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ABSTRACT

Gene networks are composed of many different interacting genes and gene products (RNAs and proteins). They
can be thought of as switching regions in n-dimensional space or as mass-balanced signaling networks. Both
approaches allow for describing gene networks with the limited quantitative or even qualitative data available.
We show how these approaches can be used in modeling the apoptosis gene network that has a vital role in
tumor development. The open question is whether engineering changes to this network could be used as a
possible cancer treatment.
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1. INTRODUCTION

While cancer is understood in very broad terms'? and many of the key proteins involved are very well under-

stood,>® more research is needed at the gene network level to understand interactions between genes, proteins,
and the environment. p53 is a key protein involved in a number of key cell processes,® which if disturbed can
lead to cancer.m’? By modeling the p53 gene network, we can gain a better understanding of its interactions,
with key implications for cancer treatment.

Modeling gene networks gives us a broad, yet important view of vital cell regulatory functions.”® Two

techniques that have been developed are mass-balanced signaling networks® ! (of which the Michaelis-Menten
kinetics are a particular form!?), and piecewise-linear differential equations (DEs),”!3 14 a generalization on
the work in Boolean NK switching networks by Glass and Edwards.'* 16  Although enzyme kinematics are a
useful tool,>12 the ODEs involved are typically quite stiff which increases the computation time.'® Also, the
piecewise-linear DE approach gives a better picture of the qualitative nature of the behaviour,” since they are
quick and accurate to integrate!* and good analytical tools exist for their qualitative behaviour.'?

Gene networks present several problems for any sort of quantitative analysis.”'3 Many of the interacting

proteins may be unknown, and even between the known interacting proteins, some of the interactions occur only
under unknown conditions.” Furthermore, although techniques such as microarrays and reverse transcriptase-
polymerase chain reaction (RT-PCR) give gene expression levels,!” there is a lot of variance, a lot of measurement
error, and they do not typically provide enough detail about the complex interactions to establish any strict rules
of behaviour in the gene networks.'® Even in well-established gene networks, such as the p53 network, the details
of many interactions are still being discovered.® Some of the key ones, such as the feedback loop that exists
between p53 and another protein, Mdm2, are lacking clear quantitative values.® Consequently, we are left with
an incomplete picture of protein interactions, with imprecise, qualitative rules — for example, protein A binds to
protein B, or protein C activates transcription of protein D. Basing our analysis on logical switching systems is
useful, because:

“logical switching systems capture major features of a homologous class of nonlinear dynamical systems gov-
erned by sigmoidal functions because such systems tend to sharpen their responses to extremal values of the
variables.” (Kauffman®)
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If one considers a typical sigmoidal function,

n

T
— 1
then it is trivial to show that
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Thus in the extreme case, as n — oo we have a simple switching, or step function. Piecewise-linear (PL)
differential equation (DE) models, originally developed by Glass and Edwards,'4 16 offer a way around this
problem, in that they can successfully model systems in a qualitative sense, including quantitative data where
available. Filippov successfully introduced step-functions, which are important for modeling the switch-like
regulatory interactions in gene networks.!?

2. METHODS

As described by de Jong,'3 the rates of change of proteins can be written as

x=f(x)-g(x)x (3)
where x = (z1,...,2,), x € RZ, is the expression levels (copy number / volume) of the n proteins, f =
(fi,..., fn) consists of the rates of synthesis of each proteins, and g (x) = diag (g1,...,g2) is the rate of degra-
dation.'® The rate of synthesis of the protein i, f; : R>o — {0,1} depends on the levels of the proteins, x in

some fashion,
= Z Kabi (x), (4)
lel

for rate parameter £; > 0, and by : RS; — {0,1} a regulation function, and £ a possibly empty set of indices
of regulation functions. The g; are defined similarly to the f;, except we require that g; > O0Vi. The regulation
functions by are defined in terms of step functions s*,s~ : R? — {0, 1} defined as

1, z;,>0;
T (.. 0)=L0" "7 J 5
sT (5,05) {0’ z; <0, (5)
s (:C],Q) =1-s" (‘Tjaaj) (6)

We consider a generalized view of the p53 network, as shown in Figure 1. Based on Figure 1, we abstract
over the proteins apart from p53 and Mdm2, instead considering x = (24, Ty, Tp, Tm, T4, Tc, T D)' where x4 is
the level of DNA damage kinases, x,, the level of UV stress kinases, z,, the expression level of p53, x,, the level of
Mdm2, zp the combined level of apoptosis (programmed cell death) proteins, x4 for the angiogenesis proteins,
and x¢ for the cell cycle proteins. The network of interactions is shown in Figure 2. We use the following set of
equations to model the p53 network:

» =5past (24, Qd) + 8pu ST (Tuy 0u) + Spm 8T (X, Om) 8™ (2, 0p) — gpT, (7)
T =8m 8T (T, Om) 8™ (T, 0p) — GinTom, (8)
TA=5a8" (2p,04) — gaza 9)
zo =sc st (p,00) — goro (10)
zp =sps’ (xp,0p) — gpT D, (11)

where 6, for some protein (or protein group) a is the level at which the protein b in the term s, % (2, 6, ) signals
for the synthesis of the protein c at rate sq. No equations for x4 and x,, are given as these are input variables.
We define ¢ < 04 < 6p, which has the interpretation that as a first response the cell stops the cell cycle and
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