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1. Regulatory circuit details 

(a) EMT regulatory network 

The core EMT regulatory network includes two interconnected mutually inhibitory circuits – one between 

miR-34 and SNAIL, and the other between miR-200 and ZEB (1–3). Both these circuits have been shown 

to perform distinct and complementary roles in EMT decision-making, such that miR-34/SNAIL acts as a 

noise-buffering integrator, while miR-200/ZEB acts as a three-way decision-making switch allowing the 

co-existence of three phenotypes – epithelial (E - high miR-200, low ZEB), mesenchymal (M - low miR-

200, high ZEB) and hybrid epithelial /mesenchymal (E/M - intermediate miR-200, intermediate ZEB)(4). 

Coupling miR-34/SNAIL to miR-200/ZEB does not change the qualitative behavior of EMT decision-

making (4); hence we treat SNAIL as the external input signal to the miR-200/ZEB circuit. 

The miR-200 family consists of two subgroups – one containing miR-141 and miR-200a, and the other 

with miR-200b, miR-200c, and miR-429. The ZEB transcription factor family includes two isoforms – 

ZEB1 and ZEB2. The 3’ UTR region of ZEB1 has a total of eight conserved binding sites for miR-200 - 

three for the first subgroup and five for the second subgroup. 3’ UTR region of ZEB2 has nine conserved 

binding sites for miR-200 (three for the first subgroup and six for the second subgroup) (5). Experiments 

suggest that the expression of miR-200c alone can restore E-cadherin and induce MET (6). Therefore, 

here, in our miR-200/ZEB module, we considered six binding sites (number of binding sites of the second 

subgroup on ZEB2) on the 3’ UTR region of ZEB for the binding of miR-200. Also, the members of miR-

200 family are located on two different chromosomes – miR-200c and miR-141 on chromosome 12 (with 

three conserved ZEB-binding sites); and miR-200b, miR-200a, and miR-141 on chromosome 1 (with two 

conserved ZEB-binding sites). We consider three binding sites for ZEB in the promoter region of miR-

200. ZEB can also activate its own transcription both via stabilizing SMAD complexes (7) and by 

activating CD44s (8); hence we assume two binding sites for ZEB self-activation. SNAIL, a well-known 

EMT inducer, can transcriptionally inhibit miR-200 and activate ZEB (2,9). Both of these regulations 

have been assumed to happen through two binding sites (10). Also, miR-200c can be activated by EMT-

inhibiting transcription factor p53 via two binding sites in its promoter region (11). 

(b) Stemness regulatory network and its coupling with miR-200/ZEB 

Stemness is governed by a mutually inhibitory loop between the families of RNA-binding factor LIN28 

and microRNA let-7. LIN28A and LIN28B, the two members of LIN28 family, repress the biogenesis of 



let-7 by blocking its processing to mature miRNAs. LIN28B inhibits the processing of primary let-7 

transcripts by the microprocessor Drosha, and LIN28A recruits a TUTase (Zcchc11/ TUT4) to block the 

processing of let-7 precursors by Dicer in the cytoplasm (12,13). On the other hand, microRNA family 

let-7 can inhibit the translation process of LIN28 (12). Further, let-7 can promote its own processing and 

LIN28 can promote its own translation by binding to seven consensus sites on its own mRNA (14,15). 

LIN28/let-7 circuit also behaves as a three-way switch – with the three states being U (Up – high LIN28, 

low let-7), D (Down – low LIN28, high let-7) and D/U (Down/Up – medium LIN28, medium let-7) (16). 

LIN28 promotes the translation of pluripotency factor OCT4 (17). Both very high and very low levels of 

OCT4 lead to differentiation, but its intermediate levels are strongly associated with gaining stemness 

(18–21).  Therefore, cells with intermediate levels of LIN28 (or D/U state) are most likely to lie in the 

‘stemness window’ or correspond with the maximum likelihood of gaining stemness. Finally, the two 

core networks – (miR-200/ZEB) and (LIN28/let-7) are coupled via two links: miR-200 inhibits LIN28 by 

binding to its mRNA, and let-7 inhibits HMGA2 that activates ZEB (22–26).  

(c) Coupling of GRHL2 with (miR-200/ZEB) 

GRHL2, a key regulator of morphogenesis (27), forms a mutually inhibitory loop with ZEB. Promoter 

region of GRHL2 has 3 binding sites for ZEB1, and that of ZEB1 has 1 binding site for GRHL2 (28,29). 

 

(d) Coupling of (miR-145/OCT4) with (miR-200/ZEB) 

miR-145 and OCT4 form a mutually inhibitory feedback loop, with one binding site of OCT4 on miR-

145 promoter region, and one binding site of miR-145 on the 3’ UTR of OCT4 mRNA (30). OCT4 can 

transcriptionally activate miR-200c via two binding sites (31), and miR-145 inhibits ZEB via one binding 

site in its 3’ UTR, as predicted by TargetScan (32). The siRNA-mediated depletion of ZEB increases 

miR-145 two-to-three fold (33), so we assume two binding sites for the inhibition of miR-145 by ZEB.  

 

2. Mathematical model formulation 

(a) Theoretical framework for microRNA-based circuits (MBCs) 

As described in our previous work (4), the terms representing miRNA-mediated translational effects 

capture both the degradation of miRNA - mRNA complex and the inhibition on translation of mRNA. A 

microRNA is usually 22nt long, and the seed sequence it recognizes on mRNA is only 7~8 nt long; here 

we assume the bindings of different microRNAs to be independent of one another. The binding rate 

between microRNA and mRNA is r+  and the unbinding rate is r- , and these binding/unbinding processes 



between microRNA and mRNA are much faster as compared to production and degradation of proteins, 

therefore miRNA and mRNA are always in equilibrium, i.e. r+m[mi ] = r-[mi+1], where m  represents the 

concentration of microRNA, [mi ] represents the mRNA bound with i microRNAs and [mi+1] represents 

the mRNA bound with (i+1) microRNAs. Therefore, [mi ] = m m0( )
i
[m0 ] , where m0 = r- r+ . All terms 

[mi ] should satisfy Cn
i

i=0

n

å [mi ] = m , where Cn
i  is the number of combinations for i terms in n positions, 

which is defined as Cn
i = n! (i!(n- i)!) and m  is total concentration of the mRNA.  

Since there are Cn
i  different possibilities for i number of microRNA (miR) molecules binding to mRNA 

with n binding sites for that particular microRNA (miR), therefore [mi ] = mMn

i (m) , where

Mn

i (m) = m m0( )
i

1+ m m0( )
n

. Thus, the translation rate is given by

mL(m) = liCn
i

i=0

n

å [mi ] = m liCn
i

i=0

n

å Mn

i (m), where li  is the translation rate of an mRNA when bound to i 

microRNAs.  The term describing the degradation of the mRNA due to binding with the microRNA is 

mYm(m) = g miCn
i

i=0

n

å [mi ] = m g miCn
i

i=0

n

å M n

i (m), where g mi
 is the individual degradation rate of mRNA bound to 

i molecules of miRNA. Similarly, the term denoting the degradation rate of microRNA due to binding to 

many mRNAs ismYm (m) = ig miCn
i

i=0

n

å [mi ] = m ig miCn
i

i=0

n

å Mn

i (m), where g mi
 is the individual degradation 

rate for a microRNA molecule..  

When the number of binding sites on the mRNA for miRNA is relatively small (~2), the miRNA-

mediated regulation can be approximated as a Hill function (4). 

Transcriptional regulation is denoted by shifted Hill functions ( , )SH X  defined as

( , ) ( ) ( )SH X H X H X    , a weighted sum of positive and negative Hill functions. Parameter l  in 

the shifted Hill functions is the weight factor that represents fold-change in production rate from its basal 

level, due to the binding of regulatory factor. For activation, l >1  and shifted Hill function is 

represented by 
SH 

; for repression, 0 < l <1 and shifted Hill function is represented by
SH 

; and for no 

change, l =1. ,X Y denotes the effect of X on Y(4). 

 

(b) miR-200/ZEB/GRHL2 circuit 



The miR-200/ZEB/GRHL2 circuit has five species - microRNA miR-200 (
200 ), ZEB mRNA (

Zm ), 

ZEB protein ( ), GRHL2 mRNA (
Gm ), and GRHL2 protein ( G ). All of them have an innate 

production and degradation rate. The effects of miR-200 on ZEB are captured by both the degradation of 

mRNA by miRNAs (depicted by ( )mY  ) and the inhibition of translation by miRNAs (depicted by 

( )L  ). Also, the miRNAs that bind to mRNAs can be degraded after forming a complex with mRNAs 

(depicted by ( )Y  ). The detailed derivation of these functions is presented in SI section 2 (a) and our 

earlier work on devising a theoretical framework for microRNA-based circuits(4); All parameters are 

given in Tables S1-3. 

The dynamics of miR-200 ( m200
) can be described by the following equation: 

 

where gm200
 and km200

 are  the innate production and degradation rates of miR-200 respectively. 

 
200,,S

ZH Z   represents the transcriptional inhibition of miR-200 by ZEB and  
200,,S

SH S   

represents transcriptional inhibition of miR-200 by SNAIL. Ym m200( )  represents the degradation rate of 

miR-200 due to forming a complex with ZEB mRNAs.  

When considering the effect of p53 on its downstream target miR-200, an additional shifted Hill function 

 
200,,S

PH P 
 is multiplied with the production rate of miR-200, and the updated equation is:
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The dynamics of ZEB mRNA (mZ ) and ZEB protein ( Z ) are described by the following equations: 

 

where 
gmZ

 and gZ  are the innate production rates of ZEB mRNA and ZEB protein respectively, and  kmZ  

and kZ  are their respective innate degradation rates.  ,,
Z

S

Z mH Z 

 
denotes transcriptional self-

Z



activation of ZEB, and   ,,
Z

S

S mH S 
 denotes transcriptional activation of ZEB by SNAIL. Ym m200( )  

represents the degradation of ZEB mRNA due to forming mRNA-miRNA complexes with miR-200, 

L m200( )  denotes the translational inhibition of ZEB by miR-200, and   ,,
z

S

G mH G  represents the 

inhibition from GRHL2. 

 

Dynamics of GRHL2 mRNA (
Gm ) and GRHL2 protein ( G ) are described by these equations:  
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Where 
Gmg  and 

Gg  are innate production rates of GRHL2 mRNA and protein respectively, and 
Gmk and 

Gk are their respective degradation rates.  ,,
G

S

Z mH Z 
 represents the transcriptional inhibition of 

GRHL2 by ZEB.  

When considering an external activation (SA) or inhibition signal (SI) on GRHL2, shifted Hill functions 

 ,,
G

S

SA mH SA 
 and  ,,

G

S

SI mH SI 
are respectively multiplied to the production term of GRHL2 

mRNA:  
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(c) miR-200/ZEB/miR-145/OCT4 circuit 

The miR-200/ZEB/miR-145/OCT4 circuit has six species - microRNA miR-200 (
200 ), ZEB mRNA (

Zm ), ZEB protein ( ), miR-145 (
145 ), OCT4 mRNA (

COm ), and OCT4 protein (
CO ). All of them have 

an innate production and degradation rate. The effects of miR-200 on ZEB are captured similarly to as in 

the miR-200/ZEB/GRHL2 circuit; but the effect of miR-145 on OCT4 and ZEB are represented by 

Z



shifted Hill functions, because the silencing effect of microRNAs on their targets with a relatively smaller 

number of binding sites (~2) can be approximated as a Hill function (4). 

The dynamics of miR-200 ( m200
) can be described by the following equation: 

         
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where gm200
 and km200

 are  the innate production and degradation rates of miR-200 respectively. 

 
200,,S

ZH Z   represents the transcriptional inhibition of miR-200 by ZEB,  
200,,S

SH S   represents 

the transcriptional inhibition of miR-200 by SNAIL, and  
200,,

c

S

c OH O  denotes the transcriptional 

activation of miR-200 by OCT4. Ym m200( )  represents the degradation rate of miR-200 due to forming a 

complex with ZEB mRNAs.  

 

The dynamics of ZEB mRNA (mZ ) and ZEB protein ( Z ) are described by the following equations: 
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where 
gmZ

 and gZ  are the innate production rates of ZEB mRNA and ZEB protein respectively, and  kmZ  

and kZ  are their respective innate degradation rates.  ,,
Z

S

Z mH Z 

 
denotes the transcriptional self-

activation of ZEB,  ,,
Z

S

S mH S 
 denotes the activation of ZEB by SNAIL, and  

145145 ,,
z

S

mH  
 

denotes the inhibition of ZEB by miR-145. Ym m200( )  represents the degradation of ZEB mRNA due to 

forming mRNA-miRNA complexes with miR-200, L m200( ) denotes the inhibition of ZEB by miR-200. 

 

The dynamics of miR-145 (
145 ), OCT4 mRNA (

COm ), and OCT4 protein (
CO ) are given by: 
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where 
Oc

mg , 
cOg  and 

145
g  represent the innate production rates for OCT4 mRNA, OCT4 protein and 

miR-145 respectively; and 
Oc

mk , 
cOk  and 

145
k  represent their respective innate degradation  rates.

 
145145 ,,

Oc

S

mH   represents the inhibition of OCT4 by miR-145;  
145,,S

ZH Z 
and 

 
145

,,
Oc

S

c mH O


  denote the inhibition of miR-145 by ZEB and OCT4 respectively. 

miR-145 can be activated by p53 via two  binding sites in its promoter region (34). When considering the 

effect of p53 on its target miR-145, an additional shifted Hill function is multiplied with the production 

rate of miR-145, and the updated equation is: 
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where  
145,,S

PH P 
 denotes the activation of miR-145 by p53. 

To evaluate the effect of p53 on miR-200, an additional shifted Hill function  
200,,S

PH P 
 denoting 

the effect of p53 on miR-200 is multiplied with the production rate of miR-200. The updated equation is: 
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(d) miR-200/ZEB/LIN28/let-7/GRHL2 circuit 

The miR-200/ZEB/LIN28/let-7/GRHL2 circuit has multiple modes of regulation – transcriptional, 

translational, miRNA-mediated regulation, and regulation of miRNA processing. For all modes except 

miRNA-mediated regulation with a large number of binding sites of miRNA on its target mRNA, shifted 

Hill functions ( , )SH X  (4) are used to denote the regulation; thus, when let-7 inhibits LIN28 and ZEB, 



and miR-200 inhibits LIN28, shifted Hill functions are used to represent the effects of microRNAs. Also, 

inhibition of let-7 by LIN28 has been shown experimentally to behave as an inhibitory Hill function (35).  

Specifically in the two links that couple EMT and stemness core circuits – miR-200 inhibiting LIN28 and 

let-7 inhibiting ZEB – the strength of the inhibition is defined as a =1- l , 0 <a <1, therefore the 

larger value of a represents stronger inhibition. A shifted Hill function formula for these two inhibitions 

can thus be denoted by ( , ) ( ) ( ) 1 ( )SH B H B H B H B         , where 0 <a <1. 

This circuit contains eight components - microRNA miR-200 ( m200
), ZEB mRNA (mZ ), ZEB protein (Z

), microRNA let-7 ( ml ), LIN28 mRNA (ml ), LIN28 protein ( L ), GRHL2 mRNA (
Gm ), and GRHL2 

protein ( G ). The dynamics of miR-200 ( m200
), GRHL2 mRNA (

Gm ) and GRHL2 protein ( G ) are 

described by equations (1), (4), and (5) respectively.  

The dynamics of ZEB mRNA (mZ ) and ZEB protein ( Z ) are described by the following equations: 
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where 
gmZ

 and gZ  are the innate production rates of ZEB mRNA and ZEB protein respectively, and  kmZ  

and kZ  are their respective innate degradation rates.  ,,
Z

S

Z mH Z 

 
denotes transcriptional self-

activation of ZEB,  ,,
Z

S

S mH S 
 denotes transcriptional activation of ZEB by SNAIL,  ,,

Z

S

G mH G 

denotes transcriptional inhibition of ZEB by GRHL2. Ym m200( )  represents the degradation of ZEB 

mRNA due to forming mRNA-miRNA complexes with miR-200, L m200( )  denotes the translational 

inhibition of ZEB by miR-200, and H
S- ul ,aul ,mZ( ) represents the inhibition from let-7. 

 

The dynamics of let-7 ( ml ) is described by the following equation: 
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where 
7

g

and 
7

k

 are the innate production and degradation rates of let-7 respectively, 
 

7 77 ,,SH   

 

represents the self-activation of let-7, 
 

7,,S

LH L 

 represents inhibition by protein LIN28 and 

7,( , )S

NH N 

denotes activation by external signal (protein NF-kB (represented by N)). 

 

Dynamics of LIN28 mRNA (ml ) and protein ( L ) are described by the following equations: 
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where 
gml  and 

Lg  are the innate production rates of LIN28 mRNA and protein respectively, and kml and 

Lk  are their respective degradation rates.  ,,S

L LH L 
 denotes the translational self-activation of LIN28, 

 ,,S

N LH N 
 represents the transcriptional activation of LIN28 by external signal (NF-kB (denoted by 

N)),  
200200 ,,S

u LH  
denotes the inhibition of LIN28 by miR-200, and 

77 ,( , )S

LH  
 denotes the 

inhibition of LIN28 by let-7.  

 

(g) miR-200/ZEB/I and miR-200/ZEB/I/LIN28/let-7/OCT4 circuits 

An incoherent external signal I can be coupled to miR-200/ZEB circuit by incorporating respective 

shifted Hill functions, as shown in equation (21) and (22). 
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The miR-200/ZEB/I circuit can be coupled to LIN28/let-7 in the exact same manner as described for the 

previous case – miR-200/ZEB/GRHL2. 

 



3. Parameter estimation 

The estimation of the levels for miRNAs, mRNAs, and proteins are made according to their canonical 

concentrations in eukaryotic cells. Typically, the volume of a mammalian cell is 100-10000 um
3
 and the 

concentration for a single protein is 10nM-1μM (36). 1μM protein concentration amounts to around 6 

million molecules ( 6.02 ´1023 ´10-6 ´ 10000 ´ 10-5( )
3( )

 
) for a typical eukaryotic cell. The ratio of 

protein/mRNA for one gene is about 2800 (37), hence the number of mRNA molecules for one gene 

should be around 1000.  Number of microRNA molecules in a cell are around 10000 molecules (38), 

hence 
0 =10000 molecules. The translation rate for one gene is around 140 proteins per mRNA per hour 

(37), so we used 100 proteins per ZEB or OCT4 mRNA and 200 proteins per GRHL2 mRNA as their 

translation rates. Innate degradation rates of miRNAs, mRNAs, and proteins were selected based on their 

half-lives from experimental data. Typically, the half-life of mammalian proteins is about 10 hours (39); 

therefore we selected 0.1 hour
-1

 as the innate degradation rate for proteins ZEB, GRHL2 and OCT4. The 

half-life of mRNA is a few hours (40), so we chose 0.5 hour
-1

 as the innate degradation rate for ZEB 

mRNA and GRHL2 mRNA, and 0.1 hour
-1

 as that for OCT4 mRNA. The innate degradation rate of miR-

200 and miR-145 was selected as 0.05 hour
-1

 and 0.01hour
-1

  respectively, as generally miRNAs are more 

stable than mRNAs (41,42). For transcriptional regulation, the weight factors for shifted Hill functions 

vary from 5 to 10 for activation, and from 0.5 to 0.1 for repression.  

Species Production rates (molecules/Hour) Degradation rates (Hour
-1

) 

miR-200 gm200
 2100 km200

 0.05 

ZEB mRNA gmZ
 11 kmZ

 0.5 

ZEB protein gZ  100 kZ  0.1 

let-7 
7

g  200 
7

k  0.05 

LIN28 mRNA gmL
 100 kmL

 0.5 

LIN28 protein gL  200 kL  0.1 

OCT4 mRNA 
Oc

mg  60 
Oc

mk  0.1 

OCT4 protein 
cOg  80 

cOk  0.1 

miR-145 
145

g  1000 
145

k  0.01 

GRHL2 mRNA 
Gmg  22 

Gmk  0.5 

GRHL2 protein 
Gg  200 

Gk  0.1 

Table S1. The production and degradation rates of different species in the circuits 

 

 



Description Fold change Value # binding sites Value
 Threshold Molecules

 

Inhibition of ZEB 

by GRHL2  
, ZG m

 
0.1 , ZG mn

 
1 

0

ZmG
 

25000
 

Inhibition of 

GRHL2 by ZEB 
, GZ m

 
0.5 , GZ mn

 
3 

0

GmZ
 

10000
 

Self-activation of 

ZEB 
lZ ,mZ  7.5

 
nZ ,mZ  

2 Z 0

mz  
25000

 

Activation of miR-

200 by p53 
200,P 

 
5 

200,Pn   
2 

200

0P   
150000

 

Inhibition of miR-

200 by ZEB 
lZ ,m200  0.1

 
nZ ,m200  3 Z 0

m200  
220000

 

Activation of ZEB 

by SNAIL 
lS,mZ  10

 
nS,mZ  

2 Smz
0

 
180000

 

Inhibition of miR-

200 by SNAIL 
lS,m200  0.1

 
nS,m200  2 Sm200

0

 
180000

 

Inhibition of OCT4 

by miR-145 
145 , Oc

m  0.1 145 , Oc
mn  1 

0

145 mOc


 15000 

Inhibition of miR-

145 by OCT4 
, 145cO 


 

0.5 
, 145cOn
  

1 
145

0

cO   
500000 

Activation of miR-

145 by p53 
145,P   5 

145,Pn   2 
145

0P  150000 

Activation of miR-

200 by OCT4 
, 200cO 

  5 
, 200cOn


 2 
200

0

cO   500000 

Inhibition of miR-

145 by ZEB 
145,Z   0.1 

145,Zn   1 
145

0Z   100000 

Inhibition of ZEB 

by miR-145 
145 , Zm  0.5 

145 , Zmn  1 
0

145 mZ

  1000 

Self-activation of 

let-7 
7 7,   11 

7 7,n   3 
7

0

7  12000 

Inhibition of LIN28 

by let-7 
7 ,L  0.1 

7 ,Ln  1 
0

7L
  25000 

Self-activation of 

LIN28 
,L L  3 ,L Ln  7 

0

LL  300000 

Inhibition of let-7 

by LIN28 
7,L   0.1 

7,Ln   2 
7

0L  500000 

Activation of OCT4 

by LIN28 
 Positive Hill function , cL On  2 

0

cOL  430000 

External signal 

(SA/SI) on GRHL2 

, ,( )
G GSA m SI m 

 
2 (0.2) , ,G GSA m SI mn n  2 

0 0

G Gm mSA SI  100000 

Activation of let-7 

by NF-kB 
7,N   2 

7,Nn   2 
7

0N  25000 

Activation of 

LIN28 by NF-kB  
,N L  2 ,N Ln  2 

0

LN  250000 



Table S2. The parameters used in different Hill functions for different circuits 

 

 

n (# of miRNA binding sites) 0 1 2 3 4 5 6 

li  (hour
-1

) 1 0.6 0.3 0.1 0.05 0.05 0.05 

g mi
 (hour

-1
) 0 0.04 0.2 1 1 1 1 

g mi
(hour

-1
) 0 0.005 0.05 0.5 0.5 0.5 0.5 

Table S3. The parameters used in Y(u), Y(m) and L functions. 

 

The two coupling links between EMT and stemness circuits are modeled as shifted Hill functions. For the 

feed-forward coupling (miR-200 inhibiting LIN28), miR-200 has 2 binding sites on LIN28 and threshold 

levels of miR-200 required to inhibit LIN28 are 25000 molecules. For the feed-backward coupling (let-7 

inhibiting ZEB), let-7 has 2 binding sites on ZEB and threshold levels of let-7 are 50000 molecules. For 

both these links, coupling strengths α1 and α2 lie between 0 and 1; and are specified wherever the 

coupled miR-200/ZEB/LIN28/let-7 circuit is simulated at a particular value of (α1, α2). For hypothetical 

self-activation of GRHL2 (Figure 8C), , GG mn =2 and 
0

GmG =40000 molecules. Also, for the hypothetical 

inhibition of miR-200 by GRHL2 (Figure 8D), 
200,Gn  =1 and 

200

0G =80000 molecules. 

 

4. Parameter sensitivity analysis 

To test the sensitivity of our predictions based on the parameters listed above, we conduct parameter 

sensitivity analysis by varying each parameter at one time. All the parameters – production rates, 

degradation rates, thresholds and weight factors in the shifted Hill functions are varied by +/-10%. The 

number of binding sites for the different interactions have been kept fixed as most of them are directly 

determined from experimental data.  Sensitivity of the model is measured by how changes in the 

parameters affect the range of SNAIL levels for which the hybrid E/M phenotype exists (either alone in or 

combination with other phenotypes). Our previous analysis shows that the model for (miR-200/ZEB) 

circuit is sensitive towards low values of miR-200, i.e. changes in the parameters which decrease the 

levels of miR-200 decrease the overall range of SNAIL levels for the existence of the E/M phenotype(43). 

Here, we perform a similar analysis for the miR-200/ZEB/GRHL2 and miR-200/ZEB/miR-145/OCT4 

circuits where we plot the range of SNAIL levels for the existence of the hybrid E/M phenotype, for 

Inhibition of ZEB 

by I 
, ZI m  0.3 , ZI mn  1 

0

zmI  4000 

Inhibition of miR-

200 by I 
200,I   0.6 

200,In   1 
200

0I  4000 



increase or decrease of every parameter; then comparing it with the control case (no parameter increased/ 

decreased).  

(a) Parameter sensitivity analysis for miR-200/ZEB/GRHL circuit 

Coupling GRHL2 with miR-200/ZEB enlarges the range of SNAIL levels for the existence of a hybrid 

E/M region (Figure 3A, B). We observe that when parameters are increased or decreased by 10%, the 

absolute levels of SNAIL for which the hybrid E/M phenotype exists changes in most cases (Figure S1). 

However, here we focus on the change in the range of SNAIL levels for the existence of the hybrid E/M 

state, when different parameters are varied. Compared with the control case (no parameter is changed – 

case 0 in Figure S1A-C), the range of SNAIL levels for the existence of an E/M state decreases 

significantly when the production rate for ZEB mRNA is increased (case B1), the degradation rate for 

ZEB mRNA is decreased (case G2) (Figure S1A), threshold of ZEB levels for the shifted Hill function of 

inhibition of ZEB on miR-200 is decreased (case K2) (Figure S1B), and the strength of ZEB activation by 

SNAIL is increased (case T1), and the strength of ZEB self-activation is increased (case W1) (Figure 

S1C). All these cases represent cases where the effective ZEB levels that can inhibit miR-200 and drive 

EMT are increased, i.e. the propensity of the cell to undergo EMT is increased. Also, consistently, at 

increased ZEB levels, GRHL2 levels are decreased (ZEB inhibits GRHL2) and hence the effect of 



GRHL2 in expanding the hybrid E/M range is decreased.       

   

Figure S1 Parameter sensitivity analysis for the miR-200/ZEB/GRHL2 circuit (at p53=0) driven by 

the input signal SNAIL. Alphanumeric codes on x-axis represent the cases with different changed 

parameters by +/- 10%. Number 1 after the alphanumeric code represents the increase of the parameter by 

10% and number 2 after the alphanumeric code represents the decrease of the parameter by 10%. Case 0 

represents the result in this work, which is the control case. (A) represents the cases with +/- 10% 

changes in the production and degradation rates. A1 and A2 represent the increase and decrease in the 



production rate of miR-200 (denoted by
200

g ) by 10% respectively. B1 and B2 represent the increase and 

decrease in the production rate of ZEB mRNA by 10% (denoted by
Zmg ) respectively. C1 and C2 

represent the increase and decrease in the production rate of ZEB protein (denoted by
Zg ) by 10% 

respectively.  D1 and D2 represent respectively the increase and decrease in the production rate of 

GRHL2 (denoted by
Gmg ) by 10%. E1 and E2 represent the increase and decrease in production rate of 

GRHL2 (denoted by
Gg ) by 10%. F1 and F2 represent the increase and decrease in the degradation rate 

of miR-200 (denoted by
200

k ) by 10% respectively. G1 and G2 represent the increase and decrease in the 

degradation rate of ZEB mRNA by 10% (denoted by
Zmk ) respectively. H1 and H2 represent the increase 

and decrease in degradation rate of ZEB protein (denoted by
Zk ) by 10% respectively.  I1 and I2 represent 

respectively the increase and decrease in degradation rate of GRHL2 (denoted by
Gmk ) by 10%. J1 and J2 

represent the increase and decrease in the degradation rate of GRHL2 (denoted by
Gk ) by 10%. (B) 

represents the cases with changes in the thresholds in the shifted Hill functions. K1 and K2 represent 

respectively the increase and decrease in the threshold levels for the inhibition of miR-200 by ZEB 

(denoted byZ 0

m200
) by 10%.  L1 and L2 represent the 10% increase and decrease in the threshold levels of 

SNAIL inhibition on miR-200 (denoted byS0

m200
) respectively. M1 and M2 represent the increase and 

decrease in the threshold levels of SNAIL activation on ZEB (denoted by S0

mZ
) by 10%. N1 and N2 

represent the increase and decrease in the threshold levels of miR-200 (denoted by m0

200
) by 10%. O1 and 

O2 represent the case for 10% increase and decrease in threshold levels of ZEB for its self-activation 

(denoted by 
0

ZmZ ). P1 and P2 represent 10% increase and decrease in threshold levels of GRHL2 for 

inhibition of ZEB (denoted by 
0

ZmG ) and Q1 and Q2 denote 10% increase and decrease in threshold levels 

of ZEB for inhibiting GRHL2 (denoted by 
0

GmZ ). (C) represents the cases with changes in the weight 

factors in the shifted Hill functions. R1 and R2 denote the increase and decrease in the weight factor of 

ZEB inhibition on miR-200 (denoted by lZ ,m200
) by 10%. S1 and S2 represent the respective increase and 

decrease in the weight factor of SNAIL inhibition on miR-200 (denoted by lS,m200
) by 10%. T1 and T2 

denote respective increase and decrease in weight factor of SNAIL activation on ZEB (denoted by lS,mZ
). 

U1 and U2 denote the respective increase and decrease in weight factor of GRHL2 inhibition of ZEB 

(denoted by 
, ZG m ) by 10%. T1 and T2 denote the respective increase and decrease in weight factor of 

inhibition of GRHl2 by ZEB (denoted by , GZ m ) by 10%. U1 and U2 represent the respective increase 

and decrease in the weight factor of ZEB self-activation (denoted by lZ ,mZ
) by 10%. Dotted boxes 

represent cases when the range of SNAIL levels for the existence of hybrid E/M phenotype is affected 

largely – either decreased or increased.  

Conversely, the parameter changes that are likely to decrease the effective ZEB levels that can induce 

EMT should enlarge the range of SNAIL levels for which the hybrid E/M state exists. This is indeed 

observed for cases such as when the production rates of ZEB mRNA and ZEB protein are decreased 



(cases B2, C2), the threshold of ZEB levels for the shifted Hill function of inhibition of ZEB on miR-200 

is increased (case K1), and the strength of ZEB activation by SNAIL is decreased (case T2), and the 

strength of ZEB self-activation is decreased (case W2) (Figure S1). Thus, a change in several parameters 

of the miR-200/ZEB/GRHL2 circuit, especially those affecting the ZEB protein levels, can affect the 

range of SNAIL levels for which the hybrid E/M state exists. The change of parameters with respect to 

GRHL2 did not affect this range. 

Therefore, for most parameter changes (either increase or decrease), the region of SNAIL levels for which 

the hybrid E/M exists does not change much, as long as the ZEB levels are not very high, thereby 

suggesting that our prediction regarding the ‘phenotypic stability factor’ role of GRHL2 is quite robust to 

parameter variation. Furthermore, the role of GRHL2 in increasing the association of the E/M phenotype 

with stemness is also likely to be robust to parameter changes, as long as let-7 levels are not too low, 

because similar to miR-200/ZEB, LIN28/let-7 is sensitive towards the low levels of let-7 (44). Low levels 

of let-7 would again imply higher levels of ZEB, and therefore low levels of GRHL2, thereby attenuating 

the role of GRHL2 in stabilizing the E/M phenotype as well as increasing its association with stemness. 

Next, we conduct a similar sensitivity analysis for the miR-200/ZEB/miR-145/OCT4 circuit. 

(b) Parameter sensitivity analysis for miR-200/ZEB/miR-145/OCT4 circuit 

Coupling miR-145/OCT4 with miR-200/ZEB enlarges the range of SNAIL levels for the existence of the 

hybrid E/M region (Figure 3A, C). We observe that for 10% increase or decrease in the parameters, the 

absolute levels of SNAIL for which the hybrid E/M phenotype exists changes mildly in most cases 

(Figure S2). However, focusing on the change in the range of SNAIL levels for the existence of hybrid 

E/M state, we find that compared with the control case (no parameter changed – case 0 in Figure S1A-C), 

the range of SNAIL for the existence of E/M state decreases relatively significantly when the production 

rate of ZEB mRNA is increased (case B1) or its degradation rate is decreased (case H2) (Figure S2A), 

threshold of ZEB levels for the shifted Hill function of inhibition of ZEB on miR-200 is decreased (case 

M2) (Figure S1B), and the strength of ZEB activation by SNAIL is increased (case Y1), strength of ZEB 

self-activation is increased (case AB1), and the strength of miR-145 inhibiting ZEB is weakened (case 

AC1) (Figure S1C). All these cases represent cases where the effective ZEB levels that can inhibit miR-

200 and drive EMT are increased, i.e. the propensity of the cell to undergo EMT is increased. Also, 

consistently, at increased ZEB levels, miR-145 levels are decreased (ZEB inhibits miR-145) and hence 

the effect of miR-145 in expanding the hybrid E/M range is decreased.  

 



 

Figure S2 Parameter sensitivity analysis for the miR-200/ZEB/miR-145/OCT4 circuit (at p53=0) 

driven by the input signal SNAIL. Alphanumeric codes on x-axis represent the cases with different 

changed parameters by +/- 10%. Number 1 after the alphanumeric code represents the increase of the 

parameter by 10% and number 2 after the alphanumeric code represents the 10% decrease in parameter. 

Case 0 represents the result in this work, which is the control case. (A) represents the cases with +/- 10% 



changes in the production and degradation rates. A1 and A2 represent the increase and decrease in the 

production rate of miR-200 (denoted by
200

g ) by 10% respectively. B1 and B2 represent the increase and 

decrease in production rate of ZEB mRNA by 10% (denoted by
Zmg ). C1 and C2 represent the increase 

and decrease in production rate of ZEB protein (denoted by
Zg ) by 10%.  D1 and D2 represent increase 

and decrease in the production rate of miR-145 (denoted by
145

g ) by 10%. E1 and E2 represent increase 

and decrease in production rate of OCT4 mRNA (denoted by
Oc

mg ) by 10%. F1 and F2 represent increase 

and decrease in the degradation rate of OCT4 protein (denoted by
cOg ) by 10%. G1 and G2 represent 

increase and decrease in the degradation rate of miR-200 by 10% (denoted by 
200

k ). H1 and H2 represent 

increase and decrease in degradation rate of ZEB mRNA by 10% (denoted by
Zmk ). I1 and I2 represent 

increase and decrease in degradation rate of ZEB protein (denoted by
Zk ) by 10%. J1 and J2 represent 

respectively the increase and decrease in degradation rate of miR-145 (denoted by
145

k ) by 10%. K1 and 

K2 represent the increase and decrease in degradation rate of OCT4 mRNA (denoted by
Oc

mk ) by 10%. L1 

and L2 represent increase and decrease in degradation rate of OCT4 protein (denoted by
cOk ) by 10%. (B) 

represents the cases with changes in the thresholds in the shifted Hill functions. M1 and M2 

represent increase and decrease in the threshold levels for the inhibition of miR-200 by ZEB (denoted by

Z 0

m200
) by 10%.  N1 and N2 represent the case for 10% increase and decrease in threshold levels of ZEB 

for self-activation (denoted by 
0

ZmZ ). O1 and O2 represent the 10% increase and decrease in the threshold 

levels of SNAIL inhibition on miR-200 (denoted byS0

m200
) respectively. P1 and P2 represent the increase 

and decrease in the threshold levels of SNAIL activation on ZEB (denoted by S0

mZ
) by 10%. Q1 and Q2 

represent the increase and decrease in the threshold levels of miR-200 (denoted by m0

200
) by 10%. R1 and 

R2 represent 10% increase and decrease in threshold levels of OCT4 for inhibiting miR-145 (denoted by 

145

0

cO


). S1 and S2 denote 10% increase and decrease in threshold levels of OCT4 for activating miR-200 

(denoted by 
200

0

cO


). T1 and T2 denote 10% increase and decrease in threshold levels of miR-145 for 

inhibiting OCT4 (denoted by 
0

145 Oc
m ). U1 and U2 denote 10% increase and decrease in threshold levels 

of miR-145 for inhibiting ZEB (denoted by 
0

145 Zm ). V1 and V2 denote 10% increase and decrease in 

threshold levels of ZEB for inhibiting miR-145 (denoted by 
145

0Z ). (C) represents the cases with 

changes in the weight factors in the shifted Hill functions. W1 and W2 denote increase and decrease in 

weight factor of ZEB inhibition on miR-200 (denoted by lZ ,m200

) by 10%. X1 and X2 represent increase 

and decrease in weight factor of SNAIL inhibition on miR-200 (denoted by lS,m200

) by 10%. Y1 and Y2 

denote respective increase and decrease in weight factor of SNAIL activation on ZEB (denoted by lS,mZ
). 

Z1 and Z2 denote the respective increase and decrease in weight factor of OCT4 inhibition of miR-145 

(denoted by 
145,cO  ) by 10%. AA1 and AA2 denote increase and decrease in weight factor of inhibition 



of OCT4 by miR-145 (denoted by 
145, Oc

m ) by 10%. AB1 and AB2 denote increase and decrease in 

weight factor of ZEB self-activation (denoted by lZ ,mZ
) by 10%. AC1 and AC2 denote increase and 

decrease in weight factor of miR-145 inhibiting ZEB (denoted by
145 , Zm ) by 10%. AD1 and AD2 denote 

increase and decrease in weight factor of ZEB inhibiting miR-145 (denoted by
145,Z  ) by 10%. AE1 and 

AE2 denote increase and decrease in the weight factor of activation of miR-200 by OCT4 (denoted by

200,cO  ) by 10%.  

 

Conversely, the parameter changes that are likely to decrease the effective ZEB levels that can induce 

EMT should enlarge the range of SNAIL levels for which the hybrid E/M state exists. This is indeed 

observed for cases such as when the production rate of ZEB mRNA is decreased (case B2), the 

degradation rate of ZEB mRNA is increase (case H1), the threshold ZEB levels for shifted Hill function 

of inhibition of ZEB on miR-200 is increased (case M1), the strength of ZEB activation by SNAIL is 

decreased (case Y2), the strength of ZEB self-activation is decreased (case AB2), and strength of 

inhibition of ZEB by miR-145 is increased (case AC2) (Figure S2).  

Therefore, similar to the case of GRHL2, our prediction regarding the ‘phenotypic stability factor’ role of 

miR-145/OCT4 is quite robust to parameter variation, especially when ZEB levels are not too high. Also, 

the role of miR-145/OCT4 in increasing the association of E/M phenotype with stemness is most likely to 

be robust to most parameter changes, as long as let-7 levels are not too low, because similar to miR-

200/ZEB, the LIN28/let-7 is sensitive towards the low levels of the microRNA, i.e. let-7 (44).  

5. Levels of CDH1, VIM, ZEB1 and other PSFs in H2291, H1975, and H1299 cells 
 

 

 

 

 

 

 

 

 



Figure S3: Levels of canonical epithelial and mesenchymal genes, EMT-inducing players and PSFs 

(A) Expression of CDH1 (E-cadherin) and VIM (Vimentin) in H2291 cells. Scale bar 100μm. (B) RT-

PCR analysis of CDH1, VIM, OVOL2, GRHL2, ZEB1, and SNAI1 in H1975 (blue) and H1299 (orange). 

(C) Western-blot of H1975 and H1299 cells.  

 

Figure S4: Expression of CDH1 (E-cadherin) and VIM (Vimentin) in different passages of the 

H1975 cells, as examined by immunofluorescence staining. Scale bar 100μm. P7 (passage #7) and P12 

(passage #12) are separated by a period of two months.  

 

6. Effect of external signal on miR-200/ZEB/GRHL2 circuit 
An external activation signal on GRHL2 (SA) largely increases the area of the region corresponding to 

the epithelial phenotype - {E} and {E, E/M}; while an inhibition signal (SI) reduces this area and 

increases the area of the region corresponding to mesenchymal phenotype – {E, E/M, M} and {E/M, M} 

and {M} (Figure S5A, B), suggesting that GRHL2 knockdown can lead to a complete EMT, and that its 

overexpression can lead to MET. These simulations recapitulate experimental observations that ectopic 



expression of GRHL2 can drive MET, while inhibiting it enables EMT (27,45). Similar results have been 

obtained for OVOL2 in earlier experimental and theoretical analysis (46–48). Further, activating miR-200 

by p53 can drive MET (as reported (49)) both in presence and absence of GRHL2 (Figure S5C) that can 

behave as a ‘phenotypic stability factor’ for different values of p53 (Figure S5D). 

 

Figure S5: Phase diagram for miR-200/ZEB/GRHL2 circuit in response to SNAIL, external signals 

on GRHL2, and p53. (A) Response of the circuit to variable levels of SNAIL and an external activation 

signal on GRHL2 (SA). (B) shows the same as (A), but for an external inhibition signal on GRHL2 (SI). 

Different colors represent different phases, which represent the co-existence of possible stable states. (C) 

Response of the miR-200/ZEB circuit to variable levels of SNAIL and p53. (D) shows the same as (C), 

but for miR-200/ZEB/GRHL2 circuit. The area bounded by dotted black lines denotes the range of 

parameters for which the hybrid E/M state exists, either alone or in combination with other phenotypes. 

Different colored areas show different phases (co-existing phenotypes). Shifted Hill functions for these 

external signals are given in Table S1. 



7. Knockdown of GRHL2 and OVOL2 

Knockdown of GRHL2 and OVOL2 led to an increase in ZEB1 levels approximately 4-fold (Figure S6A) 

however, corresponding increase in SNAI1 was relatively less (Figure S6B), potentially because both 

GRHL2 and OVOL2 directly target ZEB1 and not SNAI1. Also, knockdown of GRHL2 tends to impact 

the proliferation for H1975 cells as they tend to undergo a complete EMT now. Unless otherwise 

specified, the figures (Figure 4, S6C,D) corresponding to GRHL2 and OVOL2 knockdown show the 

results for siGRHL#2 and siOVOL2#2. 

 

 

Figure S6: Characterizing the knockdown of GRHL2 and OVOL2 in H1975 cells. (A, B) RT-PCR 

analysis of ZEB1 and SNAI1 levels upon knockdown of GRHL2 and OVOL2. N=3 for each bar. (C) Cell 

viability at 72hours and 96 hours after treatment with siGRHL2 and siOVOL2. (D)Comparing the area 

covered during scratch assay of H1975, H1975-siOVOL2, H1975-siGRHL2 cells. *: p<0.05 

 

 

8. Analysis of NCI 60 and PC3 clonal cell lines  

The fold-change in levels of ZEB1, CDH1 and CDH3 suggest that OVOL2 might be a stronger driver of 

MET than OVOL1 in PC3 cells. Please note that care must be exercised in interpreting the values for 

OVOL1 in PC3-EMT-OVOL1 and that for OVOL2 in PC3-EMT-OVOL2 (marked by red in Figure S7A), 

because of the use of an overexpression vector. Nevertheless, OVOL2 being a strong driver was also 

reported in mammary development (47), and potentially explains why OVOL2-KO as compared to 

OVOL1-KO in H1975 cells is expected to yield a stronger phenotype.  



ZEB1, OVOL2, CDH3, and GRHL2 have statistically significant different levels across the three 

phenotypes – E, M, and E/M – with the only exception being GRHL2 levels in E/M and M sets. This lack 

of significance can be attributed to tissue-specific differences as well as the presence of a few cell lines 

that have low (instead of medium) expression  of CDH1 and VIM in the hybrid E/M cell line cluster (50). 

 

Figure S7: Analysis of NCI-60 panel and PC3-EMT-OVOL1, PC3-EMT-OVOL2. (A) Fold-change 

in the mean expression (log2) of OVOL2, OVOL1, ZEB1, CDH1, CDH3, GRHL2 in PC3-EMT-OVOL1 

or 2, and PC3-Epi vs. PC3-EMT fold changes (B) Mean expression (log 2) of GRHL2, OVOL2, CDH3, 

and ZEB1 in different cell lines categorized as E, M and hybrid E/M. *, p<=0.05; **, p<0.005; ***, 

p<0.0005. Error bars represent standard error of mean.  

 

9. GRHL2, OVOL2, and CDH3 levels may predict poor survival 
 

 



Figure S8: Survival analysis. Overall survival, relapse-free survival and metastasis-free survival for the 

expression of GRHL2, OVOL2 and CDH3 individually in multiple tissue types – (A) GSE14333 (n=187), 

(B) GSE17536 (n=135), (C) GSE31210 (n=225), (D) GSE41271 (n=274), (E) GSE48408 (n=163), (F) 

GSE 24551 (n=159), (G) NKI (n=294), (H) GSE 6532_U133A (n=178), (I) GSE42568 (n=103).  

We observed that in datasets where any one of the players – GRHL2, OVOL2, and CDH3 – correlates 

with poor survival, a combination of more than one of them also correlates with poor survival and usually 

has a lower p-value than the case with only one player. Also, we observed at least one case (GSE 3494 – 

n=235 patients) where the combined expression of GRHL2, OVOL2, and CDH3 correlated with poor 

overall survival in a statistical significant way, but none of them individually did (Table S4), indicating 

that looking at the combined expression might yield more predictive power. Looking at the combined 

expression might also help mitigate tissue-specific differences in expression levels of these players, each 

of which has been predicted to specifically associate with a hybrid E/M phenotype.   

Predictor variables Hazard ratio p-value 

GRHL2 1.25 (0.67-2.33) 0.4921 

OVOL2 1.15 (0.58-2.29) 0.6942 

CDH3 1.25 (0.96-1.62) 0.0935 

GRHL2, OVOL2 1.4 (0.57-3.46) 0.4618 

GRHL2, CDH3 1.51 (0.95-2.39) 0.0801 

OVOL2, CDH3 1.77 (1-3.12) 0.0497 

GRHL2, OVOL2, CDH3 2.11 (1-4.46) 0.0497 

Table S4: Correlation of GRHL2, OVOL2, and CDH3 either individually or in combination with 

overall survival for GSE 3494. 

 

10. Nullclines for the miR-200/ZEB/GRHL2 circuit 

 

 

Figure S9: Nullclines and bifurcation of miR-200/ZEB/GRHL2 circuit. Middle panel shows the 

bifurcation of the circuit in response to SNAIL, and left and right panels represent nullclines of the circuit 

at two fixed values of SNAIL. Blue curve depicts the nullcline for the case when the system of equations 

given by (1)-(5) is set to zero, except equation (2). Blue curve depicts the nullcline for the case when the 

system of equations (1)-(5) is set to zero, except equation (5). Their intersections represent the different 

steady states of the circuit – the ones marked by green filled circles are stable, and the ones marked by 

hollow circles are unstable.  



11. Coupling of miR-200/ZEB/GRHL2 with stemness module (LIN28/let-7) 

 

Figure S10 State-space characteristics of coupled networks miR-200/ZEB/LIN28/let-7 and miR-200/ 

ZEB/LIN28/let-7/GRHL2, when cells are in {M} phase at α1=α2=0 (A, B) miR-200/ZEB/LIN28/let-7 

and miR-200/ZEB/GRHL2/LIN28/let-7 circuits respectively. Black solid lines represent transcriptional 

regulation; red lines denote translational self-regulation of LIN28, and activation of its own processing by 

microRNA let-7, and dotted lines denote miRNA-mediated regulation. The parameters α1 and α2 denote 

the strength of the ‘feed-forward coupling’ (miR-200 inhibiting LIN28) and ‘feed-backward coupling’ 

(let-7 inhibiting ZEB) respectively, and lie between 0 and 1. Larger values denote stronger inhibition. The 

dashed line in the bifurcation diagrams next to the circuits shows the phase in which cells are present 

when there is no coupling between EMT and stemness circuits (α1=α2=0). Steady state diagram and the 

phase diagram in every column are for the circuit drawn in the topmost row of that column. (C) Phase 

diagram of the circuit miR-200/ZEB/LIN28/let-7 representing the values of (α1, α2) for which the 

different phenotypes can lie in stemness window, for SNAIL=250*10
3
 molecules and NF-kB=25*10

3 

molecules. (D) Phenotypic map of the coupled circuit at α1=α2=0.98 and at driving signals 

SNAIL=250*10
3
 molecules and NF-kB=25*10

3
 molecules. The red shaded area shows the ‘stemness 

window’ based on relative OCT4 levels, and the yellow shaded area represents the range of miR-200 

levels for the existence of the hybrid E/M phenotype, as noted in (10) for (miR-200/ZEB) circuit and in SI 

section 10 for (miR-200/ZEB/GRHL2) circuit. (E), (F) represent a similar case for (C), (D) respectively 

but for the circuit with GRHL2, therefore SNAIL=500*10
3
 molecules. Different colors represent different 

combinations of phenotypes that can gain stemness. The red arrows highlight the phenotypes that lie in 



the ‘stemness window’. Green filled circles denote the stable steady states, and green hollow circles show 

the unstable steady states of the coupled circuits as denoted in (A) and (B). 

12. Effective circuit for miR-200/ZEB/miR-145/OCT4 

 
 
Figure S11: The miR-200/ZEB circuit coupled with miR-145/OCT4, and the reduced or effective miR-

200/ZEB/miR-145 circuit, where miR-145 both inhibits miR-200 and indirectly self-activates via OCT4. 

The mutual inhibition between OCT4 and miR-145 can be considered to a self-activation due to the action 

of miR-145, i.e. inhibiting its own inhibitor. Furthermore, the inhibition of miR-200 by miR-145 via 

OCT4 can therefore be replaced with a direct inhibitory link. The inhibition of miR-145 on ZEB is 

expected to be relatively stronger because in addition to directly inhibiting ZEB, miR-145 can also inhibit 

the nuclear translocation of β-catenin that can fuel the completion of ZEB by activating the TCF4 

complex that can further activate ZEB and lead to more release of membranous β-catenin. Nonetheless, 

this reduction into the effective circuit is likely to depend on relative strengths of the links in the network. 

13. Nullclines for the I/miR-200/ZEB circuit. 

 

Figure S12: Nullclines and bifurcation of I/miR-200/ZEB circuit. The middle panel shows the 

bifurcation of the circuit in response to SNAIL. The left and right panels represent nullclines of the circuit 

at two fixed values of SNAIL. Red curve depicts the nullcline for the case when the system of equations 

(1), (21-22) is set to zero, except equation (1). The other curve depicts the nullcline for the case when all 

these equations are set to zero, except equation (22). Their intersections represent the different steady 

states of the circuit – green filled circles denote stable ones, and the ones marked by hollow circles are 

unstable.  

 

 



14. Coupling of I/miR-200/ZEB with stemness module (LIN28/let-7)  

First, we calculate the association of different phenotypes with stemness – both in the presence of 

incoherent signal I and its absence – when cells are in {M} phase at α1= α2=0 (Figure S13 A,B). The 

incoherent signal I enables a relatively much larger parameter space (α1, α2) for the association of the 

hybrid E/M phenotype with stemness (Figure S13 C, D). Specifically, at strong bidirectional coupling 

between the EMT and stemness modules, only the hybrid E/M phenotypes gains stemness, and the M 

phenotype is pushed out of the ‘stemness window’ in presence of I (compare phenotypes in the red area in 

Figure S13 E,F).  

 

Figure S13: State-space characteristics of coupled networks miR-200/ZEB/LIN28/let-7 and I/miR-

200/ZEB/LIN28/let-7, when cells are in {M} phase at α1=α2=0 (A, B) miR-200/ZEB/LIN28/let-7 and 

I/ miR-200/ZEB/LIN28/let-7 circuits respectively. Black solid lines represent transcriptional regulation; 

red lines denote translational self-regulation of LIN28, and activation of its own processing by microRNA 

let-7, and dotted lines denote miRNA-mediated regulation. The parameters α1 and α2 denote the strength 

of the ‘feed-forward coupling’ (miR-200 inhibiting LIN28) and ‘feed-backward coupling’ (let-7 

inhibiting ZEB) respectively, and lie between 0 and 1. Larger values denote stronger inhibition. The 

dashed line in the bifurcation diagrams next to the circuits shows the phase in which cells are present 

when there is no coupling between EMT and stemness circuits (α1=α2=0). Steady state diagram and the 



phase diagram in every column are for the circuit drawn in the topmost row of that column. (C) Phase 

diagram of the circuit I/ miR-200/ZEB/LIN28/let-7 representing the values of (α1, α2) for which the 

different phenotypes can lie in stemness window, for SNAIL=250*10
3
 molecules and NF-kB=25*10

3 

molecules. (D) Phenotypic map of the coupled circuit at α1=α2=0.98 and at driving signals 

SNAIL=250*10
3
 molecules and NF-kB=25*10

3
 molecules. The red shaded area shows the ‘stemness 

window’ based on relative OCT4 levels, and the yellow shaded area represents the range of miR-200 

levels for the existence of the hybrid E/M phenotype, as noted in (10) for (miR-200/ZEB) circuit and in SI 

section 13 for the (I/miR-200/ZEB) circuit. (E), (F) represent a similar case for (C), (D) respectively but 

for the circuit after incorporating I (the incoherent external signal on (miR-200/ZEB)), hence SNAIL 

=350*10
3
 molecules. Different colors represent different combinations of phenotypes that can gain 

stemness. The red arrows highlight the phenotypes that lie in the ‘stemness window’. Green filled circles 

denote the stable steady states, and green hollow circles show the unstable steady states of the coupled 

circuits as denoted in (A) and (B). 

 

 

Figure S14: State-space characteristics of coupled networks miR-200/ZEB/LIN28/let-7 and I/miR-

200/ZEB/LIN28/let-7, when cells are in {E/M, M} phase at α1=α2=0 (A, B) miR-200/ZEB/LIN28/let-

7 and I/ miR-200/ZEB/LIN28/let-7 circuits respectively. Black solid lines represent transcriptional 

regulation; red lines denote translational self-regulation of LIN28, and activation of its own processing by 



microRNA let-7, and dotted lines denote miRNA-mediated regulation. The parameters α1 and α2 denote 

the strength of the ‘feed-forward coupling’ (miR-200 inhibiting LIN28) and ‘feed-backward coupling’ 

(let-7 inhibiting ZEB) respectively, and lie between 0 and 1. Larger values denote stronger inhibition. The 

dashed line in the bifurcation diagrams next to the circuits shows the phase in which cells are present 

when there is no coupling between EMT and stemness circuits (α1=α2=0). Steady state diagram and the 

phase diagram in every column are for the circuit drawn in the topmost row of that column. (C) Phase 

diagram of the circuit I/ miR-200/ZEB/LIN28/let-7 representing the values of (α1, α2) for which the 

different phenotypes can lie in the ‘stemness window’, for SNAIL=220*10
3
 molecules and NF-

kB=25*10
3 

molecules. (D) Phenotypic map of the coupled circuit at α1=α2=0.98 and at driving signals 

SNAIL=220*10
3
 molecules and NF-kB=25*10

3
 molecules. The red shaded area shows the ‘stemness 

window’ based on relative OCT4 levels, and the yellow shaded area represents the range of miR-200 

levels for the existence of the hybrid E/M phenotype, as noted in (10) for (miR-200/ZEB) circuit and in SI 

section 12 for the (I/miR-200/ZEB) circuit. (E), (F) represent a similar case for (C), (D) respectively but 

for the circuit after incorporating I (the incoherent external signal on (miR-200/ZEB)), hence SNAIL 

=300*10
3
 molecules. Different colors represent different combinations of phenotypes that can gain 

stemness. Red arrows denote the phenotypes that lie in the ‘stemness window’. Green filled circles denote 

the stable steady states, and green hollow circles show the unstable steady states of the coupled circuits as 

denoted in (A) and (B). 

 

Second, we calculate the association of different phenotypes with stemness – both in the presence of 

incoherent signal I and its absence – when cells are in {E/M, M} phase at α1= α2=0 (Figure S14 A,B). 

Similar to the previous results, the incoherent signal I enable a relatively much larger parameter space (α1, 

α2) for the association of the hybrid E/M phenotype with stemness (Figure S14 C, D). Again, consistently, 

at strong bidirectional coupling between the EMT and stemness modules, only the hybrid E/M 

phenotypes gains stemness, and the M phenotype is pushed out of the ‘stemness window’ in the presence 

of I (compare phenotypes in the red area in Figure S14 E,F; M and E phenotypes can still exist but not lie 

in the ‘stemness window’), thereby denoting that the incoherent signal I associates the hybrid E/M 

phenotype with stemness largely independent of initial conditions in the simulation. 

 

14. Bifurcations for coupling of miR-200/ZEB in different topologies 



 

Figure S15: Bifurcations for coupling of miR-200/ZEB in different topologies. (A) An external 

incoherent signal that inhibits both miR-200 and ZEB. (B) An external incoherent signal that activates 

both miR-200 and ZEB. (C) A double negative feedback loop with miR-200. Bifurcation diagrams below 

correspond to the behavior of the circuits just above. The green shaded region represents the range of 

SNAIL levels for which the hybrid E/M phenotype exists either alone or in combination with other 

phenotypes. The dotted rectangle denotes the range of SNAIL levels for which hybrid the E/M phenotype 

can exist alone. Blue solid lines represent stable steady states (phenotypes), and red dashed lines show 

unstable steady states. 
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