
i) Predicted consumptions and productions

Table 1: Predicted consumption and productions. This table shows those metabolites that are predicted to be consumed

and produced in PC-3/M (first and second column respectively) and PC-3/S subpopulations (thirst and fourth column

respectively). The metabolites highlighted in bold letter were compared with experimental measurements. 



ii) Evaluate the reliability of model predictions

By analyzing the activity state of the reactions that exchanges metabolites between the cell and the

media (exchange reactions) we determined which metabolites were predicted to be consumed or

produced by  PC-3/M and PC-3/S cells . We compared the predicted consumptions and productions

with  experimental  measurement  (Aguilar  et  al. 2016).  The  following  table  summarizes  this

comparison:

Table 2: The metabolites that were evaluated are in the first  column. Red crosses represent wrong predictions and green

check represent right predictions. The comparisons of consumption and production of PC-3/M cells are in the second 

and third column respectively.  The comparisons of consumption and production in PC-3/S cells are in the fourth and 

fifth column respectively.

This table shows those metabolites that are predicted to be consumed and produced in PC-3/M (first

and  second  column  respectively)  and  PC-3/S  subpopulations  (thirst  and  fourth  column

respectively).  The  metabolites  highlighted  in  bold  letter  were  compared  with  experimental

measurements. 



Table 3: Table of contingencies

The table of contingencies above summarizes the comparison between the measured consumption

and production of metabolites and their corresponding model predictions. In table A are the results

corresponding to PC-3/M cells, in table C the results  corresponding to PC-3/S and the table B

summarizes  both  subpopulations.  The  diagonal  of  gray  squares  represents  those  predictions  of

consumption or production supported by experimental observation (true positives in the coordinates

Y-experimental,Y-predicted)   and those  cases  where  the  model  predict  that  a  metabolite  is  not

produced or consumed and is supported by experimental observations too  (true negatives in the

coordinates N-experimental,N-predicted). The white diagonal corresponds to those predictions that

are  not  consistent  with  the  experimental  observations.  The  white  square  at  the  coordinate  Y-

predicted,  N-experimental  summarizes  the  predictions  of  consumption  and  production  not

supported by the experimental observations (false positives) and the white square in the coordinate

N-predicted,Y-experimental corresponds to those cases where a certain metabolite is observe to be

produced or consumed and is not predicted by the model (false negative). Finally the gray square

bellow each table of contingencies represents the % of right predictions. Thus, the model was able

to predict correctly the 65.22% and the 71.74% of consumptions and productions in PC-3/M and

PC-3/S respectively, and the 68,48% if  we consider both subpopulations. Next we performed a

fisher exact test to determine the corrected 2 tailed p-value. Thus, the p-value associated to the

overall predictions is 0,0003 indicating a high level of confidence of our model predictions. 

iii) Metabolic pathways and biological functions differentially active

Each reaction in the model is associated to a certain pathway (subsystem in the model). Based on

this association and the results obtained in the previous analysis, we determined the activity of the

pathways in each subpopulation. It is summarized in the following graph:



Figure 1. Pathways relative weight. In this figure are represented those metabolic pathways with an activity state 10%

higher in one of the subpopulations and a corrected p-value lower than 0.05 and the pathways that are active only in one

of the subpopulations. Blue bars represent the % of over activity in pathways that are more active in PC-3/M and green

bars represent the pathways with more metabolic activity in PC-3/S. The over-activity of those metabolic pathways that

are active only in one of the subpopulations.

We first  asked  which  metabolic  pathways  differ  most   in  their  activity  state  between  the  two

subpopulations (Figure 1, and Supplementary material  2). Most notably, the analysis revealed a

strong  pattern  of  complementarity  in  the  predicted  pathway  activity  state  between  the  two

subpopulations. For example, N-Glycan degradation pathway more active in PC-3/M  than in PC-

3/S cells, while, the activity of O-Glycans and N-glycans synthesis pathways are more active in the

PC-3/S  subpopulation.  As  alterations  in  glycan  metabolism  has  been  reported  to  enhance  the

metastatic  capability  of  PC-3 cells  to  bone (Peracaula  R  et  al. 2003),  the  predicted  metabolic

reprogramming in N-glycans metabolism may play an important role in cancer progression and

metastasis. In a similar vein, the computational analysis predicts that Purines and Pyrimidines are



mainly synthesized in PC-3/M cells while their catabolism is more active in PC-3/S subpopulation.

Glutamate metabolism and Urea cycle are also more active in PC-3/M cells, this processes provide

amino groups for the “de novo” synthesis of purine and pyrimidine bases (Bardot V et al. 1994) that

are necessary for the replication of DNA. These profiles fit with the more proliferative phenotype of

PC-3/M cells (Brézillon S  et al. 2013).  We also found several differences in fatty acid and lipid

metabolism.   Vitamin  D3  metabolism  is  also  predicted  to  be  exclusively  active  in  PC-3/S

subpopulation. This molecule controls the proliferation in prostate cells (Munetsuna E et al. 2014)

and has antiproliferative effects on a number of cancer cell types (Trump DL et al.  2006). This

prediction is consistent with the lower proliferative ration observed in PC-3/S cells.

iv) Evaluate the accuracy of pathway activity predictions

In order to determine the accuracy and the levels of confidence of the pathway activity predictions 

we performed an statistical analysis based on bootstrap methodology (Wang C et al. 2016). The 

algorithm that was developed for this aim is summarized in the figure bellow: 



Figure  2: This figure represents method used to determine the accuracy of the pathways activity predictions

This method can be divided in three main parts: i) define the statistics of the GSMM reconstruction 

analysis (IGSMM) , ii) define the statistics of the random re-sampling analysis  (IRRMi) and  iii) 

determine the level of significance of model prediction by comparing I GSMM and IRRMi.

We start by determining the statistical parameters of the GSMM reconstruction analysis. First we 

determine the activity state of the metabolic reactions in PC-3/M and PC-3/S subpopulations as is 

described previously in the sensitivity analysis section (1). Secondly, is calculated the activity state 

of the metabolic pathways by grouping the active metabolic reactions based on  their associated 

pathways (2). Next is determined  the total number of active reactions in each subpopulation 

(NGSMM) (3) by summing all the active reactions.  Finally we define the statistic I (4) that is defined 

by the following symmetric function:

       

   eq 1



This statistic (IGSMM) provides a numerical value defining the differential activity state between PC-

3/M and PC-3/S in the ith pathway and can have values between -1 (pathway active only in PC-3/S)

and 1 (pathway active only in PC-3/M), when it is 0 the activity in the ith pathway is equally active 

in both subpopulations.

Once we have defined the parameters related with the GSMM reconstruction analysis, we 

performed a random re-sampling analysis based on bootstrap methods (Wang C et al. 2016) (5). 

Briefly, this method generates a random distribution of the active reactions within the pathways 

defined in the model satisfying that the total number of active reactions must be equal to NGSMM (6). 

Next is defined the statistic I for the ith pathway in the mth iteration (IRRMi) (7). 

Finally, are compare the statistic  IGSMM, defined from the results obtained in the GSMM analysis 

and  the statistic IRRmi calculated from the mth random re-sampling by using the following 

expression(8):

      eq 2

If Dmi is equal or higher than 0 the relation between subpopulations of the activity state of the ith 

pathway in the mth iteration is equal or more extreme than the activity state calculated in the 

GEMN analysis otherwise Dmi is lower than 0 (9). Note that when the activity state of both 

subpopulations is equal, IGSMM is 0 and consequently Dmi is always 0. In order to avoid this 

limitation we first ensured that there were no pathways with the same activity state between PC-

3/M and PC-3/S. Next, we define the boolean variable w (w  ∈ {0,1}), then if  Dmi is 0 wmi is 1 and 

if Dmi  is different to 0 wmi is 0 (10). Finally, the statistic p, that evaluates the accuracy of pathway 

activity state predicted by the model is calculated by using the following equation (eq 3):

      eq 3

In this analysis the number of iterations (m) was 10.000. We obtained a p-value for each pathway

(pi). In order to determine the false positives we corrected the p-values using fdr (false discovery

rate with BY algorithm -Benjamini  and Yekutieli) 



v) Cell subpopulation isolation, extraction and cell culture

The extraction and isolation of the PC3 subpopulations was carried out previously an published in 

Toni Celià-Terrassa T et al.

In brief, PC-3/M and PC-3/S cells were clonally derived from the human cell line PC-3 (Kaighn

ME et al. 1979). Both sublines carry the integrated firefly luciferase gene coding region cloned in

the Superluc pRC/CMV vector (Invitrogen). 

The PC-3/M clone was selected by limiting dilution from PC-3/M, isolated from liver metastases

produced in nude mice subsequent to intrasplenic injection of PC-3 cells (Kozlowski JM  et al.

1984). 

PC-3/S cells were selected by limiting dilution from parental PC-3 cells. Cells were grown at 37°C

in a 5% CO2 atmosphere in complete RMPI 1640 supplemented with 200 μg/ml Geneticin (Sigma-

Aldrich) to maintain the chromosomal integration of the luciferase gene. TSU-Pr1 and B2 cells

were maintained at 37°C in a 5% CO2 atmosphere in complete DMEM. 

All  media  were  supplemented  with  2  mM  l-glutamine,  100  U/ml  penicillin,  100  μg/ml

streptomycin, and 10% FBS. Unless otherwise indicated, media and sera were from PAA. 

PC-3/M and PC-3/S cells were cultivated separately using the media composition as is indicated in

Aguilar et al 2016. Cells were cultured  at  37°C  in  a  5%  CO 2   atmosphere  in  RPMI  1640 

media  (Sigma‐Aldrich  or  Biowest)  supplemented  with 10 mM glucose and 2 mM glutamine

(unless otherwise indicated),  10%  Fetal  Bovine  Serum  (FBS) (PAA  Laboratories),  1%  pyruvate

(1  mM)  (Biological  Industries),  1% streptomycin  (100  μg/mL)  /  penicillin  (100  units/mL) 

(Gibco)  and  1%  nonessential  amino  acids  (Biological Industries). 
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