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Model stable states, counting and compressing

A model  stable  state is  such  that  all the  model  components  are  stable.  Note  that  the  input
components are always stable (they are not regulated, and the associated logical rules are constant at
their current values). For further details on logical models and their properties, we refer to Abou-
Jaoudé et al.´s review (132)1.

In  our  model,  the  10  Boolean  input  components  define  2^10=1024  Boolean  combinations,
embodying as many environmental conditions. For each of them, there is at least one stable state,
and when an input combination gives rise to several stable states, this multi-stability suggests that
the corresponding environmental condition leads to alternative phenotypes.

The cellular  phenotypes  are  depicted  by  the  values  of  the  internal  components.  It  is  therefore
convenient to focus on the stable internal states (combinations of internal component values that
are stable for certain input values), ignoring associated input conditions.

The model has a total of 1452 stable states. Because this number is greater than the number of input 
combinations, some of these thus lead to multi-stability. Conversely, some stable internal states are 
compatible with different input combinations, which means that some phenotypes are compatible 
with different environmental conditions. 

Among the 1452 stable states, there are 136 distinct stable internal states given in Table 1 of the 
main text. Following a logic minimization rational, we used wildcards (*, ?, !) to compress these 
stable internal states and obtain patterns in which:

 the wildcard * matches any admissible value (e.g., 0 or 1 for a Boolean variable), each 
occurrence in a patten being independent

 the coupled wildcards ? and ! similarly match any admissible value, but all the occurrences 
in a pattern are coupled, i.e., take the same value.

For instance, in a Boolean setting, the pattern [**??] is a minimized representation of the 2x2^2=8 
tuples: [0000], [1000], [0100], [1100], [0011], [1011], [0111], [1111].

In Table 1, we provide the number of internal state states corresponding to each phenotype. This is 
calculated as the sum of the number of states represented in each pattern that depends on the 
wildcard occurrences. Because the wildcards only appear in positions corresponding to Boolean 
variables, the combinatorics for each pattern is done as follows: 

 2^(number of *) if there are no coupled wildcards; 

 2x2^(number of *) if there are only coupled wildcards ?; 

 2x2x2^(number of *) if there are both coupled wildcards ? and !. 

Reprogramming graphs

To assess plasticity properties, we relied on a model-checking approach. More specifically, starting
from the  stable  states  composing each phenotype,  we can  check whether  there  exists  an  input
configuration  (an  environmental  condition)  for  which  these  states  loose  their  stability,  and  the
model evolves towards another phenotype, possibly considering additional reachability constraints.
Such a property denotes the potential plasticity of the cells that are brought to acquire a different
phenotype upon modification of the environment (133,134).

1 References are provided in the file “Supplementary Figure and Table Legends and References”



A reprogramming  graph  follows  from  this  type  of  analysis,  in  which  the  nodes  are  cellular
phenotypes, and the edges denote reprogramming routes labelled by input configurations. 

We  relied  on  the  Action  Restricted  Computation  Tree  Logic  (ARCTL),  which  extends  the
conventional  CTL operators  with  the  possibility  to  restrict  paths  (or  trajectories)  in  the  model
dynamics with a given action formula (here the input values) (135).
We first considered a “weak reachability” property, to check for the existence of at least one state of
the source phenotype with a path towards any state of the target phenotype. Moreover, that path
must go directly to the target phenotype without visiting any state of any other phenotype.

This  reachability  property  translates  into  the  following  query  submitted  to  the  NuSMV model
checker:

INIT $Pstart
SPEC ! EA($input)[ !( $Pother ) U $Ptarget ]

which reads: Starting from each state of the phenotype $Pstart, under the action of $input, it 
is not possible to reach a state of $Ptarget without passing through a state of $Pother.

If the query is:

 True: then, for that $input, from all the states of $Pstart, there are no trajectories towards 
$Ptarget satisfying the query;

 False: then, for that $input, there is at least one state of $Pstart with a trajectory towards a
state of $Ptarget.

Checking the above property for  every phenotype and input  combination,  the resulting “weak”
reprogramming  graph  for  our  EMT model  (reduced  by propagating  the  fixed  inputs  FATL=1,
WNT=DELTA=0) is shown in Supplementary Figure S6.

Note  that,  when the query  is  True,  it  denotes  an  overall  stability  of  the  phenotype under  the
specified $input. This property is reported in the “strong” reprogramming graph described below.
We  then  considered  a  “strong  reachability”  property,  to  check  for  every  state  of  the  source
phenotype,  the existence of a path towards a state of the target phenotype. Moreover, that path must
go directly to the target phenotype without visiting any state of any other phenotype.

This reachability property translates into the following query submitted to the NuSMV model 
checker:

INIT $Pstart
SPEC  EA( $input )[ !( $Pother ) U $Ptarget ]

which reads: Starting from each state of the phenotype $Pstart, under the action of $input, it 
is possible to reach a state of $Ptarget without passing through a state of $Pother.

If the query is:

 True: then, for that $input, from any state of $Pstart, there is a trajectory towards 
$Ptarget satisfying the query;

 False: then, for that $input, there is at least one state of $Pstart with no trajectories 
towards a state of $Ptarget.

The resulting “strong” reprogramming graph for our EMT model (reduced by propagating the fixed 
inputs FATL=1, WNT=DELTA=0) is shown in Supplementary Figure S7.



Cell lines verifications 

The  presence  or  absence  of  the  ER-SRC fusion  construct  was  confirmed  by PCR using  three
independent pairs of primers 
5´SRC-ERB  -GGGAGCAGCAAGAGCAAGCCTAAG-  and  3´SRC-ERB  -
CGGGGGTTTTCGGGGTTGAGC- or 5´SRC-ERF -GTGGCTGGCTCATTCCCTCACTACA- and
3´  SRC-ERF  -GCACCCTCTTCGCCCAGTTGA-  or  5´  SRC-ERE  -
AGAGGGTGCCAGGCTTTGTG- and 3´SRC-ERE -GGGCGTCCAGCATCTCCAG-.  To exclude
possible contaminations of this cell line with human cell lines, an Autosomal STR DNA profile
(PowerPlex® 16 HS System) was performed. To treat cells with tet or EtOH, cells were plated and
allowed to adhere for at least 16 hours before being treated with 2 μg/mL tet dissolved in 70%
EtOH (Sigma-Aldrich, Darmstadt, Germany; T7660) or with identical volume of EtOH 70% for the
time period indicated. All cell lines were cultures in 5 % CO2, humidified atmosphere at 37ºC. The
presence of Mycoplasma contamination was tested in all cell lines by PCR using the primers MGS0
5`-TGC ACC ATG TGT CAC TCT GTT AAC CTC- 3`and GPO1 5`-ACT CCT ACG GGA GGC
AGC AGT A- 3`, which amplifies the 16S ribosomal RNA genes of Mycoplasma Mollicutes class.
The latest tests for Mycoplasma contamination were performed on January 25th, 2019 for MCF10A-
ER-SRC cells, July 4th, 2018 for MCF10A-ER-SRC PTPRK+ and MCF10A-ER-SRC mock cells
and on May 22nd,  2019 for  MDCK-pTR cSRCY527F-GFP cells.  None of  the  cell  lines  tested
positive for Mycoplasma contamination.

Real-time PCR analysis

Total RNAs were isolated using the RNAeasy Kit (Qiagen, Hilden, Germany; 74104) or NZY total
RNA isolation  Kit  (NZYTech,  Lisboa,  Portugal;  MB13402).  0.5  µg  or  1  μg  of  purified  RNA
samples were reverse-transcribed using random hexanucleotide primers to amplify ECad, PTPRK,
PTPRU, PTPRM, SNAIL, SLUG, ZEB1 or ZEB2 mRNA, according to manufacturer’s instructions
(Roche  Molecular  Systems  Inc,  Pleasanton,  CA,  USA;  04896866001  and  NZYTech,  Lisboa,
Portugal;  MB08301).  Real-time  qPCR  were  performed  using  iTaq  Universal  SYBR  Green
Supermix (Bio-Rad; 1725125), according to  manufacturer’s instructions in 96 or 384 well plates in
the QuantStudio VII Flex Real Time PCR Instrument (Applied Biosystems, Foster, CA, USA) or in
the  CF96/384  Touch  Real-Time  PCR  Detection  System  (Bio-Rad,  Hercules,  CA,  USA).  Fold
changes  in  gene  expression  were  calculated  by  relative  quantification  method  using  the
mathematical equation 2-ddCT, normalized to the relative amount of GAPDH transcript. Primers used
for:

 Human  ECad  were  forward:  5’-CGAGAGCTACACGTTCACGG-3’  and  reverse:  5’-
GGGTGTCGAGGGAAAAATAGG-3’; 

 Human  SNAIL  were  forward:  5’-CTATGCCGCGCTCTTTCCTC-3’  and  reverse:  5’-
GTAGGGCTGCTGGAAGGTAA-3’, 

 Human  PTPRK  were  forward:  5’-CACCGAACCAAGAGAGAAGC-3’ and  reverse:  5’-
AAGCCTTGGTAGGTCCGATT-3’, 

 Human  PTPRM  were  forward:  5’-AGGTCAAATCTCGGCAAATC-3’ and  reverse:  5’-
GATCGTGTGTTGAGGGTGTG-3’, 

 Human  PTPRU  were  forward:  5’-CAAGAACCTGCTGCCCTATC-3’  and  reverse:  5’-
TCCGTCTGGAAAGTGACCTC-3’;

 Human  ZEB1  were  forward:  5’-  GCTGACTGTGAAGGTGTACCA-3’ and  reverse:  5’-
CCTTTCCTGTGTCATCCTCCC-3’;

 Human  ZEB2  were  forward:  5’-GGAGACGAGTCCAGCTAGTGT-3’  and  reverse  5’-
CCACTCCACCCTCCCTTATTTC-3’;

 Human/Canine  SLUG  were  forward  5’-  TGTGACAAGGAATATGTGAGCC-3’  and
reverse: 5’- TGAGCCCTCAGATTTGACCTG -3’;



 Human/Canine GAPDH were forward: 5’-CTCTGCTCCTCCTGTTCGAC-3’ and reverse:
5´-ACCAAATCCGTTGACTCCGAC-3’;

 Canine  SNAIL  were  forward:  5’-AAGATGCACATCCGAAGCCA-3’  and  reverse:  5’-
CTTCTCACCGGTGTGGGTC-3’.

Immunofluorescence analysis

MCF10A ER-SRC cells were seeded on poly-L-lysine-coated coverslips for at least 16 hours before
being treated with 1 µM 4OH-TAM or identical volume of EtOH for the time period indicated.
Cells were then rinsed with PBS 1x and fixed with 4% paraformaldehyde in PBS 1x at pH7 for 10
minutes at room temperature (RT). Cells were then permeabilized with TBS - 0.1 % Triton X-100
(TBS-T) at RT and blocked with blocking solution (3 % BSA in PBS) for 1 hour at RT. Primary
rabbit anti-ECad monoclonal antibody 24E10 (1:50; Cell signaling, 3195S) was incubated overnight
at 4ºC in blocking solution. Coverslips were washed with PBS 1x four times for 5 min at RT and
incubated  with  Donkey  anti-rabbit  IgG  FITC-conjugated  secondary  antibody  (1:200;  Jackson
ImmunoResearch, 711-095-152) and Phalloidin CP660 (1:200; VWR, BTIU000047) at 0.3 mM in
blocking solution for 1h at RT. After three washes in PBS 1x, cells were stained with 2 μg/mL DAPI
(Sigma-Aldrich, Darmstadt, Germany; D1377) for 5 min at RT, washed again with PBS 1x and
mounted in Vectashield (Vector Biolabs, Malven, PA, USA; H-1000). Fluorescence images were
obtained on a Leica SP5 confocal coupled to a Leica DMI6000, using the 63x 1.4 HCX PL APO CS
Oil immersion objective. Image processing was performed using Imaris.
MDCK-pTR cSRCY527F-GFP cells were seeded on 1 mg/mL or 5 mg/mL collagen I gels for at
least 16 hours before being treated with 2 μg/mL tet or identical volume of 70% EtOH for 48h.
Cells were then washed once with PBS+/+ (0.9 mM CaCl2; 0.5 Mm MgCl2; pH 7.4) and fixed with
4% paraformaldehyde at 4ºC for 10 min, washed again in 0.1M Tris pH7.4 at RT for 10 min and
permeabilised for 2 min with PBS-T at RT. Cells were then washed twice with PBS 1x and blocked
with blocking buffer (10 mM MES pH 6.1; 150 mM NaCl2; 5 mM EGTA pH 6.8; 5 mM MgCl2; 5
mM glucose;  2% FBS and  1  % BSA) at  RT for  1  hour  and  incubated  with  rabbit  anti-ECad
monoclonal antibody 24E10 (1:50; Cell signalling, 3195S) in blocking buffer for 1 hour. Coverslips
were then washed three times with PBS 1x and incubated with anti-rabbit Cy5-conjugated (1:200;
Jackson Immunoresearch) for 1 hour at RT. Cells were washed three times with PBS 1x and then
incubated with 2 μg/mL DAPI (Sigma-Aldrich; D1377) at RT for 5min, washed once again with
PBS 1x and mounted in Vectashield (Vector Biolabs; H-1000). Fluorescence images were obtained
on a Leica SP5 confocal coupled to a Leica DMI6000, using the 63x 1.4 HCX PL APO CS Oil
immersion objective. Image processing was performed using Imaris.

Immunoblotting Analysis 

Protein extracts from MCF10A ER-SRC cells were obtained by scraping cells in lysis buffer (50
mM Tris pH 7.5; 150 mM NaCl2; 1 mM EDTA pH 8; 1 mM EGTA pH 7; 1% Triton X-100; 1x
Protease  and  Phosphatase  inhibitors)  and  lysed  for  20  min  on  ice  or  trypsinized  and  pellet
resuspended in lysis buffer for 20 min on ice. Samples were then cleared by centrifugation at 14.000
rpm for 30 minutes at 4 ºC. Protein concentration was estimated using Protein Assay Dye Reagent
(Bio-Rad; Hercules, CA, USA; 5000006). 2x or 5x Sample Buffer was then added to cell lysates
before being boiled for 5 min. Protein extracts from MCF10A-ER-SRC cells grown on 1mg/mL or
5mg/mL collagen I gels were obtained by collecting the gels and adding 1x sample buffer before
being boiled for 5 minutes. 
Protein were resolved by SDS-PAGE electrophoresis and transferred to Amersham Hybond PVDF
membranes (GE Healthcare; Chicago, IL, USA; 10600023).  Membranes were blocked with 3%
BSA in TBS 0.1% Tween for 1 hour at RT and incubated overnight at 4 ºC with rabbit anti-pSRC
(pY419)  (1:1000;  Invitrogen;  44-660G),  rabbit  anti-pFAK  (pY397)  (1:1000;  Cell  Signaling
Technology; 3283S), mouse anti-total FAK (1:500; BD Transduction, 610088), mouse anti-ECad



(1:1000,  BD Transduction,  610182)  or  rabbit  anti-GAPDH (1:5000,  Sigma-Aldrich;  G9545)  in
blocking solution. Membranes were then washed three times in TBS 0.1 % Tween, followed by 1
hour incubation at RT with HRP conjugated donkey anti-mouse IgG (1:2500; 715-035-150; Jackson
Immunoresearch) or anti-rabbit IgG (1:5000; 711-035-152; Jackson Immunoresearch), diluted in
blocking  solution.  Immunoblots  to  reveal  PTPRK levels  were  performed  as  described  in  (26).
Membranes were developed using Immobilon Western Chemiluminescent HRP Substrate (Merck
Millipore,  Burlington,  MA,  USA;  WBKLS0100).  Images  were  acquired  using  a  Bio-Rad
ChemiDoc XRS + system (Bio-Rad). 
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