fV)
P the set of admissible DSGRN parameters, {(0, f(0))}
PG DSGRN parameter graph with nodes P
X integer state space of the DSGRN switching system
reX a possible integer state of the nodes in TN, z = (z1,...,2n)
F(z;p) a multi-valued map on X that describes the dynamics of TN at a parameter p € P

TABLE 1. Selected Notation

membrane also increases. Note that the sets of nodes {i1,...,i;} that regulate abundance and
activity of y;, the set of nodes {ji,...,/,} that regulate abundance and activity of y;, and the set
of nodes {uy,...,us} that regulate the transport may have non-empty intersections.

We define a transport network TN = (V,E, E'") as consisting of nodes V, signed directed edges
E C V x V, and unordered transport edge pairs E'" C E x E. With regard to , the TN
transport nodes i,j € V are a transport pair, the nodes {u1,...,us} are transport regulators, and
the nodes {i1,...,i4} and {j1,...,Jy} are transcriptional regulators, where a node k may be both
a transcriptional and a transport regulator. We denote the sign of an edge e € E by sgn(e) €
{~1,1}. Each edge e € E corresponds to an instance of a switching function ¢F in an ODE
system representing TN that contains at least one pair of equations taking the form of . The
superscripts reflect the sign of the edge e = (u, v), with the exception of the expression —o.", where
sgn(e) = —1, and —o,, where sgn(e) = 1. The edge sign therefore captures whether increasing the
concentration of the source node u tends to increase (sgn(e) = 1) or decrease (sgn(e) = —1) the
concentration of the target node v. Since the transcriptional and transport regulators may have
non-empty intersection, £ may include multi-edges. The purpose of the transport edge pairs E'"
is to indicate when the same switching function o*(y,, ) or o= (y;) appears in both equations for
¥; and ;. That is, the pairs of transport edges E' correspond to the transport terms in . The
transport edges satisfy the following properties

(1) Every pair consists of unique edges: if {e1,e2} € E'" then {e1,e} ¢ E' for alle € E\ {ea}
and {eg,e} ¢ E' for all e € E\ {e1}.
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(2) If {e1,e2} € E' then e; = (u,v1) and ez = (u,v2) have the same source node w.

(3) If {e1,e2} € E', then ey and ez have opposite sign: sgn(e;) = —sgn(ez). This reflects the
fact that —o " (y;)T" appears in the equation for y; but +0*(y;)T';; appears in the equation
for g; in ([5)).

Properties (1) and (2) will be essential to describe DSGRN parameters and dynamics. Property
(3) is a property of the model, but is not a necessary assumption to produce dynamics.

Notice that this formulation permits the existence of multi-edges. For example, in there may
be two edges from node up to ¢, one of which regulates transcription while the other regulates
transport.

3.2. The Order parameter. Let T(u) denote the set of target edges that begin at node wu.
In traditional DSGRN (networks without transport pairs where E* = ()), the order parameter
0 = (61,...,0n) is a collection of invertible maps where the map 6,, for node v describes an ordering
of T(v), see given in the introductory example. This ordering reflects the ordering of the real-
valued thresholds Th(v) := {(}cer(y) Which appear in the switching functions oF corresponding
to each edge. For the transport network TN, the number of unique values in Th(v) may not be
the same as the number of edges in T(v) because transport edge pairs have the same threshold by
definition. An order parameter for a transport node is defined to reflect this.

Let T"(v) C T(v) denote the set of target edges of v which do not appear as part of a transport
edge pair in E*". Let T (v) denote the transport edge pairs {ey, e2} with e; € T(v). Note that the
second property of transport edges states that e; € T(v) implies e; € T(v). The order parameter
for the transport network is a collection 6 = (61, ...,0y) where for each node v, 6, is a choice of
bijection

O, : {1,...,|T"(v)| + |T"(v)|} — T"(v) UT"(v).
We let © denote the set of all order parameters for TN.

Notice that |T"(v)| + |T? (v)| < |T(v)| in the presence of transport regulation by property (1) of
transport networks. In particular, each edge in T(v) \ T"(v) occurs in exactly one transport edge
pair, so two edges are counted as one.

In the original DSGRN formulation the order parameter for node u has a domain of {1,...,|T(v)|}.
Due to the change in the domain size of the transport order parameter, we also redefine the state
space of the DSGRN switching system, previously introduced via example in Section |2l The original
DSGRN definition of the state space is X =[], .,{0,1,...,|T(v)|}, and the new definition is

X = [J{0.1,...,|T"(v)| + |T" (v)[}.
veV
The state space both labels the nodes of the STG and provides a signature of the domain in phase
space where a point in RN is located with respect to the thresholds {Cc}ecr. We call an element
r € X a state.

3.3. The logic parameter. Recall from Section [2] that a logic parameter at a network node v is
a collection of monotone Boolean functions (MBFSs), one for each target edge of v. In the original
DSGRN formulation, the domain of the MBF's is always BS(*), the set of |S(v)| dimensional Boolean
vectors with components indexed by the edges in S(v). This section will carefully build a restricted
domain Z,(6) C BS(™) for the MBFs of the transport logic parameter that is dependent on the
choice of order parameter, and then formally introduce the resulting MBF's.

Let S(v) denote the set of source edges that end at node u, S"(v) C S(v) denote the set of sources
edges of v which do not appear as part of a transport edge pair in £, and S (v) denote the
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transport edge pairs {e1, e2} such that at least one edge is a source edge of j, i.e. either e; € S(v)
or eg € S(v). The effect of the source edges S(v) on v is described by an input word that is a
Boolean vector b € BS(®). These input words are arguments for the logic parameter f? associated
to node v, which was informally introduced in Section [2| and will be formally defined below. The
logic parameters encode which inputs tend to move y, above or below the thresholds associated to
output edges of node v in solutions to the ODE system containing .

To describe the input word associated with a state x € X, fix an order parameter § € © and
consider an edge e = (u,v) € S"(v). The input from node u to node v via e is defined by

bo(2:0) = 0, xy < 0% (e) and sgn(e) = 1 or O, 1(e) > z, and sgn(e) = —1
U1, 6Y(e) > @y and sgn(e) = 1 or zy, < 6 '(e) and sgn(e) = —1

u

In other words, we compare the state z, to the value of §;!(e), which represents the ordered
position of the threshold (. along the y, axis in phase space. Depending on the sign of the edge,
the binary output of b.(x; 6) indicates whether the input to node v along the edge e is low (b, = 0)
or high (b = 1) at each state.

For an edge e = (u,v) € S(v) \ S"(v) which is part of a transport edge pair, let {e,e’} € S (v) be
the pair. The input from node u to node v via this transport edge e is defined in the same way as
above. The only difference is that the edge e is not in the range of 6,, but only the pair {e, e’} is.
The input is given by

bo(:0) = 0, 1, < 0, ({e,€'}) and sgn(e) = 1 or 0,1 ({e,e'}) > x, and sgn(e) = —1
SN, 6 ({e,€')) > xy and sgn(e) = 1 or x, < 6, ({e,€'}) and sgn(e) = —1°

The input due to all source edges to node v at € X is then collected to form the input word
which is given by the Boolean vector

b’ (z;0) := (be(2;0))ees(v)

The set of admissible words for node v and order parameter 6 are
Zy(0) :={b"(x;0) |z € X }.

Remark 3.1. Which words belong to the admissible set Z,, depends on the constraint arising from
the existence of multiple edges between node u and node v. For illustration, assume that there are
two edges {e1,ea} = S(v) both of which initiate at the same node u and terminate at v. Assume
that the corresponding thresholds (i, (2 € Th(u) satisfy (1 < (2 (so that 6, '(e1) < 0, '(e2)). Then
there is no y € R™ that simultaneously satisfies

y < (¢ and y > (o.

This makes one of the four words {00,01,10,11} = BS(®) not admissible; for example, if both edges
are positive then the word b = b, be, = 01 is not admissible. When all edges e € S(j) have distinct
initial nodes, there are no constraints and

Z,(0) = BS®
as in traditional DSGRN and, in fact, Z,(0) = Z,, does not depend on the order parameter 6.

Let {e1,e2} € E' be a transport edge pair. By property (3) of transport edges, b, (z;0) = —be, (z; )
for all x since e; and eg have opposite signs. Taking into account this constraint, the set of admissible
sentences Z(0) is the collection of admissible words

®,....0"M) e [ Z.(0)

veV
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which satisfy b2} = —b22 for all (e; = (u,v1),e2 = (u,v2)) € E. This completes the construction
of the domain Z(6) of the monotone Boolean functions that comprise a logic parameter. The
construction of the order-parameter dependent MBFs themselves now follows.

We will first define an MBF f, for each edge or transport edge pair ¢ € T7(j) UT (5) for a node j.
An MBEF for the node v, f*, is composed of these f,;, and finally the collection of f* over all nodes
v € V forms the logic parameter f.

Definition 3.2. Let < denote the partial order of the Boolean lattice B™ and let Z C B" be a
sublattice. A function g : T — B is a positive monotone Boolean function (positive MBF) if b' < b?
implies g(b') < g(b?).

In particular, note that Z,(6) C BS(®) is a sublattice with partial order < inherited from BSU).

For each edge or transport edge pair, ¢ € T(v)" U T (v), originating in node v, we let fy(-;6) :
Z,(0) — B be a positive monotone Boolean function such that

(6) fo,)(0) = fo,2)(0) = -+ = fo, (11 ()| + |1 (0)]) (D)
for all b € Z,,(0). Define the collection of positive MBF's corresponding to edges whose source node
is v:
FO30) : T(0) — BT OVTTO) by 19(5:0) == (£4(b50)) gerr (yurin 0)-
Finally, define the aggregation of all MBF's over the nodes of the network:
F(50):Z(0) — [ BT OV by f(b30) = (F1(6%0),.... N (0N:0)).
veV

For clarity and brevity we will use the notation f(#) to denote this collection. We call f() a logic
parameter for order parameter 6 and let L£(0) be the set of all such logic parameters.

3.4. The parameter graph. The set of parameter nodes is given by the set of pairs of order
parameters and logic parameters:

P:={(0,1(0)) [0 €0,f(0) € L(0)}.

Two parameter nodes (6, f(6)), (¢,g9(¢)) € P are adjacent when exactly one of the following con-
ditions is satisfied.

e Order adjacency: The order parameters 6 and ¢ differ only in one pair of neighboring
entries. Explicitly, there is a unique node v, and an integer k € {1,...,|T"(v)| + | T (v)|},
such that

gv(k) - (st(k + 1) and Hv(k + 1) = ¢v(k)
For u # v, 0, = ¢, and for £ € {1,...,|T7(v)| + [T (v)|} \ {k,k + 1}, 6,(¢) = ¢,(£). In
addition, the maps f(#) and g(¢) are the same in the following sense.

(1) When the edges or transport edge pairs 0, (k) and 6, (k+ 1) have different target nodes
for every edge, the admissible sentences Z(0) and Z(¢) are identical by Remark
Therefore f(0) and g(¢) have the same domain. In this case we require f(+;0) = g(-; ¢).

(2) If 0,(k) and 6,(k + 1) have a common target w, then Z,,(0) # Z,,(¢). In this case we
require f(+;0) = g*(+; ¢) for u # w and

[ (z;0);0) = g (b (25 6);¢) for all z € X.
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(3) Finally, we require that the logic functions for the edges or transport edge pairs 6, (k)
and 0,(k + 1) agree:

Jook) = Jou(k+1)

which induces

9ou(k) = I (k+1)-

e Logical adjacency: 6 = ¢ and the logic parameters f and g differ at a single input.
Explicitly, there is a unique node v, unique g € T"(v)UT! (v), and unique b € Z,,(0) = Z,(¢)
such that f;(b) # g4(b). For an edge or transport edge pair ¢’ # ¢ or input b’ # b, we require
Jo (V) = g (V).

The parameter graph is the undirected graph PG = (P, ) whose nodes are parameter nodes and
edges are given by adjacency.

We remark that the set of parameter nodes P for a transport network as defined here avoids
the notion of realizability as introduced in [9]. A parameter node p € P is realizable if, given
the algebraic structure of the nonlinearities A; and I'j; in the ODE system underlying TN, the
parameters L, U, ¢, and  can be chosen to be consistent with the order and logic parameters of p.
This is a deep problem in algebraic geometry that so far has only been computationally solved for
limited cases in DSGRN [33]. In our formulation, P may contain unrealizable parameter nodes.

3.5. Essential parameter graph. A parameter graph contains nodes p = (6, f(0)) where f,(-;0) :
Z,(0) — B is constant for some node v and some edge or transport edge pair ¢. In this situation,
the edge(s) q is (are) either always “active” when f4(-;0) = 1 or always “inactive” when f,(-;6) = 0.
This means that the dynamics of the network, as we will define in Section [3.6] are not dependent
on this edge. Therefore, PG represents not only the dynamics of a network, but also the dynamics
of all proper subnetworks resulting from removing edges which do not affect their target nodes.

The subgraph of PG that represents the dynamics of the full network is called an essential parameter
graph and its nodes essential parameter nodes. The parameter node p = (0, f(0)) is output essential
if for each edge or transport edge pair ¢ € T"(v) U T (v) emanating from node v, the function
f4(0) : T, = B is non-constant. The parameter node p = (6, f(6)) is input essential if for each node
v and edge e € S(v), there is a ¢ € T"(v) U T (v) and words a,b € Z,(0) satisfying a. # b, but
ag = by for all £ # e such that

fq(a) # f4(b).

The parameter node p = (6, f(0)) is essential if it is both input essential and output essential.

3.6. DSGRN dynamics. We now describe a family of multi-valued maps F : X x P = X where
recall that the state space X is given by

X =]J{0,1,...,|T"(v)| + [T (v)]}.

These parameter-dependent multi-valued maps capture the discrete dynamics of the DSGRN switch-
ing system for a transport network TN = (V, E, E'"). They are a generalization of the state tran-
sition graphs introduced in Section

Let (0, f(#)) € P be given and consider an admissible sentence (b',...,b") € Z(6), where each
b”(x;0) is an admissible input word to the node v realized at state x € X.

Definition 3.3. Let (6, f(0)) € P.
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(1) The synchronous Boolean dynamics F°: X x P — X is defined by
Fo(a; (0, £(9))) == [{e € T"(v) UT" (v) | fe(b"(2;6)) = 1}.

The state FO(z; (6, f(0)) is the target for state x and is analogous to the target point for
the ODE formulation described in Section 2

(2) The asynchronous Boolean dynamics F : X x P = X is defined by
o If 7O(z; (0, f(0))) = x, then F(x; (0, £(9))) = {z}.
e For any v and 3 € {—1,1} satisfying BF(z; (0, f(6))) > Bx, the value
Ty =Ty + B, Ty =,y foru#ov

satisfies = € F(x; (0, f(0))).

DSGRN is based on asynchronous Boolean dynamics. The multivalued map F : X x {p} = X is
often represented as a state transition graph (STG) with nodes (states) X and edges Ex, where
an oriented edge x — 2/ € Ex exists if and only if 2/ € F(z;p). These edges only exist between
states that differ by 1 in a single direction. Each state x corresponds to a domain in the phase
space R™ bounded on all sides by thresholds, zero, or extending to infinity. The edges in an
STG represent the direction of transition between two domains consistent with local solutions of a
switching ODE [10, 27, [16], as described in ({1)).

Consider two neighboring states x, 2’ that differ in u-th direction with x,, = 2!, + 1. When there
is a unique threshold (., associated to an edge e = (u,v) € E in the transport network, between
domains corresponding to z and 2/, only the v component F,(z) may differ from F,(z’). In
particular, F,(z) = F,(z') =: k. If this common value k > z,, then STG contains z — 2’ € Ex
and if k < x,, then the STG contains 2’ — = € Ex. It follows that for u # v, at most one of the
edges + — 2/ and 2’ — x is present in the STG.

However, if the edge e = (u,u) € E is a negative self-loop, both edges © — 2’ and 2’ — x may be
present, see Figure [2l We call this situation a black wall, which refers to an image of a hyperplane
corresponding to y, = (. in the phase space which is approached from both sides by solutions
of switching ODEs. Black walls present technical challenges for the existence and uniqueness of
solutions of the switching ODE [18| [13], in some cases this inconsistency can be resolved. There
is considerable literature on regularization both in more general systems [32] and in the switching
systems considered here. For the switching systems multiple papers use limits of trajectories of
the smooth perturbed systems to define solutions of the switching system [30), BT], 35 39]. In our
approach, we distinguish two types of black walls. Suppose 6, (z,) = ¢ € T"(u) and there is no
transport edge pair of the form {(u,u), e’} € T (u), so that the domains corresponding to x and
a’ are separated by a single threshold. This case is called a consistent black wall (Figure and
in this case an STG can be defined as follows. When z,, = k, we introduce a new state k* into the
u-th component of X to form

Xu={0,1,... .k k" k+1,... T (u)|+ |T"(u)|}.

It can be shown [20] that since only the u-th component of F is changing between x and 2’ the
STG can be extended to a new extended space X. On the other hand, the definition of an STG
in case of inconsistent black walls (Figure 2b), which occur when 6,(z,) = {e, e’} € Tt (u) is a
transport edge pair, is more complicated.
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3.7. Inconsistent black walls and parameter unfolding. The presence of the transport term
always produces DSGRN parameters with an inconsistent black wall since transport from compart-
ment ¢; to ¢; corresponds to transport edge pairs {ei,ea} = {(4,7), (¢,5)} where the self-edge is
negative: sgn(e1) = —1. This can be seen in (f]), by examining the terms 07" (y;) in the equations
for ¢; and y;, respectively. This produces adjacent states z,2’ € X, which differ in only the ith
component, such that x € F(a'), 2’ € F(x), but F;(z) # Fj(z’) because both the input to node 4
and the input to node j change between z and z’. In this case the STG is not well defined on the
extended space X.

We resolve this problem by unfolding the parameter p = (6, f(6)) into two parameters p1 = (¢, g(¢))
and py = (m, h(m)) which correspond to splitting the two thresholds ¢; ; = ¢;; into their two possible
orderings

Gii < (i (Figure and (j; < G (Figure ,
respectively. The unfolded parameters pg for k = 1,2 are parameters for the network
TN := (V,E,E" \ {{e1,e2}})

which is the transport network with the edges e; and es no longer identified as a transport pair and
removed from E'". The unfolded order parameter agrees with the original parameter on each node
u # i where we require ¢, = 7, = 6,. Let £* := 9;1({61, e2}) be the rank of the transport edge
pair {e1,es} in TN according to the order parameter 6;. For node i, each new order parameter for
the network TN’

bivs Lo, IT7()| 4+ [T () + 1} — fer, e} UT™(0) U (T (0) \ {{er, e2}})
preserves the ordering given by 6;

$i(0) = mi(0) = {‘W% if 0 < ¢+

0;(0) + 1, ifl>0 41
and specifies a a particular ordering between edges for e; and es:
i(l) =e1, ¢l +1)=e
71’1(5*) = e9, Fi(g*—i-l) =e.

/‘\ x‘\ R \f‘x
Gii

Gii = Gji Gii Gji Gji Gii
(a) (B) () (D)
FIGURE 2. (A) Consistent black wall; (B) Inconsistent black wall; (C) Unfolding
Gii < Cjia (D) Unfolding Cji < (i
The unfolded logic parameters g(¢) and h(7) agree with the original parameter on each node u # 1,

i.e. g, = hy, = fy. For node i, an additional function is added to reflect the additional threshold:

9" = (9a)gefer,eauTr U N\ [erea}p) A0 ' = (hg)gefer ea}UTr ()UITH D\ {{en,e2}))-
These functions satisfy g, = hq = f; for ¢ ¢ {e1,e2} and
Ge, = he1 = Gey, = hez = f{el,eg}'
This implies that the logic parameters for both unfoldings agree g = h.



MODELING TRANSPORT REGULATION IN GENE REGULATORY NETWORKS 15

The asynchronous Boolean dynamics for the parameter (%, f*(6%)) are then defined on the ex-
panded STG X’ which contains an additional state in the ith direction

Xi = {0, 1, [TV (0)] + [T ()] + 1)

If the resulting dynamics have an inconsistent black wall, then the unfolding procedure is repeated
until all inconsistent black walls have been removed.

We view the unfolding as a process of embedding of a degenerate systems into a family of nearby
non-degenerate systems. The switching where two thresholds coincide is degenerate, while switching
systems where all thresholds are distinct is generic. At the same time, we view switching system
as a degenerate limit of a family of smooth nonlinearities [31], 35, 39]. The correspondence between
Morse graphs of the switching systems and Morse sets of the nearby smooth dynamics has been
established in some cases in [15, 14, 22] which shows that dynamics of any unfolded switching
system perturbs into nearby smooth systems.

4. APPLICATION: P53-MDM2 NETWORK
We illustrate our work on transport regulation on a simplified model of p53-Mdm2 regulation.

4.1. p53-Mdm2 network. Protein p53 is a transcription factor that regulates genes involved in
growth arrest, DNA repair, apoptosis and cellular senescence [21], 37, [43], and thus plays a key role
in the control of the cell proliferation. Normally, the level of p53 remains low. It becomes elevated
only when cells are stressed or damaged. The importance of p53 led to high level of interest in
studying the varying response of p53 to different types as well as severity of stress. In particular,
Geva-Zatorsky et.al. [25] observed great variability in oscillatory response of individual cells to
DNA damage. The oscillation period decreases with increasing irradiation intensity, with a typical
cycling time of about 10 hours at low irradiation doses and about 6 hours at high irradiation doses.
They also observed that in some cells, the oscillations stopped or changed frequency after one or
two days. To explain some of the diversity in response, Ouattara, Abou-Jaude and Kaufman [I], 3§]
developed a simple 3-dimensional logical model of p53 function incorporating the function of the
ubiquitin ligase Mdm2. Their logical bifurcation analysis suggested that the system is capable of
birhythmicity, that is, two coexisting stable periodic cycles of different frequencies, for a certain
range of irradiation dose [I]. This has been confirmed by bifurcation analysis of a closely related
nonlinear differential equation model with steep Hill type nonlinearities [38]. Their logical analysis
suggests that there is a set of domains in the state transition graph that form a figure eight graph
with two distinct, but overlapping loops, see Figure

In a follow-up paper Abou-Jaude, Chaves and Gouze [2] used switching function approximations
of Hill nonlinearities and studied the differential equation model

dM
= = ke + Ko™ (P) = (kin = K5t (P) Me = deMe
M
(7) d dt” = Vy(kin — K st (P))Mc — dypnMn
P
% = k:ps_(M’l’L) —dpP.

The variables are p53 (P), nuclear Mdm2 (Mn), and cytoplasmic Mdm2 (Mc). The functions s
and s~ are the aforementioned switching functions, V, is a compartment volume ratio, the k values
are scalar constants representing reaction and production rates, and the d values are decay rates.
The motivation for this model is the following (see [I] for a more detailed description). Nuclear
Mdm2 down regulates p53 by increasing its degradation rate through ubiquitination [5l 17, 29] and
by blocking its activity [0, B4, B6]. On the other hand, p53 up regulates the cytoplasmic level of
Mdm2 by increasing the transcription of gene MDM2 [4, [19]. Finally, p53 inhibits the transport of
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(A) Figure 8 graph rep-
resenting birhythmicity in
a projection of the state
transition graph. The hori-
zontal axis represents Mn,
the vertical axis P. The
nodes on the left (right)
represents low (high) val-

(B) Influence graph of p53-
Mdm2 network. Each edge rep-
resents one of the factors in
differential equation; the dot-
ted and dashed arrows represent
terms that appear in two differ-
erential equations and therefore
correspond to two different edges

(¢) The network that represents
the Mdm2-p53 model (8). Two
dotted edges emanating from P
towards Mn and Mc represent
the same term o~ (P) that con-
trols the transport; two dashed
edges emanating from Mec rep-
resent transport of Mdm2 from

ues of Mn. The value of
P is increasing from the
bottom to the top of the
graph.

in network (c). the cytoplasm to the nucleus.

FIGURE 3

Mdm?2 from the cytoplasm to the nucleus [28]. These interactions are summarized in the conceptual
network model in Figure [3b| that we call the influence graph.

Abou-Jaude, Chaves and Gouze [2] used a 2-dimensional switching system as an approximation
of system and showed that there is a region of parameter space that admits birhythmicity.
Based on experimental data that measures the abundance of Mn and P, the projection of the
corresponding periodic orbits have the approximate shape exhibited in Figure

To adapt the model to our notation, we note that functions s* in (see [2]) are piece-wise
constant with values 0 and 1, while our functions o* have values L < U that are free parameters.
Therefore we set

ot (P) := ke + kiypest (P);
o~ (P) := ki — ki,,sT(P);
o (Mn) :=kps™ (Mn);

and with this notation we arrive at a model

dM

dtc = o (P) — 0~ (P)Mc — dpeMe
dM
7” = Vo~ (P)Mc — dypnMn

P

In addition, we make two more substantial modifications of this model. First, we note that the
effect of Mn on P is inactivation by ubiquitination, which represents a bi-molecular reaction where
P must be present to be inactivated. We therefore replace the term o~ (Mn) in the last equation
by the term o~ (Mn)P. Second, in agreement with the DSGRN modeling approach described in
this paper, we replace the transport term o~ (P)Mec in the second and third equations, which is
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linear in the transported substrate Mc, by the transport term
o~ (P)oT (Mc).

We arrive at the following set of equations that we will study using DSGRN

dzf € = 6H(P) - o~ (P)ot (Mc) — dpeMc
(8) d]c\fitn =V,o (P)o"(Me) — dpmnMn
P
e (07 (Mn)—dp)P

Comparing to equation , the volume ratio V,. in the this equation is represented by the parameter

A in (5)).

There is an apparent inconsistency in our model. We replace the term o~ (P)Mec that is linear
in Mc by 0= (P)o(Mc) in the first two equations in (8), but leave a similar term o~ (Mn)P
unaltered in the third equation. The reason is that the ubiquitination term o~ (Mn)P can already
be modeled in DSGRN by writing it as a modification of the decay term of P [11]. This approach
does not work for the transport term and therefore we make a modification or the transport term
that permits DSGRN-type analysis.

We will search the essential DSGRN transport parameter graph for STGs that admit a stable set
of states A that are consistent with the two types of experimentally observed periodic orbits in
Figure That is, the set of states A should admit two periodic paths that in the projection to
Mmn, P components form both a shorter and a longer closed path through the STG. We will call
such a set of nodes a figure 8 attractor Ag. The projection of Ag into Mn, P coordinates should
resemble Figure or its mirror image along the vertical axis.

Since our method is coarse, the existence of Ag does not guarantee that there are parameter sets
where both stable periodic orbits coexist in system , as was shown in [2] for their model. Such
coexistence may exist only in a small parameter region in the mathematical model and biologically
may not be as relevant as existence of both types of orbits for parameters that are near each
other. Uncertainties inherent in the modeling process produced by uncertain choice of parameters
and nonlinearities, combined with ubiquitous noise in biological system and their experimental
measurements suggest that the existence of both orbits at nearby parameters may be sufficient to
conclude that the model is capable of reproducing the experimental data. In a DSGRN framework,
nearby parameters are defined to be real-valued parameter sets (L, U, (,~) for an ODE system that
are consistent with the logic and order parameters at the same DSGRN parameter (6, f(6).

4.2. DSGRN Description of p53-Mdm2 Network. Following the development in Section [3.1

we transform the conceptual p53-Mdm2 model in Figure [3b to the network structure in Figure
via (8]). There are two transport edge pairs in Figure the pair emanating from Mc and the
pair emanating from P. Notice that in addition there are multi-edges from P to Me¢, one that
controls transcription and one that controls transport. We will see how these structures impact the
formation of admissible sentences derived in Section [3.3]

4.2.1. Network Description. To capture the network of Figure we set
TN=(V,E,E")
V ={Mc,Mn, P}

tr tr tr tr
E= {eP,Mm €Mc,Ps €Me,Ps €Mn, Py €Me,Mc> €Mn,Mc

E" = {{eg\Zc,Pv eljf\cln,P}v {el}\Zc,Mc’ eﬁ\q;ln,Mc}}



18 ERIKA FOX*, BREE CUMMINS', WILLIAM DUNCANT, AND TOMAS GEDEONU

where V are the nodes, F are the edges, and E'" are pairs of transport edges. To simplify notation
we denote the transport pairs with edges originating in P and Mc¢ by

tT(P) = {65\7;[0,13? eﬁ\Zn,P} t?“(MC) - {emc,Mm e§\1;[n7Mc}7

respectively.

4.2.2. Order and logic parameters. An order parameter for TN is any triple of functions (6s¢, Oarn, Op)
Opre - {1} — {tr(Mc)}
Onn - {1} — {epnm}
0p : {1,2} — {enme,p, tr(P)}.

Since there is only one choice of function for 8. and 6, there are two order parameters 6 and
¢ which differ only in P

(9) 1. 9]3(1) = €Mec,P, 9p(2) = tr(P)
(10) 2. ¢p(1) =tr(P), ¢p(2) = ene,p-

A logic parameter for this network is a choice of functions
fMe.— (fer(me)) = Tne(0) — B at node Mc
M. — (fean)  Iym — B at node Mn
= (fre,ps firpy) - Ip — B? at node P

where Zy.(f) C B? depends on the order parameter # because there are two edges into Mc which
share the source P, Tpr, = B? is independent of 8, and Zp = B is independent of 4. If b =
(bMe pMn pPY € T(6) is an admissible sentence, then

Mec Mn Mc Mn
b tr - _'b tr a'nd b tr = _‘b tr .
€Mec,Mc €Mn,Mc €Mc,P €Mn,P

When we write each element of an input word b*, the terms are written in the same order as the
terms in (§). For example, we write b¢ = b, pbetr Detr to match the ordering of the terms

ot (P) — o~ (P)ot(Mec) appearing in the equation for Me.

The list of states of X and the corresponding input sequences generated at those states under two
order parameters 6 and ¢ are summarized in Table These sequences form a sublattice with
partial order induced by order 0 < 1 on all components. In Figure {4al is depicted set Zps.(0) of
realizable input words in partial order (1) and in Figure is depicted set Zps.(¢) of realizable
input words in partial order (2). Since the node P affects node Mc via two edges epre p and e’MC’ p
the order of these edges induced by the order parameter 6 or ¢ restricts the realizable words.

4.2.3. State transition graph(s). To define the state transition graph, we count the number of
thresholds corresponding to the targets of each node

Th(Mc) = {tr(Mc)} = |Th(Mc)| =1
Th(Mn) = {Cp,mn} = |Th(Mn)| =1
Th(P) = {Cume,p, tr(P)} = |Th(P)| =2.

Therefore X = {0,1} x {0,1} x {0, 1, 2}.

The key to the definition of a map Fy is evaluation f.(b’(z;0)) of logic parameter f. at a Boolean
sequence b’ (z;0) at each domain z € X. The transition from the domain (Ouv) to (luv) changes
two out of three input sequences (b™¢, b bF): the sequence b*¢ changes from (1ab) to (0ab) and
bMn changes from (1) to (0b). These simultaneous transitions lead to inconsistent black wall for
some parameters (6, f).
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1 2 3
State in X || (b™¢, 6" bP) for 6 || (bM€, bM™ ) for ¢
(100) (000,11,1) (000,11,1)
(110) (000,11,0) (000,11,0)
(000) (001,10,1) (001,10,1)
(010) (001,10,0) (001,10,0)
(101) (100,11,1) (010,01,1)
(111) (100,11,0) (001,01,0)
(001) (101,10,1) (011,00,1)
(011) (101,10,0) (011,00,0)
(102) (110,01,1) (110,01,1)
(112) (110,01,0) (110,01,0)
(002) (111,00,1) (111,00,1)
(012) (111,00,0) (111,00,0)

TABLE 2. (1) States of the STG denoted by their signatures in the order
(Mc, Mn, P). (2) Inputs (bM¢ oM™ ) at the given state for order parameter 6,
Column (3) is the same as column (2) but for order parameter ¢. The input order-

ings correspond to the ordering of the terms in the switching system equation :
ot (P)— o (P)ot(Mc) for Me, o~ (P)ot(Mc) for Mn, and o~ (Mn) for P.

/N VAN

N N

(A) Inputs for ordering 6. (B) Inputs for ordering ¢.

FIGURE 4. Partial order on admissible input strings b*¢ and corresponding values
of the switching system input to Mc, ot (P) — o~ (P)o™(Mec).

To address this issue, we unfold the parameter p = (6, f) to parameters p; = (¢, g) and ps = (7, h).
The unfolding process corresponds to separating the thresholds (ye ae and Carn, are. This will result
in a larger state space Y = {0,1,2} x {0,1} x {0,1,2}, where the first component now has three
values. The new order parameters ¢ and m both agree with # on nodes P and Mn: 6p = ¢pp = mp
and Oy, = Gprn = Tarn. On node M, the domain and range for ¢ and 7w are expanded from those
of 6:

¢a . {17 2} — {eﬂc,Mcv eg\Zn,Mc}‘

We use p1 = (¢, g) to denote the order parameter which orders the self-edge €Y}, ;. first, and use
p2 = (m, h) for the order parameter that orders the self-edge second:
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1 2 3 4 5
State in X | (b€, M bT) for 0 || State in Y | (b€, 6M™ b7 for py | (bM¢,6M", bT) for py
(000) (001,10,0) (000) (001,10,0) (001,10,0)
(100) (000,10,0) (001,11,0)
(100) (000,11,0) (200) (000,11,0) (000,11,0)

TABLE 3. the STG denoted by their signatures in the order (Mc, Mn, P). (1) Two
neighboring states (000), (100) in X that differ in the first component. (2) Both b™¢
and b™™ changes between two states in (1). (3) States in unfolded states space Y’
with the corresponding states in the same line. (4) For unfolded parameter p; the
bM¢ sequence changes before b¥M™ and in for unfolded parameter py (column (5))
bM" changes before bM¢.

¢MC(2) = e%[n,Mc

TrMC(2) = el}\Zc,MC‘

¢Mc(1) = eljf\v;lc,Mc
7T]\/[C(l) = e?\'rin,Mc

The unfolded logic parameter g is then a collection of functions

gMe = (9Me,Me, Grvnvie) = Iare(0) — B at node Mc
gMn = (feam) : Inn — B at node Mn
QP = (ch,Pa ftr(P)) :Ip — B at node P

where in the first compeonet IMe,Mc = GMn,Mc =
same as g: h = g.

Jir(ve)- The unfolded logic parameter h is the

There are no inconsistent black walls for the dynamics on Y with parameters (¢, g) or (7, h) because
the change of b¢ from (1ab) to (Oab) happens on a separate threshold from any other changes (see
Table 3)). Each of these parameters will admit a consistent black wall.

4.2.4. Essential parameter graph. We are interested in description of essential parameter graph
that supports existence of attractor Ag. We therefore assume that none of the logic parameters
are constant, see section [3.5] and thus each logic parameter has the value zero for the lowest input
sequence, and the value one on the highest input sequence in the partial order.

e The logic parameter fM¢ = ( fir(11c)) satisfies
ftr(Mc)(OOO) =0, ftr(Mc)(lll) =1L

fMnr = (fp,nn) satisfies

(11)

e The logic parameter

(12) pr\/[n(OO) =0, fp7Mn(11) =1.
e The logic parameter f© = (fMe,ps fer(p)) satisfies
(13) ch,P(O) = ftr(P)(O) =0, ch,P(l) = ftr(P)(l) =1

Theorem 4.1. Assume , (@ and .

(1) The essential parameter graph PG for system is depicted in Figure @ The front eight
nodes have order parameter 0, the back eight nodes have order parameter ¢.

(2) Every bold parameter node admits at least one unfolding which contains Ag attractor in the
corresponding STG.
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G —

FiGURE 5. Parameter graph for both P threshold orderings. In the front are pa-
rameter nodes with order parameter 6, in the back with order parameter ¢.
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Before proceeding with the proof of the Theorem, we discuss some properties of the STG implied

by assumptions (1)), and (13).

Lemma 4.2. The assumptions (ﬂ) @ and (15 (.) imply the existence of the arrows in Fzgure@

Proof. We first discuss the structure of the STG. There are three levels of STG in the P direction:
bottom (B) corresponding to states (Mc¢, Mn, P) = (ab0), middle (M) corresponding to states
(abl), and top (T) corresponding to states (ab2) for a,b € {0,1}. We first note that since the effect
of Mn on P is mediated by a function ¢~ (Mn), by definition of b”, the value of b = 1 in any state
(Mc, Mn, P) = (a0b), a,b € {0,1}. Therefore the assumption implies that in all states (a0b)
the transitions in STG go in positive P direction, i.e. upward. This determines vertical arrows on
the left side of Figure Similar argument shows that at all states (alb), a,b € {0, 1}, on the right
side of STG in Figure [6a], the transitions go downward.

The assumption implies that in states (Mc, Mn, P) = (100) and (110) where the input 5"
to fpum is 11 the arrow goes from left to right; in the states (002) and (012) where the input is
00, the arrow goes right to left.

Finally, assumption implies that at the states (Me¢, Mn, P) = (002) and (012) where the input
bMe to fir(a1ey 18 111 the arrows go forward and at (100) and (110) where the input to fy.(ar)

fumeme = fan,me is 000 the arrows go backward. This completes description of STG in Figure
O

To prove the Theorem we separate proofs for the two different choices of order parameter.

Proposition 4.3. Assume (1), (19) and (15).

(1) For order parameter 6 all values of the logic parameter fi.(ac) listed in Table |4, except Ay,
have an STG that admits Asg.

(2) For order parameter ¢ all values of the logic parameter fi, ) listed in Table @ except As,
have an STG that admits Asg.
The labels of the parameter nodes correspond to positions of black wall in the Me¢ component

(front-back direction in Figure in STG.

There are three levels of STG in the P direction: bottom (B) corresponding to nodes (ab0), middle
(M) corresponding to nodes (abl), and top (T) corresponding to nodes (ab2) for a,b € {0,1}. The
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(A) Arrows indicate directions that are de- (B) Additional arrows on the front and back
termined by assumptions , , and faces must exist if Ag exists as result of
(13). Half-arrows on the top and bottom Lemma

indicate direction in domains on front bot-

tom and top back rows only.

K

FIGURE 6
000 001 100 101 110 111

0 1 1 1 1 1 By

0 0 1 1 1 1 Eq

0 1 0 1 1 1 M B4
0 1 0 1 0 1 | TMB;
0 0 0 1 1 1 My

0 0 0 0 1 1 Ay

0 0 0 1 0 1 T M,
0 0 0 0 0 1 Ty

TABLE 4. Each row represents values of a logic parameter f;.(ys0) for the order
parameter #. The column labels indicate the input b™¢ to Jir(me)- Name of the
logic parameter is in the right column. All parameters, except A; admit attractor

As, see Proposition

label of the parameter nodes denote the position of the black walls in the corresponding STG; for
instance T'M B parameter node has black walls on all three levels, while £ does not have any black
walls. We will show below that the parameter nodes Ay, As cannot admit Asg.

Remark 4.4. Since our emphasis is on finding parameter nodes that support Ag in STG, we only
consider essential parameter nodes, see assumptions , and . Abou-Jaoude et.al. [I]
were interested in collection of STGs as a function of the decay rate of Mn. This is equivalent to
a path in parameter graph PG(Mn) that also includes constant logical parameters fp pr,(00) = 1
and fpan(11) = 0 which violate assumption . It is easy to see that when fpa,(00) =
1, the corresponding STG has attracting nodes (110) or (010) and if fparn(11) = 0 then the
corresponding STG has the attracting states (102) or (002). These observations agree with those
of [I] as these attracting states represent reset state after DNA damage repair. Perturbation of
parameters to those that support oscillations represent response of the system to DNA damage and
pulse generation.
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000 001 010 o011 110 111
0 1 1 1 1 1 By
0 0 1 1 1 1 A
0 1 0 1 1 1 M By
0 1 0 1 0 1 | TMB,
0 0 0 1 1 1 Mo
0 0 0 1 0 1 T Mo
0 0 0 0 1 1 Ey
0 0 0 0 0 1 Ty

TABLE 5. Each row represents values of a logic parameter f;.(ys.) for the order

parameter ¢. The column labels indicate the input b*¢ to Jir(Me)- Name of the

logic parameter is in the right column. All parameters, except Ao admit attractor
Ag, see Proposition @

Lemma 4.5. If the attractor Ag exists, then the logic parameter fp yr, must satisfy

fPan(00) = fparn(10) =0
JfPun(01) = fPam(11) = 1.
Note that this means that the edge ey p s input in-essential since the value of the logic parameter

fpmm only depends on the first input component that correspond to o™ (Mc). The value of fpym
does not depend on the second component of the input that corresponds to o~ (P).

Proof. Referring to Table [2| we note that for states x = (M¢, Mn, P) = (102) or z = (112), the
value of b¥"(x) = 01 for any choice of order parameter. This is because Mc activates Mn, P
represses Mn, and Mc = 1 and P = 2 are the highest values of Mc¢ and P. For the sake of
contradiction suppose fp s, (01) = 0. Then (102) € F((112)), i.e. there is an arrow from (112) to
(102) in the STG. Lemma [4.2.4] implies (002) € F((012)) (see Figure [aa)), so there is no path in
the top square, consisting of states (x *2), from the left to the right. This contradicts the existence
of the Ag attractor. Therefore, we must have

fpmn(01) =1

Similarly, note that for states 2 = (000) or = (010), the value of ¥"(z) = 10 for any choice of
order parameter. If fp,(10) = 1 then the STG would have an arrow from (000) to (010) which,

together with assumption would imply the Ag attractor does not exist. Therefore we must
have

fpun(10) = 0.

Corollary 4.6. Any STG that satisfies assumptions , (@ and and contains Ag has to
have directions depicted in Figure [60

The dotted directions will depend on a choice of a parameter node in Figure [5|and will be discussed
next.

5. PROOF OF PROPOSITION [£.3]
We first show the tight correspondence between STGs under order parameters 6 and ¢,

Let o denotes a word substitution

(14) a(101) =011,  a(100) = 010.
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Note that with exception of rows corresponding to Ay, 1 and As, Es, in all other rows denoted by
the same symbol (i.e. B, M,T,TM,MB,TMB) the entries in Table [4| and Table |5| are the same
when the column labels are mapped by «.

The same applies to Table [2t the values of all three bM¢, pM™ P between second and third column
are identical when we apply substitution .. Therefore the identically labeled rows of tables Table []
and Table [p]in Proposition [£.3] encode the same multi-valued maps, the state transition graphs will
be identical for identically labeled rows. Therefore it is sufficient to describe STGs only for order
parameter 6.

We discuss all possible parameter nodes of the factor parameter graph corresponding to M¢, each
of which is given by a row in Table [d] To construct an STG for a given row, we start with the
partial STG in Figure [6b] because each arrow there is necessary for Ag by Corollary The only
arrows missing from Figure [6D] are in the Mc¢ direction. To get these arrows, we use Table [2] and
locate an STG node in the left column and, since we are working with order parameter 6, identify
the value of b€ in the middle column. Then the value of b¢ at the top of the column in Table
is an input to fi.(ar) whose output is listed in the appropriate row of Table 4} If this value is 0 the
arrow points from front to back, that is, in the negative Mc¢ direction. If this value is 1 the arrow
points from back to front in the positive Mc direction. If fy,. (o) (bM¢(2)) = 0 at a state x = (1ab)
and [y, () (0¢(z)) = 1 at the adjacent state = (0ab), then the STG has a black wall. Since
STG arrows in Figure |6b| point to the right on the front states (1ab) but point to the left on the
back states (Oab), these black walls are inconsistent (see Section [3.7 and Figure[2). We discuss the
unfolding of the parameters By, M Bi, TM By, Mi, and 17 which produce an inconsistent black
wall in the following section.

We now discuss remaining logic parameters f,.(ns) which are distinct from By, 71, My, T By, M By
and T'M By and still consistent with the monotonicity condition @ These correspond to

El:

ftr(Mc)(OOO) - ftr(Mc)(OOl) =0 ftr(Mc)(lOO) = ftr(Mc)(llO) - ftr(Mc)(lOl) - ftr(Mc)(lll) =1
A1:

ftr(Mc)(OOO) = ftr(Mc)(lOO) = ftr(Mc)(OOl) = ftr(Mc)(lOl) =0 ftr(Mc)(llO) = ftr(Mc)(lll) =1

We observe that the logic parameter A; is not compatible with Lemma To see this note that
ftr(Mc)(lOl) =0< ftr(Mc)(llO) =1

Since the set of realizable words for Mc¢ and Mn due to common transport term are dual with each
other, and these correspond to second and third input, this implies that

fPnn(10) > fparn(01),

which contradicts Lemma Therefore logic parameter A; is not compatible with STG with As.
The STG for logic parameter F; is depicted in Figure there are no black walls in STG. The
logic parameter of Ej is in the second row of Table [4]

The argument for order parameters A; and E5 are analogous; in these case, however the word
substitution « maps logic parameter E; to Aj, which is not compatible with Lemma [£.5] The
substitution o maps A; to Ey which is in row 6 of Table [d] and its STG is in Figure

To complete the description of the parameter graph depicted in Figure 5| note that the nodes with
subscript 1, that are connected by edges are related by logical adjacency, since the corresponding
rows in Table [ differ by exactly one value. The nodes connected between back and front walls
which differ by the subscript, are connected by order adjacency.
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FiGURE 7. Partial STG for parameter listed. Letters indicate Bottom, Middle and
Top position of black wall(s), denoted by black dot. Dashed red arrows indicate
hypothetical transitions that would produce a Ag attractor.
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5.1. Unfolding of black walls. We now finalize our proof of Proposition by discussing un-

folding of inconsistent black walls.

Recall that the edges €Y}, ;. and eﬁ\zn’ . facilitate transport from Mec to Mn compartment and
corresponds to the term —o*(Mc) in the Mc and +0ot(Mc) in the Mn equation. The effect of the
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(A) Logic parameter F7 with no black walls.  (B) Logic parameter F5 with no black walls.

FIGURE 8

term —o T (Mc) in the Mec equation creates the black wall; the fact that the term +o™(Mc) can,
at the same threshold (aseve = (arn,me, change direction of Mn, creates the inconsistent black
wall. It is not a generic situation that the two components of the vector field change direction
at the same position in the phase space R3. To resolve it, we perturb this singular situation in a
way that represents the generic possibilities in the class of nearby vector fields. We consider two
perturbation of the equality (are,me = Carn, e

Back: CMC,Mc < CMn,Mc'

Front: Cyre e > Cin,Mes

where the words Back and Front represent location of the self-affecting threshold (asc ave in the
STG graph with respect to the other threshold. These two orders are represented by the unfolding
of the order parameters 6 and ¢ @:

0]@[0(1) - ¢]@IC< ) 65\1;[c Me>s 0]@[0(2) - ¢]@[C< ) 65\1;[71 Mec

'9]}\?40(1) = ¢AFﬂc( ) = eMn,Mm 9]}\740(2) = ¢AFﬂc( ) = 6Mc,Mc

so that superscript R represents the back ("rear”) unfoldings and superscript F' represents the front
unfoldings.

We start with extending partial STG in Figure [6alB by adding arrows in the Mc direction, see
Figure [7] These arrows depend on the parameter chosen. At each parameter in Figure [7] there is
a black wall between at least two states of the partial STG. These black walls are denoted by a
black dot. Note that the name of the parameter indicates the position of these black walls in the
P direction: B, M and T stands for bottom, middle and top black wall. The transitions along the
inconsistent black walls in the Mn direction (i.e. left to right) are not well defined as they can either
agree with the arrows on the back wall (right to left) or on the front wall (left to right). In each
partial STG the red dashed arrows are hypothetical transitions which, if realized, would complete
Ag attractors together with the other red arrows. We now determine if these hypothetical arrows
give rise to actual transitions in an STG in at least one unfolded parameter.

In both unfoldings the black wall, which is a subset of (asc nc, becomes consistent, since the Mn
directions on both sides of (asc a7 Will now agree. Therefore under either unfolding there is a well
defined state transition in the Mn direction (either to the left or to the right in the STG) along the
black wall. The STG with either unfolding gains a new state that represents the new set of domains
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F1GURE 9. Unfolded STGs for parameters listed. Letters indicate Bottom, Middle,
and Top position of black wall(s), denoted by black dot. The white dot indicates
the additional state gained by unfolding the parameter. States are labeled according
to the original state space X to show the correspondence between states here and
states in Figure m Red arrows indicate edges in the attractor Asg.

bounded between the two thresholds. We denote these new states as empty circles in Figure [9]
which shows the STGs for the parameters and unfoldings which admit Ag. As an example, compare
the partial STG at parameter Bj in Figure[7al with STG for the back unfolding of B; in Figure
Note that the dashed hypothetical transition in Figure is replaced by a regular transition in
Figure 0a] and that these red transitions form Ag. To continue the argument, observe that in order
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to turn hypothetical dashed arrows that go from right to left in partial STGs of parameters B, M B
and M (Figures and , the Mn direction along the black wall must coincide with the Mn
direction along the back side. This implies that

CMe,Me < CMn,Me

which is realized by back unfolding, see Figures @ and ) The same argument shows that
the front unfolding turns hypothetical dashed arrows from left to right in partial STGs of nodes
T,TM and M (Figures and into actual transitions in STG, see Figures 9] [9¢| and [9d] )
Note that either unfolding works for parameter node M since in both cases there is an alternative
path between the front and back walls of STG. On the other hand, neither unfolding works for
TM B because front unfolding prevents transition from states (112),(111) and (110) towards the
back wall, and back unfolding prevents transition from (002), (001) and (0) towards the front wall.
To summarize,

e Back unfolding of STG at logic parameters B and M B admits As, Figures 0a] and [0b]
e Front unfolding of STG at logic parameters 7' and T'M admits Asg, Figures [9¢] and [9f}

e Both front and back unfolding of STG at logic parameters M admit Ag, Figures [9d] and
respectively. We will use notation M{" and M{* to denote front and back (“rear”) unfolding
of parameter node M, respectively.

e Neither unfolding of STG at logic parameters TM B admits As.

As discussed in section 3.7, switching system with coinciding thresholds is result of taking two
limits; one is the limit in which thresholds are converging together, and one is the limit of smooth
nonlinearties that converge to a switching nonlinearity. Therefore, as suggested by[15], 14, 22] if
there is a correspondence between the Ag in the switching system and a system with sufficiently
smooth nonlinearities, then even if only one unfolding admits Ag, then there is an open set of
unfolding parameters (distance between thresholds, steepness) around (0,0) that will exhibit Asg.

6. ODE SIMULATION AT SAMPLED PARAMETERS

To illustrate effectiveness of DSGRN to quickly scan the parameter space and find interesting
dynamics like attractor Ag, we show that the presence of Ag succesfully predicts existence of both
large and small (defined below) stable periodic orbits for an associated set of ODEs with high Hill
coefficient. We numerically simulate the following set of ODEs:

dMc Y (Use,p — Late,p)P™ B
dt “ Chre,p + P

(Utr(py = Lir(p))Cir(p) (Utr(prey = Lir(arey) Mc™)
L T + L,'r‘ + - d CMC
< r(F) (opy + P e Chrenze + Mc? "

dMn (Utr(P) - Ltr(P))C?r(P) (Un(Mc) — Ltr(Mc))MCn
(15) — =V Lt'r p)+ n Lt'r Me) t n — dynMn
dt ® Ctv‘(P) + P ( ) Mn,Mc + Mcn

dP (Up,mn — L, vin )CP arn
i I : Mr g | P
dt ( m Cpoarn + Mnn :

Note that all the parameters of this system, except the Hill exponent n, are in direct correspondence
with parameters of . Therefore we fix n = 90 and then we can associate each parameter set of
to a particular parameter node of DSGRN model . Since the parameter node is given by a
set of inequalities, we sample each of them and then compare results of ODE with predictions of
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DSGRN offered by presence of Ag. We employ Mathematica’s FindInstance function to generate
one parameter set within each of the unfolded nodes

Ey, ME, ME, MBE, BE TME, and TY,

where the superscript indicates the type of the unfolded parameter node. Using this parameter set
to determine the L and U values, we then uniformly sample 100 values for the thresholds ¢ within
the range determined by the parameter node and these L and U values. The resulting samples are
not expected to be representative of the parameter node.

6.1. Data analysis. For each parameter set we generate 10 initial conditions in the phase space,
chosen in the DSGRN domain which corresponds to the node in the STG with two different out
edges. This is done in order to maximize the probability that some of the solutions will follow one
path and others a different path in Ag (e.g. node 111 in Figure . In each version of Ag attractor
we identify small and large loop, see Figure[7] Since every loop visits both small and large values
of Mc, and Mn, the distinction is in the P variable. The large loop crosses all three levels of P
while small visits only two of them. For example, see Figure [9dl The small loop visits only the
lower two levels of P values and the large loop visits all three levels. While there are three distinct
paths that correspond to large loop, we do not distinguish between them for this classification.

For a particular parameter sample, we numerically integrate the ODE. For all sampled parameters
and all initial conditions, the numerical solution converges to a periodic orbit. We classify each
limit periodic orbit as either a small or a large periodic orbit, i.e. one that lies within the small vs.
large loop of Ag. Since the Ag is an attracting region for system , but not necessarily for , we
classify an orbit as large if the orbit crosses both P thresholds and the orbit is small otherwise. See
Appendix [A] for representative examples of large and small orbits found by numerically integrating

(1L5).

There are two levels at which birhythmicity can be established. On one hand, two stable periodic
orbits can coexist at the same parameter set for . This is the behavior observed for a very
narrow range of parameters in [2]. This would manifest itself in our simulation as a presence of
parameters for which has some initial conditions converge to a large periodic orbit and some
initial conditions converge to a small periodic orbit.

A coarser, yet perhaps biologically equally relevant behavior, is when at one parameter value
exhibits a small periodic orbit for all initial conditions, while for another nearby parameter value
(15) exhibits a large periodic orbit for all initial conditions. For the purpose of this second approach
we consider parameter values near each other if they are sampled from the same DSGRN parameter
node.

Within each parameter node (Ey, M{', M, MBf, BE, TM} and Tf'), we have identified some
parameter samples which yield small orbits and other parameter samples which yield long orbits.
This verifies that the second, coarser version of birhythmicity exists in the ODE model . The
proportion of samples resulting in small versus large orbits appears to be parameter node-dependent
(see Table @ However, we do not expect that the relative frequencies of small and large orbits
reported here to reflect the true frequencies across the whole parameter node because our samples
are not representative of the whole parameter node. Rather, we interpret these results to mean
that most parameter sets within a parameter node will exhibit stable periodic orbits and both small
and large orbits are possible.

Having found both large and small orbit parameter sets in each parameter node, we employed the
following strategy to search for a parameter set for which both a large and small periodic orbit
coexist. Given a parameter node, we selected a pair of parameter sets within the parameter node—
one parameter set corresponding to a large orbit and one parameter set corresponding to a small
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Parameter node | Small | Large
Ey 14 86
MF 41 59
ME 27 73
MBE 18 82
BE 10 90
T™ME 22 78
TF 1 99

TABLE 6. Summary of behavior for 100 parameter samples within each parameter
node. Counts of parameter samples which yield small or large orbits for all initial
conditions tested.

orbit. We then drew a line in parameter space connecting these two parameter sets. Along this line
we expect either that the large orbit smoothly transitions into the small orbit or that there is an
interval in which two orbits coexist. To examine which transition occurs, we sampled equidistant
parameters along this line. We repeated this process across all parameter nodes and all large-small
parameter pairs within each node. In all cases, we found that the periodic orbits transitioned
smoothly between large and small (data not shown).

7. DISCUSSION

The language of networks is increasingly used across scientific disciplines. Undirected networks
often reflect correlations or similarity between entities represented by the nodes, while the directed
networks aim to represent causality, or relationship in time. Directed networks have been used in
systems biology to describe effects between genes, proteins and small molecules like metabolites.
The description of the dynamics of the molecular interactions, represented by directed networks,
has been a focus of mathematical biology for a long time. These models can use differential
equations, Boolean formalisms or stochastic descriptions, but in all of these modeling approaches it
is important to realize that the edges of the network may represent different biological phenomena
that require different models.

In this work we investigate how to incorporate transport regulation into the combinatorial modeling
approach DSGRN [10] 24] that was originally designed to model transcriptional regulation and only
recently extended to include post-transcriptional modifications [I1]. DSGRN is able to describe
all potential dynamics of the network by imposing the strong assumption on network interactions
that they are switch-like. This has the advantage of achieving a large, but finite and thus directly
enumerable description of the dynamics, that, at the same time, provably describes the dynamics
of collection of ODEs with steep nonlinearities [22]. The mathematical structures that enable such
a finite enumeration of dynamics by DSGRN are not well suited for transport regulation modeling,
where a compound regulates rate of transfer between two compartments. The results of this paper
show that by generalizing the DSGRN approach, one can include transport regulation in the class
of cellular processes that can be modeled by DSGRN.

Comparison of models of cell regulation to experiments is often difficult because of presence of
measurement noise, ill-defined cellular conditions and necessary simplicity of the models. The
difficulty with parameterization of traditional ODE models, as well as uncertainty in the process
of selection of types of nonlinearities used, makes traditional comparison using differences between
a particular solution (i.e. a trajectory of the model and often only few experimental data points)
problematic. An alternative to this trajectory based approach is comparing models and experiments
on a more qualitative way. Is the model capable of producing bistability? Can this model support a
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stable oscillation? These comparisons are then used to reject particular models or networks rather
than selecting a unique model capable of matching the data. This process reduces hypothesis space
which can be very useful to the experimentalist and avoids making conclusions based on a narrow
fit of a particular model, at a particular parameter and for a particular initial condition.

We illustrate our extension of DSGRN to transport modeling by applying our method to a p53-
Mdm2 network model. The experimental observations show the existence of two types of stable
oscillations. This had been previously interpreted as co-existence of two stable periodic orbits [11 [38]
and indeed, such co-existence had been found in two different models for a particular and narrow
range of parameters [2]. Following our philosophy of seeking a qualitative agreement with the
experiments, we look for the existence of such a pair of orbits in the model at two potentially
different, but close, parameter values. We reason that during an experiment, especially in human
cells, such shifts in parameters occur all the time and are not experimentally detectable. With this
lower standard for birhythmicity, we found that birhythmicity is common across parameter space
and verified this DSGRN prediction by simulation of the associated smooth ODE model.
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APPENDIX A. REPRESENTATIVE ODE SIMULATIONS

Here we present representative simulations of the continuous ODE system in Figures 10| and
Both figures show simulations at a parameter sampled from the parameter node Mj", the
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parameter node with a middle black wall with the front unfolding. The parameter used in Figure
results in a large attracting periodic orbit while the parameter in Figure results in a small
attracting periodic orbit. The parameters used in each figure are given in Table

Parameter

Fig. [10] Fig[t1]

Ltr(Mc)
Lse,p
Ly (p)
Lp
(MC,MC
CMe,P
Ct'r‘(P)
CMn,Mc
CP.Mn
Utr(Mc)
Unre,p
Uir(pP)
Upvin

dp

1 1
1.83 1.83
0.76 0.76
0.5 0.5
1.13 1.15
1.5 1.32
1.61 1.97
0.99 0.97
1.03 1.04
1.95 1.95
2.7 2.7
1.97 1.97

2 2
90 90

1 1

1 1

1 1

1 1

TABLE 7. Parameters of used for the simulations depicted in Figures and
Note that the small and large parameters only differ in the threshold values (.
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FIGURE 10. Representative large periodic orbit simulation. (A) and (B): Projec-
tions of solutions to onto the Mc-Mn and Mc-P planes, respectively. Tra-
jectories are shown for 10 different initial conditions. After a brief transient, all
trajectories converge to the periodic orbit. (C)-(E): Time series plots for one of the
trajectories shown in (A) and (B). The orbit is large because P crosses both of its
thresholds.



MODELING TRANSPORT REGULATION IN GENE REGULATORY NETWORKS

Mn

CP.Mn

Cer(p)

Cate,p

CMn,Me

U\

CMn, Me

Me CMe,Mc

NV NV VNV VTN

(©)

t

(D)

R

FIGURE 11. Representative small periodic orbit simulation. (A) and (B): Projec-
tions of solutions to onto the Mc-Mn and Mc-P planes, respectively. After a
brief transient, all orbits converge to the periodic orbit. (C)-(E): Time series plots
for one of the trajectories shown in (A) and (B). The orbit is small because P crosses

only one of its thresholds.

35



	1. Introduction
	2. Summary of DSGRN
	3. DSGRN parameters and dynamics for transport networks
	3.1. The transport network
	3.2. The Order parameter
	3.3. The logic parameter
	3.4. The parameter graph
	3.5. Essential parameter graph
	3.6. DSGRN dynamics
	3.7. Inconsistent black walls and parameter unfolding

	4. Application: p53-Mdm2 network
	4.1. p53-Mdm2 network
	4.2. DSGRN Description of p53-Mdm2 Network

	5. Proof of Proposition 4.3
	5.1.  Unfolding of black walls

	6. ODE simulation at sampled parameters
	6.1. Data analysis

	7. Discussion
	Declarations
	References
	Appendix A. Representative ODE Simulations

