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Supplementary Figure 1: NHE9 correlates with the loss of epithelial character. 

 

 
 

(a) NCI-60 gene expression profiles for NHE9 and the adherens junction gene CDH1, which encodes 

the epithelial marker e-cadherin. Note that nearly all of the cell lines that up-regulate NHE9 down-

regulate CDH1. (b) Survey of NHE9 mutations identified in hypermutated CRC samples from the 

TCGA database. The ConSurf analysis was used to determine the evolutionary conservation of mutated 

residues on a scale ranging from 1 (highly variable) to 9 (invariant), while the MutationTaster analysis 

was used to predict functional impacts. (c) NHE9 expression in AOM/DSS mice model of CRC relative 

to healthy control samples at 2 weeks (GSE31106) shown as scatter plots displaying mean±SD. (d-f) 

Scatter plots depicting the relationship between NHE9 expression and 76GS (d), MLR (e), and KS (f) 

EMT scores in AOM/DSS mice model of CRC and healthy control samples (GSE31106). P values were 

calculated by unpaired, two-tailed t test (c) and Pearson’s correlation (d,e,f). Abbreviations: NTS, N-

terminal segment; TM, transmembrane segment; CTD, C-terminal domain; CCS, ConSurf conservation 

score; AOM/DSS, azoxymethane/dextran sodium sulfate. Relates to Figure 1. 
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Supplementary Figure 2: NHE9 promotes the acquisition of a hybrid E/M state.   

 

 
 

(a-d) Scatter plots illustrating the relationship between NHE9 expression and [Ca2+] signature scores 

(as determined by ssGSEA) (a), SNAIL1 expression (b), SNAIL2 expression (c), and CDH1 expression 

(d) in CRC samples from the TCGA RNAseq database.  (e-f) Scatter plots illustrating the relationship 

between NHE9 expression and the expression of tumour suppressor miRNAs Let-7f (e) and miR-200 

(f) in CRC samples from the TCGA microarray database. (g) Scatter plots illustrating the relationship 

between epithelial signature (EPI) and 76GS (left), MLR (centre), and KS (right) EMT scores in 

colorectal cancer cells with NHE9 expression and EV control. (h) Scatter plots illustrating the 

relationship between mesenchymal signature (MES) and 76GS (left), MLR (centre), and KS (right) 

EMT scores in colorectal cancer cells with NHE9 expression and EV control. Each plot shows the linear 

fit and 95% confidence interval, Pearson's correlation coefficient (R), and P-value. (i) Overall survival 

in patients with CRC with low and high NHE9 expression, with tumours classified into four consensus 

molecular subtypes (CMS1-4) determined by using Kaplan–Meier plotter. P values were calculated by 

Pearson’s correlation (a-h) and log-rank test (i). Relates to Figure 2. 
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Supplementary Figure 3: NHE9 expression correlates with pH and Ca2+-related pathways.  

 

 
 

(a-c) Scatter plots illustrating the relationship between NHE9 expression and the activity levels 

(ssGSEA scores) of the Ca2+ import (a), Ca2+ transport (b), and H+ transmembrane transport (c) gene 

sets in CRC tumours from the TCGA database. (d) Scatter plots depicting the relationship between 

NHE9 expression and 76GS EMT score in CRC samples from the GSE16125 (n=36) (left), GSE28722 

(n=125) (centre), and TCGA (n=637) (right) databases. (e) Scatter plots depicting the relationship 

between NHE9 expression and MLR EMT score in CRC samples from the GSE16125 (n=36) (left), 

GSE28722 (n=125) (centre), and TCGA (n=637) (right) databases. Each plot shows the linear fit and 

95% confidence interval, Pearson's correlation coefficient (R), and P-value. Relates to Figures 2-3. 
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Supplementary Figure 4: NHE9 associates with aggressiveness and migratory potential.  

 

 
 

(a-c) Scatter plots illustrating the relationship between NHE9 expression and the activity levels 

(ssGSEA scores) of three independent migration gene sets (GO cell migration, Wu cell migration, and 

circulating tumour cell or CTC) as well as partial EMT (pEMT), EMT, cAMP inhibited, and cAMP 

activated gene sets in CRC samples from the GSE16125 (n=36) (a), GSE28722 (n=125) (b), and TCGA 

(n=637) (c) databases. See text for details. Each plot shows the linear fit and 95% confidence interval, 

Pearson's correlation coefficient (R), and P-value. Relates to Figure 4.  
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Supplementary Figure 5: NHE9 affects overall survival and metastasis-free survival. 

 

 
(a-c) Overall (GSE16125; left) and metastasis-free (GSE28722; right) survival in patients with CRC 

with low and high NHE9 expression (a), low and high EMT state (VIM/CDH1 expression) (b), and low 

and high NHE6 expression (c). (d) Plots of patients with and without metastasis (left) and patients with 

early (<5years) and late (≥5 years) recurrence (right) sorted as low (Q1), intermediate (Q2, Q3), or high 

(Q4) NHE9 expression categories (GSE28722). (e-f) Correlation of Buffa, Ragnum, and Winter 

hypoxia scores with three EMT scores (e) and activity levels (ssGSEA) of three migration gene sets 

(GO cell migration, Wu cell migration, and circulating tumour cell or CTC), and partial EMT (pEMT) 

and EMT gene sets (f) in CRC samples from the TCGA database. Pearson's correlation value for each 

pairwise comparison is represented by the size of the circle, filled with the corresponding colour from 

the colour bar at the bottom. *P<0.05, **P<0.01, ***P<0.001. (g) Box plots of three hypoxia scores in 

CRC samples from the TCGA database, sorted as low (Q1), intermediate (Q2, Q3), or high (Q4) NHE6 

expression categories. (h) Top enriched IPA molecular and cellular functions in CRC samples with low 

and NHE9 expression from the TCGA database. P values were calculated by log-rank test (a,b,c), chi-

square test (d), Pearson’s correlation (e,f), and one-way ANOVA (g). Relates to Figures 4-5. 
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Supplementary Table 1: Parameter estimation for the minimal model.  

 

The model setup extends the previous experimental findings 1. The parameters were adopted from 

published literature for the molecular species of the EMT regulatory circuit (miR-200, Snail, Zeb, E-

cadherin), NHE9, Let-7f, and NFATc (Ca2+) interactions. 𝜇200, miR-200; 𝑆, Snail; 𝑍, Zeb; 𝐸, E-

cadherin; 𝑁, NFATc; 𝑙7, Let-7f; 𝑛ℎ, NHE9; K, 103 molecules. 

 

Parameter Value Reference 

 

gμ200 (Molecules/Hour) 2.1K 2 

gmZ (Molecules/Hour) 11 2 

Z0μ200 (Molecules) 220K 2 

Z0mZ (Molecules) 25K 2 

𝑛𝑍,𝜇200 3 2 

𝑛𝑍,𝑚𝑍
 2 2 

𝑛𝜇200 6 2 

𝑛𝑆,𝜇200 2 2 

𝑛𝑆,𝑚𝑍
 2 2 

𝜆𝑍,𝜇200 0.1 2 

𝜆𝑍,𝑚𝑍
 7.5 2 

𝜆𝑆,𝜇200 0.1 2 

𝜆𝑆,𝑚𝑍
 10 2 

𝑘𝜇200(Hour-1) 0.05 2 

𝑘𝑚𝑍
(Hour-1) 0.5 2 

𝑘𝑍(Hour-1) 0.1 2 

𝑔𝑍(Hour-1) 0.1K 2 

𝑆𝜇200
0 (Molecules) 180K 2 

𝑆𝑚𝑍
0 (Molecules) 180K 2 

S(Molecules) 200K 2 

𝜇200
0 (Molecules) 10K 2 

𝑔𝐸(Molecules/Hour) 5000 3 

𝑘𝐸(Hour-1) 0.1 3 

𝜆𝐸,𝑚𝑍
 0.8 3 

𝑛𝐸,𝑚𝑍
 2 3 

𝐸𝑚𝑍
0 (Molecules) 80000 3 

𝜆𝑍,𝐸 0.1 3 

𝑛𝑍,𝐸 2 3 

𝑍𝐸
0 100000 3 

𝜆𝑁,𝐸 8 4 

𝑛𝑁,𝐸 5 5 

𝑁𝐸
0 100000 Estimated 

𝑔𝑁(Molecules/Hour) 80000 5 

𝑘𝑁(Hour-1) 0.1 5 

𝜆𝑁,𝑍 2 5 

𝑛𝑁,𝑍 2 5 

𝑁𝑍
0 800000 Estimated 

𝜆𝑁,𝜇200 4 Estimated 

𝑛𝑁,𝜇200  4 Estimated 

N0
μ200 (Molecules) 500000 Estimated 
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𝜆𝑁,𝑁 7 6 

𝑛𝑁,𝑁 3 6 

𝑁𝑁
0 100000 Estimated 

𝑘𝑙7 0.05 7 

𝑘𝑛ℎ 0.1 Estimated 

𝑔𝑙7 200 7 

𝑔𝑛ℎ 80000 Estimated 

𝜆𝑆,𝑙7 0.6 8 

𝜆𝑙7,𝑛ℎ 0.6 9 

𝜆𝑙7,𝑙7 11 7 

𝑛𝑆,𝑙7 2 8 

𝑛𝑙7,𝑛ℎ 2 9 

𝑛𝑙7,𝑙7 3 7 

𝑙7𝑙7
0  1200 7 

𝑆𝑙7
0  180000 Estimated 

𝑙7𝑛ℎ
0  200000 Estimated 
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