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The theory of cellular Darwinism tested by computer simulation
 

(Jean-Jacques Kupiec, Centre Cavaillès de l’Ecole normale supérieure)

Molecular biology has, from its beginnings, been dominated by strict determinism asserted by Schrödinger in his book What is Life? At the microscopic level, the molecules of physical systems are subject to random Brownian motion, but at our macroscopic level, the same systems can be described by deterministic laws. This is because of the immense number of particles involved in these systems. Variability becomes negligible, through the law of large numbers, and the system seems to behave in a deterministic manner even though the underlying laws are probabilistic. The whole of statistical physics functions in this way. Could such a ‘principle of order from disorder’ also work in biology? According to Schrödinger and molecular biologists the answer is no. If biological molecules were subject to Brownian motion the variability in physiological phenomena would be too great and incompatible with the very great precision and reproducibility which characterises them. According to Schrödinger, there must, therefore, be an ‘order from order’ principle which allows proteins to escape from Brownian motion and behave in a very precise way.  This principle is what we nowadays call genetic information. It acts through the property of stereospecificity which induces strictly ordered molecular interactions (Figure 1). Because of the constraints related to their three-dimensional structure, proteins recognize each other and interact specifically, like the pieces of a puzzle, each protein having only one molecular partner, or a very limited, well defined number. The three-dimensional structure of proteins depends on their amino acid sequences and these depend on the nucleotide sequences of the DNA. The genetic information thus controls biological processes through these specific molecular interactions. For example, networks of genes corresponding to the genetic programme form and function due to the existence of the property of stereospecificity. The specific model for the regulation of the lactose operon in the bacterium E. coli proposed by Jacques Monod and François Jacob in the early 1960s was the starting point for this deterministic view of gene expression. A gene is active or repressed depending on whether it specifically interacts with an activator or a repressor protein. In this theory, the reproducibility of embryogenesis and the organisation of organisms are ensured by this underlying molecular order. 

Although this theory is connected with the considerable progress in molecular biology, it has now been shown to be incorrect. Indeed, it has been demonstrated that proteins are not specific in their interactions with other molecules but can interact with a very large number of molecular partners. This is particularly true of the kinases. These are protein phosphorylation enzymes involved in the transduction of cellular information. As an example, growth factor receptors are tyrosine kinases. These receptors binding with their ligands stimulates their enzyme activity, i.e. phosphorylation, and induces chain reactions in the cell, theoretically corresponding to a transmission pathway for the signal carried by the growth factor. The phosphorylation site of these enzymes is a tyrosine adjacent to an amino acid consensus sequence. This sequence is present in a very large number of proteins which are therefore all potential substrates. This is also the case for all the other kinases involved in the regulatory mechanisms of the cell. Consequently, information transduction pathways meet and interact with one another forming a confused network instead of a specific path carrying the information to its target. In these conditions, how can we explain how a signal can result in very specific regulation? The same problem arises with the regulation of gene expression. Gene transcription regulation factors are not specific. They do not have target binding sequences in the DNA in a sufficiently small number to explain the specific regulation of gene expression. For example, the transcription factors encoded by the Hox genes of embryonic development have an extremely short consensus sequence for binding to DNA.  It consists of only six nucleotides and is statistically present throughout the genome. For this reason, when these transcription factors are mixed with DNA in the test tube, they effectively bind to all the genes.  How, in these conditions, can we explain that in vivo a limited number of genes are precisely regulated by these same factors? In addition, experimental data demonstrate that biological molecules are well and truly subject to Brownian motion, contrary to Schrödinger's prediction, and that gene expression is a probabilistic phenomenon. Recent techniques have made it possible to measure the diffusion coefficients of protein and the equilibrium constants of molecular complexes formed by their interactions in vivo. The resulting data show that the chromatin is unceasingly the site of association or dissociation events involving the DNA, transcription factors and histones. These molecules move randomly by passive diffusion in the surrounding restricted space. The chromatin is thus subject to random fluctuations in the distribution of transcription factors on the DNA which, as a consequence, results in random variations in gene expression. Indeed, when individual cells with the same phenotype and placed in the same homogeneous conditions are analysed, there are always random differences in expression from one cell to another. They never express exactly the same genes at the same time. Such heterogeneity of intercellular expression was demonstrated for the first time in 1990 in cells stably expressing a lacZ reporter gene controlled by promoters of the genes IL-2, B, NFAT-1 or steroid hormone target sequences. It is now a well established phenomenon for a great many genes. All these experimental data demonstrating the non-specific and stochastic character of gene expression contradict the deterministic theory of the genetic programme which supposes highly specific regulation (Figure 2). How can this contradiction be resolved? Several answers have been suggested to save the deterministic dogma. Cell compartmentalisation is often advanced to explain the non-specificity of interactions between proteins, which are said to be confined, according to their type, to particular cell compartments. This would restrict the combination of possible interactions because certain molecules could not encounter each other. This is a circular explanation. In fact, it bases the explanation on the specificity of the structure of the cell whereas it is precisely the result of the process of ontogenesis which must be explained. This argument is therefore the classic design paralogism which consists of inversing cause and effect. Another argument invokes the existence of combinations of cofactors which act in concert to allow specific regulation. Apart from the fact that this argument is similar in nature to the previous one as it assumes that the cells are already differentiated allowing them to express specific combinations of cofactors, it is still possible to invoke the existence of an additional hidden cofactor which might be discovered. This argument is therefore unscientific because it is irrefutable. As regards the stochastic expression of genes, it is currently accepted as "noise" affecting gene networks. Certain researchers even accept that this "noise" plays a positive role in improving the properties of these networks, for example by allowing them to generate different states of gene expression. However, the network idea remains intact. It is still considered that a certain rigid structure exists underlying the biological systems (the network) which explain its properties. We are therefore still within the ‘principle of order from order’, within determinism by the genome. However, given the degree of non-specificity and the probabilistic character of biological regulation at the molecular level, the experimental demonstration of which is increasing as observation techniques become more refined, it is becoming closer to reality to overturn the principle  and to consider that there is no network, even with ‘noise’, below the cellular level. Molecular processes are intrinsically random but, because of the macroscopic constraints to which they are subject, not all cell states are equally probable. Some have a greater probability of occurring, allowing the generation of ordered phenotypes. The theory of cellular Darwinism is based on this principle. The random expression of genes, in this context, allows cells to change state without being directed by signals from a genetic programme.  However, they are not left to absolute probabilism: there is also a selective constraint which sorts the diversity of random cell states and directs embryogenesis towards the adult state (Figure 3). Each of an organism's cells exists in a particular micro-environment which allows it to multiply and differentiate. This micro-environment is characterised by the concentrations of metabolites to which it has access. Metabolism must be understood here in the widest sense, as comprising all biochemical reactions and exchanges, including of molecules usually considered as signals. Depending on variations in this micro-environment, the cells expressing an appropriate phenotype are selected or stabilised, giving rise to cell differentiation from which the tissues making up an adult organism originate. This theory is based on a great deal of experimental data. For a long time it has been known that there is great variability in the differentiation kinetics of numerous cell lines, fitting the prediction of a probabilistic model in which the cells have a probability of differentiating in each cell cycle. The first observations in this direction were obtained in 1964 by Jim Till et al. on haematopoietic cells. There are also data, however,  directly supporting the hypothesis of Darwinian selection inside the organism. Gines Morata et al. demonstrated that there is real competition between cells to avoid apoptosis during wing development in drosophila, competition which is related to a 'decapentaplegic' survival factor and is an integral part of the embryogenesis process of this organ. This factor is usually considered a signal but for this Darwinian mechanism it really acts as a resource. In this competition the cells with the most active metabolism monopolise decapentaplegic, proliferate more rapidly and gain the upper hand over less active cells which are subject to apoptosis. This adaptation of cells to their micro-environment depends on the rate of expression of certain genes. For example, the cells expressing the gene d-myc at the highest level are ‘super-competitors’ with very high rates of multiplication. 

All these observations demonstrating the probabilistic component of cell differentiation, gene expression and the competition phenomena between cells were obtained independently from one another in different experimental systems. There are still no data, to validate the Darwinian model more specifically, which would demonstrate that these phenomena are involved in a causal manner in a single experimental system, and such observations would then have to be generalised. However data do exist that already show that cellular Darwinism is a theory founded on a solid experimental base and that a research programme could be defined to test it. 

The relevance of a theory can be tested by another method: computer simulation. This consists of creating a computer model of a phenomenon which functions according to the theory in question.  The computer can create virtual phenomena that can be analysed more easily and more rapidly than a real phenomenon by systematically varying all the parameters of the model. This technique does not prove that the simulated theory is necessarily true in nature but it allows its intrinsic properties to be studied and its plausibility to be evaluated. Non-trivial behaviour can be updated and predictions made which can in turn be tested on a real system. It is to some extent a thought experiment which would be very difficult to undertake without the help of a computer because of the very large number of parameters involved in biological systems. We performed this type of study with Bertrand Laforge, Jérôme Glisse, David Guez and Michael Martinez. We simulated cells which were subject to the rules of the Darwinian model. The information we were looking for in this simulation was whether the Darwinian model was capable of generating organised tissues. We therefore modelled a minimal Darwinian system consisting of two cell types, Red and Green, corresponding to the activity of two genes r and g. In each stage of the simulation a cell can die or divide or activate one of the two genes with a certain probability. This is the probabilistic component of the model. These three processes also depend however on the cell environment, which is the stabilising or selective component.  Cells expressing the r or g genes synthesize R or G molecules respectively, which diffuse in the space where the cells are proliferating. Each of these cells is thus located in an environment characterised by local concentrations of R and G molecules. These concentrations determine both the probability of differentiation and the survival and proliferation of the cells. Firstly, genetic expression autostabilises in a positive feedback loop: when gene r is active in a cell, the more R molecules there are in its environment the more the probability of it changing and expressing the g gene decreases until there is complete stabilisation of the expression of r, which has then reached its Red differentiated state. The same applies to the green cells which are stabilised by the G molecules which they produce. The work of René Thomas demonstrated the importance of such positive feedback in establishing stable states of genetic expression. In general, it corresponds to an autoactivation property known in many genes encoding for transcription factors. This autostabilisation could also depend here on epigenetic modifications of chromatin proteins. There is in the model therefore, a function which links the probability of expressing r or g in a cell to the concentration of R or G molecules in the immediate environment, a Fermi-Dirac function which allows a wide range of situations to be described. Secondly, there is in the model interdependence between the cells. It is known that the cells of multicellular organisms exchange growth factors necessary for their survival or proliferation and the model integrates such a constraint: for a red cell to multiply it needs to metabolise G molecules made by green cells, which will only be possible where G molecules are present in sufficient quantity. The cell becomes quiescent or dies if the quantity of G molecules is insufficient, i.e. lower than a certain threshold necessary for survival. Similarly, a green cell needs R molecules produced by the red cells to survive and multiply. The R and G molecules are thus the equivalent of pleiotropic growth factors which are either differentiation factors or survival or proliferation factors depending on the cells on which they act.

 Simulation of this model demonstrates that it has the main properties expected for a theory of embryogenesis. A similar scenario is observed each time the experiment, in which a population of cells subject to these operating rules is allowed to grow, is repeated.   From 16 initial cells in which the gene expressed is chosen by chance, a regular bilayer of red and green cells forms (Figure 4). This bilayer grows until it reaches its maximum state of development. When it reaches this ‘adult stage’ it stops growing, even if the simulation is continued. The model systematically generates this invariable ordered structure characterised by the two adjacent layers of red and green cells and its growth is finite, as in a living organism. Analysis shows that the production of this structure depends on equilibrium between the autostabilisation of genetic expression and the interdependence for proliferation. Indeed, if one or the other is removed, the system loses all its organisation properties. Instead of the bilayer of cells being generated, the cells go into infinite anarchic growth (Figure 5). An similar result was able to be obtained by modifying the quantitative value of a single parameter regulating these processes, for example the Fermi-Dirac function parameters or the speed of diffusion of the molecules. This was remarkable, and a result difficult to predict: inhibition of the growth of the cell structure is produced by the joint action of two processes (autostabilisation and interdependence) which, at the beginning, have no bearing on the control of cell proliferation. No condition is specified in the computer program which could lead to such inhibition which is therefore a spontaneous property of the Darwinian model. Because of these results we have been able to undertake simulation experiments which tackle the question of cell proliferation from an absolutely new angle. 

According to the theory of genetic programming, cell proliferation is controlled by activation or inhibition signals. With the Darwinian model, as we have seen, the process is completely different. There is no difference between the system during growth and in the steady state which would seem to be linked to the presence of specific proliferation control signals. The cell population stops growing when it reaches a state of equilibrium and this state depends on the quantitative value of the parameters of the model. Mutations which, in a real organism, might occur in the proteins involved in autostabilisation or interdependence would change the values of the parameters controlling these processes. For example, a mutation in a transcription factor involved in autostabilisation would modify its affinity for its DNA target sequence and, consequently, in the model, the autostabilisation parameter for genetic expression will also be modified. Simulation of such an event demonstrates that the equilibrium of the bilayer of cells is then upset and that proliferation resumes. When, starting from a bilayer of cells which has reached its state of equilibrium, the value of the autostabilisation parameter is changed, local resumption of proliferation causes the gradual appearance of tumour-like cell masses (Figure 6). Similarly, a mutation may change the  diffusion properties of a protein.  In our computer model that amounts to a change in the value of the parameter regulating the speed of diffusion of molecules. The simulation shows that, in this case, an imbalance is induced in the distribution of molecules which also causes uncontrolled growth destroying the bilayer of cells. 

In this new model of cell proliferation, the role of mutations is not denied but, contrary to the classic theory of somatic mutation, this does not consist of allowing an initial cell, which has become abnormal due to mutation, to escape the control of proliferation exerted by the organism's genetic programme. On the contrary, mutations take part in the first instance in destruction of the overall equilibrium of the organism, which has the secondary effect of provoking localised resumption of proliferation from a cell.  These mutations destroying the overall equilibrium do not necessarily occur in the cancerous cell but may also occur in its micro-environment. This simulation result agrees with a great deal of recent data, particularly the work of Carlos Sonnenschein and Ana Soto, who have demonstrated that the cellular micro-environment plays a primordial role in carcinogenesis. 

Finally, we tested the impact of stochasticity and cell death on the performance of the model. For certain values of a parameter of the Fermi-Dirac function controlling the probability of gene expression, it is possible to create versions of the model in which the transition between a probability P = 1 and P = 0 of expressing a gene occurs without a ‘step’ function. This is the case for a deterministic mechanism. We have thus been able to compare deterministic and probabilistic versions of the model, all other parameters being maintained constant. This analysis showed that contrary to common intuition, stochasticity improves the reproducibility of tissue organisation, due to the flexibility it introduces into cell behaviour. We also created a version of the model in which cell death was removed. In this case, the bilayer can still be created but with a clearly higher failure rate, which is due to the fact that cell mortality eliminates cells not suited to their local environment and hindering the establishment of equilibrium between red and green cells. The Darwinian model thus also provides a very strong explanation for its evolutive origin: cell death or differentiation are two different effects produced by the same selective mechanism governing embryonic cell dynamics.

The experimental data recently acquired by molecular biology and the results of our simulations show that Schrödinger was wrong. The ‘principle of order from order’ is incorrect: tissue order can perfectly well be produced by a biological mechanism based on the stochastic expression of genes involving elementary cell properties. The simulations also provide certain answers to the question "What is Life?" posed by Schrödinger. He thought that the usual laws of physics based on Brownian motion do not apply in biology. It has now been demonstrated that this is not so. Biological molecules are subject to the laws of thermal agitation just like the molecules of physical systems. However, biological molecules are not subject to purely statistical behaviour based on the law of large numbers. Life is composed of biased random systems. On the one hand, natural selection exerts a constraint on the organisation of tissues, while on the other, the probabilistic functioning of DNA modifies the qualitative and quantitative composition of a cell in terms of proteins, and influences the probability of events which might occur there. Not all events are therefore equally probable. Certain very favoured events have the highest probability of occurring. It is these which produce the organised living beings that we are.
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