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Boolean Networks (BN)

Rules: F(xq, Xa, X3) = (X2 A —X3, X3, = X{ A X2)

(a) The wiring diagram encodes the dependency between (b) The state transition graph or state space. This graph
variables. encodes all possible trajectories.
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Control Targets on Boolean Networks

We consider two types of control actions:

@ Deletion or constant expression of edges
© Deletion or constant expression of nodes.

(3

X1

X3

Identification of control targets in Boolean molecular network models via computational algebra.
David Murrugarra, Alan Veliz-Cuba, Boris Aguilar, and Reinhard Laubenbacher.
BMC Systems Biology, 10:94, 2016.

David Murrugarra (University of Kentucky) Modular control of Boolean networks Modularity Seminar, 2025.



Edge Deletion

Network Controlled System

Fa(X, Uz 2) = fo(Xq, X2, (U3 2 + 1)X3)

@ Foruyp =0, Fp(x,0) = hx1, Xz, Xs).
The control is not active.
X2 X3 @ For uz o =1, Fo(x, 1) = fa(xq, X2, 0).
The control is active and the action represents the deletion of the
edge x3 — Xo.

Identification of control targets in Boolean molecular network models via computational algebra.
David Murrugarra, Alan Veliz-Cuba, Boris Aguilar, and Reinhard Laubenbacher.
BMC Systems Biology, 10:94, 2016.
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Node Deletion

Network Regulatory rule

Fjx us b)) = (U + 0 + 1)) + uf

@ For u- =0, uI.Jr =0, Fj(x, 0, 0) = fj(x). The control is not active.

@ For ul.’ =1, u;* =0, J-‘j-(x, 1, 0) = 0. This action represents the
knock out of the node X;.

X2 X3 @ For u~ =0, ui+ =1, Fj(x,0,1) = 1. This action represents the
U \_/ constant expression of the node Xj.

"] For u” :1,u,,+:1,_7-'j(x,1,1):li(xt1,.AA,x,m)+1.

Identification of control targets in Boolean molecular network models via computational algebra.
David Murrugarra, Alan Veliz-Cuba, Boris Aguilar, and Reinhard Laubenbacher.
BMC Systems Biology, 10:94, 2016.
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Identifying control targets

LetF=(fy,...,fy) : F" - F"where F = {0,1}.

@ Suppose thatyy = (Vo1,-- -, Yon) € F" is a desirable cell state (for
instance, it could represent the state of cell senescence).

@ It might be the case that yj is not a fixed point, i.e., F(yg) # ¥o-
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Identifying control targets

LetF=(fy,...,fy) : F" - F"where F = {0,1}.

@ Suppose thatyy = (Vo1,-- -, Yon) € F" is a desirable cell state (for
instance, it could represent the state of cell senescence).

@ It might be the case that yj is not a fixed point, i.e., F(yg) # ¥o-

Goal: stabilizing or Generating new steady states

Find a set of controllers = {1, ..., un} so that F(yq, 1) = Yo-

To solve this problem we consider the system of polynomial equations
in the u parameters:

‘E(yoﬂu)_ijZOaj:1a"'am- (1)

Identification of control targets in Boolean molecular network models via computational algebra.
David Murrugarra, Alan Veliz-Cuba, Boris Aguilar, and Reinhard Laubenbacher.
BMC Systems Biology, 10:94, 2016.

o

David Murrugarra (University of Kentucky) Modular control of Boolean networks Modularity Seminar, 2025.



Identifying control targets

Given F = (f1,...,fy) : F" — F" with F(Xo) = Xo, for xo € F".

Suppose that Xq is an undesirable attractor (it could represent a tumor
proliferative cell state that needs to be avoided).
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Identifying control targets

Given F = (f1,...,fy) : F" — F" with F(Xo) = Xo, for xo € F".

Suppose that Xq is an undesirable attractor (it could represent a tumor
proliferative cell state that needs to be avoided).

Goal: blocking transitions or removing fixed points
Find a set of control edges such that F(xg, i) # Xo.

To solve this problem consider the following equation,

[F1(X, Uj1) — Xo1 + 1]+~ [Fa(X, Uj,n) — Xom + 1] =0 2)

In general, for blocking a transition, consider

[F1(X, Uj1) — 201 + 1] [Fa(X, Ujn) — 20n +1] =0 (3)

v
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Blocking transitions or removing fixed points

LetF=(f,...,fp) : F" — F"where F = {0, 1}.

Suppose a particular value of a variable, xx = a € Fo, triggers an
undesirable pathway, or is the signature of an abnormal cell, then we
want all steady states of the system to satisfy xx # a.
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Blocking transitions or removing fixed points
LetF=(f,...,fp) : F" — F"where F = {0, 1}.

Suppose a particular value of a variable, xx = a € Fo, triggers an
undesirable pathway, or is the signature of an abnormal cell, then we
want all steady states of the system to satisfy xx # a.
Goal: blocking regions in the state space

In this case, we consider the systems of equations

]:j(X,U)—X/‘:o,j:‘I,...,m,
xx —a=0.

(4)

Since the steady states with x, = a are to be avoided, we want to find
controls u for which Equation 4 has no solution.

Identification of control targets in Boolean molecular network models via computational algebra.
David Murrugarra, Alan Veliz-Cuba, Boris Aguilar, and Reinhard Laubenbacher.
BMC Systems Biology, 10:94, 2016.
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Modules

Module 1

Rules: F(x) = (X2 A Xy, =X, X1 V =Xg, (X1 A=X2) V (X3 A Xg))

(b) Directed acyclic graph describing the corresponding

(a) Wiring diagram of a Boolean network where the non-trivial connections between the nontrivial modules.

modules are highlighted by amber and green boxes.
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Restriction of a BN to a subsets of its variables

Consider the Boolean network
F(x) = (X2 A X1, X1, X1 V =Xq, (X1 A =X2) V (X3 A Xa))

with wiring diagram in the left.

The first module (indicated by the
amber box) is the restriction of F to
Si = {x1, X2} which is the
2-variable network

Fls,(x1,X2) = (X2 A X1, 7Xq).
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Restriction of a BN to a subsets of its variables

Consider the Boolean network
F(x) = (X2 A X1, X1, X1 V =Xq, (X1 A =X2) V (X3 A Xa))

with wiring diagram in the left.

The first module (indicated by the
amber box) is the restriction of F to
Si = {x1, X2} which is the
2-variable network

Fls,(x1,X2) = (X2 A X1, 7Xq).

The second module (indicated by the green module) is the restriction
of Fto S; = {x3, x4} which is the 2-variable network with external
parameters ey and e F|s,(X3,Xa) = (€1 V —Xa, (€1 A —€2) V (X3 A X4))).
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Given a F with wiring diagram W. Let W4, ..., W, be the SCCs of W
with pairwise disjoint sets of variables S;. The modules of F are then
the restrictions to these sets of variables, F|s . Further, the modular
structure of F can be described by a directed acyclic graph
Q={(i,)) | W; — W;} by setting W; — W, whenever there exists a

node from W, to W,.
Module 1
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Control via modularity

\@% Lo

The network is decomposed into its constituent modules: Fy, . . ., Fp. Then, controls are identified for each module: pq, . . .
pn- Combining the controls of the modules 1 = (w1, - . ., ) We obtain a control for the entire network.

Modular control of Boolean network models. David Murrugarra, Alan Veliz-Cuba, Elena Dimitrova, Claus Kadelka, Matthew
Wheeler, Reinhard Laubenbacher. Under review, 2025. https://arxiv.org/abs/2401.12477.
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Larger models

Pancreatic Cancer Cell Pancreatic Stellate Cell
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The colors of nodes indicate the cell type. Black arrows indicate signal activation, while red arrows indicate suppression.

Modeling the Pancreatic Cancer Microenvironment in Search of Control Targets. Daniel Plaugher and David Murrugarra.
Bulletin of Mathematical Biology, 83, (11):115, 2021.
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Modules in larger models

Autophagy Apoptosis

CyclinD | PIK3 EFGR VEGF VEGR

EGFR

Module 1
RB PIP3 RAS EGF

FGFR

FGFR

Beclinl

CyclinE Activation

Apoptosis Proliferation Migration

(a) Wiring diagram of a Boolean multicellular pancreatic cancer model, which describes the interactions of pancreatic cancer cells
(purple nodes), pancreatic stellate cells (blue nodes), and their connecting cytokines (yellow nodes). The non-trivial modules are
highlighted by amber, green, and gray boxes. (b) Directed acyclic graph describing the connections between the non-trivial
modules.
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Aggression Scores

Weight  N.I.
Same | 200

Highllow | 578 571 10.00
LowHigh | 622  6.29 2.00
Average 467

Uncontrolled Attractor Aggression Scores
S

-C
2.00
2.00 10.00
10.00 2,00

4.67 4.67 14.65

Weight 1. -

C-K S-K S C-S T-C-K T- K
FighLow —os ]
Low/High 2.79 X | X 7.49 1.67 2.63 2.06 1.72

Uncontrolled Trajectory Aggression Scores
c

Average 3.01 712 3.80

2.30

Control Set 2 Trajectory Aggression Scores

[KRAS | T53 | CyoD | SMAD | TK | CK |
45 99

Average

Uncovering potential interventions for pancreatic cancer patients via mathematical modeling. Daniel Plaugher, Boris Aguilar,

David Murrugarra. Journal of Theoretical Biology, 548, 111197, 2022.
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Aggression Scores: validation

Kaplan Meier Plots for PDAC
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Survival Estimates. This graph shows the Kaplan-Meier survival plots for the key mutation combinations used previously. The
time-to-death variable is recorded in days, and each curve represents the probability of survival for patients in each cohort.

Uncovering potential interventions for pancreatic cancer patients via mathematical modeling. Daniel Plaugher, Boris Aguilar,
David Murrugarra. Journal of Theoretical Biology, 548, 111197, 2022.
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@ Decomposing the network into modules can make the control
problem more tractable.

David Murrugarra (University of Kentucky) Modular control of Boolean networks Modularity Seminar, 2025.



@ Decomposing the network into modules can make the control
problem more tractable.

@ An advantage of using the decomposition theory for Boolean
networks is that it guarantees a unique collection of subnetworks.
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@ Decomposing the network into modules can make the control
problem more tractable.

@ An advantage of using the decomposition theory for Boolean
networks is that it guarantees a unique collection of subnetworks.

@ This allows us to restrict the control problem to each module, and
then combine the controls of each module to control the entire
network.
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@ Decomposing the network into modules can make the control
problem more tractable.

@ An advantage of using the decomposition theory for Boolean
networks is that it guarantees a unique collection of subnetworks.

@ This allows us to restrict the control problem to each module, and
then combine the controls of each module to control the entire
network.

@ It turns out that we don’t need to control every module of the
network to achieve a control objective.
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@ Decomposing the network into modules can make the control
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