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Signalling pathways are abstractions that help life s@enstructure the coordination of cellular
activity. Cross-talk between pathways accounts for manghefcomplex behaviours exhibited by
signalling pathways and is often critical in producing tleerect signal-response relationship. For-
mal models of signalling pathways and cross-talk in paldicaan aid understanding and drive ex-
perimentation. We define an approach to modelling based @rcahcept that a pathway is the
(synchronising) parallel composition of instances of genmodules (with internal and external la-
bels). Pathways are then composed by (synchronising)lelacamposition and renaming; different
types of cross-talk result from different combinations yfichronisation and renaming. We define a
number of generic modules in PRISM and five types of crods-sgnal flow, substrate availabil-
ity, receptor function, gene expression and intracellaanmunication. We show that Continuous
Stochastic Logic properties can both detect and distiigthis types of cross-talk. The approach is
illustrated with small examples and an analysis of the ctalksbetween the TGIB/BMP, WNT and
MAPK pathways.

1 Introduction

Signalling pathwaﬂare well-known abstractions that help life scientists structure the coordinaftio
cellular activity. Interaction between pathways, known as cross-tafleap to have arisen for several
reasons, for example to integrate signals, to produce a variety of =sptma signal, to reuse proteins
between pathways; it accounts for many of the complex signalling behaviour

This paper investigates modelling and analysis of pathway cross-talk;@ksyme is the suitability
of process algebraic operators to modelling cross-talk. We define anaabpto modelling based on
the concept that a pathway is the (synchronising) parallel compositiorsiainices of generic modules
(with internal and external labels). Pathways are then composed ghfsyrising) parallel composition
and renaming; different types of cross-talk result from differemblsimations of synchronisation and
renaming. We use the PRISM modelling language and model checker. mitréoation of the paper is
the following:

e novel categorisation of types of cross-talk

e modelling based on pathway module instantiation, internal/external reactiogacar®nisation
over subsets of (possibly renamed) external reactions

lwe refer simply to pathways henceforth
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2 Modelling and Analysis of Biochemical Signalling Pathway Cross-talk

e examples of modelling each type of cross-talk
e detection and characterisation of cross-talk using Continuous Stochagiic L

e application of approach to a case study: cross-talk betweenGiBMP, WNT and MAPK path-
ways.

This paper is organised as follows. The following section outlines the backgd to signalling
pathway cross-talk and defines a novel categorisation based on ezamfie literature. In sectidd 3
we describe the modelling approach. In sedfion 4 we show how each tgpessftalk is modelled for an
example pathway and how we can detect and characterise the crossitglkO$L. Sectiohl5 describes
the case study, cross-talk between T@GBMP, WNT and MAPK pathways, and gives some results.
Sectior 6 contains a discussion of our overall approach and SEttioieWseelated work. Conclusions
and directions for future work are in sectign 8.

Throughout the paper the following notation is used. Transformation (ergtein X turns into
proteinY) is denoted by a solid line with an arrow. Catalysis (increase in the rate cictior) is
denoted by a dashed line with an arrow. Inhibition (decrease in the rateeaiction) is denoted by a
solid line with a blunt end. Finally, we distinguish between inactive proteinsaatide proteins rather
than the various mechanisms by which a protein changes state. An actiem fisalecorated with, e.g
X is inactive andXx is active. This notation is illustrated in Figure 1(a).

a) Transformation —

Catalysis i @,—» @k

Inhibition ] )
Protein ® ;

— *
Activated Protein ®* @ @

Figure 1: a) the notation used throughout this paper for arcs and nbfes example of a 2-stage
signalling cascade in which the activated prot€inatalyses the activation of proteih

2 Signalling Pathways & Cross-talk

Pathways are the mechanism by which a cell receives a signal andcpeothe appropriate cellular
response. A cell can respond to many different signals, and the sanadlisigj pathway can produce
different responses based on different signals. For example, thstwdied MAPK/ERK pathway can
respond with cellular proliferation or cellular differentiation depending antifpe of growth-factor
present[[ll]. Many of the reactions involved in signalling pathways argrae catalysed protein activa-
tions, often arranged in a “signalling cascade”. In such a cascadactiiated protein on one “level” is
the enzyme for the activating reaction of the next “level”, as shown in E[§(i).

Signalling pathways were first thought to be a linear series of reactiohspdre recently, detailed
understanding of these pathways shows that they are non-linear [@&.sdries of reactions forming
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the pathway can, for example, diverge or interact upstream/downsinedi® chain of reactions form-
ing a feedback/feedforward loop. Laboratory techniques measurengahcentration of proteins or
RNAs/DNAs in the cell under different conditions now enable biologists itdkappropriate abstrac-
tions of pathways. This is an incremental process further complicated bgacdkeof clear definition
of what constitutes a single pathway. It is an inexact science to defineotirelaries between path-
ways. Often, the boundaries are simply drawn such that the abstractibe pathway can explain the
biological data.

The term cross-talk was first applied to electronic circuits to describe alsigone circuit having
an undesired effect on another circiit [3]. Cross-talk in this setting ésayd flaw: the electronic circuit
has been specified and built, and has resulted in an undesired interattiggeh signals, called “signal
interference”. Biochemical cross-talk [4] is an interaction between Edlmving through two or more
signalling pathways in a cell, however, this is not necessarily indicativigoabinterference.

2.1 Types of Cross-talk

Cross-talk can occur at all stages of signal propagation through egatilthough there is some dis-
cussion of types of cross-talkl[5], there appears to be no univeasegorisation in the literature. Here,
we define five categories of cross-talk: signal flow, substrate availaléitgptor function, gene expres-
sion and intracellular communication. The five categories are illustrated indfZgaind are discussed in
more detail below, with reference to an indicative example. We note thabfdhe five categories are
alluded to in[6] but are not made specific.

2.1.1 Signal Flow Cross-talk

Signal flow cross-talk between two pathway occurs when a molecularesp@cone pathway affects
the signal flow (rate of protein activation) in another pathway, shown inreig(a). The species affects
the signal flow by altering the rate(s) of the activation or deactivationticeecin the other pathway.
Typically, this interaction occurs in the cytoplasm and affects the rate ofahastream signal. For
example, in[[4] there is signal flow cross-talk between the MAPK and limegignalling pathways.
Activation of the Integrin pathway enhances signalling through the MARKwpay by increased rate of
activation of key proteins in the pathway.

2.1.2 Substrate Availability Cross-talk

Substrate availability cross-talk occurs when two pathways compete faronere common or homolo-
gous proteins (proteins that perform the same function), shown in FfoyeFor example]7] describes
two pathways that compete for activation of the MAPK cascade. The pgthsleare the MAPKKK
protein STE11 and have homologous MAPKK and MAPK proteins.

2.1.3 Receptor Function Cross-talk

Cross-talk can occur at the level of the pathway receptor, shown inéfBfg). The receptor’s ability
to detect a ligand can be affected by cross-talk, for example, being irthifpites slowing or blocking

signal propagation) or activated (thus producing signal propagatimigsence of the ligand). Inl[8] other
signalling pathways can activate the estrogen receptor in the abseneeestithgen ligand.
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2.1.4 Gene Expression Cross-talk

Cross-talk can occur at the level of gene expression within the nudbosn in Figurd2(d). In this
case, there is an interaction between pathways in terms of genes that wipptessed or repressed, for
example, through activating/deactivating transcription factors (TFs)apeasing/reducing the number
of TFs. In [9] two pathways contain cross-talk within the nucleus. Onewmatltontains a transcription
factor called GR that resides outside the nucleus in its inactive state. Upieatiao (signalling), GR
relocates to the nucleus and represses the transcription facteBNRat is activated through another
pathway.

2.1.5 Intracellular Communication Cross-talk

Finally, signalling pathways can cross-talk using the less direct mannetra¢@iular communication,
shown in FiguréR(e). Instead of physical interaction between the psotiegts comprise the pathways,
one pathway can release a ligand that activates another pathway! tie[3|IGF3/BMP and WNT
pathways reciprocally regulate the production of their ligands. Theranig sontention in the literature
as to whether this is genuine cross-talk: the interaction is less-direct thantgies of cross-talk and
involves lengthy processes such as gene expression and ligantdaxcre

3 Modelling

Our aim is to build models of pathways and their cross-talk in a modular fashtalst demonstrating
our cross-talk categorisation.

The literature contains many examples of modelling biological systems basedumstauctured set
of equations, for example Ordinary Differential Equations (ODES).[Xwever, flat equations have
disadvantages such as lack of structure and modularity — there is ndedteeqy of dealing the with
composition of these models. Several formal languages from Computerc8diave well-understood
notions of structure.

We choose a state-based formalism, the PRISM modelling language [11], withlesorenaming
and synchronous communication between modules. The semantics is gigentimuous-time Markov
chains (CTMCs), which can be analysed using the PRISM model chadtteContinuous Stochastic
Logic (CSL). We give a brief overview of the language.

The language is based on “reactive modules”, each of which can cdotainvariables. The vari-
ables are updated by the execution of commands that have the following x,synta
[label] guard -> rate:update_statement. Commands are only executable when thgiard
becomes true, and aaybel synchronises as required. Thete is used to build the underlying CTMC,
providing both the probability and timing information of the state affetate_statement executes.

Modules can be composed concurrently, synchronising (multiway) onaimenands whose labels
occur in the synchronisation sdt, For example, given modulddl andM2, and set of labelg,
M1 |[L]| M2 denotes the concurrent compositionMil andM2, synchronising on all labels in L. If
the label set is omittedyl1 || M2, thenM1 synchronises witiM2 on the intersection of labels occurring
in M1 andM2. PRISM also allows renaming of labels, denoted tds{old_label < newlabel}, and
hiding, denoted thus / {labell, ..., labeln}. Hidden labels are not available for synchronisation.
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Figure 2: An example of each of the five types of cross-talk: a) a pathwpaegulates signal flow
through another pathway, b) two pathways compete for a protein, c) waatctivates the receptor of
another pathway in the absence of a ligand, d) two pathways have cogflicmscriptional responses,
e) a pathway releases a ligand for another pathway. The following notatiosed: L1/L2 - ligands,
R1/R2 - receptors, W/X/Y/Z - Proteins, TF - Transcription Factor.

3.1 Generic Modules

We define gpathway moduldéo be a behavioural pattern within a pathway. For example, commonly
occurring pathway modules are: receptor, 3-stage cascade anebgeassion (Figurg 3).

We represent these by generic modules in PRISM as follows. We adagtifpent-centric modelling
style, as first presented ih [12]. Local variables contain the condimtraf proteins in a particular
state (e.g. active, inactive). Labelled commands change protein caatéemtccording to biochemical
reactions. Reactions are considered to be external or internal. Timerfalenote behaviour that can
coordinate (or be coordinated with) behaviour in other modules, thewaikalale for synchronisation.
The latter reactions are hidden and are not available for synchronis@arcentration is modelled by
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Figure 3: Three generic pathway modules: receptor, 3-stage camoddne expression. There are 14
external reactionse(, ..., el4) denoted by black arcs, 2 internal reactiorsi2) denoted by gray arcs
and 6 species that are present in the initial state denoted by shaded ellipses

discrete, abstradevels as defined in[[13]. Here, we consider strong abstractions, usuallyetedts
{0,1}, and unit reaction rates. Due to the ligand production reaedotigand has three level®,1,2},
and the rate of ligand-receptor binding reflects the level of the ligand (lamass-action).

The PRISM modules for receptor, 3-stage cascade and gene éaprassthe following.

module Receptor
R : [0..1] init 1; L1 : [0..2] init 1; RiActive : [0..1] init O;

[i1_1] R1 =1 & L1 >= 1 & RilActive = 0 -> L1:(R1’> = 0) & (L1’ = 0) & (RlActive’ = 1);
[e1_1] RlActive = 1 -> 1:(R1lActive’ = RlActive);
[e2_1] RlActive = 1 -> 1:(R1lActive’ = RlActive);
[e3_1] R1 = 1 & RiActive = 0 -> 1:(R1’> = 0) & (RilActive’ = 1);
[e4_1] L1 < 2 -> 1: (L1’ = L1 + 1);
endmodule

module Cascade3
X1Inactive : [0..1] init 1; X1Active : [0..1] init O; YiInactive : [0..1] init 1;
YiActive : [0..1] init O; Z1Inactive : [0..1] init 1; Z1lActive : [0..1] init O;

[e5_1] X1Inactive = 1 & X1lActive = 0 -> 1:(X1Inactive’ 0) & (X1Active’

= =1)
[e6_1] YiInactive = 1 & Y1lActive = 0 & X1lActive = 1 -> 1:(Y1Inactive’ = 0) &
= =1
1 0) &

(Y1Active’ 1);
[e7_1] YilInactive = 1 & YlActive = 0 -> 1:(Y1Inactive’ 0) & (Y1lActive’
[i2_1] ZilInactive = 1 & Z1lActive = 0 & YlActive = 1 -> 1:(Z1Inactive’ =
[e8_1] X1Active = 1 -> 1:(X1lActive’ = X1lActive);

[e9_1] X1lActive 0 —> 1:(X1Active’ = 1);

[e10_1] Z1lActive -> 1:(Z1Active’ = Z1Active);

[e11_1] Z1Active -> 1:(Z1Active’ = Z1Active);

[e12_1] X1Inactive 1 -> 1:(X1Inactive’ = 0);
endmodule

)
(Z1Active’ = 1);

]
I - o

module GeneExpression
Genel : [0..1] init 1; Proteinl : [0..1] init O;

[e13_1] Genel = 1 & Proteinl = 0 -> 1:(Genel’ = 0) & (Proteinl’ = 1);
[e14_1] Proteinl = 1 -> 1:(Proteinl’ = 0);
endmodule
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We will treat these modules a@gnerig that is, we instantiate them (strictly, duplicate and rename in
PRISM) for multiple occurrences. For brevity, we adopt the followingvemtion. For generic module
M, M; denotes aimstanceof M with every variable and label renamed by an indexed form. For example,
variablev becomes/; in moduleM;.

3.2 Pathways

A pathway is a parallel composition of instances of the generic modulesniegdabels to coordinate
synchronisation within the pathway.

Definition 1. Let G be a set of generic modules. A pathway P has the feXn|fL1]| ... |[Ln-1]| faXn
where X ... X, are instances of modules in G, f.. f, are compositions of renamings and hidings and
Ly ... Lh_1 are labels.

As an example, consider the expression of a pathway comprising the setegtor catalysing the
activation of protein X and active protein Z catalysing the expression néGehis is defined by:
P, = Receptor / {il1} {el; «— €51} |[ebs]| Cascad®; / {i2;} {€ll; «— €13}
|[e13,]| GeneExpressian
The Receptoy andCascad8; modules synchronise ogb;, andCascad8; and GeneExpressign
synchronise oel3;; in both cases these are the only external labels that occur in both mokitézeal
reactionsg1; andi2; are hidden using thé¢ operator.

3.3 Composition of Pathways

In a similar way, pathways can be composed, synchronising on extelbeds.la

Definition 2. Given two pathwaysiPand B, with sets of external labels €& ) and extP) resp., if
ext(Pr) N ext(P,) = {} then the pathways are independent, otherwise there is crosstalk.

As an example of independent pathways, condfl@ndP, (shown in Figur€}4), where

P, = Receptos / {ilp} {ely «— €5} |[€5y]| Cascad8; / {i22} {ell, «— €13}

|[e13;]| GeneExpression

We synchronisd® andP, over the unused external reactions, i.e. the reactions that are otherwise
never involved in synchronisation. In this caBg|[U]| P, whereU = {€2;, €31, e41, €71, €81, €91, €10,
€l2;, eld;, e2,, €3y, edy, €72, €8y, €9, €10y, €l2,, el4,}. Since the labels iy occur in only one
pathway they cannot synchronise and their corresponding actioes @éexcute.

P, and P are independent pathways, sined(P;) N ext(P,) = {}. We can also demonstrate in-
dependence through CSL properties. For example, the following CSilepgoexpresses that it is not
possible to activat®, without activating receptdr; or activateP, without activating receptdry.

P |[U]| R E P<o|[F(RActiva = 0 A Proteim = 1) V F(RActive = 0 A Proteip = 1) ]

In the next section we consider the case where the intersection is not epgatifically, we consider
examples of the five possible types of cross-talk betw&endP..

4 Cross-talk models

We now consider the five possible types of cross-talk betwReand P,. In the previous section
we synchronisedP, and P, overU, the set of unused reactions. We now synchronise BvandU,
P1 |[E, U]| P,, whereE = ext(P1) N ext(P,), i.e. the common external labels betwdgrandP,, which
may involve renaming. For each type we give a general description anéihexplicit example.
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Figure 4: The two pathway’, andP, each comprising three instances of the generic pathway modules
receptor, 3-stage cascade and gene expression. External reaodenoted by black arcs, internal
reactions by gray arcs and species that are present in the initial statadgdsellipses.

We say that there is competition for a protein if the both pathways modify theipaieh that they
become unavailable to the other pathway. An enzyme that is shared betweg@attwvays could be
considered competition, however the duration of the enzyme-substratdexoismextremely short. As
such, we ignore this step in our approach.

Signal Flow Cross-talk P |[E, U]| P, has signal flow cross-talk & only contains labels from two
cascade modules or labels from a cascade module and catalysis/inhibitisrfiairea receptor module,
in either case not setting up competition for a protein between the pathwaysnplx provide an
additional route to the activation &f through theXzx enzyme. SynchroniseB,, the enzymatic activity
of Xox, with e7; the alternative route to activatg, by renaminge8; to €71 and synchronising between
pathways ore7;.

P |[e71, U” P, {682 — e71}

whereU = {621, 831, 641, 681, 6917 6101, 6121, 6141, 822, 632, 642, 872, 692, 8102, 8122, 6142}.

Substrate Availability Cross-talk Py |[E, U]| P> has substrate availability cross-tall&fonly contains
labels from cascade modules or labels from a cascade module and cAtddystson labels from a
receptor module, in either case setting up competition for a protein betweemtthegys. Example:
make both pathways compete for the activation of proXginatalysed by their respective receptBis:
andR2x. Within P,, synchronisee2,, the enzymatic activity oRy*, with €9,, the production ofXyx.
Between pathways, synchronieE?;, the degradation of;, with thee9,. This produces a new reaction,
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X1 — Xox with Ryx as the enzyme. Also, synchronise between pathwagsoto block the following
reaction Xy — Xy with Rox as the enzyme.
P {el2; — €%} |[e9, U]| P,
whereU = {821, 831, 641, 671, 681, 891, elOl, e141, 632, 642, 652, 872, 682, 6102, 8122, 6142”}
andP, = Receptos / {ily} {el, «— €57, €2, «— €9,} |[e5y, €9,,]| Cascad8; / {i2;}
{ell, — el3,} |[el3,]| GeneExpression

Receptor Function Cross-talk P, |[E, U]| P, has receptor function cross-talk B only contains
labels from a receptor module and catalysis/inhibition labels from either pteramodule or a cascade
module. Example: provide an alternative route to activate recéptby the enzymeXyx. Synchronise
€3y, the alternative route to actii, with €81, the enzymatic activity oXjx*.

P {e81 « €3} |[e3p, U]| P,

whereU = {621, e31, 641, 671, 6917 6101, 6121, 6141, 822, 642, 872, 982, 692, elOz, 8122, 6142}.

Gene Expression Cross-talk Py |[E, U]| P> has gene expression cross-tallEibnly contains labels
from a gene expression module and catalysis/inhibition labels from a @stwatlle. Example: connect
the inhibiting activity ofZ,+ to the expression dbeng. Synchronis&l0,, the inhibiting activity ofZ,x,
with €13;, the expression dsengq.
Py |[€e13, U]| P {el0, — €13;}
whereU =
{€21, €31, edq, €71, €8y, €91, €10y, €12y, eld;, €2;, €3;, edy, €72, €8y, €9, €12, eldy}.

Intracellular Communication Cross-talk P |[E, U]| P has intracellular communication cross-talk
if E only contains a protein degradation label from a gene expression maaile llgand production
label from a receptor module. Example connect the degradatiétradein, to the production ot,.
Synchronise214,, the degradation d®rotein, with ed,, the production of_,.

P {8141 — 642} ‘[642, U” P

whereU = {821, €3y, ed, ery, 681, 691, ElO_L, el2y, 622, e3,, els, 682, €9,, 6102, 6122, 6142}.

4.1 Detecting Cross-talk

We perform Continuous Stochastic Logic (CSL) model checking in PRISKletect the presence of
cross-talk. For each of the 5 cross-talk models we compute the probabittyesf properties and note
that cross-talk is detected by a change in probability compared with the indepemodel. The three
properties are as follows.

Competitive Signal Flow ¢f: probability of signal flow through; beforeP,
P_» [ F(Proteimp = 1 A Protein, = 0) |

Time-dependent Signal Flow;(P probability of signal flow through; within 3 time units
P_> [ F<3(Proteim = 1) |

Time-dependent Signal Flow,{P probability of signal flow througl®, within 3 time units
P_> [ F<3(Proteip, = 1) ]
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Competitive | Time-dependent Time-dependent
Signal Flow @,) | Signal Flow 1) | Signal Flow )

| Independent Pathways \ 0.500 \ 0.184 | 018473 |
Signal Flow Cross-talk
(flow from P, to Py) 0.638 0.304 0.18473
Substrate Availability Cross-ta}lk 0.500 0.141 0.14125
(PL andP, compete for a protein)
Receptor Function Cross-talk
(P, activates?’s receptor) 0.487 0.184 0.19257
Gene Expression Cross-talk 0.363 0.147 0.18473
(P> inhibits P;’s gene expression)
Intracellular Communication Cross-talk 0,500 0.184 0.18477

(P, expresse®y’s ligand)

The competitive signal flow property detects the presence of 3 of the 5 tfpeross-talk. The
probability of this property is significantly greater with signal flow crossstdlie to the extra signal
flow from P,, and significantly less with gene expression cross-talk, due to inhibitioared gxpression
by P,. There is a decrease in the probability of this property with receptor functioss-talk, however
the decrease is small due to the likelihood that the cross-talk is initiatedRafsereceptor becomes
activated. The competitive signal flow property does not detect theratdsvailability cross-talk, as
the cross-talk has an identical effect on each pathway. Intracellutamcmication cross-talk is also not
detected, as the cross-talk occurs aftestein is expressed (the property does not refer to behaviour
past this point).

To detect substrate availability and intracellular communication cross-talk&etaeheck the prob-
ability of independent signal flow through a pathway (hence, not in relatia@nother pathway). This
is accomplished by checking the probability of signal flow through a pathwitiyin a time bound, in
this case (arbitrarily) chosen to be 3 time units. Substrate availability croskaslthe effect of equally
decreasing the time-dependent signal flow through Bptand P, due to the competition for a limited
protein. Intracellular communication cross-talk has the effect of incrgamity the signal flow through
P,, however the effect is marginal (5th decimal place). It is interesting to thattein Sectio 2,115 we
identified intracellular communication cross-talk as a source of contentiongahithre community and
it proves difficult to detect in our analysis.

4.2 Characterising Cross-talk

We now define 5 CSL properties, each of which characterises a typess-talk and thus holds only in
the respective model defined previously. The properties are simplefiser safety properties and do
not exploit the rate information in the model. These properties could equallyitien in Computational
Tree Logic, replacing the probabilistic operator with the universal (&) existential (E) operators as
appropriate.

Signal Flow Cross-talk (flow from P> to P) it is possible to activat®; without activating receptdi,
P-o [ F(RActiva = 0 A Proteinp = 1) |
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Substrate Availability Cross-talk (P, and P, compete for a protein) it is not possible to activate
bothP; andP; (i.e. the pathways compete for a limited protein)
P<o [ F(Proteim = 1 A Proteinp = 1) ]

Receptor Function Cross-talk P, activatesP,’s receptor) it is possible to activate the receptes
without using the ligand.,
P-o [F(RActive = 1 A Lp = 1)]

Gene Expression Cross-talk®, inhibits Py’s gene expression) it is not possible to expregsotein
if the signal has already passed throigh
P<o [ F(Proteinp = 1) {Proteim = 0 A Proteinp = 1}]

Intracellular Communication Cross-talk (P, expresses$’s ligand) it is possible to use and replen-
ish ligandL,
Pol(lLa =) A (Lo =1)U((L2 =0 A (L =0U (L =1))]

5 Case Study: TGFS/BMP, WNT and MAPK pathways

We applied our approach to a prominent biological case study of the-taidsetween the TGIB/BMP,
WNT and MAPK pathways. Details are taken frdm [5] and from discusswith a domain expert [14].
We consider the behaviour of the independent pathways and the van@ssof cross-talk. We note that
the effects of cross-talk are not discussed In [5].

Our model of the pathways and their cross-talk is shown in Figure 5. Ty appmodule approach
we need to expand our set of modules to: receptor, protein activatstag2-cascade, 3-stage cascade,
translocation, protein binding and gene expression. This is a naturalsexteof our approach, and
the extra modules act in a similar manner to the modules that have been discusssgl the formal
descriptions of cross-talk (Sectibh 4), we have identified three type®sé-talk in this model.

We measure the output of the T@#BMP pathway by the activity of the expression of Genes to
Proteins. We use the following properties to compare the effects of tatksgp1, the eventual expression
of Genes, andy,, the time-dependent expression of Genes (within 5 time units).

Y1 = P_»|[F(Proteins= 1) ], Yo = P_o[F<s(Proteins= 1) |

Independent Pathways With independence, the activation of the TBBMP pathway leads to gene
expression within 5 time unitg/;,, with probability Q47 and eventual gene expressign, with proba-
bility < 1 due to the inactivation of the receptor.

TGF-B/BMP and MAPK Cross-talk  There are two types of cross-talk between the T&BMP and
MAPK pathways. Signal flow: MAPK: proteins slow signal flow through the TGFBMP pathway

by deactivating theR-Smadsand degradingsmad!. Gene expressionthe TFx and AKTx* proteins
upregulate gene expression in the TBBMP pathway. Note that the appearance of &€T and
PI13K proteins in the MAPK pathway indicates an implicit cross-talk with €T andPI3K pathways
respectively. The inclusion of cross-talk with the MAPK pathway can bodvide alternative gene
expression routes and block the TBBMP route, overall causing the probability of gene expression
within 5 time units,|», to marginally decrease toT8B. The probability of eventual gene expressign,

is 1 due to the consistent routes through the MAPK pathway.
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Figure 5: Cross-talk between the T@EBMP, WNT and MAPK pathways. Species that are present in
the initial state are denoted by shaded ellipses.

TGF-B/BMP and WNT Cross-talk There are three types of cross-talk between the PE@MP and
WNT pathways. Signal flow: the Smad'x protein degradeg-Cateninand theaxin protein degrades
Smadid. Gene expressiorthe B-Cateninprotein upregulates gene expression in the T8BMP path-
way. Intracellular communication:the WNT pathway can cause the production of a ligand for the
TGF-3/BMP pathway, and vice-versa. The inclusion of cross-talk with the WNfvpay can both pro-
vide an alternative route to gene expression and inBilsiad which can inactivate the receptor for the
TGF-3/BMP pathway. Overall this causes the probability of gene expression vttime units, s,

to marginally increase t0.06. The probability of eventual gene expressign, is still < 1 due to the
degradation of th@-Cateninprotein.

TGF-B/BMP, WNT and MAPK Cross-talk  The cross-talk between all three pathways is the union
of the two cross-talk scenarios above. The effect of both WNT and KiéBss-talk to the TGH3/BMP
pathway is additive. The probability af, has risen to 88, compared with the single cross-talks of
WNT and MAPK with probability 076 and 073 respectively. The inclusion of the MAPK cross-talk
provides consistent routes to gene expression and hence the prolmhjlitys 1.

2this cross-talk is discussed further in Secfibn 6
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6 Discussion

Categorisation The categorisation of signal flow cross-talk between the WNT and BERAP path-
ways in the previous section may be open to discussion. In HigArgértdegradesSmad’. Rather than
being part of the signal flow from the TGEBMP receptor to gene expressi@mad actually deacti-
vates the TGH3/BMP receptor. One could consider this cross-talk as receptor funatims-talk with
an intermediatemad’). Our approach categorises this as signal flow because the setisfilamlved
is an catalysis label from a protein module and a degradation label frooterpactivation module.

Quantitative Detail We have demonstrated our approach in this paper on models with a low level
of quantitative detail. As such, the probability values resulting from CSL incldecking can only

be used to compare between models. However, with more quantitative dathigrfinterpretation of

our analysis results would be possible. For example, the propertiesrnorgcéhe probability of time-
dependent gene expression between cross-talk models would beconamiaghd assessment of the
strength of the cross-talk.

Feature Interaction There may be an interesting analogy with feature interactions in telecommunica-
tions and software systems. Features, or services, in these systemiditioaal functionality (additional

to the core). They are often added incrementally, by various develogtevarious times (e.g. due to
deregulation). A possible consequence is interactions between the atemefethemselves, or with the
core system, causing some features or the core to behave in new, sometitesisable ways. An open
question is whether techniques developed to model and detect featdiiegemactions may be applicable

to pathway cross-talk. Moreover, a common problem is lack of univelefatition of pathway/feature;

it would be interesting to investigate if concepts such as the feature canstrifd&] would be useful

in the pathway paradigm. We note that many approaches to interaction deteetibased on temporal
logic descriptions of behaviour.

7 Related Work

The literature contains a limited number of applications of computational tectmniquihe study of
signalling pathway cross-talk.

There are several examples whereby a proposed method of crodetalen two pathways is ex-
pressed and analysed as a computational model. For exdmple [16] dnds¢l@rdinary Differential
Equations (ODESs) to model the cross-talk between the MAPK pathway with Kieahd PKC path-
ways respectively. The work i _[18] is similar, however the modelling teamnigsed to model the
cross-talk between the growth factor pathway and the Integrin pathwéycisastic networks. Further-
more, a more formal notation of Petri nets has been used In [19] to modetdabe-talk between the
pathways involved in Apoptosis decision-making.

The computational analysis of cross-talk models have produced somesimgnesults in the lit-
erature. For example,|[7] has produced a model containing substedtabdity cross-talk between the
hyperosmolar and the pheromone MAPK pathways. The question the sitthtw answer is how these
pathways maintain signal specificity given that they share common proteiesadthors analyse two
models which can account for the signal specificity, one which containsatotubition between path-
ways to limit signal bleed-through and one which contains scaffold prot&ind7] the computational
analysis shows that cross-talk has an effect on whether the modeitexbigiability. With pathway
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cross-talk, the behaviour of key proteins switches from transient taisesl activation upon varying the
duration of the signal.

We have found only one paper on the application of formal models to tatis420], which contains
a model of the multiple modes of cross-talk between the EGFR and LIN-12/S@nhlling pathways.
A discrete, dynamic, state-based model is developed in using the languRgaative Modules. Model
checking is used to check the validity of the model and to generate “new hialdgsights into the
regulatory network governing the cell fate”. However, this work d#férom ours because it concerns
intercellular cross-talk within a multi-cellular model. The application of the terrasztalk to intercellu-
lar communication is often considered a misnomer amongst the community, areMrehave focussed
our analysis to intracellular cross-talk in a single-cell model.

8 Conclusion and Future Work

In this paper we have explored formal modelling and analysis techniqusgfmlling pathway cross-
talk. We note that formal methods, whilst applied frequently in the literature twaBigg pathways,
have been largely ignored in the study of cross-talk. The aim of this gpesebeen to show that formal
methods are both well-suited to and a natural choice for this area.

Our first contribution is a novel categorisation of cross-talk, drawiamfexamples in the literature.

The second contribution is the definition of a pathway and pathway compoditased on a set
of generic pathway modules with internal and external reactions, araniag and synchronisation
operations. We can compose pathway independently, or with cross-tatkeFnore, we also find that
temporal logic descriptions of behaviours are suitable to detect andctdr@sa cross-talk. The approach
is illustrated with example pathways.

The third and final contribution is the application to cross-talk between the @IBMP pathway
and two other pathways.

Several future directions have been identified. As suggested earlierpafrer, we wish to apply our
approach to models with a higher level of quantitative detail to make predidinhgenerate insights
about the biological effects of cross-talk. Furthermore, we wish tosagdsaw the effect of cross-talks
differs to that of standard pathway motifs. Hence, is there a reasontdiatian of the pathway model
(e.g. addition of a feedback loop) that gives the same behaviour as @tipbtzoss-talk? We also
wish to assess how the effectiveness of pathway intervention techr(igjgesdrugs, gene knockouts)
changes with the addition of cross-talk. Finally, a larger question is how ttineateal ordering of signals
affects the detectability and behaviour of cross-talk (i.e. do the pathwagisai'biochemical history”
of signalling events?).

The PRISM models and CSL properties used in this paper can be found at:
www.dcs.gla.ac.uk/~radonald/fbtc2010/.
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