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Gene regulatory network attractor selection and cel
fate decision: insights into cancer multi-targeting

N.R. Nene, A. Zaikin

phosphorylated state) with cell phenotype. Transiersus
Abstract—Cell fate decision processes in intracellular neterk  sustained activation of the output node indicatée t
biology have been traditionally associated with theanalysis of  competition between two mutually exclusive cell pbigpes,

linear pathways and correlated with the activity of specific  qiferation and differentiatich respectively, in some cell
components. Here we review some of the concepts dodmalisms lines

in discussion in the literature of cell fate decisin and defend an
integrative approach to modeling intracellular processes. This

approach is based on the concept of attractor seléen that could Ct:(jZD I(t)
inform on cancer targeting strategies such as smalmolecule _ — I
kinase inhibitors. mat Signalling

ma System

Index Terms— Multi-targeting therapy, attractor selection, cell Molecule
fate decision, synergy, high-order dimensional sysin, cancer Innibitors —‘ l
Therapy S Ss

[. INTRODUCTION @)

Proteins synthesized from genes may function as
transcription factors binding to regulatory sitéother genes, T
as enzymes catalyzing metabolic reactions, or agpooents TFx g el TF |
of signal transduction pathways processing exthaleel — <b Frs
messages. To understand how genes are implicatatiein
control of intracellular and intercellular processa systemic Transcriptional l
integrative approach is necessary to go from semsemwf Systen o(t)
nucleotides coding for proteins to regulatory gsyse
determining expression patterns of genes. Here iWdogus 7 .
on signalling-transcription integrative networks. The Operation Phosphonyationn | Phosstonaton
integration of cue signals is both performed by stgnalling e
system, whose function is akin to a multi-layerog@tron or
combinatorial decodérand the transcriptional machind he
signalling module generates a classification ofatbination
of inputs (activated receptors) based on theirllégdesage)
and timiné, recumng to the multiple interlinked chemical':_ig- 1. _Simple .represe.ntatic‘)n of_ the two moduleslved in intrac_ellular
processes (most commonly Kinase/Phosphatase. resitio SN Iesrsion, Sinaling & wsualy sesodktoughy wit 5
The transformation outcome is a combination of vatbn transcriptional system represents a common motfiLia gene regulatory
concentration profiles of the output nodes48d S in Fig. 1), network, toggle or decision switthl(t) stands for the set of inputs. O(t)

; ; ; ; j represents the set of outpupét) represents the phenotype or gene expression
whose shape (S|gnal duration, S|gnal amplltuden&titmg pattern. Phosphorylation reaction motifs seen is thagram are known as

rising and relaxation times) has been correlate@utfh  giEAN motifs, one of the most common motifs in sidimg network&, The
combined experimental and simulation studies witie t multilayer perceptron commonly used in classificattasks may be seen as a

induced genetic programs. For example, the temmmrm generalization of the BIFAN motif to higher dimenis£.
of the signaling module that contains IkB kinaskK(, its

Protein —gene
Protein —gene Interaction (inhibition)
l Interaction I ¢ .

(activation)

S ) Regarding targeting strategies of complex netwotks,
substrgte_lnh|b|tor of NF-kB (IkB), and the keylmﬁmatory question arises of how to modulate the biochenpcatesses
transcription factor NF-kB can allow for selectivgene

activation by Tumour Necrosis Factor Receptor (TINBRd
other concurrent pathway®ther pathway systems such as th
Epidermal Growth Factor Receptor (EGFR) have atmnlihe
focus of extensive experimental studies associatiggalling
output activation (e.g.MAPK/Erk kinase in double

as to induce the correct combination of concemmafirofiles
of output nodes and how to interpret this combonati
%argeting single nodes belonging to the centralc@ssing
core of the signalling information processing layers not
been as fruitful as desiredThe multiple mutation scenario
that characterizes cancer associated netWoaksl turns these
abnormal cells into very robust systémworking with the
N.R.N is with the UCL Cancer Institute and the @erfor Mathematics inherent redundancy of molecules in cell signalkngibiting
and Physics in Life Sciences and Experimental Bjplo email: €Xtensive cross-talk renders the development of targeting
n.nene@ucl.ac.uk. strategies a highly complex endeavour. In Fig. Tepgesent a
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kinase inhibitor therapies) to be considered fomirtg or
modulating the selection of gene expression.

of the transcriptome from the border of the badiattraction
back to the attractor state have also reinforceddba of high-

The function performed by each of the moduless(F dimensional attractéf.
signalling and ks transcription) is dependent on the wiring of Generalizations of the attractor landscape to dynasclic
the network, Ws (1) and Ws (2)™, and the set of inputs to attractors representing for example the cell cymeild entail

the module over time. Here the wiring is not ongga@ciated
with the connectivity matrix between system’s nobtles also
with the actual parameters (kinetic parameters sash
phosphorylation, transcription and
determining nuances in the dynamical regimes.

O(t) = Fs (1(1),Wes)
A1) = Frs (O(1),Wis)

@)
)

Composit motif§ involving feedback loops between the

transcriptional and the signalling systems will nbe
considered here. They can give rise to much moraptax
behaviours such as damped sustained oscillationselisas
differentiatiort”.

Il. DETERMINISTIC AND STOCHASTIC GENE REGULATORY
NETWORK ATTRACTOR SELECTION

The concept of attractor landscapes has been éxbns
explored in cell differentiation studies. Deterrsiig studies of
low order gene regulatory networks such as bistabféches
have been given a thorough theoretical investigatmd
constructed de novd Conditions for multistability are
naturally linked to parameters controlling selfyatiation and

cross-stimulatiof? (Fig. 1) and are thought to be a cleal »

framework to understand selective expression ifeift cell
types. Bistability in stochastic gene regulatorywueks has
been studied in several systems,&.ghage decision switch in
Escherichia coli coupled or uncoupled to the quesemsing
signalling pathway or the SOS signalling pathifajoise is
essential for switching from attractor to attractehen the
system has an
Generalizations to high dimensional switches hawenb
carried out both in deterministic systémand in noisy oné&

Kaneko and coworketsshowed that the strength and duratior

of noise in globally couple map lattices is suffici for
transition from attractor to attractor in a systeapable of
exhibiting ordered phases, synchronized phaseswhbdlent
phases. In the same work, it was also shown thheimbsence
of noise, efficient attractor selection is also gibke by
variations in the rate of sweeping of the singleapseter
coupling each node to the mean-field activity. Mois also
essential for optimal attraction selection in etiolary
systems coupling metabolic activity to gene pateqpression
in the absence of any adequate signalling extémpats’. The
gene expression pattern selected in integrated bwmiata
transcription network simulations corresponds t® thaximal
cell growth controlled by metabolic network actwiCell fate
being associated with a high-dimensional attracorgene
expression pattern, as first proposed by Kauffmams
confirmed experimentally in neutrophil different@t™® and in
a hematopoietic cell

dimensional trajectorié$ Return of noise-induced deviations

interface  with a signalling module

having a sequence of states with a privileged iians
sequence between each of the stages/attractor&{E)M) of
the cell cyclé'. Consider the following potential landscape

degradation gjate(Fig. 1) as a paradigmatic example representingtadtractor

selection by external signals in intracellular nativdynamics.

U =Ar?x(Ar®=2)+ (1-S,(t)) x (Ar -1)? 3)
+(1- S, (1) x (Ar +1)?
Ar =[TF,]-[TF,] (4)

Evolution of the system could be modelled in a leang type
of approach by differentiating the potential witspect ta\r.
A remark should be done about the sensitivity efdlgnamics
of the gene regulatory system, here representedthiy
potential landscape, to the external signals. Ifipoctions to
the gene promoter regions can often show extremmlexity
due to cooperativity between binding sites ancheogresence
of multimers necessary for initiation of transciopt’
Moreover, since the chosen mechanism for transenigactor
activation in this paper is phosphorylation the etypf
dynamics considered in this reaction, mass actidviiohaelis
Menten kinetics, will function as a filter to® and $(t)
dynamics.
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Fig. 2. Potential for hypothetical gene regulatdscision switch (Fig. 1)

driven by external signals leading to attractoesibn. Left — signals have
equal profiles. Right-signals change differentlyhwtime. The differences are
integrated by the transcriptional system. U, pa&nfunction. TF conc

difference =Ar = [TR]-[TF«]

The potential shape represented in (3) and Fifpofvs that
external signals may exert an asymmetric changatiameters
ending in a state space with only one terminaaettr (Fig. 2,
right). This particular “deterministic-instructivesetting is also
known as a progression switch Another avenue for
understanding the action of signals brings a higbatribution
to noise. A symmetric change (see Fig. 2,left)p &sown as
“deterministic-selective”, forces a bistable regjnierough a

line with convergence of highpitchfork bifurcation, with equally large attracttasins for

each of the attractor states with the end attractoging
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populated as a result of stochasticity. The sysa¢rtime t
obeys a fixed potential landscape and the disiohubf
trajectories over each attractor is sensitive ¢mlyariations in
the position in the basin of attraction at instagtif the
potential barrier is sufficiently large at time ience inducing
memory effects. The speed with which the critizahe is
crossed may be used to trap the system in oneedfakins of
attractior®. The slight variations in position at timginducing

and consequently of receptors. The EGFR interrtidiza
pathway under normal concentration of ligand pristéiee cell
from excessive signalling. GAK additional inhibitigperturbs
this protective pathway, counterbalancing the idéshpositive
inhibition, that of EGF receptors (N.R.Nene et ah

preparation). Development of kinase inhibitors vatlspecific
kinase-inhibitory profile showing optimal potencynda
therapeutic index for each of the chosen multiptgéts is still

asymmetries at time will only be dismissed as simulation not possible. Hence, even in a scenario where fap@culti-

artifacts under extensive simulations.
involving state space structure changes, e.g. dafion (Fig.
2), has been proven to be more efficient in saigcattractors

The mechanistargeting is intended, the side-effects may noadveredictable

as one hoped.
The balance between complete disruptions of a m&thypa

with slightly larger basins of attractions in cormipan to the set of specific drugs may not be the most succkssfategy.
system not undergoing bifurcation and exhibiting tame Studies of large networkshave shown that multiple weakly
asymmetrie¥. The difference in basin size and depth of thenodulated nodes have a higher impact on netwoikieity,

attractors can be intrinsic, e.g. entry point G1 tbe
proliferation set of attractors in cancer cells ldowbe
associated with larger basin of attraction, or tidependent
following roughly the asymmetry between externajnsis
(Fig. 2, right). Combination of symmetry breaking dxternal
signals and noise constitute a viable mechanisncédirfate
decision where combination of N external
characteristics are clustered by the transcrifotor network
attractors (N.R. Nene and A. Zaikin, in preparation

Ill.  SYNERGISTIC EFFECTS OF HIGH -ORDER TARGETING
STRATEGIES: DEVELOPING TARGETING SIGNATURES

INDUCING THE APPROPRIATE EXPRESSION PATTERNS BY

MULTI -PARAMETRIC STOCHASTIC OPTIMIZATION METHODS

In many cancer treatments multi-component comlonati
have become the main strategy. The development
combinatorial targeting strategies may take two naes:
combination of multiple agents with high specifjcior
development of an agent with multiple targ&t®evelopment
of a single agent with multiple targets might owene
molecular heterogeneity and have a better chansaaufess if
tumour markers and selection criteria are uncert@in the
other hand, the mechanisms of action are diffictdt

which is a global measure of network integrity tethto the
shortest path length among each pair of elemerttinvhe
network. This has motivated therapeutical approsdbeking
for synergistic effects of drug combinations witeduced
toxicity?®. Systematic biological perturbation approaches$ cal
for quantitative phenotypes monitoring system’scfion. A

signaglobal phenotype such as cellular proliferation Haeen

frequently uset. As in our working hypothesis this phenotype
can be identified with specific genetic programssgstem’s
attractors, inducing a particular cellular resporsn be
equated as a pattern selection optimization probidmere
targeting is induced at the signalling level andpmnse
evaluated at transcriptional level. The use of grdaéve
phenotypes allows for simultaneous examinationystesn’'s
functions with relatively few measurements. Thus large-
gfale investigations of high-order combinationss Itkely that
global phenotypes will be most practical in the madure.
Multi-targeting should be formalized as a basin ffing
optimization problem in a multiple fixed attraclandscape or
a landscape conformation induction when exterralts force
the system to have only one attractor or a redmceaber of
attractors with noise being crucial for end poirtraetor
populations. The end attractors can be point atiracor

understand and the development of a drug with @dtimdynamic attractors with the initial state determithe

potency against several relevant targets is comp\eother
problematic aspect with combinatorial approachemstfrom
the additional targets (non-specific interactiowbjch may or
may not be relevant in a particular tumour molecleofile
increasing the probability for toxicity. Bindingfimity studies

accessibility of each of the modes. If the systermitially in
attractor P (proliferation in the case of a canmal) and we
desire to force it into attractor A (apoptosis) @
(differentiated cell), a multiple targeting strayjegeeds to be
developed that induces the appearance of only A &nd

against panels of kinaséshave revealed that a wealth oferasing completely P or making it highly improbaienall

additional targets are inhibited by currently usenhall

molecule kinase inhibitors. Additional inhibitednkises often
show structural similarities (conserved ATP bindsitg) that
enhance the probability of binding of the inhibit&tudies of
additional effects of non-specific interactions e EGFR
pathway dynamics have shown that Gefitinib, a dalrgady

basin of attraction). The problem can be formulatad
minimizing the “distance” (5) between the currentts,

phenotypeq, and the target states. This can be achieved by

simulated annealing approaches minimizing the nwprare
error or maximizing the mutual information betwehba initial
expression pattern (P) and the target state byetiagy the

approved for Non Small Cell Lung Carcinoma (NSCLC}ignalling module with small molecule kinase intoips (6).

treatment, has a conflicting action on output (Exkjivation.
Gefitinib additionally perturbs a kinase (Gyclin &sociated
kinase (GAK)) which is involved in internalizatiaf vesicles

AD P

~ Ay s ®)

(6)

do= A we s

zTherapy = zTherapy(‘911'""EN ’ koutl""’koutN)

vaherapy
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[s1/
& =1+[?% , K

" [1] (7)
M T KM (1+K7)

d;

In (6) Zrherapy represents the “inhibition signature” of the

therapy (small molecule kinase inhibitor). In (R4 is the
binding affinity of the drug to a specific protemetwork
node®, Ky stands for the Michaelis-Menten constant and
the inhibition of a node by the administered drugy
represents the number of output connections of edicime
nodes. The drug shifts the threshold yJKto higher
concentrations, with the increment dependent ofdbse |.

. 9
The optimal path between attractors or Iandscaﬂé

configurations induced by the signalling targetisgategy
should also take into account the difference inetistales
between the two modules composing the integratetesy
signalling fast and transcription plus translatislow. Time

scale separation could render the perturbationssaged by
the multitargeting therapies irrelevdht Recalling our
example of a potential undergoing a bifurcatiorg(F), if the

time-scale separation between the evolution ofag® and

S, and transcriptional dynamics is considerable tystesn is
expected to remain near the top of the potentiatidrafor

longer. Consequently, the asymmetries arising frdme

external signals are not reflected in the finatrdisition over

the attractors since on top of the potential bamn@se has the
effect of recovering symmetry.

IV. CONCLUSION

The combination of cancer mutation scenarios ohalling
structures and the transcriptional landséafsmand a multi-
targeting integrative approach where whole cekbnutypes
characterized by gene expression patterns sergersors of
cell function. Although experimental techniques hful
characterizing this integrative approach are still available,
the field of synergistic targeting should benefitfrom
simulation studies with generic dynamic models etworks
already constructéd Understanding how information is
processed in normal and abnormal network phenotynes
development of inhibition signatures should opeenaxes for
correlating node inhibition, node connectivity amehole
network dynamics impact.

ACKNOWLEDGMENT

N.R.N would like to thank the funding provided bg/@PLEX
during the research leading to this work. N.R.N &nd will
also want to thank Ed Long for invaluable suggestio

REFERENCES
[1] Helikar, T., Konvalina, J., Heidel, J. & RogersAJ.Emergent decision-
making in biological signal transduction networks
2. Proc. Natl. Acad. Sci. U. S. A 105, 1913-19180@).
Lopez-Maury, L., Marguerat, S. & Bahler, J. Tuniggne expression to
changing environments: from rapid responses to udieolary
adaptation. Nat Rev Genet. 9, 583-593 (2008).

(2]

4

[3] Werner, S. L., Barken, D. & Hoffmann, A. Stimulysesificity of gene
expression programs determined by temporal comtirdKK activity.
Science 309, 1857-1861 (2005).

[4] Murphy, L. O., Smith, S., Chen, R. H., Fingar, D. & Blenis, J.

Molecular interpretation of ERK signal duration bymediate early
gene products. Nat Cell Biol. 4, 556-564 (2002).

Guantes, R. & Poyatos, J. F. Multistable decisiaitchies for flexible
control of epigenetic differentiation. PLoS CompBtol. 4, €1000235
(2008).

Alon, U. An Introduction to Systems Biology-desigminciples of
biological circuits. Taylor & Francis Group, LLQ{07).

(5]

(6]

[7] Kitano, H. A robustness-based approach to systeiasted drug
design. Nat Rev Drug Discov. 6, 202-210 (2007).
[8] Cui, Q. et al. A map of human cancer signaling. Mgyist. Biol. 3, 152

(2007).

Madhusudan Natarajan, Keng-Mean Lin, Robert C.HsuPhaul

C.Sternweis & Rama Ranganathan A global analysisrags-talk in a

mammalian cellular signalling network. NATURE CEBIOLOGY 8,

(2006).

10] Fernandez, P. & Sole, R. V. Neutral fitness langsesain signalling

networks. Journal of the Royal Society Interfacé 447 (2007).

Momiji, H. & Monk, N. A. M. Oscillatory Notch-pathay activity in a

delay model of neuronal differentiation. Physicahview e 80, (2009).

[12] Gardner, T. S., Cantor, C. R. & Collins, J. J. Gargion of a genetic

toggle switch in Escherichia coli. Nature 403, 3B (2000).

Macia, J., Widder, S. & Sole, R. Why are cellulaitshes Boolean?

General conditions for multistable genetic circuits Theor. Biol. 261,

126-135 (2009).

Tian, T. & Burrage, K. Stochastic models for regoitg networks of the

genetic toggle switch. Proc. Natl. Acad. Sci. UASL03, 8372-8377

(2006).

Cinquin, O. & Page, K. M. Generalized, switch-lil@®mpetitive

heterodimerization networks. Bull. Math. Biol. 683-494 (2007).

Willeboordse, F. H. & Kaneko, K. Externally conten attractor

selection in a high-dimensional system. Physicai®ee 72, (2005).

Furusawa, C. & Kaneko, K. A generic mechanism fdapive growth

rate regulation. Plos Computational Biology 4, @P0

Huang, S., Eichler, G., Bar-Yam, Y. & Ingber, D. Eell fates as high-

dimensional attractor states of a complex genelaggy network. Phys.

Rev Lett. 94, 128701 (2005).

Huang, S., Guo, Y., May, G. & Enver, T. Bifurcatiaglynamics in

lineage-commitment in bipotent progenitor cells. vEBlepmental

Biology 305, 695-713 (2007).

Chang, H. H., Hemberg, M., Barahona, M., IngberED& Huang, S.

Transcriptome-wide noise controls lineage choice nrammalian

progenitor cells. Nature 453, 544-547 (2008).

Pfeuty, B., David-Pfeuty, T. & Kaneko, K. Underlgiprinciples of cell

fate determination during Gl phase

of the mammalian cell cycle. Cell Cycle 7, 32453 (2008).

Andrecut, M. & Kauffman, S. A. Mean-field model dajenetic

regulatory network. New J. Phys. 8, (2006).

Nicolis, C. & Nicolis, G. Passage through a barngth a slowly

increasing control parameter. Physical Review g52)0).

Moss, F., Kondepudi, D. K. & McClintock, P. V. Erdhch Selectivity

at the Bifurcation of A Bistable System with ExtafNoise. Physics

Letters A 112, 293-296 (1985).

Dancey, J. E. & Chen, H. X. Strategies for optimizcombinations of

molecularly targeted anticancer agents. Nat Rewgiscov. 5, 649-

659 (2006).

Fabian, M. A. et al. A small molecule-kinase intgi@n map for clinical

kinase inhibitors. Nat Biotechnol. 23, 329-336 (2D0

Agoston, V., Csermely, P. & Pongor, S. Multiple Welaits confuse

complex systems: a transcriptional regulatory netwas an example.

Phys. Rev E Stat. Nonlin. Soft Matter Phys. 71,9181 (2005).

Lehar, J., Krueger, A., Zimmermann, G. & Borisy, High-order

combination effects and biological robustness. Mgyst. Biol. 4, 215

(2008).

[29] Yeh , P., Tschumi, A. I. & Kishony , R. Functionahssification of
drugs by properties of their pairwise interactioNat Genet 38:489-494
Nat Genet, 489-494 (2006).

[30] Fujimoto, K. & Kaneko, K. How can fast elements eaff slow
dynamics. Physica D 180, 1-16 (2003).

[11]

[13]

[14]

[15]
[16]
[17]

(18]

[19]

[20]

[21]

[22]
(23]

[24]

[25]

[26]

[27]

(28]



