The “PAI-1 game”: towards modelling the Plasminogen Activation system (PAs) dependent migration of cancer cells with the game theory.
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Abstract: - In this paper we present a model of regulation of the tripartite complex (uPAR-uPA-PAI-1) involved in Cancer cell migration. The modelling is based on game theory. 
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1   Introduction

Stopping cancer cells from migration constitutes one of the major challenges in cancerology. The process of cell migration requires a repeated sequence of adhesion/anchorage/de-adhesion together with cell translocation. This complex process involves membrane-matrix interactions, reorganization of the cytoskeleton and molecular motors. 

The plasminogen activation system is a proteolytic system involved in the migration of all kinds of cells and specially cancer cells. Three different molecules constitute the PA system: urokinase Plasminogen Activator (uPA), which is the enzyme capable of transforming plasminogen into plasmin, a wide spectrum enzyme involved in fibrinolysis and cell migration. This enzyme binds to a cell membrane receptor, the urokinase Plasminogen Activator Receptor (uPAR). The third molecule of the PA system we consider here is PAI-1 for Plasminogen Activator Inhibitor type 1, and in particular matrix bound PAI-1. When uPA, binding uPAR, is inhibited by PAI-1, a tripartite complex (uPAR-uPA-PAI-1) is formed. This complex, independently of any proteolytic function, has been shown to participate in the process of cell migration, i.e. adhesion, anchorage, de-adhesion and to be associated with cell translocation [1,2,3,4]. Cells adhering on matrix-bound PAI-1, exhibit no stress fibers or adhesion plaques as they do on collagen for example. Moreover, on PAI-1 the cell cytoskeleton is reorganized in an unforeseen way, as shown hereafter. Finally, using matrix bound PAI-1 we have been able to modify the migration of three cancer cell lines; the more they were invasive, the more their motility was increased (Chazaud et al. 2002). As PAI-1 appears as a “promigratory” molecule, it might be pivotal in the metastasis potentiality. We propose to model the regulation of the formation of the tripartite complex (uPAR-uPA-PAI-1) with the game theory [5]. Briefly, the model is based on the following rules : each biological agent selects its strategy to maximize its adaptation according to the interactions with its environment. The latter is also composed of other biological agents who also maximize their adaptation. Adaptation and evolutionary stability may thus explain the strategies of the agents in the game.
2   Model Based Game Theory
Pragmatically, the game theory is appropriate to analyse the complex interplays due to the combination of several factors which, for instance, occurs during the regulation.  We have used it in order to analyse the (uPAR-uPA-PAI-1), so called tripartite, complex formation. The model described in this paper corresponds to the critical piece of a larger model of regulation.

 The structure of a strategic game <A, C, u> corresponds to a set of agents A, a set of strategies C, and a set of payoff functions u, one for each agent, which gives the payoff according to any combination of strategies used by the agents. To define the components of a strategic game for the regulation of PAI-1 and the tripartite complex, we define a qualitative model based on the following elements.

The dynamics of the expression of PAI-1 is discretized in levels. Each level corresponds to a functional configuration accordingly to the observations. Three levels have been retained which respectively represent the null, the intermediate, and the high expressed level of PAI-1. For the tripartite complex complex, two levels are retained: not formed and  formed.
	
	Null
	Inter
mediate
	High

	Tripartite Not Formed
	(0,0)
	(1,0)
	(2,0)

	Tripartite
Formed
	(0,0)
	(2,1)
	(3,-1)


In strategic games, a payoff is associated to each configuration of agents. This imposes to define the payoff function correctly. The rule which governs the payoff determination is related to the potential expression rate of PAI-1 and the tripartite complex (uPA-uPAR-PAI-1). A payoff corresponds to an approximation of the slope of the expression curve. The payoffs are described in the following table by the couple (uPAR-uPA-PAI-1, PAI-1) for each combination of the game. In a strategic game, Nash equilibria correspond to equilibria that no agent can unilaterally deviate without decreasing its payoff. They are considered as steady states of the model.  Two equilibria were found for the table (Not Formed, Null) and (Formed, Intermediate). The latter is said to be Pareto dominant because the payoff is better in comparison to the (Not Formed, Null) equilibrium whatever the agent. The steady states are in accordance with the experimental observations. 

The global view of the payoffs provided by the table may help to get some insights into the control feature of the regulation. The results shown here, tell us that when the complex is formed between uPAR and uPA on the one hand, and PAI-1 on the other hand, the configuration (Formed, Intermediate) is robust and in favour of a dynamic process. Whereas, in the situation of no complex formed and no PAI-1 (Not Formed, Null), the robustness is equal but not in favour of migration. These results fit quite well with the images of cells on PAI-1 that seem “on the go” and that on Collagen where cells are flattened, strongly attached on their entire basal surface and seem unready to move.

The model shows that the Not Formed strategy has the same payoff whatever the production rate of PAI-1. According to the model, we might conclude that, unless the uPA-uPAR complex is totally absent, the tripartite complex formation would always be an equilibrium towards which the system will tend. Hence, the system again converges to the equilibrium (Formed, Intermediate). 

3   Conclusion

Here we have shown two approaches of the PA-system dependent cell migration. 

The first is imaging cells on a PAI-1 rich microenvironment with conventional and confocal microscopy followed by deconvolution and 3D reconstruction (Figure 1 a, b, c, d, e, and f). These images tell us that this particular microenvironment (i.e. PAI-1) induces cytoskeletal reorganization : with “stocks” of actin around the cell and no bundles or stress fibers. ; while on collagen these fibers are evident. The organization of actin is more appropriate for movement in the first case and for “rest” in the second. These observations reinforce our biological hypothesis and results. 

The second concerns the modelling of the tripartite complex formation. It suggests that the migration process might appear with an intermediate expression of PAI-1. Moreover, the inhibition of the UPA-UPAR complex would then be insufficient to prevent cells from migration.  However this is a model prediction that has to be confirmed.
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Figure 1. Human colon cancer cell line SW620, cultured on (a) coated PAI-1 (10µg/cm2) and on (b). collagen, (5µg/cm2).  Inserts show representative morphologies of cells after actin staining with TRITC-phalloidin. Figure 1 c, and d, show these cells after 3D reconstruction (Axiovision. Amira 3.0) of F-actin cytoskeleton. A 20% threshold of sensibility of fluorescence intensity is applied and allows the deep cytoskeleton to be seen. Figure 1 e, and f, show the same reconstructions after application of a 40% threshold.The latter show the differential re-organisation of the deep cytoskeleton. 
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