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Details of mathematical model

1. Model construction.
2. Stochastic simulation.
3. Analysis of the effects of specific regulations on cell phenotypes.


1. Model construction
The framework of our model is from a recent publication by Zhang et al. [1]. In that study, Zhang et al. demonstrated that both Zeb1-miR-200 and Snail1-miR-34 loops can create bistable switches. Therefore, this published model is also referred to as Cascading Bistable Switches (CBS) model in that paper and herein. We added the following interactions to the existing network in CBS model in order to consider regulations involving Ovol2:
1. Ovol2 inhibits Zeb1 expression [2,3]
2. Ovol2 inhibits TGF-β expression [2]
3. Ovol2 inhibits TGF-β signaling, partly by inhibiting Snail expression [2,4]
4. Zeb1 inhibits Ovol2 expression (evidence from this study)
Other regulations and the supporting experimental evidence are listed in Table S1.
Details of modeling framework can be found in [1]. Briefly, law of mass action was used to describe miRNA-mRNA interaction, and miRNA-mediated mRNA degradation was explicitly considered. This framework was first introduced by Lu et al. [5,6]. Generalized Hill function was used to describe transcriptional activation and inhibition by transcription regulators other than miRNAs. We adjusted some parameter values from the CBS model in order to examine the qualitative dynamic behavior that might be introduced by Ovol2-Zeb1 interactions.
[bookmark: _GoBack]Our model has 18 ordinary differential equations (ODEs) as follows: 




 

































where , which represents the total amount of miR-200 bound to Zeb1 mRNA. Each term of this summation describes  scenarios in which i number of miRNA molecules bind to  possible binding sites that each Zeb1 mRNA might have.

and , which represents the total amount of complex formed by miR-200 and Zeb1 mRNA.

Meanings of the state variables are as follows:

	Concentration of Snail1 mRNA 

	Concentration of Snail protein

	Concentration of miR-34

		Concentration of complex formed by miR-34 and Snai1l mRNA

		Concentration of Zeb1 mRNA

		Concentration of Zeb1 protein

	Concentration of miR-200

 		Concentrations of complexes formed by i miR-200 molecules and one Zeb1 mRNA molecule

		Concentration of TGF-β mRNA

		Concentration of endogenous TGF-β protein

		Concentration of complex formed by miR-34 and TGF-β mRNA

	Concentration of Ecad protein

		Concentration of Vim protein

	Concentration of Ovol2 protein


2. Stochastic simulations













To consider the effect of molecular fluctuations in gene regulatory networks, we introduced uncorrelated multiplicative white noise to some of the ODEs as  , where is a Wiener process that can be discretized as where  denotes a normally distributed random variable with 0 mean and unit variance, and  represents the amplitude of the fluctuation. We noticed that the fluctuations on EMT -inducing and -repressing factors may have different effects on noise-induced phenotypic transitions (not shown), so we introduced the white noise to ODEs for Snail and Ovol2 to represent the noise on these two groups of factors. To adapt to the heterogeneous populations that we observed in flow cytometry experiments and to consider the additional fluctuations due to detection inaccuracy, we also introduced white noise to ODEs for Ecad and Vim. The basal values of the amplitude parameters for these four stochastic ODEs are , ,  and . To compare the effects of different levels of fluctuations, we increased  and/or  by 10-fold in some of our analysis (Fig. 3, S2 and S4). Larger fluctuations for Ecad and Vim ( and ) were used to adapt to the experimental observations from flow cytometry (Fig. 3).

To unambiguously determine the phenotypes by the end of the stochastic simulations (t=500), we set the amplitude parameters  to 0 at t=500 and continued the simulations for another 100 time units so that each trajectory is settled at a deterministic steady state (Fig. S4). 
The high complexity of the system prevents us from more formal implementation of stochastic simulations such as Gillespie algorithms. A more systematic study of the effects of fluctuations and stochastic transitions among multiple states will be a subject of future studies. 


3. Analysis of the effects of specific regulations on cell phenotypes






One-parameter bifurcation analysis was used to examine the change of the stable cell phenotypes in response to change of a particular parameter (e.g. external TGF-β concentration or basal production rate of Ovol2). Two-parameter bifurcation analysis was used to examine the phenotypic changes in response to both EMT -inducing and -repressing parameters/signals. The curves on the two-parameter bifurcation diagrams are continuation of the saddle-node bifurcation points that we obtained from the one-parameter bifurcation analysis (Fig. S3). To simulate the overexpression experiment, we increased in basal production rates of Ovol2 or Zeb1 by 10-fold (Fig. 3 and S2).  To understand how each regulation of the network contributes to overall performance of the system, we used ‘knockdown’ approach in which we partially or completely removed certain regulations in the network and examined the effect on the two-parameter bifurcation diagrams (see Fig. 7). To simulate partial removal of Zeb1-Ovol2 mutual inhibition, we increased the Michaelis constants of the inhibitions between these two molecules (  and ) by 2-fold. For complete removal, we increased these parameters by 100-fold. Similar approaches were used to simulate complete removal of TF-microRNA mutual inhibition loops, i.e.  and/or  were increased by 100-fold, whereas and  (TF-microRNA binding/unbinding rate ratios) were decreased by 100-fold. Although it is challenging to systematically demonstrate the global effect of a particular regulation in a large parameter space, we assume that this approach gives a reasonable representation on their general functions. We did not analyze functions of isolated ‘modules’ in the network since they have been discussed extensively in previous computational analysis of the EMT system [1,5-7]. Also, combination of mutual-inhibition and auto-activation loops is a well-studied dynamic system in general, so detailed analysis on Zeb1-Ovol2 module is not necessary.
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