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Editor summary: 1 

Benoit and colleagues identify the dopamine transporter antagonist vanoxerine as a suppressor of the G9a methyltransferase. Show 2 

that treatment leads to cancer stem cell suppression and restoration of an immune-responsive tumor microenvironment in CRC. 3 
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Extended Data Fig. 1 Supporting 

information on the 

high-throughput 

phenotypic assay 

used to identify 

cancer-selective 

inhibitors of 

H3K9me2 deposition 

Bergin_ED_Fig1.jp

g 
a, OCT4 staining on t-hESCs upon drug treatments (5 

M, 48 h) and DMSO control (left panel, scale bar: 50 

m). Flutamide, clomiphene, and colistin sulfate are 

example of drugs tested for loss-of-pluripotency (n=2 

biological replicates, 1 independent experiment). 

Quantification of OCT4-positive cells vs. counts scored 

from a validation set of 142 compounds relative to 

DMSO control (right panel). Values are expressed as log2 

fold-changes (L2FC). Dashed box indicates loss-of-

pluripotency hits (cut off: L2FC > -1.0). b, H3K9me2 

immunostaining on t-hESCs treated with loss-of-

pluripotency inducers (5 M, 48 h, n=2 biological 

replicates from 2 independent experiments, scale bar: 100 

m). Thioridazine and niclosamide are examples of drugs 

further tested for H3K9me2 deposition. The G9a inhibitor 
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BIX-01294 (1 M, 48 h) was used as positive control. c, 
Quantification of H3K9me2 immunostaining signal in t-

hESC cells vs. cell count scored for each loss-of-

pluripotency inducer relative to DMSO. CWP232228 

(100 nM, 48 h) and BIX-01294 (1 M, 48 h) were used as 

positive controls for cell count and H3K9me2 inhibition, 

respectively (dashed lines) (n=2 biological replicates from 

2 independent experiments). Prioritized hits (vanoxerine 

(VXN), niclosamide, clomiphene) were identified in 

circles. d, Heat map of the mean immunodetection signal 

from assessing total 5-methylated cytosine (5-meC) and 

histone marks H3K9me2, H3K9me3, and H3K27me3 

levels in t-hESCs treated with different candidates vs. 

DMSO control (5 M, 48 h, n=3 biological replicates 

from 3 independent experiments, color scale: Log2 fold-

change signal vs. vehicle, cut off: >0.25). BIX-02492 (1 

M) and DZNep (1 M) (S-adenosylhomocysteine 

synthesis and EZH2 inhibitor) were used as positive 

controls. e, Cancer-selective toxicity assessment for 

clomiphene and niclosamide using the human CRC cell 

lines HT29 (n=4 biological replicates), SW480 (n=3 

biological replicates), and HCT116 (n=3 biological 

replicates) vs. normal intestinal progenitor line HIEC 

(n=6 biological replicates). Data from 1 independent 

experiment were best-fitted using a nonlinear curve fitting 

model. f, Dose-response cell growth experiment 

evaluating the EC50 of VXN in HT29 cells for 48 h vs. 

72 h treatments (n=4 biological replicates from 1 

independent experiment). g, Cell growth analysis 

comparing 2.5M VXN treatments over 72 h vs. control 

in 3 independent cell lines from human colorectal, 

melanoma, ovarian, prostate, liver, lung, breast, 
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glioblastoma, and kidney tumors (Data from 1 

independent experiment, number of biological replicates 

(n) and p-values are indicated on graphs, mean values +/- 

SEM, unpaired multiple t-tests). See also Fig. 1, 

Supplementary Tables 1-3, Supplementary Note 1. 

Extended Data Fig. 2 Transcriptomic 

profiling of cancer-

selective effects of 

vanoxerine 

treatments 

Bergin_ED_Fig2.jp

g 
a, Fold-change comparison plot of differentially 

expressed genes upon VXN treatments (10 M, 48 h) vs. 

DMSO in HT29 and HIEC cells (n=2 biological replicates 

from 1 independent RNA-seq experiment, p<0.05). 

“HT29_VXN” represents the cancer-selective 

transcriptional signature to VXN treatments. b, GSEA 

plots showing a downregulation of genes overexpressed 

in human colorectal adenomas (Sabates) within the VXN 

cancer-selective signature in CRC cell. Such a 

relationship is not observed in VXN-treated HIEC cells 

(vs. DMSO). The expression of all SABATES genes 

highlighted by GSEA are presented in a heat map (RNA-

seq data from a, Log2 fold-change expression vs. DMSO, 

NES and NOM p-value were calculated by the GSEA 

Software version 4.0.3). c, Heat map representing the 

expression of individual genes from curated lists of 

intestinal differentiation and progenitor (undifferentiated) 

markers in HIEC and HT29 cells treated with either VXN 

(10 M, 48 h) or DMSO control (RNA-seq data from a, 

z-score of FPKM values). d, Enrichment plots for the 

GO_CANONICAL _WNT_SIGNALING_PATHWAY 

and the DOUGLAS_BMI1_TARGETS_DN 

(downregulated genes in BMI1-knockdown cells) 

signatures from GSEA performed on differentially 

expressed genes following VXN treatment (vs. DMSO) in 

HT29 and HIEC cells (RNA-seq data from a, NES and 

NOM p-value were calculated by the GSEA Software 
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version 4.0.3). e, Changes of mRNA expression observed 

for common colon CSC markers upon VXN treatments in 

HT29 cells (10 M, 48 h) vs. DMSO controls (Log2 fold-

change expression, RNA-seq data from a, q-values 

calculated using the Benjamini-Hochberg’s multiple 

correction testing method are indicated on graph). f, 
Transcriptional stem cell indexes calculated using one-

class logistic regression machine-learning algorithm for t-

hESC (CSC-like, n=2 biological replicates from 1 

independent RNA-seq experiment), HIEC (normal 

intestinal, RNA-seq data from a), HCT116 (CRC, n=1 

biological replicate from GSM2891824) and HT29 (CRC, 

RNA-seq data from a) vs. the mRNAsi distribution curve 

of the colon adenocarcinoma (COAD) patient cohort 

(TCGA: n=275 patients). g, GSEA plots showing a 

positive correlation between genes selectively modulated 

by VXN in HT29 cells (vs. DMSO, p<0.05) and gene 

signatures characteristic of a response to type-1 

interferon. Such a profile is not observed at a significant 

level in VXN-treated HIEC cells (vs. DMSO) (NES and 

NOM p-value were calculated by the GSEA Software 

version 4.0.3). The expression of all type-1 interferon 

response genes highlighted by GSEA is presented in a 

heat map (RNA-seq data from a, Log2 fold-change 

expression) following VXN treatments (vs. DMSO) in 

HIEC and HT29 cells. See also Fig. 2, Supplementary 

Tables 4-5. 

Extended Data Fig. 3 Comparison of 

vanoxerine response 

to other 

pharmacological 

compounds 

Bergin_ED_Fig3.jp

g 
a, Correlation study of VXN sensitivity across the PRISM 

repurposing primary screen 19Q3 (top-6 entries). The 

epigenetic drug romidepsin significantly correlates with 

the VXN response (Pearson correlation (r) coefficient, 

two-tailed p-values are presented). b, Correlation plots of 
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the chemotherapy drug idarubicin and the nootropic 

compound IDRA-21 vs. VXN for cell growth inhibition in 

33 human CRC cell lines (n=33 cell lines, Pearson r test, 

two-tailed p-values indicated on graphs). c, Structure of 

VXN second-pass metabolite GBR-12935 and its impact 

on HT29 (CRC) and HIEC (normal) cell viability at 1.25, 

2.5, and 5M vs. DMSO (0M) (Data from 3 independent 

experiments, number of biological replicates (n) for each 

condition is indicated on graphs, mean values +/- SEM, 

***: p=0.0008). d, Correlation plots of benztropine-

mesylate vs. VXN for cell growth inhibition in 33 human 

CRC and 108 lung cancer cell lines (CRC: n=33 cell lines, 

lung: n=108 cell lines, Pearson r test). Dashed box 

represents the expected distribution zone for correlated 

responses. e, Heat maps of mRNA expression for 

documented H3K9me and 5-meC regulators in HIEC and 

HT29 cells treated with VXN (10 M, 48 h) vs. DMSO 

(n=2 biological replicates from 1 independent RNA-seq 

experiment, z-score of FPKM values). Adjusted p-values 

(q-values) calculated based on Benjamini-Hochberg’s 

multiple correction testing method. f, Expression of G9a 

(EHMT2) (Data from 2 independent qPCR experiments, 

DMSO: n=3 biological replicates, VXN: HIEC n=3 and 

HT29 n=5 biological replicates, ***: p=0.0002, unpaired 

two-tailed t-test) and GLP (EHMT1) (RNA-seq data from 

e, normalized counts) encoding mRNA were measured 

following VXN treatments in HIEC and HT29 cells (mean 

values +/- SEM). g, Western blot analysis comparing G9a 

levels in HT29 (cancer) and HIEC (normal) cells. When 

detectable, G9a levels were decreased by VXN in HIEC 

cells. Actin was used as loading control (n=3 biological 

replicates from 3 independent experiments). h, Fold-
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change comparison plot of differentially expressed genes 

upon VXN (10 M, 48 h) or BIX-1294 (1 M, 48 h) 

treatments vs. DMSO in t-hESCs (n=2 biological replicates 

from 1 independent RNA-seq experiment, p<0.05, 

Benjamini-Hochberg’s multiple correction test and false 

discovery estimation). i, Heat map showing mRNA 

expression of documented H3K9me and 5-meC regulators 

in t-hESCs treated with VXN (10 M, 48 h) or BIX-01294 

(1M, 48 h) vs. DMSO controls. Arrows indicating 

downregulation by VXN but not by BIX. (RNA-seq data 

from h, z-score of FPKM values). j, GSEA enrichment 

plots showing correlations between genes significantly 

modulated by VXN in t-hESC and apoptosis 

(HALLMARK_APOPTOSIS), proliferation 

(E2F_TARGETS), pluripotency (WONG), MYC 

(HALLMARK_MYC), p53 (HALLMARK_P53), and 

colorectal cancer 

(GRADE_COLON_AND_RECTAL_CANCER_UP) 

signatures (RNA-seq data from h, NOM p<0.05, NES and 

NOM p-value were calculated by the GSEA Software 

version 4.0.3). k, Bubble plot of transcription factor 

binding sites (UCSC_TFBS) enrichment in genes from 

top-50 upregulated G9a/H3K9me2 target genes upon VXN 

treatments in HT29 and HIEC cells (ChIP-seq: n=1 sample 

series, RNA-seq: n=2 biological replicates, 1 independent 

experiment, one-sided p-values for Fisher's Exact test 

available in Source Data). See also Fig. 2, Supplementary 

Tables 4-6, and Supplementary Note 2. 

Extended Data Fig. 4 Characterization of 

DAT as the main 

target of VXN in 

colon cancer 

Bergin_ED_Fig4.jp

g 
a, Docking poses of VXN and cocaine interaction with 

DAT X-ray crystallographic structure (PDB 4xp1). The 

binding pocket surface is highlighted according to 

electrostatic properties (top). b, qPCR analysis of 
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SLC6A3 mRNA expression in bulk, heterogeneous 

organoids and CSC-enriched fractions from primary CRC 

samples (n=3 biological replicates from 1 patient sample 

(Patient #92) in 2 independent experiments, mean values 

+/- SEM, ***: p<0.0001, unpaired two-tailed t-test). 

HIEC (n=4 biological replicates) and t-hESCs (n=4 

biological replicates) were used as low and high-

expressing controls for SLC6A3, respectively. c, UMAP 

plot of clustering analysis from scRNA-seq profiling 

(n=23 CRC patient samples). Each cluster represents a 

cell type-specific signature. Histograms are showing 

transcript levels of SLC6A3 and LGR5-expressing 

epithelial and stromal cells across primary CRC tumors 

(T) and normal colon (N) samples. d, Representative 

micrograph of crypts from human normal colonic tissue 

showing the absence of DAT in E-cadherin stained 

epithelial cells (n=3 independent donors, scale bar: 100 

m). e, Representative single-cell protein signal observed 

for total histone H3 (cell occupancy control), DAT, 

phospho-H3S10, CD133 (colon CSC marker), 

chromogranin A (enteroendocrine cell marker), and 

neurofilament (NEFL, neuronal marker) on scWest chips 

loaded with either patient-derived CSC-enriched 

spheroids (n=5 CRC patient samples) or M17 

neuroblastoma cells (n=3 biological replicates). f, Single-

cell protein quantification of DAT and CD133-positive 

cells within primary bulk colorectal adenocarcinoma 

samples. Scatter plots are showing observed fluorescence 

intensity per individual cell. DAT-positive are highlighted 

in red on CD133 plots (n=3 samples, Patients #409 and 

#397 presented, 3 independent experiments). g, Single-

cell protein quantification of DAT-positive cells in 
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CD133-sorted fractions from primary colorectal 

adenocarcinomas. Scatter plots are showing observed 

fluorescence intensity per individual cell (n=2 CRC 

patient samples from 2 independent experiments). h, 
SLC6A3 mRNA levels in HCT116 cells transduced with 

pInducer10-RFP vector containing a non-silencing 

scrambled control or an SLC6A3-targeting shRNA. 

shRNA expression was induced by doxycycline and 

qPCR measurements were performed on 90-95% RFP-

positive populations (n=6 biological replicates from 2 

independent experiments, mean values +/- SEM, ***: 

p=0.0007, unpaired two-tailed t-test). I, Representative 

micrographs of pInducer10-RFP shCTRL and shSLC6A3-

transduced HT29 cells immunostained for DAT. The 

punctate intracellular staining corresponding to DAT is 

reduced in RFP-positive shSLC6A3 cells  (n=3 biological 

replicates from 2 independent experiments, scale bar: 30 

m). j, SLC6A3 siRNA knockdown decreases growth in 

HT29 and HCT116 cells, with no additive effects when 

combined with VXN treatments (48 h, 5 M) (1 

independent experiment, biological replicates (n) and p-

values indicated on the graphs, mean values +/- SEM, 

one-way ANOVA with Tukey's multiple comparisons 

test). Knockdown efficiency vs. scramble control 

(siCTRL) was confirmed by western blot (n=3 biological 

replicates from 3 independent experiments). k, 
Clonogenic spheroid formation experiment using HT29 

cells transduced with shCTRL and shSLC6A3 

pInducer10-RFP system and plated as single cells in 

Elplasia® microwell plates. Spheroid formation 

frequency and spheroid size in Dox-induced shSLC6A3 

(RFP-positive) HT29 cells are presented vs. shRNA 

controls (n=18 biological replicates from 3 independent 
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experiments, mean values +/- SEM, ***: p0.0001, 

unpaired two-tailed t-test). l, Clonogenic organoid 

formation assay using siSLC6A3 knockdown HCT116 

cells (vs. siCTRL). Transient knockdown of SLC6A3 

significantly reduces HCT116 organoid formation 

frequency (n=3 biological replicates from 3 independent 

experiments, mean values +/- SEM, ***: p=0.0002, 

unpaired two-tailed t-test). See also Fig. 3-4, and 

Supplementary Note 3. 

Extended Data Fig. 5 Relationship between 

the impact of 

vanoxerine on cancer 

cells and the 

dopamine pathway 

Bergin_ED_Fig5.jp

g 
a, Cell growth experiment measuring the impact of 

increasing doses of dopamine (0.02 – 20 M, 48 h) on 

HT29 cell sensitivity to VXN treatments (10 M, 48 h, 

vs. DMSO control) (n=4 biological replicates from 2 

independent experiments, ***: p<0.0001, **: p=0.0023, 

*: p=0.0493, one-way ANOVA with Bonferroni’s 

multiple comparisons test). b, ELISA measuring 

dopamine levels in cell lysates and conditioned growth 

media from HIEC, HT29, t-hESCs, and primary human 

colorectal CSC (CCSC) cultures treated with VXN (10 

M, 48 h) or DMSO control. Complete growth media 

were also tested (n=3 biological replicates from 1 

independent experiment, color scale: 1/absorbance 450 

nm). Dopamine (DA) standard solutions were used as 

positive controls (8 – 530 nM). c, mRNA levels of 

putative VXN targets previously documented in the 

literature (SLC6A3: HIEC n=4 and HT29 n=3 biological 

replicates from 3 independent experiments. 

hERG/KCNA5, sigma receptor-1, and sigma receptor-2: 

n=2 biological replicates from 1 independent RNA-seq 

experiment), as well as dopamine receptors (n=2 

biological replicates from 1 independent RNA-seq 

experiment) in HIEC (normal) and HT29 (CRC) cells 
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(mean values +/- SEM, ***: p<0.0001, unpaired two-

tailed t-test). d, Dose-response experiments measuring 

the effect of the sigma receptor-1/2 agonist 

ditolylguanidine (DTG, n=4 biological replicates) and the 

sigma receptor-2 antagonist SM-21 (HT29 n=3 and HIEC 

n=4 biological replicates) on HT29 and HIEC cell growth 

(48 h, data from 2 independent experiments, mean values 

+/- SEM, p-values indicated on graphs, two-way ANOVA 

with Bonferroni’s multiple comparisons test). e, Cell 

growth experiment comparing the effect of VXN (10 M, 

48 h) to the dopamine receptor D2 antagonist haloperidol 

(10 M, 48 h), in the presence or absence of dopamine 

(10 M) vs. DMSO control (n=7 biological replicates 

from 1 independent experiment, mean values +/- SEM, 

***: p<0.0001, **: p=0.0041, one-way ANOVA with 

Bonferroni’s multiple comparisons test). 

Extended Data Fig. 6 Impact of vanoxerine 

on intracellular 

signaling 

mechanisms in colon 

cancer cells 

Bergin_ED_Fig6.jp

g 
a, GSEA showing significant enrichment of differentially 

expressed genes from shSLC6A3 (vs. shCTRL) and VXN-

treated (10 M, 48 h,vs. DMSO) HCT116 cells (n=3 

biological replicates from 2 independent RNA-seq 

experiments), and VXN-treated HT29 and HIEC cells (vs. 

DMSO, n=2 biological replicates from 1 independent 

RNA-seq experiments) in AKT/mTOR-related 

transcriptional signatures. Bubble plot represents 

normalized enrichment scores (NES, color scale) and 

NOM p-values (circle size) for each gene signature (NES 

and NOM p-values calculated by the GSEA Software 

version 4.0.3). b, Expression of PI3K/AKT/mTOR target 

genes (from signatures in a) in shCTRL (DMSO and 

VXN 10 M, 48 h) and shSLC6A3 (DMSO) HCT116 

cells. mRNA levels are presented as FPKM values (n=3 

biological replicates from 2 independent experiments, 
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mean values +/- SEM, p-values indicated on graphs, one-

tailed paired t-test). c, Extended kinome profiling data on 

6 h, 12 h, and 24 h VXN-treated HT29 cells (10 M) for 

the phosphorylation state of MAPK, JAK/STAT, p53, and 

Src family kinases (n=4 biological replicates from 2 

independent experiments, *: p<0.05, **: p=0.0019, ***: 

p<0.001, exact p-values are in Source Data, one-way 

ANOVA with Bonferroni's multiple comparisons test, 

color scale: Log2 fold-change signal vs. vehicle). d, 
Western blot analysis of total and phospho-AKT levels 

(T308: n=3 biological replicates, S473: n=4 biological 

replicates) in HT29 SLC6A3 knockdown vs. shCTRL 

cells. SLC6A3 knockdown was confirmed by western 

blotting, and actin was used as a loading control (Data 

from 2 independent experiments). e, STRING analysis 

performed on the DAT interactome from the BioGRID 

database plus hits from the kinome profiling experiments 

in HT29 cells. Shell-connecting edges are based on 

interaction confidence (medium threshold: 0.4), and 

Kmean clustering analysis was performed to identify 

functional clusters related to the AKT-mTOR pathway 

and colorectal cancer (Cluster-1), dopamine processing 

(Cluster-2), and microtubules (Cluster-3). Dashed edges 

represent supported inter-cluster interactions. f, Western 

blot analysis of active and total -catenin, and E-cadherin 

in VXN-treated (10 M, 48 h vs. DMSO) and shSLC6A3 

(vs. shCTRL) HT29 cells. OD signal quantification of 

active vs. total -catenin and E-cadherin vs. actin is 

presented in bar graphs (n=3 biological replicates from 1 

independent experiment, mean values +/- SEM, ***: 

p=0.0007, *: p=0.0120, unpaired two-tailed t-test). g, 
High-content immunofluorescence imaging analysis of E-
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cadherin and -catenin distribution in DMSO (n=4 

biological replicates), VXN-treated (10 M, 48 h, n=5 

biological replicates), shCTRL (n=4 biological 

replicates), and shSLC6A3 (n=4 biological replicates) 

HT29 cells. Signal colocalization analysis suggests 

increased adherens junction assembly in VXN-treated 

cells (4 independent experiments) but not in SLC6A3 

knockdown cells (1 independent experiment). Mean 

values +/- SEM, ***: p=0.0004, unpaired two-tailed t-

test, scale bar: 30 m). See also Fig. 4, and 

Supplementary Table 9. 

Extended Data Fig. 7 Impact of vanoxerine 

on EHMT2 promoter 

regulation in colon 

cancer cells 

Bergin_ED_Fig7.jp

g 
a, Western blot analysis of total Nur77 levels in HCT116 

cells treated with DMSO, AZD5362 (AKTi, 2.5 M), and 

VXN (5M) over 24 h (n=2 biological replicates from 1 

independent experiment). Actin was used as a loading 

control. b, Expression of target genes transactivated by 

Nur77. mRNA levels in DMSO and VXN-treated HT29 

and HIEC cells are presented (relative expression vs. 

DMSO, n=2 biological replicates from 1 RNA-seq 

experiment).  c, SPP analysis of ChIP-seq data from the 

ChIP-Atlas database integrating MACS2 binding scores 

of different transcription factors around the transcription 

start site of EHMT2 (+/- 10 kb). Each dot corresponds to 

an independent biological sample. Dashed boxes 

highlight candidate transcription factors enriched at the 

EHMT2 promoter in several biological samples and 

representing potential regulators of G9a expression 

(CTCF, CEBP, and ZNF143). d, ChIP analysis of 

CEBP and ZNF143 transcription factor enrichment at 

the EHMT2 proximal promoter in HCT116 cells treated 

with VXN (5 M, 24 h) vs. DMSO controls (n=6 

biological replicates from 4 independent experiments, 
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mean values +/- SEM, p-values indicated on graph, 

unpaired two-tailed t-test). e, RRBS data from the 

ENCODE project database showing 5-methylated 

cytosine distribution around the EHMT2 transcription 

start site in human normal and neoplastic tissues (Each 

row corresponds to 1 independent biological sample). f, 
Western blot analysis of G9a levels in pLenti CTRL 

(empty) and pLenti-G9a-transduced HCT116 cells treated 

with DMSO or VXN (10 M, 48h). Relative G9a vs. 

actin OD ratios are presented in the bar graph (n=3 

biological replicates from 2 independent experiments, 

mean values +/- SEM, **: p=0.0090, unpaired multiple t-

tests). See also Fig. 5. 

Extended Data Fig. 8 Vanoxerine inhibits 

tumor-initiating 

function in patient-

derived colon cancer 

tissue samples 

Bergin_ED_Fig8.jp

g 
a, Western blot analysis of G9a levels and H3K9me2 

deposition following 48 h of VXN (5 M) or BIX-01294 

(1 M) treatment (vs. DMSO controls) in HT29 (2D 

cultures) and patient-derived CSC-enriched spheroids (n=4 

biological replicates from 3 independent experiments). 

Actin was used as a loading control. Optical density signal 

ratios for G9a and H3K9me2 vs. loading control are 

presented. b, Representative whole-well brightfield 

imaging of patient-derived CRC organoids from primary 

organoid series treated with increasing doses of VXN (7 

days, 0.25 - 10M) vs. DMSO controls (n=5 CRC patient 

samples, Patient #92 is presented). c, Relative size 

assessment of primary organoids treated with VXN (7 

days, 0.25 - 10M) vs. DMSO (n=5 CRC patient samples 

from 5 independent experiments, mean values +/- SEM, 

***: p<0.0001, one-way ANOVA with Dunnett's multiple 

comparisons test). d, Representative whole-well 

brightfield imaging of secondary patient-derived CRC 

organoids from the primary series treated with 0.25 and 0.5 
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M of VXN vs. DMSO controls (n=5 CRC patient 

samples, Patient #181 is presented). e, Patient-specific 

response in secondary organoid formation assays for 

VXN-treated primary samples (0.25, 0.5, and 1M) vs. 

DMSO controls (n=5 CRC patient samples). f, 
Representative whole-well brightfield imaging of donor-

derived normal colonic organoids from primary and 

secondary plating series, treated with increasing doses of 

VXN (7 days, 0.25 - 1M) vs. DMSO controls (n=5 

biological replicates from 1 healthy tissue sample in 5 

independent experiments). g, Secondary normal colonic 

organoid formation frequency observed upon VXN (0.25 - 

10 μM, 7 days) vs. DMSO controls (n=5 biological 

replicates from 1 healthy tissue sample in 5 independent 

experiments, *: p=0.0112, one-way ANOVA with 

Dunnett's multiple comparisons test). Box plot center line 

corresponds to median, and whiskers represent min to max 

values. h, qPCR analysis of colon CSC markers as well as 

SLC6A3 and EHMT2 in MACS-sorted CD133Low and 

CD133High fractions isolated from CSC-enriched spheroids 

derived from 2 independent primary colon 

adenocarcinomas (PROM1: CD133High: n=8, CD133Low: 

n=9), LGR5: CD133High: n=5, CD133Low: n=6, SLC6A3: 

CD133High: n=8, CD133Low: n=9, EHMT2: CD133High: 

n=6, CD133Low: n=8). n. corresponds to biological 

replicates from 2 independent experiments, p-values are 

indicated on graphs, mean values +/- SEM, unpaired two-

tailed t-test). i, Mean spheroid size measured from 

clonogenic experiments using CD133High (n=12 biological 

replicates) and CD133Low (n=11 biological replicates) 

fractions, treated with VXN (0.5 μM, 48 h) or DMSO 

control (Data from 2 CRC patient samples, in 11 
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independent experiments, mean values +/- SEM, ***: 

p<0.0001, unpaired two-tailed t-test). j, Targeting strategy 

for the generation of patient-derived LGR5-GFP CRC 

organoids using a CRISPR-Cas9 knock-in system, where 

construct integration and endogenous LGR5 expression is 

visualized via an RFP and a GFP reporter, respectively. 

EF1-RFP-Puro cassette was removed via transduction 

with Cre-expressing adenoviral particles (Ad-Cre). PCR 

reactions using primer pairs a/b and c/e detected knock-in 

of the 5′ and 3′ arms, respectively, in organoids treated with 

ad-Cre. Primer pair d/e detected the RFP-puro selection 

cassette in organoids not treated with Ad-Cre. Non-

engineered parental patient sample was used as control 

(n=3 biological replicates from 1 CRC patient sample, in 3 

independent experiments). k, CRC patient-derived LGR5-

GFP cells were used in clonogenic organoid formation 

assay, treated with VXN (0.5 and 1.0 M) or DMSO, and 

analyzed by high-content imaging for GFP signal at day-0, 

day-7, day-10, and day-14. Representative images of CRC 

LGR5-GFP organoids at each stage of the experiment 

(VXN 0.5 and 1.0 M vs. DMSO, image acquisition at 4X, 

n=6 biological replicates from 4 independent experiments, 

scale bar: 30m). l, Quantification of “LGR5-positive” 

primary organoids across all counted structures at day-0, 

day-7, day-10, and day-14 for DMSO and VXN (0.5 and 1 

M, 7 days) treatments (n=6 biological replicates from 4 

independent experiments, mean values +/- SEM, p-values 

indicated on graph, two-way ANOVA with Dunnett's 

multiple comparisons test). m, Box plot (left) showing 

LGR5-GFP secondary organoid formation frequency 

observed for VXN (0.5 and 1 μM, 7 days) and DMSO-

treated groups (n=6 biological replicates from 4 
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independent experiments, ***: p0.0001, one-way 

ANOVA with Dunnett's multiple comparisons test). Box 

plot center line corresponds to median, and whiskers 

represent min to max values. Violin plot (right) 

representing integrated GFP intensity per organoid was 

measured by high-content imaging in residual secondary 

organoids from each group (DMSO: n=1518 organoids, 

VXN 0.5 μM: n=287 organoids, VXN 1 μM: n=216 

organoids). Dashed line within violin plots corresponds to 

median. See also Fig. 6, and Supplementary Table 8. 

Extended Data Fig. 9 Impact of in vivo 

vanoxerine 

treatments on 

H3K9me2 

deposition, tumor 

development, and 

normal tissue 

architecture 

Bergin_ED_Fig9.jp

g 
a, Dose-response curves of VXN impact on the growth of 

mouse MC38 (C57BL/6) and CT26 (BALB/c) cell lines. 

Concentrations ranging from 0.32 to 20 M were used over 

48 h (Data from 3 independent experiments, number of 

biological replicates per dose/condition (n) is indicated on 

graphs, points represent mean values +/- SEM) vs. DMSO 

control. Data were best-fitted using a nonlinear curve 

fitting model, and the calculated EC50 is presented for 

each cell line. b, Assessment of SLC6A3 mRNA levels 

(qPCR) in parental 2D cultured and primary in vivo MC38 

tumors. GAPDH was used as housekeeping gene (n=6 

biological replicates from 3 independent experiments, ***: 

p=0.0002, unpaired two-tailed t-test). c, Volcano plots 

representing modulation of gene expression in VXN-

treated (25 mg/kg, 10 days) primary MC38 tumors vs. 

vehicle (saline) controls (n=2 biological replicates from 1 

independent RNA-seq experiment). Dashed lines represent 

p-value <0.05 and ±1.0 log2 fold-change (L2FC) 

(Benjamini-Hochberg’s multiple correction test and false 

discovery estimation). Clustering analysis of 

transcriptional responses to VXN (V) and vehicle (CTRL, 

C) treatments in each tumor sample is presented as an inset. 
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d, Western blot analysis of G9a levels in primary 

syngeneic in vivo tumors (MC38 – C57BL/6) following 10 

days of VXN treatments (25 mg/kg) vs. vehicle controls. 

Actin was used as loading control (n=3 independent tumor 

pairs from 2 independent experiments, mean values +/- 

SEM, *: p=0.0307, unpaired two-tailed t-test). e, Flow 

cytometry analysis of mouse stem cell antigen Sca-1 and 

CD44 levels in single-cell dissociated mouse primary 

tumors (MC38 – C57BL/6) from 10-day VXN-treated and 

vehicle control recipients (n=3 biological replicates from 1 

independent experiment). Histograms show decreases in 

both stemness markers across live cell populations 

following VXN treatments. f, Schematic of 

immunofluorescence-based histological analysis 

performed on CRC tumors resected from mouse primary 

recipients (VXN vs. vehicle) and visualized by high-

content imaging (HCI). g, Representative HCI-acquired 

images from mouse primary tumor histological sections 

stained for H3K9me2 and DAPI. Automated scoring of 

H3K9me2-positive cells across the whole scans are 

presented for VXN (n=14 tumors) and vehicle-treated 

(n=26 tumors) mouse recipients (fluorescence signal vs. 

HCI mask are presented, 3 independent experiments, scale 

bar: 2 mm). h, Western blot analysis of H3K9me2 levels 

in primary syngeneic in vivo tumors (MC38 – C57BL/6) 

following 10 days of VXN treatments (25 mg/kg) vs. 

vehicle controls. Total histone H3 was used as loading 

control (n=4 independent tumor pairs from 2 independent 

experiments, mean values +/- SEM, *: p=0.0262, unpaired 

two-tailed t-test). i, Measurement of residual tumor 

volume detected in secondary mouse recipients at 

experimental endpoint from VXN (n=3 tumors) and 
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control (n=12 tumors) groups. CT26 – BALB/c secondary 

tumor sizes are presented in mm3 (Data from 2 independent 

experiments, mean values +/- SEM, **: p=0.0067, 

unpaired two-tailed t-test). Representative imaging of 

normal intestine tissue architecture and homeostasis where 

j, crypt proliferative cells are immunostained with anti-Ki-

67, and k, E-cadherin and alpha-smooth muscle actin 

respectively mark the epithelial sheath and myofibroblasts 

in VXN (25 mg/kg) and vehicle treated animals (C57BL/6, 

10 days, scale bar in j: 50m. Scale bar in k: 100 m). 

Average proliferative cell counts and villus length for both 

experimental groups are presented in bar graphs (Number 

of biological units (n: crypts and villi) from 3 independent 

mice per condition is indicated on graphs, mean values +/- 

SEM). See also Fig. 7, and Supplementary Table 10. 

Extended Data Fig. 10 Suppression of 

cancer stem cell 

activity by 

vanoxerine enhances 

CRC antitumor 

immune response in 

vivo 

Bergin_ED_Fig10.j

pg 
a, Differential expression of transposable elements (TEs) 

in HCT116 cells treated with VXN (10 μM, 48 h) vs. 

DMSO controls (n3 biological replicates from 2 

independent RNA-seq experiments, p<0.05). b, 
Distribution of significantly and commonly upregulated 

TEs in VXN (10 M) and BIX-01294 (1 M) treated t-

hESCs (vs. vehicle) across different TE classes (n= 2 

independent tumor pairs from 1 independent RNA-seq 

experiment). c, Gene ontology analysis performed on 

differentially expressed genes from VXN in vivo-treated 

CRC tumors (vs. vehicle) showing significant enrichment 

of GO categories linked to T cells and anticancer immune 

response (RNA-seq data from b, exact p-values from 

hypergeometric test available in Source Data). d, GSEA 

enrichment plots showing a positive correlation between 

genes within the 

COATES_MACROPHAGE_M1_VS_M2_UP and 
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FOSTER_TOLERANT _MACROPHAGES _UP 

signatures and genes upregulated by VXN treatments in 

CRC tumors in vivo (RNA-seq data from b, NES and 

NOM p-value were calculated by the GSEA Software 

version 4.0.3). e, f, Heat map representing the expression 

of individual genes from the 

GOTZMANN_EPITHELIAL_TO_ 

MESENCHYMAL_TRANSITION_UP _DOWN 

genesets in vehicle and VXN-treated (25 mg/kg, 10 days) 

CRC tumors (RNA-seq data from b, color scale: Log2 

normalized counts). g, Representative pictures of 

hematoxylin and eosin staining showing lymphocyte 

infiltration in VXN-treated CRC tumors vs. vehicle 

controls. Tissue sections were analyzed by a certified 

pathologist, and arrowheads indicate the presence of 

lymphocytes (n=3 independent tumor pairs, 2 

independent experiments, scale bar: 50 m). h, 
Representative fluorescence micrograph of anti-CD8a 

immunostaining in vehicle and VXN-treated (25 mg/kg, 

10 days) CRC tumor sections. Nuclei were stained using 

DAPI (n=3 independent tumor pairs, 2 independent 

experiments, scale bar: 50 m). i, Representative HCI-

acquired images of vehicle and VXN in vivo-treated 

mouse primary tumors co-stained for T cell CD8a and 

macrophage Iba-1 markers. Nuclei were counterstained 

using DAPI (Scale bar: 1 mm). CD8a and Iba-1-positive 

cell counts are presented in the bar graph (n=3 

independent tumor pairs, 2 independent experiments, 

mean values +/- SEM, *: p=0.0117, ***: p=0.0007, 

unpaired multiple t-tests). j, qPCR analysis of T cell 

markers in bulk CT26-BALB/c tumors excised from 

vehicle and VXN-treated mouse primary recipients (n=5 
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independent tumor pairs (except Il12b: n=4, and cd74: 

n=3), dots on bar graphs represent independent PCR 

experiments: bars are mean values +/- SEM, p-values are 

indicated on graphs, unpaired two-tailed t-test). k, qPCR 

analysis of T cell markers in bulk CT26 – BALB/c tumors 

excised from control IgG and anti-PD-L-injected mouse 

primary recipients (n=3 independent tumor pairs from 3 

independent experiments, mean values +/- SEM, p-values 

indicated on graphs, unpaired two-tailed t-test). See also 

Fig. 8, and Supplementary Tables 5, 10-11. 

 9 

 10 

 11 

Item Present? Filename 

Whole original file name including 

extension. i.e.: Smith_SI.pdf.  The 

extension must be .pdf 

A brief, numerical description of file contents.  
i.e.: Supplementary Figures 1-4, Supplementary Discussion, and 

Supplementary Tables 1-4. 

Supplementary Information Yes Bergin_SI.pdf Supplementary Notes 1-3, Supplementary Table 1, 

and Supplementary Figures 1-2 

Reporting Summary Yes Bergin_Reporting_Summary.pdf 

Peer Review Information  No OFFICE USE ONLY 

 12 

 13 

 14 

 15 

Type Number 
Each type of file (Table, Video, etc.) should be 

numbered from 1 onwards.  Multiple files of the 

same type should be listed in sequence, i.e.: 

Supplementary Video 1, Supplementary Video 2, 

etc.   

Filename 

Whole original file name including extension. 

i.e.: Smith_ 

Supplementary_Video_1.mov 

Legend or Descriptive Caption  
Describe the contents of the file 

Supplementary Table 1 Bergin_Suppl_Tables_2_to_13.xlsx Supplementary Tables 2 to 13 

 16 



 21 

 17 

 18 

Parent Figure or Table Filename 

Whole original file name including extension. i.e.: 

Smith_SourceData_Fig1.xls, or Smith_ 

Unmodified_Gels_Fig1.pdf 

Data description 
i.e.: Unprocessed western Blots and/or gels, Statistical Source Data, 

etc.   

Source Data Fig. 1 Source Data Figure 1 - Uncropped 

images.jpg 

Uncropped blot Images for Figure 1 

Source Data Fig. 1 Bergin_SourceData_Fig1.xlsx Numerical Source Data for Figure 1 

Source Data Fig. 2 Source Data Figure 2 - Uncropped 

images.jpg 

Uncropped blot Images for Figure 2 

Source Data Fig. 2 Bergin_SourceData_Fig2.xlsx Numerical Source Data for Figure 2 

Source Data Fig. 3 Source Data Figure 3 - Uncropped 

images.jpg 

Uncropped blot Images for Figure 3 

Source Data Fig. 4 Source Data Figure 4 - Uncropped 

images.jpg 

Uncropped blot Images for Figure 4 

Source Data Fig. 4 Bergin_SourceData_Fig4.xlsx Numerical Source Data for Figure 4 

Source Data Fig. 5 Bergin_SourceData_Fig5.xlsx Numerical Source Data for Figure 5 

Source Data Fig. 6 Bergin_SourceData_Fig6.xlsx Numerical Source Data for Figure 6 

Source Data Fig. 7 Bergin_SourceData_Fig7.xlsx Numerical Source Data for Figure 7 

Source Data Fig. 8 Bergin_SourceData_Fig8.xlsx Numerical Source Data for Figure 8 

Source Data Extended Data 

Fig./Table 1 

Bergin_SourceData_ED_Fig1.xlsx Numerical Source Data for Extended Data Figure 1 

Source Data Extended Data 

Fig./Table 2 

Bergin_SourceData_ED_Fig2.xlsx Numerical Source Data for Extended Data Figure 2 

Source Data Extended Data 

Fig./Table 3 

Source Data Extended Data Figure 3 - 

Uncropped images.jpg 

Uncropped blot Images for Extended Data Figure 3 

Source Data Extended Data 

Fig./Table 3 

Bergin_SourceData_ED_Fig3.xlsx Numerical Source Data for Extended Data Figure 3 

Source Data Extended Data 

Fig./Table 4 

Source Data Extended Data Figure 4 - 

Uncropped images.jpg 

Uncropped blot Images for Extended Data Figure 4 



 22 

Source Data Extended Data 

Fig./Table 4 

Bergin_SourceData_ED_Fig4.xlsx Numerical Source Data for Extended Data Figure 4 

Source Data Extended Data 

Fig./Table 5 

Bergin_SourceData_ED_Fig5.xlsx Numerical Source Data for Extended Data Figure 5 

Source Data Extended Data 

Fig./Table 6 

Source Data Extended Data Figure 6 - 

Uncropped images.jpg 

Uncropped blot Images for Extended Data Figure 6 

Source Data Extended Data 

Fig./Table 6 

Bergin_SourceData_ED_Fig6.xlsx Numerical Source Data for Extended Data Figure 6 

Source Data Extended Data 

Fig./Table 7 

Source Data Extended Data Figure 7 - 

Uncropped images.jpg 

Uncropped blot Images for Extended Data Figure 7 

Source Data Extended Data 

Fig./Table 7 

Bergin_SourceData_ED_Fig7.xlsx Numerical Source Data for Extended Data Figure 7 

Source Data Extended Data 

Fig./Table 8 

Source Data Extended Data Figure 8 - 

Uncropped images.jpg 

Uncropped blot Images for Extended Data Figure 8 

Source Data Extended Data 

Fig./Table 8 

Bergin_SourceData_ED_Fig8.xlsx Numerical Source Data for Extended Data Figure 8 

Source Data Extended Data 

Fig./Table 9 

Source Data Extended Data Figure 9 - 

Uncropped images.jpg 

Uncropped blot Images for Extended Data Figure 9 

Source Data Extended Data 

Fig./Table 9 

Bergin_SourceData_ED_Fig9.xlsx Numerical Source Data for Extended Data Figure 9 

Source Data Extended Data 

Fig./Table 10 

Bergin_SourceData_ED_Fig10.xlsx Numerical Source Data for Extended Data Figure 10 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 



 23 

The dopamine transporter antagonist vanoxerine inhibits G9a and suppresses cancer stem cell functions in 27 

colon tumors 28 

Christopher J. Bergin1, Aïcha Zouggar1, Amanda Mendes da Silva1, Tanguy Fenouil1,2,3, Joshua R. Haebe1, Angelique N. Masibag1, 29 

Gautam Agrawal1, Muhammad S. Shah1, Tamara Sandouka1, Mario Tiberi1,4,5, Rebecca C. Auer6,7,8,9, Michele Ardolino6,8,9, and Yannick 30 

D. Benoit1,10,*. 31 

 32 
1  Department of Cellular and Molecular Medicine, Faculty of Medicine, University of Ottawa, ON, Canada. 33 
2 Inserm U1052, CNRS UMR5286, Centre de Recherche en Cancérologie de Lyon, Université Claude Bernard Lyon 1, Lyon, France 34 
3   Institut de Pathologie Multisite des Hospices Civils de Lyon, Site Est, Groupement Hospitalier Est, Bron, France 35 
4 University of Ottawa Brain and Mind Research Institute, Ottawa, Ontario K1H 8M5, ON, Canada. 36 
5  Neuroscience Program, Ottawa Hospital Research Institute, Ottawa, ON, Canada 37 
6  Department of Biochemistry, Microbiology and Immunology, Faculty of Medicine, University of Ottawa, ON, Canada. 38 
7  Department of Surgery, Faculty of Medicine, University of Ottawa, ON, Canada. 39 
8 Center for Cancer Therapeutics, Ottawa Hospital Research Institute, Ottawa, ON, Canada 40 
9 Centre for Infection, Inflammation and Immunity, University of Ottawa, ON, Canada 41 
10 School of Pharmaceutical Sciences, Faculty of Medicine, University of Ottawa, ON, Canada 42 

 43 

* To whom correspondence should be addressed: 44 

Dr. Yannick D. Benoit Ph.D., Department of Cellular and Molecular Medicine, Faculty of Medicine, University of Ottawa, 451 Smyth 45 

Road, RGN 2231 46 

Ottawa, Ontario, K1H 8M5, Canada, Phone: 613-562-5800 Extension: 7508 47 

Email: ybenoit@uottawa.ca 48 

 49 

 50 

 51 

Key Words: Colorectal cancer, colon cancer, Cancer Stem Cell, Epigenetic, Phenotypic screening, Dopamine transporter, Vanoxerine, 52 

GBR-12909. 53 

 54 

  55 



 24 

ABSTRACT 56 

 57 

Cancer stem cells (CSC), functionally characterized by self-renewal and tumor-initiating activity, contribute to decreased tumor 58 

immunogenicity while fostering tumor growth and metastasis. Targeting the histone methyltransferase (HMTase) G9a 59 

effectively blocks CSC functions in colorectal tumors by altering pluripotent-like molecular networks. However, existing 60 

molecules directly targeting G9a HMTase activity failed to reach clinical stages due to safety concerns. Using a stem cell-based 61 

phenotypic drug screening pipeline, we identified the dopamine transporter (DAT) antagonist vanoxerine, a compound with 62 

previously demonstrated clinical safety, as a cancer-specific downregulator of G9a expression. Here we show that gene silencing 63 

and chemical antagonism of DAT impede colorectal CSC functions by repressing G9a expression. Antagonizing DAT also 64 

enhanced tumor lymphocytic infiltration by activating endogenous transposable elements and type-I interferon response. Our 65 

study unveils the direct implication of the DAT-G9a axis in the maintenance of CSC populations and an approach to improve 66 

anti-tumor immune response in colon tumors. 67 

 68 

 69 

MAIN TEXT 70 

 71 

Immunotherapy substantially improved the therapeutic landscape of several cancers1. In colorectal cancer (CRC), the clinical 72 

benefits from immune checkpoint inhibitors were mainly observed in patients presenting high microsatellite instability and mismatch 73 

repair deficiency, representing only 15-20% of clinical cases2-4. Thus, chemotherapy remains the mainstay to treat advanced-stage and 74 

metastatic CRCs, using drugs with a known bias of enhancing cancer stem cell (CSC) functions within the intratumor heterogeneity5,6. 75 

Studies focused on tumor heterogeneity and cellular hierarchies support the existence of CSCs, which harbor self-renewal and tumor 76 

initiation capacity7. Akin to several human cancers, colon tumors are organized according to a cellular hierarchy governed by a 77 

population of highly tumorigenic CSCs8. Investigations on this rare subset of cells have highlighted the importance of understanding 78 

CSC biology to develop next-generation chemotherapeutic strategies. 79 
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 A relationship was established between cancer stemness and tumor immunogenicity, where CSCs would promote immune 80 

evasion by repelling cytotoxic T cells9,10. Thus, identifying tools suppressing CSCs in CRC may promote lymphocytic infiltration in the 81 

tumor microenvironment or bolster response to immune checkpoint inhibitors. 82 

Multiomics campaigns revealed shared molecular networks between human pluripotent stem cells and tumors11,12. Advances in 83 

cancer epigenetics showed central requirement for chromatin regulation during the emergence of CSCs and tumor initiation13-15. 84 

Combining pluripotency and CSC epigenetic determinants as readouts, we screened a collection of clinically safe drugs to identify colon 85 

CSC-bioactive compounds. We identified vanoxerine (VXN), a dopamine transporter (DAT) antagonist initially developed to treat 86 

cocaine addiction, as a candidate for context-specific inhibition of colon CSC activity. Specifically, VXN downregulates the HMTase 87 

G9a, which consequently blocks CSC functions and increases immune cell infiltration in CRC tumors. Moreover, DAT knockdown 88 

recapitulates VXN effects in CRC cells, suggesting an implication of the DAT-G9a axis in the maintenance of CSCs. 89 

 90 

Vanoxerine alters the deposition of H3K9me2 in cancer cells 91 

The histone methyltransferase G9a and its associated histone mark H3K9me2 are crucial to maintain CSC functions and 92 

pluripotent-like networks in colon cancer13. To identify clinically-safe drugs targeting molecular hallmarks of CSCs, we executed a cell-93 

based chemical screening assay measuring the effect of a library of FDA-approved or late-stage development compounds on 94 

pluripotency and H3K9me2 deposition in a transformed variant of human embryonic stem cells (t-hESCs) (Fig. 1a)16-19. Fluctuations in 95 

Oct4 protein  (pluripotency marker) and H3K9me2 deposition (CSC epigenetics) were quantified by high-content imaging (Fig. 1a, 96 

Extended Data Fig. 1a-d, Supplementary Tables 1-2, Supplementary Note 1). We identified the DAT antagonist vanoxerine (VXN), the 97 

estrogen receptor modulator clomiphene, and the antiparasitic agent niclosamide as drugs simultaneously reducing Oct4 and H3K9me2 98 

levels in t-hESCs (Fig. 1b-c, Extended Data Fig. 1a-c). All three candidates also caused concomitant decreases in H3K9me2/3 and 5-99 

cytosine DNA methylation (5-meC) levels in t-hESCs, akin to G9a inhibition using BIX-01294 (Extended Data Fig. 1d). Next, each 100 

candidate was tested for growth inhibition on human colon cancer lines (HT29, HCT116, SW480) and normal human intestinal crypt 101 
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cells (HIEC) (Fig. 1d, Extended Data Fig. 1e-f). VXN showed superior cancer-selective toxicity (EC50cancer <<< EC50normal) compared 102 

to clomiphene and niclosamide, and similar to the effect of the CSC-selective drug CWP232228 (Fig. 1d-e, Extended Data Fig. 1e-f, 103 

Supplementary Table 3)19. Furthermore, VXN showed anticancer bioactivity across different models of tumors (e.g., melanoma) where 104 

increased H3K9me2 deposition drives tumorigenesis (Extended Data Fig. 1g)20. Functional experiments showed that dose-dependent 105 

reduction in H3K9me2 levels and decreased cell proliferation caused by VXN were associated to increased apoptosis in HT29 cells, but 106 

not in normal intestinal cells (Fig. 1f-h). 107 

Transcriptome profiling of the VXN response in HT29 and HIEC cells revealed a subset of 3175 genes differentially expressed 108 

in CRC cells but unaffected in their normal counterparts. Gene signature enrichment analysis (GSEA) performed on the cancer-selective 109 

response to VXN suggests a downregulation of genes overexpressed in CRC lesions (Fig. 2a, Extended Data Fig. 2a-b, Supplementary 110 

Tables 4-5). Accordingly, VXN selectively increased intestinal differentiation genes, repressed crypt markers, and downregulated 111 

Wnt/-catenin target genes in HT29 cells (Fig. 2a, Extended Data Figure 2c-d)21,22. The upregulation of Bmi1-repressed genes by VXN 112 

is consistent with the role of this factor maintaining self-renewal in colorectal CSCs22. VXN also downregulated genes commonly used 113 

to enrich colon CSC populations, such as LGR5 and PROM1 (Extended Data Fig. 2e)8,21. Using a one-class logistic regression machine-114 

learning approach, we calculated the transcriptional stem cell index (mRNAsi) for our experimental models versus a cohort of 375 colon 115 

adenocarcinoma samples (TCGA COAD). VXN-treated HT29 cells exhibited a lower mRNAsi than DMSO controls, supporting that 116 

VXN disrupts stemness networks in CRC cells (Extended Data Fig. 2f)12,13. Interestingly, genesets related to type-I interferon and viral 117 

defense responses were enriched in the cancer-selective VXN transcriptional signature (Fig. 2a, Extended Data Fig. 2g). This aligns 118 

with previous reports of epigenetic therapies promoting immune susceptibility of tumor cells23,24. 119 

Next, we performed a correlation analysis of cancer cell sensitivity to VXN versus other drugs through the DepMap PRISM drug 120 

repurposing initiative25. We identified the HDAC inhibitor and H3K9 modulator romidepsin26,27 yielding a growth inhibitory response 121 

correlated to VXN in a panel of 34 human CRC lines (Fig. 2b, Extended Data Fig. 3a-b, Supplementary Table 6, Supplementary Note 122 

2). While VXN analog GBR-12935 displayed cancer-selective toxicity in human intestinal models, the response to benztropine, a cancer-123 
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bioactive DAT antagonist sharing structural similarities with VXN, did not correlate with VXN sensitivity in CRC and lung cancer lines 124 

(Extended Data Fig. 3d)28,29. The distinct DAT-binding mode of VXN versus other DAT antagonists could explain such a discrepancy 125 

with benztropine30. 126 

Our previous work showed that G9a inhibition alters pluripotent-like and CSC functions in CRC tissues13. Transcriptome 127 

profiling data suggest that EHMT2 (G9a) is the only H3K9me/5-meC-associated regulator, including EHMT1 (GLP), showing a 128 

downregulation in HT29 cells, but not in normal HIEC cells following VXN treatments (Extended Data Fig. 3e-f). Western blot analysis 129 

confirmed reduced G9a protein levels in VXN-treated HT29 cells and t-hESCs (Fig. 2c). G9a was either undetectable or observed as 130 

trace amounts in normal HIEC cells, supporting its potential implication in the cancer-specific response to VXN (Extended Data Fig. 131 

3g). VXN also repressed EHMT2 and stemness-associated signatures in t-hESCs (Extended Data Fig. 3h-j). 132 

To understand the impact of VXN on G9a target loci in CRC, we applied a multi-omic integrative approach to functionally 133 

classify G9a and H3K9me2 co-enriched genes in human primary colon CSC-enriched populations (ChIP-seq) and showing a cancer-134 

selective upregulation upon treatments (RNA-seq) (Fig. 2d, Supplementary Table 4). G9a targets in colon CSCs and specifically 135 

upregulated by VXN in HT29 cells showed enrichment in cell differentiation-associated signatures (Fig. 2e, Supplementary Table 4). 136 

These targets were also enriched in differentiation-inducing transcription factor consensus binding motifs (Extended Data Fig. 3k, 137 

Supplementary Table 4)31. Altogether, these observations constitute a basis to further investigate the mechanism of VXN in CRC. 138 

 139 

Antagonizing DAT blocks G9a transactivation in colon cancer 140 

VXN was characterized as a DAT ligand, blocking dopamine reuptake in the nucleus accumbens32,33. In silico analysis supported 141 

DAT as a selective target for VXN, binding the same motif than cocaine, but with a >35-fold higher affinity (Extended Data Fig. 4a, 142 

Supplementary Table 7). Aside from a potential role as a CRC diagnosis biomarker, DAT-encoding gene (SLC6A3) is not extensively 143 

documented in the mammalian digestive tract34. Western blot revealed DAT protein in human HT29, HCT116, and mouse MC38 CRC 144 

lines, while only trace amounts were detected in normal HIEC cells (Fig. 3a). DAT protein and mRNA levels were 4- and 15-fold higher, 145 
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respectively, in CSC-enriched, patient-derived CRC spheroids compared to heterogeneous organoids (Fig. 3a, Extended Data Fig. 4b). 146 

Immunostaining experiments showed scattered patterns of DAT-marked dots in most cells within patient-derived spheroids and HCT116 147 

cells, while only a few cells showed positive staining in heterogeneous CRC organoids (Fig. 3b-c). Human colon adenocarcinoma 148 

sections also showed punctated intracellular distribution of DAT in rare epithelioid cells (Fig. 3b). DAT-positive specks did not 149 

colocalize with the early endosome marker Rab5a or the late endosome/lysosome marker LAMP1 (Fig. 3c). This suggests that DAT 150 

trafficking may favor specialized endomembranous compartments in CRC, as observed in other pathological contexts35. In silico 151 

membrane permeability modeling supports VXN’s passive transport across the plasma membrane, which does not appear as an obstacle 152 

to reach DAT-containing structures in CRC cells (Supplementary Fig. 1)36. 153 

Single-cell transcriptomics (scRNA-seq) from 23 primary CRC samples showed negligible amounts of tumor epithelioid cells 154 

presenting detectable levels of SLC6A3 across tumor heterogeneity (1 for 16,000) (Extended Data Fig. 4c, Supplementary Note 3). DAT 155 

protein and transcript (SLC6A3) were undetectable in normal colonic epithelial structures (Extended Data Fig. 4c-d). Documented 156 

inconsistencies between SLC6A3 mRNA and DAT protein levels in other systems motivated the characterization of DAT distribution 157 

in CRC using single-cell protein analyses37,38. We detected DAT protein at an average frequency of 4.75% in bulk colorectal 158 

adenocarcinoma cells, while sorting CD133-positive subfractions from bulk tumors increased this proportion to 43.5% (Fig. 3d, 159 

Extended Data Fig. 4e-g, Supplementary Table 8). By multiplexing DAT and CD133 detection, we observed that only 35% of DAT-160 

positive cells are found within the CD133-positive population (Fig. 3d, Extended Data Fig. 4f). In CRC patient-derived spheroids, 72.8% 161 

of the cells were DAT-positive, while the frequency of CD133 cells was only 30.75% (Fig. 3d). At the functional level, the average 162 

frequency of cells showing tumor-initiating capacities in CRC patient-derived spheroids was established at 82.5%, suggesting DAT 163 

could also be present in early tumor progenitor cells in addition to CD133-positive CSCs (Supplementary Table 8). We observed that 164 

phospho-H3S10, which is restricted by H3K9me2 deposition in pluripotent-like cells, was only detected in 1.5% and 4.2% of the cells 165 

in CD133-sorted CRC adenocarcinomas and patient-derived spheroids, respectively (Fig. 3e)39. Moreover, >94% of DAT-positive cells 166 

were negative for phospho-H3S10, indirectly supporting an association between DAT-expressing cells and high H3K9me2 deposition 167 
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in CRC (Fig. 3e). Importantly, we confirmed that DAT-positive cells in CRC tumors do not correspond to enteroendocrine cells 168 

(chromogranin A) or tumor-associated neurons (Neurofilament) (Fig. 3f, g). Interestingly, VXN treatments decreased the number of 169 

DAT-positive cells in HT29 populations (Fig. 3h), supporting a direct impact on target-expressing cells.  170 

To evaluate the potential link between DAT and CSC functions in CRC, we used an inducible shRNA system to knockdown 171 

SLC6A3 in HCT116 cells (Extended Data Fig. 4h-i). SLC6A3 knockdown decreased G9a protein and mRNA levels, while VXN 172 

treatments had no additive effect on such a downregulation nor on the growth rate of CRC cells (Fig. 4a-b, Extended Data Fig. 4j). 173 

SLC6A3 knockdown also reduced the expression of the intestinal crypt progenitor markers SOX9, BMI1, FOXM1, and MYBL2, 174 

supporting the alteration of stem-like functions (Fig. 2g). Accordingly, SLC6A3 knockdown impaired clonogenic tumor-initiating 175 

capacities compared to controls in CRC organoid and spheroid formation assays (Fig. 4d, Extended Data Fig. 4k). Transient knockdown 176 

of SLC6A3 using siRNA also reduced tumor-initiating functions in HCT116 cells (Extended Data Fig. 4l). We performed a 177 

comprehensive GSEA analysis to compare transcriptional changes caused by SLC6A3 knockdown versus the response to VXN in 178 

HCT116, HT29, and t-hESC cells. This revealed a consistent downregulation of pluripotency-associated and CRC gene signatures across 179 

all tested conditions (Fig. 4e, Supplementary Table 5). Similar gene enrichment profiles were observed for these signatures in t-hESCs 180 

treated with the G9a inhibitor BIX-01294 (Fig. 4e).   181 

Acute cocaine administration was shown to decrease G9a expression in the nucleus accumbens, inducing profound changes in 182 

dopaminergic neuron epigenetic wiring40. Moreover, G9a in vivo knockdown reduced cocaine self-administration, which represents an 183 

interesting link with the initial purpose of VXN as an agent treating cocaine addictions33,41. While competition assays supported the 184 

implication of DAT in the VXN mechanism of action in CRC, dopamine remained undetected in basal and conditioned experimental 185 

media, as well as in lysates from all of our models (Extended Data Fig. 5a-b). This suggests dopamine might not be essential to DAT 186 

functions in CRC pathophysiology. Among other putative VXN targets, the sigma receptor-2 (TMEM97) appeared enriched in HT29 187 

cells vs. normal HIECs (Extended Data Fig. 5c). Nevertheless, the use of sigma receptor blockers DTG and SM-21 failed to mimic the 188 

cancer-selective effects of VXN on human intestinal cell growth (Extended Data Fig. 5d). As documented in acute myeloid leukemia, 189 
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the dopamine receptor-encoding gene  DRD2 appeared upregulated in CRC cells vs. normal cells (Extended Data Fig. 5c)17. While the 190 

dopamine receptor antagonist haloperidol substantially decreased HT29 viability, most phenothiazines acting through dopamine D2 191 

receptor blockade (i.e., thioridazine, prochlorperazine, and fluphenazine) failed to modulate H3K9me2 levels in t-hESCs (Extended 192 

Data Fig. 1d and 5e).  193 

The impact of DAT blockade on downstream signaling cascades in CRC cells is yet unknown. GSEA analysis from SLC6A3 194 

knockdown and VXN-treated CRC cell transcriptomes suggested a downregulation of the PI3K/AKT/mTOR pathway, which was not 195 

observed in VXN-treated HIEC cells (Extended Data Fig. 6a,-b). A profiling of the phosphorylation state of 46 human kinases in HT29 196 

cells following VXN treatments (0, 6, 12, and 24 hours) identified members of the AKT/mTOR pathway showing reduced 197 

phosphorylation/activation levels (Fig. 4f, Extended Data Fig. 6c). Accordingly, SLC6A3 knockdown decreased AKT phosphorylation 198 

on threonine-308 and serine-473 (Fig. 4g, Extended Data Fig. 6d). A STRING map analysis involving VXN-modulated kinases and the 199 

DAT interactome (BioGrid database) supported a functional association between DAT and the AKT pathway in cancer (Extended Data 200 

Fig. 6e, Supplementary Table 9). Consistently, single-cell protein analysis showed that 24 hours VXN treatment downregulates AKT 201 

phosphorylation only in DAT-positive HT29 cells (Fig. 4h). While VXN transcriptional response initially suggested an upregulation of 202 

adherens junction assembly and the downregulation of the canonical Wnt pathway (Fig. 4e), analyses measuring E-cadherin/-catenin 203 

positive junctions and active--catenin levels failed to demonstrate a consistent relationship with SLC6A3 knockdown in HT29 cells 204 

(Extended Data Fig. 6f-g). Thus, AKT downstream events represent the main exploration avenues to understand the impact of VXN on 205 

the CRC epigenome. 206 

AKT signaling and G9a expression are linked in cancer via the orphan nuclear receptor Nur77, known to transactivate EHMT2 207 

in alveolar rhabdomyosarcoma cells42. Moreover, AKT-mediated phosphorylation of Nur77 (S351) is essential for its nuclear 208 

accumulation43. Both, VXN and AKT inhibition (AZD5363) blocked the nuclear accumulation of S351-phosphorylated Nur77 in human 209 

CRC cells (Fig. 5a, Extended Data Fig. 7a). The agonist of Nur77, Cytosporone B (CytoB), rescued the effect of VXN and AZD5363 210 

on the nuclear levels phospho-Nur77 (Fig. 3a) 44.  Akin to EHMT2, Nur77 target genes SLC2A2, IKBKE, and FBP2 were repressed by 211 
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VXN treatments, but CytoB rescued such an effect in HCT116 cells (Fig. 5b, Extended Data Fig. 7b)45. Similar results were observed 212 

functionally, where CytoB rescued tumor-initiating capacities in VXN-treated cells (Fig. 5c). However, CytoB failed to rescue the effect 213 

of VXN on general cell growth, as represented by unchanged organoid sizes (Fig. 5c). Altogether, these data support the involvement 214 

of Nur77 in the VXN-dependent silencing of G9a in CRC. 215 

 To determine whether Nur77 directly regulates G9a promoter in CRC, we performed chromatin immunoprecipitation (ChIP) 216 

assays and observed decreased p-Nur77 levels at EHMT2 proximal promoter upon 24 hours of VXN treatment (Fig. 5d). This supports 217 

reduced mRNA and protein levels observed in VXN-treated t-hESCs and CRC cells. Using the ChIP Atlas database, we highlighted 218 

additional transcription factors regulating the EHMT2 promoter, and observed induced C/EBP and ZNF143 recruitment in response to 219 

VXN (Fig. 5d, Extended Data Fig. 7c-d). Notably, C/EBP binding was previously reported at highly methylated loci in human ES 220 

cells46. Reduced representation bisulfite sequencing (RRBS) data showed enhanced CpG methylation around the EHMT2 transcription 221 

start site in normal primary tissues (breast, liver, prostate, bronchus) and human pluripotent cells (H1), but not in tumorigenic models, 222 

including HCT116 and NT2/D1 (pluripotent) cells (Extended Data Fig. 7e). Thus, we performed MBD2-based DNA pulldowns 223 

quantifying changes in DNA methylation status at the EHMT2 promoter, and observed a 3-fold increase in DNA methylation following 224 

VXN treatments compared to vehicle controls (Fig. 5d). This suggests that VXN causes long-term epigenetic silencing of G9a in DAT-225 

expressing cells, which is potentially maintained across the CRC tumor heterogeneity (Fig. 3e). 226 

To validate the implication of the DAT-G9a axis in the modulation of CSC-related functions, constitutive expression of full-227 

length EHMT2 was combined to VXN treatments in HCT116 cells, where the drug failed to decrease G9a levels (Extended Data Fig. 228 

7f). Consequently, ectopic maintenance of EHMT2 rescued HCT116 clonogenic capacities from VXN treatments (Fig. 5f), further 229 

supporting the implication of the DAT-G9a axis in mediating tumor-initiating functions. We also observed that forcing EHMT2 230 

expression alleviated VXN effects on LGR5 silencing (CSC marker) and DPP4 induction (differentiation marker) (Fig. 5g). Moreover, 231 

VXN failed to induce interferon type-I response genes IFIT1, OAS3, and MX1 in ectopic EHMT2-expressing cells (Fig. 5h), 232 

strengthening the implication of G9a in VXN-dependent effects on stemness vs. differentiation states and tumor immune susceptibility. 233 
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 234 

VXN-mediated inhibition of G9a suppresses colon CSC activity 235 

Considering the role of G9a in maintaining cancer stemness, we sought to determine whether VXN alters self-renewal and tumor-236 

initiating functions in patient-derived CRC organoids and in vivo tumors. We used a serial organoid assay to measure the effect of VXN 237 

on CSC functions within primary CRC patient samples (Fig. 6a)47. Similar to 2D cultures, VXN reduced G9a levels and H3K9me2 238 

deposition in CRC patient-derived spheroids (Extended Data Fig. 8a). Treating primary organoids from 5 independent CRC patients 239 

with escalating doses of VXN reduced organoid counts and average sizes (Fig. 6b, Extended Data Fig. 8b-c, Supplementary Table 8). 240 

Importantly, VXN blocked the capacity of dissociated primary organoids to initiate secondary organoid formation at doses as low as 241 

0.25 M, supporting the alteration of tumor-initiating functions within CRC samples (Fig. 6b, Extended Data Fig. 8d-e, Supplementary 242 

Table 8). In this context, the first-line CRC drug 5-fluorouracil (5-FU) failed to reduce secondary tumor organoid formation rates (Fig. 243 

6b). Importantly, VXN had no effects on primary and secondary organoid formation from healthy colonic crypts at 0.25 or 0.5 M 244 

doses, strengthening the concept of cancer-selective toxicity exerted by our candidate (Extended Data Fig. 8f-g).  245 

Whereas a trend toward less proliferation (Ki-67) was observed, VXN significantly reduced Bmi1-positive cells inside primary 246 

CRC organoids, representing a hallmark of decreased self-renewal (Fig. 6c-d)22. This aligns with reduced BMI1 expression observed in 247 

SLC6A3 knockdown CRC cells (Fig. 4c). Next, patient-derived spheroids were sorted based on CD133 surface expression (CD133High 248 

and CD133Low fractions) and treated with VXN or vehicle control. Self-renewal activity was measured in each condition via a clonogenic 249 

spheroid formation assay (Fig. 6e). CD133High fractions presented 3-fold and 6-fold enrichments of CD133 and LGR5 expression, 250 

respectively, compared to CD133Low subpopulations, while DAT and G9a-encoding mRNAs were found in equal proportions in both 251 

fractions (Extended Data Fig. 8h). CD133Low CRC cells generated smaller spheroids and at a lower frequency (67.36%) than CD133High 252 

cells (96.2%) (Fig. 6f, Extended Data Fig. 8i). Moreover, VXN decreased self-renewal in the CD133High fraction at 0.25 and 0.5 M 253 

(vs. DMSO), while no effects were observed in the CD133Low fraction (Fig. 6f). This finding confirms that VXN prominently alters the 254 

CSC compartment within CRC tumor hierarchy.  255 
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Next, we evaluated the effect of VXN on self-renewal in situ, using an LGR5-GFP knock-in reporter system in patient-derived 256 

CRC organoid formation assays (Fig. 6g, Extended Data Fig. 8j)48. Primary LGR5-GFP organoids were treated with VXN or vehicle 257 

control for seven days, and the presence of LGR5-expressing cells was monitored for 14 days post-treatment (Extended Data Fig. 8k). 258 

VXN treatments yielded a sustained decrease of LGR5-positive organoids (Extended Data Fig. 8l). Quantification of the GFP signal per 259 

individual organoids revealed that VXN also steadily decreased the frequency of LGR5-expressing cells (Fig. 6i), support that drug-260 

mediated inhibition of G9a is blocking the re-emergence of LGR5-positive CSCs via cell plasticity. Still, residual secondary organoids 261 

formed upon re-plating of VXN-treated primary organoids showed no differences in LGR5-GFP intensity vs. controls, suggesting that 262 

such lingering tumor-initiating activity results from tolerant/unaffected CSCs (Extended Data Fig. 8m). 263 

The translational applicability of VXN as a CSC-targeting agent in vivo was evaluated by syngeneic CRC tumor transplantation 264 

experiments (Fig. 7a). Daily injections of VXN (10 days, 25 mg/kg) reduced tumor growth in C57BL/6 and BALB/c mice engrafted 265 

with MC38 and CT26 CRC lines, respectively (Fig. 7b). VXN dosage was established from available in vivo safety and ADME data49. 266 

Both MC38 and CT26 parental cultures showed impaired growth rates upon VXN treatments, and higher expression of SLC6A3 267 

compared to heterogeneous in vivo tumors (Extended Data Fig. 9a-b). Transcriptome profiling of in vivo-treated tumors showed that 268 

VXN reduced Ehmt2 expression and downshifted their mRNA stem cell index, indicating alterations in pluripotent-like molecular 269 

networks vs. vehicle controls (Fig. 7c, Extended Data Fig. 9c, Supplementary Table 10). This was accompanied by decreased levels of 270 

G9a protein, stemness-associated surface markers Sca-1 and CD44, and a drastic increase (>12-fold) in Ehmt2 promoter methylation 271 

(Fig. 7c, Extended Data Fig. 9d-e). Accordingly, we observed a global decrease in H3K9me2-marked cells in whole tumor cross-sections 272 

and protein lysates from VXN-treated animals (vs. vehicle controls) (Fig. 7d, Extended Data Fig. 9f-h). Such a broader H3K9me2 273 

reduction across bulk, heterogeneous tumors supports the long-lasting silencing of Ehmt2 in the higher ranks of CRC cellular hierarchy.  274 

Serial tumor transplantation experiments showed that in vivo VXN treatments blocked secondary tumor formation in both the MC38 275 

and CT26 models, confirming the deleterious impact of DAT antagonization on colorectal CSC activity (Fig. 7e). Limiting dilution 276 

analysis showed that CSC suppression by VXN is highly effective even at high doses of tumor cell injection (Fig. 7f). Moreover, residual 277 
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secondary tumors from VXN-treated groups showed significantly lower volumes compared to controls (Extended Data Fig. 9i). 278 

Remarkably, neither crypt cell proliferation nor tissue architecture was altered in the normal intestinal mucosa of VXN-treated animals 279 

(Extended Data Fig. 9j-k), which is consistent with the limited impact of VXN in HIEC cells and healthy colonic organoids. 280 

 281 

VXN restores the immune response in colorectal tumors 282 

Neoplastic stemness connects antigenicity, cellular heterogeneity, and immune suppression within the tumor microenvironment. 283 

Tumors presenting high stemness signatures were correlated with lower immune cell infiltration, cell-intrinsic suppression of 284 

endogenous transposable elements (TEs), and the type-I interferon response10,12,23. Reduced H3K9 methylation and G9a activity were 285 

also associated to enhanced TEs expression and restored tumor immunogenicity20,50. Considering the effect of VXN on type-I interferon 286 

and viral defense response genes, we sought to determine whether SLC6A3 knockdown or drug-dependent H3K9me2 downregulation 287 

can impact TE expression. Transcriptomics showed that VXN increased TEs expression in HT29, HCT116, and t-hESC cells, akin to 288 

the G9a inhibitor BIX-01294 (Fig. 8a, Extended Data Fig. 10a, Supplementary Table 11). The SLC6A3 knockdown mimicked the effect 289 

of VXN and BIX-01294 on TE expression in HCT116 cells (Fig. 8a). TEs from different classes were upregulated by VXN in CRC 290 

tumors, where LINE1, SINE, and ERVL elements displayed common regulation patterns versus HT29 cells (Fig. 8b, Supplementary 291 

Table 11). In contrast, common TE induction in t-hESCs was only observed in ERV1 class for VXN and BIX-01294 treatments, 292 

supporting the concept of tissue-specific silencing/activation patterns of retroelements (Extended Data Fig. 10b)51. Consistently, 293 

blocking retroelement transcription using reverse transcriptase inhibitors (RTi: zidovudine, nevirapine) suppressed VXN-dependent 294 

induction of type-I interferon response markers in HT29 cells (Fig. 8c). 295 

Syngeneic CRC tumor transplantation models hold the advantage of testing the effects of VXN within an immune-competent 296 

system. GSEA and gene ontology analysis of transcriptomics from VXN in vivo-treated MC38 tumors highlighted significant enrichment 297 

of T cells, macrophages, and immune cytotoxicity signatures versus controls, while stemness indicators like pluripotency, Bmi1-298 

mediated repression, and EMT signatures were down regulated (Fig. 8d-e, Extended Data Fig. 10c-f). 299 
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G9a inhibition is linked to enhanced effectiveness of immune checkpoint inhibitors and tumor-infiltrating T cells20,52. Thus, we 300 

combined in vivo VXN treatments with PD-L1 blockade to determine whether drug-induced CSC exhaustion and immune checkpoint 301 

inhibition display synergistic effects on CRC tumor growth. Consistent with the literature, anti-PD-L1 injections significantly reduced 302 

the growth of MC38 tumors53, while no effects were observed in the CT26 model (Fig. 8f). When combined with VXN, checkpoint 303 

inhibition displayed only minor additive effects in the MC38 model and no changes in CT26 (Fig. 8f). High-content imaging analysis 304 

showed a significant increase in CD8-positive cells in anti-PD-L1-treated MC38 tumors but not in CT26 tumors (Fig. 8g). However, 305 

VXN treatments systematically increased the number of CD8-positive T cells in tumors from both systems (Fig. 8g), suggesting the 306 

observed tumor shrinkage is linked to enhanced T cell infiltration. Certified histopathological analysis of CRC tumor sections supported 307 

the enhanced presence of tumor-infiltrating lymphocytes in VXN-treated animals compared to controls (Extended Data Fig. 10g). 308 

Fluorescence scanning of MC38 and CT26 tumor sections revealed abundant pockets of CD8a-positive cells in tumors from VXN-309 

treated animals, independent of anti-PD-L1 injections (Fig. 8h, Extended Data Fig. 10h). Tumors treated with VXN also showed a higher 310 

number of cells positive for the macrophage marker Iba-1 vs. controls (Extended Data Fig. 10i). Expression analysis of different T cell 311 

markers confirmed that VXN was effective at inducing T cell infiltration in CT26 tumors, while PD-L1 blockade failed to restore 312 

immunogenicity (Extended Data Fig. 10j-k). These results suggest that CSC suppression exerted by VXN activates TE expression and 313 

restores an immune-hot tumor microenvironment in CRC. 314 

 315 

Discussion 316 

 317 

Epigenetic drugs have gained attention as a strategy to reactivate tumor suppressors and reinstate normal-like functions in cancer. 318 

To date, molecules such as BIX-01294, UNC0642, and CM-272 were developed to block G9a activity54. However, very few in vivo 319 

follow-ups and no clinical trials emerged from these compounds, likely due to poor ADME and safety issues54. Benefited by drug 320 

repurposing and previously-demonstrated clinical safety, we identified VXN as a safe and effective agent targeting neoplastic stemness 321 

in vivo. Our study challenges current paradigms of epigenetic drug discovery by proposing to target a context-specific pathway rather 322 
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that direct catalytic activity to achieve CSC epigenome reprogramming. Our target-agnostic approach uncovered the DAT-G9a axis as 323 

a targetable pathway to block H3K9me2 deposition in CRC, rewiring the CSC epigenome and suppressing neoplastic self-renewal. 324 

Furthermore, the effect of VXN on enhancing tumor immune cell infiltration could alleviate the unresponsiveness to immune checkpoint 325 

inhibitors observed in CRC patients55. 326 

The expression pattern of DAT in CRC tumors supports its value as a biomarker of intratumor heterogeneity, encompassing 327 

CSCs and progenitors holding the capacity to revert to self-renewing entities via cell plasticity. The prominent localization of DAT 328 

within the endomembranous system of CRC cells was surprising, although emerging knowledge suggests a contribution from organelle 329 

membrane constituents to key signaling events in CSCs56. Moreover, independent proteomic profiling studies detected the presence of 330 

DAT in exosomes57,58. Thus, we cannot exclude the possibility that VXN-DAT interactions could contribute to decreased cancer 331 

stemness and tumor immunogenicity by impacting CSC-specific extracellular vesicle secretion. Despite our pioneering characterization 332 

of DAT distribution across CRC tumor heterogeneity, and its regulatory effects on the AKT/Nur77/G9a cascade, additional work will 333 

be necessary to fully understand the implication of DAT in cancer stemness. 334 

Moreover, our findings align with extensive characterization of the effect of cocaine on DAT-expressing neurons, causing long-335 

term G9a silencing and associated behavioral alterations40,41. Considering the original clinical application of VXN as a treatment for 336 

cocaine addiction, it would be interesting to further study the impact of cocaine on CSC functions using animal and patient-derived ex 337 

vivo systems33,59. While available longitudinal cohort studies might represent a starting point to determine whether cocaine consumption 338 

could impact cancer epigenetics and tumor heterogeneity, polysubstance abuses and detrimental lifestyle observed in cocaine use 339 

disorder are likely to mask significant effects on CRC incidence and treatment outcomes60. 340 

 341 

342 
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METHODS 343 

 344 

Ethics statement 345 

Our research complies with all the relevant ethical regulations. All in vivo procedures and protocols were approved by the University of 346 

Ottawa Animal Care Committee (Protocol# CMMe-3916). The maximum tumor burden indicated by the ethics review board is 1.7cm3 347 

per tumor. However, past this tumor size, monitoring of clinical indicators of animal distress, including lethargy, unresponsiveness, 348 

>20% weight loss (vs. control), lack of self-care, hunching, piloerection, abnormal discharges, respiratory distress, dehydration, and 349 

hypothermia was used to determine endpoints. This monitoring approach beyond the tumor burden limit was performed by the 350 

University of Ottawa Animal Care and Veterinary Services and approved by the University of Ottawa Animal Care Committee 351 

(Protocol# CMMe-3916). Control secondary recipient mice (Balb/c, 12 out of 12 individuals) injected with CT26 tumor cells presented 352 

at least one tumor >1.7cm3 (Extended Data Fig. 9i). No animal reaching clinical indicators of distress were used in this study. The use 353 

of human pluripotent stem cells, as reported in this study, was approved by the Ottawa Health Science Network Research Ethics Board 354 
(OHSN-REB, Protocol# 20170635-01H). Primary normal and colorectal tumor samples were obtained with patient informed consent, as approved 355 
by the Ottawa Health Science Network Research Ethics Board (OHSN-REB, Protocol# 20200159-01H) via the Global Tissue Consenting initiative 356 
(GTC, OHRI) (see Supplementary Table 8 for patient-specific information). 357 
 358 
Cell culture and reagents 359 

Transformed human embryonic stem cells (t-hESCs), HT29, HCT116, SW480, M17, 293FT, human normal intestinal epithelial crypt cells (HIEC), 360 
MC38, and CT26 cell lines were cultured at 37°C in 5% CO2, as presented in Supplementary Table 12. All commercial cell lines were authenticated 361 
by providers  and routinely tested for mycoplasma in the lab (see Reporting Summary). Human colon tumor-initiating cells were derived from 362 
primary tumor tissues and maintained as spheroids in ultralow adhesion flasks, in the CSC media formulation reported in Supplementary Table 12 363 
47. Normal colonic organoid cultures were established from fragments of  healthy colonic mucosa. Gentle Cell Dissociation Reagent (STEMCELL 364 
Technologies) was used to dissociate epithelial crypt structures. Crypt suspensions were embedded in 3D Matrigel domes and maintained in 365 
IntestiCult™ Human Organoid Growth Medium (STEMCELL Technologies). Complete protocol available at: https://www.stemcell.com/technical-366 
resources/area-of-interest/organoid-research.html. Isolation of CD133High and CD133Low populations from primary CRC tissues was performed by 367 
MACS cell separation using the human CD133 MicroBead kit (Miltenyi Biotech) according to the manufacturer’s recommendations47. 368 
 369 
Immunohistochemistry 370 

Cells in culture wells were fixed with 2% formalin and incubated in Perm/Wash buffer (BD Biosciences) at 4°C for 15-30 min prior to primary 371 
antibody incubation (overnight, 4°C)19. Nuclei were stained with Hoechst 33342. Histological sections of formaldehyde-fixed paraffin-embedded 372 
human primary colon carcinoma and mouse tumors were rehydrated, quenched (0.1 M glycine buffer), and blocked (2.5% BSA-PBS) prior to 373 
immunostaining31. Information on primary and secondary antibodies used for immunostaining is available in Supplementary Table 12. Histological 374 
sections were mounted using Vectashield mounting medium with DAPI (Vector labs). Cells and tissue sections were imaged with an ImageXpress 375 
Pico High-Content imaging system (Molecular Devices). Images were acquired and analyzed using CellReporterXpress software (v2.8.2). For 376 

https://www.stemcell.com/technical-resources/area-of-interest/organoid-research.html
https://www.stemcell.com/technical-resources/area-of-interest/organoid-research.html
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immunofluorescence on organoids and spheroids, samples grown in Matrigel domes in Ibidi 35 mm u-Dishes were fixed with 4% PFA+ 0.1% Triton 377 
X-100. 3D organoids were washed with a solution of 0.1% Triton X-100, 0.002% SDS and 0.2% BSA in PBS, blocked and incubated with primary 378 
antibodies overnight at 4°C 61. Hoechst 33342 was added to the secondary antibody solution in organoid wash buffer. Samples were optically cleared 379 
using FUnGI clearing solution for 30 minutes at room temperature prior to imaging61. Z-stack images were captured using a ZEISS LSM800 confocal 380 
microscope with a 25X immersion objective using ZEN pro software (v3.6). Image renderings were generated using Imaris 9.5 (Oxford Instruments) 381 
utilizing dot and surface rendering functions.  382 
 383 
High-throughput phenotypic drug screening assay 384 

t-hESC cells were seeded at 5x103 cells per well in 96-well plates in mTeSR Plus media. Media was replaced with fresh mTeSR Plus in which test 385 
drugs were diluted to 5 μM (stocks at 10 mM in DMSO) 24 hr post-seeding. t-hESCs were treated for 48 hr prior to fixation and immunofluorescence 386 
staining. Over the first phenotypic screening filter (loss of pluripotency, Fig. 1a), the impact of each compound (Supplementary Table 1) on the 387 
frequency of Oct4-positive cells was evaluated by high-content imaging vs. vehicle control (DMSO 0.1%) and positive control (CWP232228 100 388 
nM), as previously documented17,18,62. Drugs inducing loss of pluripotency were tested for H3K9me2 modulation in t-hESCs. Similarly, upon drug 389 
treatment and fixation, cells were immunostained for H3K9me2, and high-content imaging analysis was performed to quantify drug-induced 390 
variations in the H3K9me2 signal vs. vehicle control. BIX-01294 (1 μM) was used as positive controls for H3K9me2 reduction (G9a inhibitor)13. 391 
Nuclei were stained with Hoechst 33342 (1:1000), and nuclear counts were used as a readout for cell growth17. Loss of pluripotency hits were 392 
validated through a backscreen step, including non-hit compounds. See Supplementary Tables 1-2, Supplementary Note 1, and Source Data. 393 
 394 
Cell count and drug dose-response cell growth analysis 395 

Cells were plated at a density of 5x103 cells/well in 96-well culture plates 24 h prior to drug treatments. Small molecule inhibitors (VXN, clomiphene, 396 
niclosamide, GBR-12935, haloperidol, DTG, SM-21) were used at concentrations ranging from 0.002 to 20 M for 48 or 72 hours. Equivalent 397 
volumes of vehicle DMSO were used as controls (0.1%). Cells were formalin-fixed and stained with Hoechst 33342, and plates were imaged with 398 
an ImageXpress Pico High-Content imaging system (Molecular Devices). Images were analyzed using CellReporterXpress software (v2.8.2), and 399 
half maximum effective concentration (EC50) values were calculated using GraphPad Prism (v10.1.0). 400 
 401 
Western blot analysis 402 

Whole-cell extracts were prepared in Laemmli Sample Buffer (60 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 5% -mercaptoethanol, 0.01% 403 
bromophenol blue), sonicated and thermo-reduced/denatured (5 min, 95°C) prior to electrophoresis on 12% or 15% polyacrylamide gels. Proteins 404 
were transferred onto nitrocellulose membranes and immunodetected as documented19. For total methylated DNA detection, dot blot experiments 405 
were performed on whole-cell extracts by directly spotting sonicated lysates onto membranes, which were air-dried for 30 min prior to blocking13. 406 
The membranes were blocked in PBS containing 5% skim milk and 0.1% Tween 20. Primary and secondary antibodies used are described in 407 
Supplementary Table 12. A full-range molecular mass marker (Full-Range Rainbow Marker, VWR) was used as a standard. Blot images were 408 
acquired using a ChemiDoc MP Imaging system with the Image Lab acquisition and analysis software (v6.1). Quantitative optical densitometry 409 
analysis of bands was performed using ImageJ software (v1.53k). 410 
 411 
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EdU incorporation assays 412 

The proliferation rate of HT29 cells was determined using a 5-ethynyl-2’-deoxyuridine (EdU) Staining Proliferation kit (iFluor 647) (Abcam)18,62. 413 
Briefly, 5,000 cells per well were plated in 96-well plates. At 24 hours post-seeding, cells were treated with VXN for 48 hours vs. DMSO control. 414 
Two hours before the end of the drug incubation period, a pulse of EdU was added to all cultures according to the manufacturer’s protocol. Cells 415 
were formalin-fixed (2% v/v), and EdU-positive cells were fluorescently labeled following a click chemistry reaction. Nuclei were stained with 416 
Hoechst 33342. Image acquisition and EdU-positive cell scoring were performed using an ImageXpress Pico High-Content imaging system 417 
(Molecular Devices). 418 

Apoptosis detection assay 419 

Apoptosis levels were determined using CellEvent Caspase-3/7 green detection reagent (ThermoFisher)18,62. HT29 and HIEC cells were plated at 420 
5,000 cells per well in 96-well plates and maintained for 24 hours in standard growth media. Cells were treated with DMSO or VXN for 48 hours. 421 
Each cell line was also treated with 1 μM staurosporine for 6 h (positive control). 5 μM CellEventTM Caspase 3/7 Green labeling reagent was added 422 
to each well and incubated for 30 min at 37 °C. Cells were washed and formalin-fixed (2% v/v) for 30 min. Hoechst 33342 was used to stain nuclei. 423 
Image acquisition and activated Caspase-3/7-positive cell scoring were performed using an ImageXpress Pico High-Content imaging system 424 
(Molecular Devices). 425 
 426 
Transcriptome profiling and quantitative PCR analysis 427 

RNA was extracted using the total RNA purification kit by Norgen Biotech Corp, following the manufacturer's guidelines. Quantification of total 428 
RNA samples was performed with a Qubit HS RNA assay (ThermoFisher Scientific), and fragment size was evaluated with a Fragment Analyzer 429 
HS NGS assay (AATI). RNA quality numbers (RQNs) of 8.0 and 6.0 (or higher) were considered satisfactory for human cultured cells and primary 430 
tumor library construction, respectively. Library construction was performed with a Truseq RNA v2 (Illumina). Libraries were prepared with unique 431 
barcodes compatible with the Illumina NextSeq 500 platform. Quantification of libraries and fragment size evaluation were performed with the 432 
Qubit HS DNA and Fragment Analyzer HS NGS assays, respectively. Libraries were normalized to the same concentration, and samples were 433 
pooled in equal amounts. Next-generation RNA sequencing was performed on an Illumina NextSeq 500 platform at StemCore facility 434 
(RRID:SCR_012601) using the NextSeq System Suite v2.2.0, according to 1 x 75 bp cycles of single-end sequencing, yielding 25 million reads per 435 
sample. PhiX ssDNA was spiked in each sample and used as a technical control for clustering reactions. For quantitative PCR analysis, cDNA was 436 
synthesized from 1 g of total RNA using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). qPCR reactions were carried out using Power 437 
SYBR Green Master Mix (ThermoFisher Scientific) per the manufacturer’s recommendation. Amplification was performed using a Bio-Rad CFX96 438 
Real-Time PCR System. The primer sequences used in this study are presented in Supplementary Table 13. All reactions were normalized to GAPDH 439 
as a reference gene, and relative gene quantification was calibrated against vehicle/control-treated samples according to the Pfaffl method63. 440 
 441 
Bioinformatics analysis 442 

For RNA-seq transcriptome profiling, raw sequence data were processed with fastp v0.20.164 to perform automatic adapter trimming and read quality 443 
filtering, retaining reads with at least 60% of bases having Q≥15 and no more than 5 ‘N’ bases. Transcripts were quantified using the Salmon 444 
transcript abundance method (v1.3.0) 65. Data were loaded into R (v4.0.2) using the tximport library66, and the gene/count matrix was filtered to 445 
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retain only genes with five or more mapped reads in two or more samples. Transposable element transcript profiling was conducted using the 446 
TEtranscripts package67. Differential expression between treatments and shCTRL/DMSO/vehicle replicates was calculated using the DESeq2 447 
lfcShrink() function (v1.34.0)68 by applying the apeglm method (v 1.12.0)69. Multiple testing correction was performed using the Benjamini-448 
Hochberg’s method and lists of significantly DE genes were identified using a q-value (i.e., a corrected p-value) with a cut-off of 0.05. Hierarchically 449 
clustered heatmaps were generated with the pheatmap library (v1.0.12) (https://cran.r-project.org/package=pheatmap) using the R hclust function 450 
for hierarchical clustering. Venn diagrams of overlapping gene sets were generated with the R VennDiagram package (v1.6.20). Volcano plots were 451 
generated with the EnhancedVolcano package with points colored relative to p-value and log2FoldChange cutoffs. Gene signature enrichment 452 
analysis (GSEA) was performed using GSEA Software (v4.0.3)70. Gene ontology analysis was performed using the ICGC Data Portal v6.3.3 453 
(https://dcc.icgc.org/), where enrichment analysis was performed against GO Molecular Function, GO Biological Process and GO Cellular 454 
Component with a p-value threshold of 0.01. Stem cell index calculation was performed using a one-class logistic regression machine-learning 455 
algorithm, as previously described12. ChIP-seq analysis from human primary colon CSC-enriched populations was performed as described in Bergin 456 
et al.13. Briefly, reads from GSE82131 data set were quantified in 1kb bins genome-wide for G9a and H3K9me2. Bins were filtered against the 457 
ENCODE blacklist and mitochondria as well as unmapped contig assemblies were excluded. Top 20K signal/bins for both G9a and H3K9me2 were 458 
overlapped, yielding 1,392 co-enriched regions. Nearest gene annotation was performed using the R ChIPseeker package (v1.38.0). A list of 968 459 
genes associated with 1 bin(s) is presented in Supplementary Table 4. Top-50 lists of genes co-occupied by G9a/H3K9me2 in human colon CSCs 460 
upregulated by VXN treatments in HT29 and HIEC cells, used for GO and transcription factor binding site enrichment analyses (performed using 461 
DAVID web portal (v6.8) (https://david.ncifcrf.gov) are presented in Supplementary Table 4. scRNA-seq analysis was performed on the GSE132465 462 
dataset, comprising 63,689 cells from 23 primary CRC and 10 normal mucosa samples, using the Seurat R package71. Chromatin 463 
immunoprecipitation (ChIP) data on transcription factor binding around the EHMT2 transcription start site were obtained from ChIP-Atlas 464 
(https://chip-atlas.org) and analyzed through the Signaling Pathways Project online platform (SSP; https://www.signalingpathways.org/ominer)72. 465 
RRBS data were generated by Richard Myers’ laboratory (HudsonAlpha Institute for Biotechnology), obtained from the ENCODE portal database, 466 
and visualized using the UCSC Genome Browser73. Drug response correlation analysis was performed using the PRISM drug repurposing resource 467 
(https://depmap.org/repurposing), part of the DepMAP portal (Supplementary Note 2)25. Protein-protein interaction network mapping was performed 468 
using the STRING Database v12.0 (https://string-db.org/)74. Compound activity prediction analysis, including putative target, main metabolites, and 469 
cellular localization, was performed using MetaDrug via a non-downloadable online version of the software v6.26 (Thomson Reuters/Clarivate) 470 
https://portal.genego.com/. 471 
 472 
Single-cell protein analysis 473 

Single-cell protein analyses of CRC tumor samples and human cell lines were performed using the ProteinSimple Milo platform according to the 474 
manufacturer’s recommendations38. Briefly, standard scWest chips were used to capture individual cells and perform size-based electrophoretic 475 
protein separation. Single-cell suspensions were loaded onto the chips and inserted into the Milo instrument for cell lysis, in-chip migration, and UV 476 
crosslinking to immobilize separated proteins. Chips were probed with primary antibodies, followed by fluorescent secondary antibodies 477 
(Supplementary Table 12) for multiplexed detection of each target protein using a GenePix 4000B fluorescence microarray scanner (Molecular 478 
Devices). Detailed chip probing protocol can be found at: https://www.bio-techne.com/p/single-cell-western/milo_p100. Peak identification and 479 
quantification was performed using the Scout Software v2.2.1beta (ProteinSimple). Each signal was inspected to confirm that it was associated with 480 
a peak located at the correct distance from the well centre. Histone H3 was used as a cell occupancy control. 481 

https://david.ncifcrf.gov/
https://www.signalingpathways.org/ominer
https://depmap.org/repurposing
https://portal.genego.com/
https://www.bio-techne.com/p/single-cell-western/milo_p100
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 482 
RNAi-based knockdown and ectopic expression experiments 483 

Small hairpin RNA-mediated knockdown of SLC6A3 was achieved using the doxycycline-inducible pInducer10 expression vector, including an 484 
RFP fluorescent reporter. Both, SLC6A3-targeting and non-silencing scrambled (shCTRL) hairpin sequences (Supplementary Table 13) were 485 
inserted in the pInducer10 vector (gift from Stephen Elledge; Addgene #44011) at the Genome Engineering and Molecular Biology (GEMb, 486 
RRID:SCR_022954) core facility at the University of Ottawa. These constructs were used for lentiviral particles production via co-transfection with 487 
pMD2. G (Addgene #12259) and psPAX2 (Addgene #12260) vectors in 293-FT cells using Lipofectamine LTX Reagent (ThermoFisher). Lentiviral 488 
particles were harvested at 24 and 48 h post-transfection, through conditioned media collection, centrifugation (to remove cells and debris), filtration 489 
through a 0.45 µm filter and then ultracentrifuged at 20,000 x g for 2 hr at 4°C 19. Lentiviral transductions were performed on 5x105 HT29 or HCT116 490 
cells/well in 6-well plates and incubated with 0.5 mL of viral suspension + 8 µg/mL of polybrene (Millipore Sigma) for 16 hours. shRNA expression 491 
was induced using 100 ng/mL of doxycycline (DOX). For siRNA-based knockdown of SLC6A3 expression, 5000 cells were seeded per well in 96-492 
well plates and cultured for 48 hours. A pool of 6 independent predesigned SLC6A3-targeting siRNA duplexes (ThermoFisher Silencer Select, cat# 493 
4392420) was diluted to 10 nM in 10 mL of OptiMEM and mixed with 0.1 mL of RNAiMAX diluted in 10 mL of OptiMEM. Preparations of a 494 
scrambled non-silencing siRNA duplex (siCTRL) were used as a control. Cells were washed with 100 mL of OptiMEM and incubated with 100 l 495 
of siRNA-containing mixture for 6 hours. Cells were cultured for an additional 42 hours in fresh media (McCoy’s, 10%FBS). SLC6A3 knockdown 496 
experiments were performed 24 h post transfection. The human EHMT2/G9a expression plasmid (pLenti-GIII-CMV-EHMT2-GFP-2A-Puro) was 497 
purchased from Applied Biological Materials (ABM) and used along with the empty pLenti-GIII-CMV-GFP-2A-Puro vector to generate lentiviral 498 
particles and transduce HCT116 cells as described above.  499 
 500 
Organoid and spheroid formation assay 501 

Ex vivo assessment of tumor-initiating capacity in human primary colorectal tumor specimens was performed using a documented serial organoid 502 
formation protocol47. Briefly, patient-derived spheroids enriched with colorectal tumor-initiating cells dissociated using TrypLE reagent 503 
(ThermoFisher) and mixed with Matrigel in a specialized serum-free culture media (CSC media)47 (1:1 ratio) to obtain a 1-cell/μl density. Mixtures 504 
were immediately plated as 300 μl domes in 6-well plates and incubated for 15 minutes at 37°C for Matrigel polymerization. Then, 2.5 mL of CSC 505 
media containing different doses of VXN, 5-FU, or vehicle control (DMSO) was added to each well. Drug treatment was maintained for 7 days, 506 
followed by a 7-day drug-free incubation period. At day 14, the plates were imaged using an ImageXpress Pico high-content imaging system to 507 
determine organoid counts and size using CellReporterXpress software (v2.8.2). For secondary organoid plating, primary organoids resulting from 508 
control and drug-treated wells were dissociated using gentle dissociation reagent (STEMCELL Technologies) and replated as described above but 509 
at a 50-cell/μl density13. Secondary organoids were grown for 14 days in sphere culture media with no further drug treatment. For organoids grown 510 
from HCT116 cells, VXN and/or Cytosporone B treatments, siRNA transfections, and EHMT2-GFP/CTRL-GFP lentiviral transductions were 511 
performed 24 hours prior to single-cell seeding. For organoid-based clonogenic experiments involving shSLC6A3 knockdown and shCTRL, HCT116 512 
cells were induced with DOX 24 h post-transduction and induction was maintained over 72 h prior to single-cell seeding. RFP/GFP-positive or 513 
calcein green-stained organoid structures were imaged using an ImageXpress Pico high-content imaging system and scored using 514 
CellReporterXpress software (v2.8.2)47. 3D Spheroid formation experiments were performed in Corning Elplasia 96-well round bottom ultra-low 515 
adhesion microplates (Fisher Scientific) according to the manufacturer’s recommendations. MACS-sorted CD133High and CD133Low suspensions of 516 



 42 

primary colorectal tumor tissues were treated with VXN (0.125 - 1 μM, 48 h) or DMSO in CSC culture media. CD133High and CD133Low cultures 517 
were dissociated and seeded in Elplasia microplates (100 cells per well in CSC culture media). shRNA-transduced and DOX-induced HT29 cells 518 
were also plated at 100 cells per well in CSC media. At 7 days post-plating, live spheroids inside microcavities were stained with calcein green and 519 
imaged using an ImageXpress Pico high-content imaging system. Spheroid counts and size measurements were performed with CellReporterXpress 520 
software (v2.8.2). 521 
 522 
Protein array analysis 523 

Kinome proteomic profiling was performed using the R&D Systems Proteome Profiler Human Phospho-kinase chip technology (ARY003B) 524 
according to the manufacturer’s instructions. HT29 cells were treated with VXN for 0, 6, 12, and 24 hours, and lysates were immediately incubated 525 
with Human Phospho-Kinase chips. Signals from each chip/condition were produced by enhanced chemiluminescence (Millipore Sigma 526 
Immobilon), and the phosphorylation state of each target analyzed was quantified by integrating spot specific ECL signals using ImageJ software 527 
(v1.53k)75. Data are presented as heat maps of log2-fold-change relative signal intensity for 6, 12, and 24 h VXN treatments vs. control. 528 
 529 
Molecular docking analysis 530 

The X-ray structure of the Drosophila dopamine transporter complexed with cocaine was obtained from the RSCB PDB database (4XP4). UCFS 531 
Chimera (v1.4) was used to convert the vanoxerine SMILES string into a PDB file. Molecular docking was performed using PyRx (v0.8), running 532 
AutoDock Vina, and a built-in PDBQT converter Open Babel was used to determine the docking energy for a minimum of 3 runs at an exhaustiveness 533 
(“E”) of 50 and an RMSD = 0, as previously reported62. Output files from molecular docking analysis were generated with PyMOL software (v.2.4.x). 534 
 535 
Dopamine ELISA assay 536 

To detect the presence of dopamine in human colorectal cancer cells and other experimental models used in this study, a high-sensitivity dopamine 537 
ELISA kit was used according to the manufacturer’s instructions (ENZO Life Sciences, ENZ-KIT188-0001). Briefly, 27 independent sample 538 
conditions, including fresh culture media, cell conditioned media (VXN-treated vs. untreated), cell lysates (VXN-treated vs. untreated), and 539 
dopamine standards, were tested in biological triplicate, and colorimetric detection was performed at 450 nm using a Synergy H1 Agilent-BioTek 540 
plate reader and the BioTek Gen5 software (v3.15.15). 541 
 542 
Chromatin immunoprecipitation (ChIP) and methylated DNA pulldown assays 543 

For each ChIP condition (DMSO, VXN 24 h, IgG control), 2x106 HCT116 cells were cross-linked using 1% formaldehyde, quenched with 0.125 M 544 
glycine, and harvested by cell scraping. Chromatin was fragmented by sonication in buffer containing 1% NP-40 and 0.1% SDS to obtain fragments 545 
of ~250 bp length. Sonicated DNA was subjected to immunoprecipitation using 5 g of anti-phospho-Nur77 (S351), anti-CTCF, anti-C/EBPb, and 546 
anti-ZNF143 primary antibodies (Supplementary Table 12) conjugated with Dynabeads Protein G (ThermoFisher). Control IgGs from corresponding 547 
isotypes (5 g) were used as negative controls. Immunoprecipitated DNA was reverse cross-linked, purified using a Chromatin IP DNA purification 548 
kit (Active Motif), and subjected to quantitative PCR analysis to detect the EHMT2 proximal promoter fragment (Supplementary Table 13). Relative 549 
chromatin enrichment values were calculated based on the standard curve equation19,62. For MBD2-based locus-specific quantification of methylated 550 
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DNA, genomic DNA was extracted from HCT116 cells or in vivo-treated mouse primary tumors using the DNeasy Blood & Tissue kit (Qiagen). 551 
Next, DNA samples were sonicated to obtain 500 – 800 bp fragments. Methylated fragments (5-meC) were captured using the EpiMark Methylated 552 
DNA Enrichment Kit (New England Biolabs) according to the manufacturer’s instructions13. Input and output fractions were analyzed by qPCR to 553 
assess variation in human (EHMT2) and mouse (Ehmt2) G9a proximal promoter methylation. Pulldowns executed with non-MBD2-conjugated 554 
beads were used as negative controls. 555 
 556 
Generation of patient-derived LGR5-GFP CRC tissues 557 

CRISPR-Cas9 knock-in of LGR5 exon 18 to insert a GFP reporter cassette tracing endogenous LGR5 expression in primary CRC tissues was 558 
performed at the GEMb core facility in the Faculty of Medicine at the University of Ottawa, using the HR180-LGR5-GFP construct generated by 559 
Dr. Toshiro Sato (Addgene 129092)48 and gRNA sequences reported in Supplementary Table 13. The construct includes an mRuby fluorescence 560 
cassette driven by EF1 promoter allowing visual confirmation of knock-in. Briefly, cell preparations from CSC-enriched spheroids (patient #92, 561 
Supplementary Table 8) were transduced by electroporation with the knock-in LGR5-targeting construct system. Electroporated cells were grown in 562 
CSC culture media under non-adherent conditions and subjected to puromycin selection (2 g/ml). RFP-positive spheroids were manually isolated 563 
and expanded prior to EF1-RFP-Puro cassette excision using human adenovirus type5 Cre recombinase-expressing particles transduction76. 564 
GFP+/RFP- spheroids were used for subsequent organoid growth experiments. Targeting construct integration (Ad-Cre-) and Cre-excised EF1- 565 
RFP-Puro (Ad-Cre+) knock-ins were validated by PCR (Extended Data Figure 8j)48, using primer sequences reported in Supplementary Table 13. 566 
 567 
Serial in vivo tumor transplantation assay 568 

Assessment of the capacity of VXN to target CSC functions in vivo was conducted in a serial syngeneic mouse tumor transplantation assay62. Briefly, 569 
colorectal adenocarcinoma MC38 (C57BL/6) and CT26 (BALB/c) cultures were dissociated and resuspended in a 1:1 HBSS:Matrigel mixture prior 570 
to subcutaneous injection into the flanks of 6 to 8-week-old C57BL/6 (Charles River, C57BL/6NCrl) and BALB/c (Charles River, BALB/cAnNCrl) 571 
female mouse recipients, at a density of 1x106 cells per injection. Seven days post-injection, daily doses of vanoxerine (25 mg/kg) or control saline 572 
(HBSS vehicle) were intraperitoneally injected into tumor-bearing animals for 10 days. Primary tumour growth was measured daily using a digital 573 
caliper. The ellipsoidal tumour volume was calculated according to V = (L x W x W)/2. Mouse behavioural and clinical assessments were performed 574 
daily following drug administration, according to uOttawa animal care committee guidelines. On experimental day 18, primary tumors were 575 
surgically extracted, dissociated with 100 U/mL collagenase IV and 100 μg/mL DNase I, and passed through a 70 m strainer to eliminate debris 576 
and cell clumps. Tumor cells were reinjected subcutaneously into the flanks of secondary mouse recipients. Secondary mice injected with tumor 577 
cells from control and drug-treated groups were maintained for 14 days without any treatments. At endpoint, secondary recipient mice were injected 578 
with 10 nmoles of IRDye-800CW-2-deoxyglucose (IR800-2-DG) in the tail vein, and the presence/absence of secondary tumors was assessed by in 579 
vivo fluorescence imaging using an IVIS Spectrum In Vivo Imaging System and the Living Image software v4.7.3 (PerkinElmer) at the University 580 
of Ottawa Preclinical Imaging Core Facility (RRID:SCR_021832). Cell doses ranging from 1x106 to 2.5x104 were injected into secondary recipients 581 
to establish a limiting dose assay for secondary tumor formation8. For experiments evaluating the impact of immune checkpoint inhibition on tumor 582 
growth, daily injections of 100 of an anti-PD-L1 (clone 10F.9G2, Millipore Sigma)77 vs. control IgG were performed in primary mouse recipients 583 
over 4 days between experimental days 14 and 17. All mice were housed in ambient temperatures (20-25°C) with humidity maintained 584 

between 20-70% and following 12h light and 12 dark cycles. Food and water were available ad libitum. 585 
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 586 
Flow cytometry 587 

In vivo-treated mouse primary CRC tumors (saline vs. VXN, 10 days) were dissociated using a gentle magnetic-activated cell sorting dissociator 588 
(Miltenyi). Following dissociation, the single-cell suspension was passed through a 40-μm filter, and the cells were washed and resuspended in PBS 589 
for staining. Specifically, 100K tumor cells per mL were incubated with antibodies for 1 hour at 4°C, washed with 10 volumes of PBS and then 590 
stained with the Zombie NIR Fixable Viability Dye (BioLegend) for 20 min in PBS to label and exclude dead cells during the analysis. Single-cell 591 
suspensions were stained using anti-Sca-1-BV510 and anti-mouse CD44-BV421 (see Supplementary Table 12). Flow cytometry analysis was 592 
performed at the University of Ottawa Flow Cytometry and Virometry Core Facility (RRID:SCR_023306) on a BD LSR Fortessa 16-colour analyser 593 
with FACSDIVA software (v9.0), and data analysis was conducted using FlowJo v10.9 (Tree Star Inc)19. A description of the gating strategies is 594 
detailed in Supplementary Fig. 2. 595 
 596 
Statistics & Reproducibility 597 

GraphPad Prism v.10.1.0 was used for statistics. Results are expressed as means ± SEM unless otherwise indicated in figure legends. The number 598 
of independent experiments performed, and biological replicates implicated are indicated as "n” in the figure legends. See source data for exact 599 
values for each experiment with numerical graphic presentation. All statistical analyses were generated from at least three biological replicates, 600 
except for specific data derived from RNA-seq, where two biological replicates per group were subjected to the Benjamini Hochberg method for 601 
multiple testing correction and false discovery rate estimation (q-values (adj. p-value). p and q-values below 0.05 were considered statistically 602 
significant. Technical replicates plotting was clearly indicated in the figure legend and in source data. No statistics were derived from technical 603 
replicates. All statistical tests and multiple corrections are mentioned in the figure legends. Data distribution was assumed to be normal, but this was 604 
not formally tested. No statistical method was used to pre-determine sample size, but our sample sizes are similar to those reported in previous 605 
publications14,18,78. No data were excluded from the analyses. All animals were randomized before treatment with saline, VXN, and immune 606 
checkpoint inhibitor aPD-L1. Randomization was not applied to in vitro, and ex vivo experiment design. The investigators were blinded during 607 
animal experiments and high-content imaging data acquisition. Blinding was also applied to all next-generation sequencing data generated in this 608 
study, where technical staff were not provided with sample identifying information. For all other experiments, investigators were not blinded during 609 
procedures and outcome assessment. 610 

Reporting summary 611 

Further information on research design is available in the Nature Portfolio Reporting Summary linked to this article. 612 
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FIGURE LEGENDS 695 

 696 

Fig. 1 | Multiparametric high-throughput phenotypic drug screening pipeline identifies vanoxerine as a repurposed compound 697 

displaying cancer-selective growth inhibition effects. 698 

a, Schematic of the high-throughput phenotypic pipeline used to identify repurposed drugs inducing loss of the pluripotency marker 699 

Oct4, decreased H3K9me2 deposition, and cancer-selective growth inhibition. b, Structure of three main hits identified by phenotypic 700 

screening on t-hESCs. c, Micrographs showing simultaneous inhibitory effect of VXN (5 M, 48h) on Oct4 expression (pluripotency) 701 

and H3K9me2 deposition in t-hESCs (n=2 samples, 2 independent experiments, scale bar: 100 m). d, e, VXN shows selective growth 702 

inhibition in all CRC cell lines tested (HT29: n=3, SW480: n=2, and HCT116: n=3 biological replicates, 1 independent experiment) vs. 703 

normal human intestinal progenitors HIEC (n=4 biological replicates, 1 independent experiment). f, Dose-response inhibition of 704 

H3K9me2 levels in human CRC cells (HT29) upon 48 h of VXN treatment. Loss of H3K9me2 is accompanied by increased levels of 705 

the activating mark H3K9ac. Average optical density ratios for each histone mark vs. loading control total H3 are presented (n=3 706 

biological replicates, 3 independent experiments). g, EdU incorporation assays indicate that VXN (48 h, 10 M, n=3 biological 707 

replicates) blocks proliferation of HT29 cells compared to vehicle control (DMSO: n=4 biological replicates) (2 independent 708 

experiments, mean values +/- SEM, ***: p=0.0005, unpaired two-tailed t-test, scale bar: 100 m). h, Active caspase-3/7 staining 709 

(CellEvent) supports significant apoptosis induction in HT29 cells (n=4 biological replicates) but not in HIEC (n=4 biological replicates) 710 

cells following VXN treatments (48 h, 10 M). Staurosporine (n=3 biological replicates) was used as a positive control (2 independent 711 

experiments, mean values +/- SEM, two-way ANOVA with Tukey's multiple comparisons test, p-values (vs. DMSO) are indicated on 712 

graph, scale bar: 100m). See also Extended Data Fig. 1, and Supplementary Tables 1-3. 713 

 714 

Fig. 2 | Multi-omic characterization of VXN cancer-selective effect on cell functions. 715 

a, Transcriptome profiling identifies genes modulated by VXN in colon cancer cells (HT29) but not in normal HIEC cells (RNA-seq: 716 

n=2 biological replicates, 1 independent experiment). Gene signature enrichment analysis (GSEA) suggest a downregulation of key 717 

cancer and stemness pathways, and increased INF type-1 response in VXN-treated CRC cells. Circles and bars represent normalized 718 

enrichment scores (NES) for VXN-treated HT29 and HIEC, respectively (vs. DMSO) and nominal (NOM) p-value is represented by 719 

color-coding (Dashed lines indicate a +/-1.3 NES cut-off , exact NES and NOM p-values available in Source Data). b, Viability response 720 

to VXN in the DepMap CRC cell line panel correlates with the epigenetic drug romidepsin (n=33 cell lines, Pearson coefficient: 0.34, 721 

*: p=0.049). c, VXN decreases G9a protein levels in HT29 (n=3 biological replicates) and t-hESCs (n=4 biological replicates). Actin 722 

was used as a loading control (1 independent experiment, mean values +/- SEM, p-values (vs. control) are indicated on graph, unpaired 723 

two-tailed t-test). d, ChIP-seq analysis of G9a and H3K9me2 co-occupied loci performed in human primary colon CSC-enriched 724 

fraction (n=1 sample series). An integrative analysis comparing co-occupied annotated regions with genes modulated by VXN only in 725 
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HT29 cells (RNA-seq, n=2 biological replicates, 1 independent experiment) was performed to identify direct G9a targets impacted by 726 

drug treatments in colon cancer. e, Bubble plot of gene ontology terms (GOTERM_BP) enriched in lists of top-50 upregulated 727 

(“derepressed”) G9a/H3K9me2 target genes upon VXN treatments in HT29 and HIEC cells (one-sided p-values for Fisher's Exact test 728 

available in Source Data). See also Extended Data Fig. 2-3, and Supplementary Tables 4-6. 729 

 730 

Fig. 3 | Dopamine transporter (DAT) distribution across human colorectal intratumor heterogeneity. 731 

a, Western blot assessment of DAT levels in normal intestinal epithelial cells (HIEC), human (HT29, HCT116) and mouse (MC38) 732 

CRC cells, and t-hESCs. DAT is increased in CSC-enriched spheroid fractions vs. heterogenous organoids grown from corresponding 733 

human primary CRC samples (n=3 biological replicates, 3 independent experiments). Average optical density ratios for DAT vs. actin 734 

loading control are presented. b, Immunofluorescence detection of DAT in CSC-enriched spheroids and heterogeneous CRC tumor 735 

organoids imaged by confocal microscopy (upper panel). Arrowhead indicates a DAT-positive cell observed in heterogeneous 736 

organoids. DAT immunostaining of primary human colon adenocarcinoma sections (lower panel) highlights a similar punctate pattern 737 

in a rare subset of tumor cells (n=3 independent patients, scale bar: 25 m). E-cadherin was used to stain epithelial-like structures. c, 738 

Immunofluorescence staining of DAT in HCT116 CRC cells. Co-staining was performed using phalloidin (filamentous actin), the early 739 

endosome marker Rab5a, and the late endosome/lysosome marker LAMP1 (n=3 biological replicates, 2 independent experiments, scale 740 

bar: 10 m). d, Single-cell protein quantification of DAT-positive cell frequency in bulk primary CRC adenocarcinoma (n=3 CRC 741 

patient samples, Patient #411 presented) and patient-derived CSC-enriched spheroids (n=1 CRC patient sample, Patient #181). Scatter 742 

plots of DAT and CD133 signal intensity are showed vs. cell occupancy control histone H3. DAT-positive cells were found in both, 743 

CD133-positive and CD133-negative fractions. e, Single-cell protein analysis comparing DAT distribution and phospho-H3S10 was 744 

performed in CD133-sorted fractions from human primary colon adenocarcinoma (n=3 CRC patient samples, Patient #409 presented) 745 

and patient-derived CSC-enriched spheroids (n=1 CRC patient sample, Patient #181). Single-cell protein analysis of f, chromogranin A 746 

and g, neurofilament distribution across primary bulk colorectal adenocarcinoma samples and neuroblastoma cell populations. 747 

Fluorescence intensity per individual cell is presented in the scatter plots. DAT-positive cells are highlighted in red. Total histone H3 748 

was used as a cell occupancy control (n=3 CRC patient samples, Patient #397 presented). h, Single-cell protein quantification of DAT-749 

positive cells in DMSO (n=3235 cells) and VXN-treated (n=1606 cells) HT29 populations (1 independent experiment, ***: p<0.0001, 750 

Fisher’s exact test). See also Extended Data Fig. 4, and Supplementary Table 8. 751 

 752 

Fig. 4 | Vanoxerine alters stem-like functions in colon cancer cells by blocking DAT. 753 

a, Dox-inducible knockdown of SLC6A3 in human HCT116 cells reduces G9a protein levels (*: p=0.0257), along with decreased DAT 754 

levels (*: p=0.0483) vs. non-silencing scrambled control (shCTRL) (n=3 biological replicates, 1 independent experiment, mean values 755 

+/- SEM, unpaired two-tailed t-test). b, Expression of EHMT2 transcript is reduced in RFP-positive SLC6A3 knockdown HCT116 cells 756 
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independently of VXN treatments (48h, 10 M) (n=3 biological replicates, 1 independent experiment, mean values +/- SEM, p-values 757 

indicated on graph, one-way ANOVA with Dunnett's multiple comparisons test c, Effect of SLC6A3 knockdown in HCT116 cells on 758 

intestinal progenitor markers vs. control shRNA (RNA-seq: n=3 biological replicates, 2 independent experiments, FPKM values, paired 759 

two-tailed t-test, p-values indicated on graphs). d, Clonogenic organoid formation assay using HCT116 cells transduced with Dox-760 

inducible shSLC6A3 or shCTRL expression vectors. Data are presented as organoid formation frequency and residual organoid size for 761 

shRNA-expressing organoids (RFP-positive) (n=4 biological replicates, 2 independent experiments, mean values +/- SEM, p-values 762 

indicated on graphs, unpaired two-tailed t-test). e, Comprehensive GSEA highlighting commonly modulated signatures in SLC6A3 763 

knockdown (vs. shCTRL, n=3 biological replicates, 2 independent experiments) HCT116 cells, VXN-treated HCT116 (n=3 biological 764 

replicates, 2 independent experiments), HT29 (n=2 biological replicates, 1 independent experiment), and t-hESCs (n=2 biological 765 

replicates, 1 independent experiment), as well as BIX-01294-treated t-hESCs (n=2 biological replicates, 1 independent experiment) (vs. 766 

DMSO). Consistent negative enrichment scores are observed across all experimental conditions for genes upregulated in colorectal 767 

cancer (Grade), genes associated to pluripotent stem cells (Wong), and Myc transcriptional targets (color scale: NES values, circle size: 768 

NOM p-values. Exact NES and NOM p-values available in Source Data). f, Kinome proteomic profiling of 6 h, 12 h, and 24 h VXN-769 

treated HT29 cells (10 M) identifies significant changes in AKT (T308/S473), eNOS (S1177), FAK (Y397), and p70 S6 kinase (T389) 770 

phosphorylation (n=4 biological replicates, 2 independent experiments, mean values +/- SEM, ***: p0.0001, **: p0.01, *: p0.05, 771 

exact p-values are in Source Data, one-way ANOVA with Bonferroni's multiple comparisons test, color scale: Log2 fold-change signal 772 

vs. vehicle). g, SLC6A3 knockdown recapitulates VXN effect on AKT T308 (n=3 biological replicates) and S473 (n=4 biological 773 

replicates) (vs. control) in HT29 cells (2 independent experiments, mean values +/- SEM, **: p=0.0016, *: p=0.0224). h, Single-cell 774 

protein analysis on S473-AKT phosphorylation in DAT-positive and negative HT29 cells upon VXN treatment (vs. DMSO) (DAT-775 

positive: DMSO: n=29 cells, VXN: n=19 cells. DAT-negative: DMSO: n=7 cells, VXN: n=8 cells. 1 independent experiment, p-value 776 

indicated on graph, unpaired two-tailed t-test). See also Extended Data Fig. 6, and Supplementary Tables 4-5. 777 

 778 

Fig. 5 | Vanoxerine is inhibiting G9a expression in colorectal cancer via the AKT-Nur77 axis  779 

a, High-content imaging quantification of phospho-Nur77 (S351) in HCT116 cells treated with DMSO (n=4 biological replicates), 780 

AZD5363 (AKTi, 2.5 M, n=4 biological replicates), VXN (5 M, n=4 biological replicates), and cytosporone B (CytoB, 10 M, n=3 781 

biological replicates) over 24 h. The effect of AZD5363 and VXN on p-Nur77 nuclear signal is rescued by co-treatment with CytoB 782 

(nbiological replicates) (2 independent experiments, mean values +/- SEM, ***: p0.0001, one-way ANOVA with Dunnett's multiple 783 

comparisons test, scale bar: 20m). b, qPCR analysis of G9a and other documented Nur77 targets mRNA level in HCT116 cells treated 784 

with VXN or VXN+CytoB vs. DMSO (24 h). The number of biological replicates (n) per condition, independent experiments for each 785 

gene (Exp), and p-values are indicated on the graphs (mean values +/- SEM, one-way ANOVA with Dunnett' multiple comparisons 786 

test). c, Clonogenic organoid formation assay using HCT116 cells treated with either VXN alone (1 μM), VXN+CytoB (1 and 10 μM, 787 
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respectively), or DMSO control (7 days). Organoid formation frequency is significantly reduced upon VXN treatments, while the 788 

addition of CytoB is rescuing tumor initiation capacity in HCT116 cells (n=3 biological replicates from 3 independent experiments, 789 

mean values +/- SEM, p-values indicated on graphs, one-way ANOVA with Tukey's multiple comparisons test). d, Chromatin 790 

immunoprecipitation (ChIP: p-Nur77: n=5 biological replicates, CTCF: n=4 biological replicates) and methylated DNA pulldown (5-791 

meC: n=5 biological replicates) assays measuring the impact of VXN (5 M, 24 h) on EHMT2 (G9a) proximal promoter regulation in 792 

HCT116 cells (2 independent experiments, mean values +/- SEM, p-values indicated on graphs, unpaired two-tailed t-test), and 793 

supporting e, the implication of Nur77 in G9a repression upon DAT antagonization. f, Organoid formation assay using pLenti-G9a-794 

GFP transduced HCT116 cells (vs. empty-GFP). Ectopic G9a expression rescues tumor-initiating capacity of HCT116 cells treated with 795 

VXN (1 μM, 7 days) (n=3 biological replicates from 3 independent experiments, mean values +/- SEM, *: p=0.0165, one-way ANOVA 796 

with Dunnett's multiple comparisons test). g, h, qPCR analysis of LGR5 (stem cell marker, n=3 biological replicates, 2 independent 797 

experiments), DPP4 (intestinal differentiation, n=3 biological replicates, 2 independent experiments) and interferon type-1 response 798 

genes IFIT1 (n=3 biological replicates, 3 independent experiments), OAS3 (n=5 biological replicates, 1 independent experiment), and 799 

MX1 (n=6 biological replicates, 4 independent experiments) levels upon VXN treatments in pLenti control-GFP and G9a-GFP 800 

transduced HCT116 cells (vs. DMSO, mean values +/- SEM, p-values indicated on graphs, One-way ANOVA with Tukey's multiple 801 

comparisons test). See also Extended Data Fig. 7. 802 

 803 

Fig. 6 | Vanoxerine alters colorectal cancer stem cell functions in patient-derived tumor organoids. 804 

a, Schematic of the serial organoid formation assay using primary human CRC samples to test tumor-initiating function. b, Primary 805 

and secondary organoid formation frequency observed upon VXN or 5-FU treatments (0.25 - 10 μM, 7 days) vs. DMSO controls. Each 806 

dot on the graphs corresponds to one biological replicate. Bar graph represents mean +/- SEM, box plot center line corresponds to 807 

median, and whiskers represent min to max values (number of biological replicates (n) from 5 independent patient samples, and p-values 808 

are indicated on graphs, one-way ANOVA with Dunnett's multiple comparisons test). c, Renderings of CSC-enriched spheroids and 809 

primary CRC organoids from fluorescence confocal imaging of Ki-67 and d, Bmi1 following VXN treatments (1 μM, 7 days) vs. DMSO 810 

(Ki-67: n=3 organoids. Bmi1: DMSO: n=3 organoids, VXN: n=4 organoids. Data from 3 independent patient samples, presented as 811 

mean values +/- SEM, **: p=0.0070, #: p=0.0709, unpaired one-tailed t-test, scale bar: 30m). e, Clonogenic capacity assessment of 812 

CD133High and CD133Low fractions sorted from patient-derived colorectal tumor spheroids. Subfraction were seeded as single cells in 813 

an ultralow adhesion microwell system. f, Spheroid formation frequency observed upon single cell plating of CD133High and CD133Low 814 

fractions, treated with VXN or DMSO control (48h, 2 independent patients in 2 independent experiments). Each dot on the graph 815 

corresponds to one biological replicate (CD133High: DMSO: n=20, VXN 0.125 – 0.5 M: n=3, VXN 1 M: n=11. CD133Low: DMSO: 816 

n=22, VXN 0.125 – 0.5 M: n=3, VXN 1 M: n=11). Bars represent mean values +/- SEM, p-values are indicated on the graph, two-817 

way ANOVA with Sidak's multiple comparisons test. Live spheroids were visualized using calcein green. g, LGR5-GFP knock-in cells 818 
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generated from patient-derived CRC tissues were used in tumor organoid formation assays. h, Representative pictures of DMSO and 819 

VXN-treated (1 M, 7 days) LGR5-GFP organoids at post-treatment stage (n=4 biological replicates, 4 independent experiments, scale 820 

bar: 30m). i, Integrated GFP intensity per organoid was measured by high-content imaging in primary LGR5-GFP organoids at 7-days 821 

(DMSO: n=530 organoids, VXN 0.5 M: n=206 organoids, VXN 1 M: n=130 organoids), 10-days (DMSO: n=634 organoids, VXN 822 

0.5 M: n=146 organoids, VXN 1 M: n=99 organoids), and 14-days (DMSO: n=826 organoids, VXN 0.5 M: n=243 organoids, VXN 823 

1 M: n=188 organoids) following treatment initiation p-values indicated on graphs, one-way ANOVA with Dunnett's multiple 824 

comparisons test). Dashed line within violin plots corresponds to median. See also Extended Data Fig. 8, and Supplementary Table 8. 825 

 826 

Fig. 7 | Vanoxerine alters colorectal cancer stem cell activity in vivo. 827 

a, Schematics of the murine syngeneic serial tumor transplantation assay used to measure CSC activity in vivo. Only primary mouse 828 

recipients were treated with VXN. Presence/absence of secondary tumors was determined by live fluorescence tumor imaging (IVIS, 829 

IRDye 800CW 2-DG, 10 nM per mouse). b, CRC tumor growth measurement of control saline (vehicle) and VXN-treated (25 mg/kg, 830 

10 days) primary recipient mice (MC38-C57BL/6: Vehicle: n=14 mice, VXN: n=12 mice. CT26-BALB/c: Vehicle: n=6 mice, VXN: 831 

n=4 mice). Relative tumor volumes (vs. pre-treatment) are presented for injection days 5 to 10. The number of independent tumors 832 

measured for each condition/time point is indicated on graphs (data from 2 independent experiments, p-values indicated on the graph, 833 

mixed-effect analysis with Sidak’s multiple comparison test). Center line on violins corresponds to median. c, Transcriptome profiling 834 

in primary MC38 tumors confirms reduced mRNA stem cell index following VXN in vivo treatments (25 mg/kg, 10 days) vs. vehicle 835 

controls (n=2 independent tumor pairs, 1 independent RNA-seq experiment). Methylated DNA pulldown assays showed increased 5-836 

meC levels at the Ehmt2 proximal promoter region (n=2 independent tumor pairs, 3 technical replicates per tumor, 2 independent 837 

experiments), along with reduced Ehmt2 (G9a) mRNA expression (FPKM values, n=2 independent tumor pairs, 1 independent RNA-838 

seq experiment) following in vivo VXN treatment (vs. vehicle) (bars represent mean values, q-value = 0.0008, calculated from 839 

Benjamini-Hochberg test for false discovery rate estimation). d, Immunofluorescence staining of H3K9me2 and Ki-67 on histological 840 

sections from vehicle and VXN-treated MC38 tumors (Ki-67: Vehicle: n=6 tumors, VXN: n=5 tumors. H3K9me2: Vehicle: n=26 841 

tumors, VXN: n=14 tumors). Data from 3 independent experiments, mean values +/- SEM, p-values are indicated on graphs, unpaired 842 

two-tailed t-test, scale bar: 50m. e, Frequency of secondary tumors observed in vehicle and VXN-treated groups in the MC38-C57BL/6 843 

and CT26-BALB/c syngeneic models. Tumor formation rates (per injection site) are represented above each column of the histogram 844 

(MC38-C57BL/6: Vehicle: n=16 mice, VXN: n=8 mice. CT26-BALB/c: Vehicle: n=6 mice, VXN: n=6 mice). Data from 2 independent 845 

experiments, p-values are indicated on graphs, two-sided Fisher’s exact test. Representative live fluorescence tumor images are 846 

presented. f, Secondary MC38 tumor transplants performed as a limiting dilution assay with doses ranging between 1x106 and 2,5x104 847 

cells from vehicle and VXN-treated (25 mg/kg, 10 days) primary recipients. Number of injections per cell doses are indicated on the 848 

graph (***: p<0.0001, two-sided Fisher’s exact test). 1x106 cells: Saline: n=9 mice, VXN: n=3 mice. 5x105 cells: Saline: n=4 mice, 849 



 53 

VXN: n=2 mice. 1x105 cells: Saline: n=3 mice, VXN: n=3 mice. 2.5x104 cells: Saline: n=2 mice, VXN: n=2 mice. See also Extended 850 

Data Fig. 9, and Supplementary Table 10. 851 

 852 

Fig. 8 | Epigenetic changes induced by vanoxerine suppress immune evasion in colorectal tumors 853 

a, Differential expression of transposable elements (TEs) in VXN-treated HT29 cells (10 μM, 48 h, n=2 biological replicates, 1 854 

independent RNA-seq experiment) (vs. DMSO), shSLC6A3 HCT116 cells (vs. shCTRL, n=3 biological replicates, 2 independent RNA-855 

seq experiments), as well as in t-hESCs treated with VXN (10 μM) or BIX-01294 (1 μM) vs. respective DMSO controls (48 h, n=2 856 

biological replicates, 1 independent RNA-seq experiment, p<0.05). b, Distribution of significantly upregulated TEs in VXN-treated 857 

primary MC38 tumors (vs. vehicle) (upper plot, n=2 independent tumor pairs, 1 independent RNA-seq experiment) and commonly 858 

upregulated TEs in VXN-treated HT29 cells (lower plot, n=2 biological replicates, 1 independent RNA-seq experiment) across different 859 

classes of TEs. c, qPCR analysis of the type-1 interferon response genes IFIT1, ISG15, MX1, IFI27, and OAS3 in HT29 cells treated 860 

with VXN (10 M) and/or reverse transcriptase inhibitors (RTi: zidovudine and nevirapine: 20 M) vs. DMSO (48 h, n=3 biological 861 

replicates from 3 independent experiments, mean values +/- SEM, One-way ANOVA with Tukey’s multiple comparisons test). d, GSEA 862 

indicating a significant enrichment of cytotoxic T cell and junction/adhesion gene signatures in the CRC tumor transcriptional response 863 

to in vivo VXN treatments vs. vehicle (n=2 independent tumor pairs, 1 independent RNA-seq experiment). Dashed lines indicate a +/-864 

1.3 NES cut-off (Exact p-values available in Source Data). e, Heat map representing the expression of individual genes from the 865 

KEGG_Natural_Killer _mediated_Cytotoxicity gene set in independent pairs of VXN-treated and vehicle control CRC tumors (n=2 866 

independent tumor pairs, 1 independent RNA-seq experiment, z-score of FPKM values). f, CRC tumor growth curves of MC38-867 

C57BL/6 and CT26-BALB/c syngeneic models treated with vehicle or VXN (25 mg/kg, 10 days) and exposed to in vivo injections of 868 

either anti-PD-L1 (100 μg, from day 14 to day 17) or a matched control isotype antibody. Data points represent mean +/- SEM. Statistical 869 

significance was calculated by unpaired two-tailed t-test from relative tumor size at day 10 (vs. day 0). Number of tumors measured for 870 

each condition (n) and p-values are indicated on graphs (Data from 2 independent experiments). g, High-content imaging analysis of 871 

CD8 immunofluorescence staining on MC38 and CT26 tumors treated with VXN/anti-PD-L1, saline/anti-PD-L1, VXN/control isotype, 872 

and saline/control isotype. The percentage of CD8-positive cells is presented for each model/condition (MC38-C57BL/6: 873 

Vehicle/control isotype: n=15 tumors, Vehicle/anti-PD-L1: n=14 tumors, VXN/control isotype: n=12 tumors, VXN/anti-PD-L1: n=12 874 

tumors. CT26-BALB/c: Vehicle/control isotype: n=16 tumors, Vehicle/anti-PD-L1: n=16 tumors, VXN/control isotype: n=19 tumors, 875 

VXN/anti-PD-L1: n=12 tumors). Data from 2 independent experiments, p-values are indicated on graphs, mean values +/- SEM,  one-876 

way ANOVA with Holm-Sidak’s multiple comparisons test. h, Representative fluorescence scans of whole tumor cross-sections 877 

descriped in g, showing CD8-positive and negative cells in MC38 and CT26 tumors treated with saline/control isotype, saline/anti-PD-878 

L1, VXN/control isotype, and VXN/anti-PD-L1 (scale bar: 6 mm). See also Extended Data Fig. 10 and Supplementary Tables 5, 10-11. 879 

 880 



 54 

 881 

REFERENCES 882 

 883 

1 Waldman, A. D., Fritz, J. M. & Lenardo, M. J. A guide to cancer immunotherapy: from T cell basic science to clinical practice. 884 

Nat Rev Immunol 20, 651-668 (2020). https://doi.org/10.1038/s41577-020-0306-5 885 

2 Darvin, P., Toor, S. M., Sasidharan Nair, V. & Elkord, E. Immune checkpoint inhibitors: recent progress and potential 886 

biomarkers. Exp Mol Med 50, 1-11 (2018). https://doi.org/10.1038/s12276-018-0191-1 887 

3 Le, D. T. et al. Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 357, 409-413 (2017). 888 

https://doi.org/10.1126/science.aan6733 889 

4 Ciardiello, D. et al. Immunotherapy of colorectal cancer: Challenges for therapeutic efficacy. Cancer Treat Rev 76, 22-32 890 

(2019). https://doi.org/10.1016/j.ctrv.2019.04.003 891 

5 Brenner, H., Kloor, M. & Pox, C. P. Colorectal cancer. Lancet 383, 1490-1502 (2014). https://doi.org/10.1016/S0140-892 

6736(13)61649-9 893 

6 Cho, Y. H. et al. 5-FU promotes stemness of colorectal cancer via p53-mediated WNT/β-catenin pathway activation. Nat 894 

Commun 11, 5321 (2020). https://doi.org/10.1038/s41467-020-19173-2 895 

7 Kreso, A. & Dick, J. E. Evolution of the cancer stem cell model. Cell Stem Cell 14, 275-291 (2014). 896 

https://doi.org/10.1016/j.stem.2014.02.006 897 

8 O'Brien, C. A., Pollett, A., Gallinger, S. & Dick, J. E. A human colon cancer cell capable of initiating tumour growth in 898 

immunodeficient mice. Nature 445, 106-110 (2007). https://doi.org/nature05372 [pii]10.1038/nature05372 899 

9 Bayik, D. & Lathia, J. D. Cancer stem cell-immune cell crosstalk in tumour progression. Nat Rev Cancer 21, 526-536 (2021). 900 

https://doi.org/10.1038/s41568-021-00366-w 901 

10 Miranda, A. et al. Cancer stemness, intratumoral heterogeneity, and immune response across cancers. Proc Natl Acad Sci U S 902 

A 116, 9020-9029 (2019). https://doi.org/10.1073/pnas.1818210116 903 

11 Ben-Porath, I. et al. An embryonic stem cell-like gene expression signature in poorly differentiated aggressive human tumors. 904 

Nat Genet 40, 499-507 (2008). https://doi.org/10.1038/ng.127 905 

12 Malta, T. M. et al. Machine Learning Identifies Stemness Features Associated with Oncogenic Dedifferentiation. Cell 173, 338-906 

354.e315 (2018). https://doi.org/10.1016/j.cell.2018.03.034 907 

13 Bergin, C. J. et al. G9a controls pluripotent-like identity and tumor-initiating function in human colorectal cancer. Oncogene 908 

40, 1191-1202 (2021). https://doi.org/10.1038/s41388-020-01591-7 909 

14 Lima-Fernandes, E. et al. Targeting bivalency de-represses Indian Hedgehog and inhibits self-renewal of colorectal cancer-910 

initiating cells. Nat Commun 10, 1436 (2019). https://doi.org/10.1038/s41467-019-09309-4 911 

https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.1038/s12276-018-0191-1
https://doi.org/10.1126/science.aan6733
https://doi.org/10.1016/j.ctrv.2019.04.003
https://doi.org/10.1016/S0140-6736(13)61649-9
https://doi.org/10.1016/S0140-6736(13)61649-9
https://doi.org/10.1038/s41467-020-19173-2
https://doi.org/10.1016/j.stem.2014.02.006
https://doi.org/nature05372
https://doi.org/10.1038/s41568-021-00366-w
https://doi.org/10.1073/pnas.1818210116
https://doi.org/10.1038/ng.127
https://doi.org/10.1016/j.cell.2018.03.034
https://doi.org/10.1038/s41388-020-01591-7
https://doi.org/10.1038/s41467-019-09309-4


 55 

15 Wainwright, E. N. & Scaffidi, P. Epigenetics and Cancer Stem Cells: Unleashing, Hijacking, and Restricting Cellular Plasticity. 912 

Trends Cancer 3, 372-386 (2017). https://doi.org/10.1016/j.trecan.2017.04.004 913 

16 Werbowetski-Ogilvie, T. E. et al. Characterization of human embryonic stem cells with features of neoplastic progression. Nat 914 

Biotechnol 27, 91-97 (2009). https://doi.org/10.1038/nbt.1516 915 

17 Sachlos, E. et al. Identification of drugs including a dopamine receptor antagonist that selectively target cancer stem cells. 916 

Cell 149, 1284-1297 (2012). https://doi.org/10.1016/j.cell.2012.03.049 917 

18 Benoit, Y. D. et al. Targeting SUMOylation dependency in human cancer stem cells through a unique SAE2 motif revealed by 918 

chemical genomics. Cell Chem Biol (2021). https://doi.org/10.1016/j.chembiol.2021.04.014 919 

19 Benoit, Y. D. et al. Sam68 Allows Selective Targeting of Human Cancer Stem Cells. Cell Chem Biol 24, 833-844.e839 (2017). 920 

https://doi.org/10.1016/j.chembiol.2017.05.026 921 

20 Kato, S. et al. Gain-of-function genetic alterations of G9a drive oncogenesis. Cancer Discov (2020). 922 

https://doi.org/10.1158/2159-8290.CD-19-0532 923 

21 de Sousa e Melo, F. et al. A distinct role for Lgr5(+) stem cells in primary and metastatic colon cancer. Nature 543, 676-680 924 

(2017). https://doi.org/10.1038/nature21713 925 

22 Kreso, A. et al. Self-renewal as a therapeutic target in human colorectal cancer. Nat Med 20, 29-36 (2014). 926 

https://doi.org/10.1038/nm.3418 927 

23 Roulois, D. et al. DNA-Demethylating Agents Target Colorectal Cancer Cells by Inducing Viral Mimicry by Endogenous 928 

Transcripts. Cell 162, 961-973 (2015). https://doi.org/10.1016/j.cell.2015.07.056 929 

24 Stone, M. L. et al. Epigenetic therapy activates type I interferon signaling in murine ovarian cancer to reduce 930 

immunosuppression and tumor burden. Proc Natl Acad Sci U S A 114, E10981-E10990 (2017). 931 

https://doi.org/10.1073/pnas.1712514114 932 

25 Corsello, S. M. et al. Discovering the anti-cancer potential of non-oncology drugs by systematic viability profiling. Nat Cancer 933 

1, 235-248 (2020). https://doi.org/10.1038/s43018-019-0018-6 934 

26 Mayr, C. et al. HDAC Screening Identifies the HDAC Class I Inhibitor Romidepsin as a Promising Epigenetic Drug for Biliary 935 

Tract Cancer. Cancers (Basel) 13 (2021). https://doi.org/10.3390/cancers13153862 936 

27 Furumai, R. et al. FK228 (depsipeptide) as a natural prodrug that inhibits class I histone deacetylases. Cancer Res 62, 4916-937 

4921 (2002).  938 

28 Cherstniakova, S. A. et al. Metabolism of vanoxerine, 1-[2-[bis(4-fluorophenyl)methoxy]ethyl]-4-(3-phenylpropyl)piperazine, 939 

by human cytochrome P450 enzymes. Drug Metab Dispos 29, 1216-1220 (2001).  940 

29 Sogawa, C. et al. Antiparkinson Drug Benztropine Suppresses Tumor Growth, Circulating Tumor Cells, and Metastasis by 941 

Acting on SLC6A3/DAT and Reducing STAT3. Cancers (Basel) 12 (2020). https://doi.org/10.3390/cancers12020523 942 

https://doi.org/10.1016/j.trecan.2017.04.004
https://doi.org/10.1038/nbt.1516
https://doi.org/10.1016/j.cell.2012.03.049
https://doi.org/10.1016/j.chembiol.2021.04.014
https://doi.org/10.1016/j.chembiol.2017.05.026
https://doi.org/10.1158/2159-8290.CD-19-0532
https://doi.org/10.1038/nature21713
https://doi.org/10.1038/nm.3418
https://doi.org/10.1016/j.cell.2015.07.056
https://doi.org/10.1073/pnas.1712514114
https://doi.org/10.1038/s43018-019-0018-6
https://doi.org/10.3390/cancers13153862
https://doi.org/10.3390/cancers12020523


 56 

30 Schmitt, K. C. et al. Interaction of cocaine-, benztropine-, and GBR12909-like compounds with wild-type and mutant human 943 

dopamine transporters: molecular features that differentially determine antagonist-binding properties. J Neurochem 107, 944 

928-940 (2008). https://doi.org/10.1111/j.1471-4159.2008.05667.x 945 

31 Benoit, Y. D. et al. Cooperation between HNF-1alpha, Cdx2, and GATA-4 in initiating an enterocytic differentiation program in 946 

a normal human intestinal epithelial progenitor cell line. Am J Physiol Gastrointest Liver Physiol 298, G504-517 (2010). 947 

https://doi.org/10.1152/ajpgi.00265.2009 948 

32 Zhang, Y. et al. Synthesis and transporter binding properties of bridged piperazine analogues of 1-[2-[bis(4-949 

fluorophenyl)methoxy]ethyl]-4-(3-phenylpropyl)piperazine (GBR 12909). J Med Chem 43, 4840-4849 (2000).  950 

33 Preti, A. New developments in the pharmacotherapy of cocaine abuse. Addict Biol 12, 133-151 (2007). 951 

https://doi.org/10.1111/j.1369-1600.2007.00061.x 952 

34 Vega-Benedetti, A. F. et al. Colorectal Cancer Early Detection in Stool Samples Tracing CpG Islands Methylation Alterations 953 

Affecting Gene Expression. Int J Mol Sci 21 (2020). https://doi.org/10.3390/ijms21124494 954 

35 Bu, M., Farrer, M. J. & Khoshbouei, H. Dynamic control of the dopamine transporter in neurotransmission and homeostasis. 955 

NPJ Parkinsons Dis 7, 22 (2021). https://doi.org/10.1038/s41531-021-00161-2 956 

36 Lomize, A. L. et al. PerMM: A Web Tool and Database for Analysis of Passive Membrane Permeability and Translocation 957 

Pathways of Bioactive Molecules. J Chem Inf Model 59, 3094-3099 (2019). https://doi.org/10.1021/acs.jcim.9b00225 958 

37 Pak, K. et al. Limited power of dopamine transporter mRNA mapping for predicting dopamine transporter availability. 959 

Synapse 76, e22226 (2022). https://doi.org/10.1002/syn.22226 960 

38 Chan, L. N. et al. Signalling input from divergent pathways subverts B cell transformation. Nature 583, 845-851 (2020). 961 

https://doi.org/10.1038/s41586-020-2513-4 962 

39 Chen, C. C. L. et al. H3S10ph broadly marks early-replicating domains in interphase ESCs and shows reciprocal antagonism 963 

with H3K9me2. Genome Res 28, 37-51 (2018). https://doi.org/10.1101/gr.224717.117 964 

40 Maze, I. et al. Essential role of the histone methyltransferase G9a in cocaine-induced plasticity. Science 327, 213-216 (2010). 965 

https://doi.org/10.1126/science.1179438 966 

41 Anderson, E. M. et al. Knockdown of the histone di-methyltransferase G9a in nucleus accumbens shell decreases cocaine self-967 

administration, stress-induced reinstatement, and anxiety. Neuropsychopharmacology 44, 1370-1376 (2019). 968 

https://doi.org/10.1038/s41386-018-0305-4 969 

42 Shrestha, R., Mohankumar, K., Jin, U. H., Martin, G. & Safe, S. The Histone Methyltransferase Gene G9A Is Regulated by 970 

Nuclear Receptor 4A1 in Alveolar Rhabdomyosarcoma Cells. Mol Cancer Ther 20, 612-622 (2021). 971 

https://doi.org/10.1158/1535-7163.MCT-20-0474 972 

https://doi.org/10.1111/j.1471-4159.2008.05667.x
https://doi.org/10.1152/ajpgi.00265.2009
https://doi.org/10.1111/j.1369-1600.2007.00061.x
https://doi.org/10.3390/ijms21124494
https://doi.org/10.1038/s41531-021-00161-2
https://doi.org/10.1021/acs.jcim.9b00225
https://doi.org/10.1002/syn.22226
https://doi.org/10.1038/s41586-020-2513-4
https://doi.org/10.1101/gr.224717.117
https://doi.org/10.1126/science.1179438
https://doi.org/10.1038/s41386-018-0305-4
https://doi.org/10.1158/1535-7163.MCT-20-0474


 57 

43 Han, Y. H. et al. Regulation of Nur77 nuclear export by c-Jun N-terminal kinase and Akt. Oncogene 25, 2974-2986 (2006). 973 

https://doi.org/10.1038/sj.onc.1209358 974 

44 Zhan, Y. et al. Cytosporone B is an agonist for nuclear orphan receptor Nur77. Nat Chem Biol 4, 548-556 (2008). 975 

https://doi.org/10.1038/nchembio.106 976 

45 Herring, J. A., Elison, W. S. & Tessem, J. S. Function of Nr4a Orphan Nuclear Receptors in Proliferation, Apoptosis and Fuel 977 

Utilization Across Tissues. Cells 8 (2019). https://doi.org/10.3390/cells8111373 978 

46 Luo, X. et al. Effects of DNA Methylation on TFs in Human Embryonic Stem Cells. Front Genet 12, 639461 (2021). 979 

https://doi.org/10.3389/fgene.2021.639461 980 

47 Bergin, C. J. & Benoit, Y. D. Protocol for serial organoid formation assay using primary colorectal cancer tissues to evaluate 981 

cancer stem cell activity. STAR Protoc 3, 101218 (2022). https://doi.org/10.1016/j.xpro.2022.101218 982 

48 Shimokawa, M. et al. Visualization and targeting of LGR5. Nature 545, 187-192 (2017). https://doi.org/10.1038/nature22081 983 

49 Dittrich, H. C. et al. COR-ART: A multicenter, randomized, double-blind, placebo-controlled dose-ranging study to evaluate 984 

single oral doses of vanoxerine for conversion of recent-onset atrial fibrillation or flutter to normal sinus rhythm. Heart 985 

Rhythm 12, 1105-1112 (2015). https://doi.org/10.1016/j.hrthm.2015.02.014 986 

50 Zhang, S. M. et al. KDM5B promotes immune evasion by recruiting SETDB1 to silence retroelements. Nature 598, 682-687 987 

(2021). https://doi.org/10.1038/s41586-021-03994-2 988 

51 Larouche, J. D. et al. Widespread and tissue-specific expression of endogenous retroelements in human somatic tissues. 989 

Genome Med 12, 40 (2020). https://doi.org/10.1186/s13073-020-00740-7 990 

52 Kelly, G. M. et al. G9a Inhibition Enhances Checkpoint Inhibitor Blockade Response in Melanoma. Clin Cancer Res 27, 2624-991 

2635 (2021). https://doi.org/10.1158/1078-0432.CCR-20-3463 992 

53 Efremova, M. et al. Targeting immune checkpoints potentiates immunoediting and changes the dynamics of tumor evolution. 993 

Nat Commun 9, 32 (2018). https://doi.org/10.1038/s41467-017-02424-0 994 

54 Haebe, J. R., Bergin, C. J., Sandouka, T. & Benoit, Y. D. Emerging role of G9a in cancer stemness and promises as a therapeutic 995 

target. Oncogenesis 10, 76 (2021). https://doi.org/10.1038/s41389-021-00370-7 996 

55 Boland, P. M. & Ma, W. W. Immunotherapy for Colorectal Cancer. Cancers (Basel) 9 (2017). 997 

https://doi.org/10.3390/cancers9050050 998 

56 Jain, V., Bose, S., Arya, A. K. & Arif, T. Lysosomes in Stem Cell Quiescence: A Potential Therapeutic Target in Acute Myeloid 999 

Leukemia. Cancers (Basel) 14 (2022). https://doi.org/10.3390/cancers14071618 1000 

57 Fraser, K. B. et al. LRRK2 secretion in exosomes is regulated by 14-3-3. Hum Mol Genet 22, 4988-5000 (2013). 1001 

https://doi.org/10.1093/hmg/ddt346 1002 

https://doi.org/10.1038/sj.onc.1209358
https://doi.org/10.1038/nchembio.106
https://doi.org/10.3390/cells8111373
https://doi.org/10.3389/fgene.2021.639461
https://doi.org/10.1016/j.xpro.2022.101218
https://doi.org/10.1038/nature22081
https://doi.org/10.1016/j.hrthm.2015.02.014
https://doi.org/10.1038/s41586-021-03994-2
https://doi.org/10.1186/s13073-020-00740-7
https://doi.org/10.1158/1078-0432.CCR-20-3463
https://doi.org/10.1038/s41467-017-02424-0
https://doi.org/10.1038/s41389-021-00370-7
https://doi.org/10.3390/cancers9050050
https://doi.org/10.3390/cancers14071618
https://doi.org/10.1093/hmg/ddt346


 58 

58 Perez-Hernandez, D. et al. The intracellular interactome of tetraspanin-enriched microdomains reveals their function as 1003 

sorting machineries toward exosomes. J Biol Chem 288, 11649-11661 (2013). https://doi.org/10.1074/jbc.M112.445304 1004 

59 Kadric, S., Mohler, H., Kallioniemi, O. & Altmann, K. H. A Multicenter, Randomized, Placebo-Controlled  Study to Evaluate the 1005 

Efficacy and Safety of  Long-Acting Injectable Formulation of  Vanoxerine (Vanoxerine Consta 394.2 mg) for  Cocaine Relapse 1006 

Prevention. World Journal of Neuroscience 9, 113-137 (2019). https://doi.org/10.4236/WJNS.2019.93008 1007 

60 Sanvisens, A. et al. Long-Term Outcomes of Patients With Cocaine Use Disorder: A 18-years Addiction Cohort Study. Front 1008 

Pharmacol 12, 625610 (2021). https://doi.org/10.3389/fphar.2021.625610 1009 

 1010 

https://doi.org/10.1074/jbc.M112.445304
https://doi.org/10.4236/WJNS.2019.93008
https://doi.org/10.3389/fphar.2021.625610


 3-fold 

E
C

50
 ra

tio

Compound ranking

Normal Cancer

<<<

vs.

Clinically-safe 
Drug Library

Loss of Pluripotency
Marker

Alteration of 
Cancer Epigenetics Cancer Selectivity

High content imaging assessment: t-hESCs
Identification of cancer- 

       selective drugs

OCT4 (% positive cells)

H
oe

ch
st

 (c
el

l c
ou

nt
s)

Inactive

Toxic

Loss of 
Pluri Marker
Hits

Dose-response curves

1574 Candidates Lead Compounds>>>>

H3K9me2 intensity

>>>>>>>>

Bergin et al. Figure 1

a

c

b

>>>> >>>> >>>>
H

oe
ch

st
 (c

el
l c

ou
nt

s)

Inactive

Epigenetic
Hits

VXNDMSO

H3K9me2 GFP-OCT4 Hoechst 

t-h
E

S
C

 

VXN

0.001 0.01 0.1 1 10 100
0.0

0.5

1.0

1.5

2.0

[Drug] uM

N
or

m
al

iz
ed

 c
el

l c
ou

nt
s

HT29
SW480
HCT116
HIEC (normal)

fe
H3K9me2

Total H3

[VXN] μM 0 1 5 10 15 20
HT29 cells

F

O
N

N

F

N
O

Cl

OH

Cl
O

N
H

Cl N+
O-

O

Vanoxerine

Clomiphene
Niclosamide

OD
(K9me2/H3) 0.3

6
0.3

0
0.0

5
0.1

1
0.0

5
0.1

2

0 10 20 30 40
% EdU+ve cells

VXN

DMSO

***

EdU assay

%
 A

po
pt

ot
ic

 C
el

ls

V
X

N

D
M

S
O

S
ta

ur
o

Active Caspase-3/7

***
***

VXN (10uM) DMSO Staurosporine

H
T2

9 
ce

lls

g h

d

CellEvent Hoechst 

H
T2

9 
ce

lls
EdU Fluor-647 Hoechst 

VXN (10uM) DMSO

1

2

4

8

16

32

Se
l-T

ox
 ra

tio

HT29 SW480 HCT116

Selective Toxicity
(EC50 normal /EC50 cancer)

Clom
iph

en
e

Nicl
os

am
ide

VXN

CW
P23

22
28

VXN (10μM)
HT29 cells

- +- +

H3K9ac

Total H3

0.0
3

0.0
3OD

(K9Ac/H3) 0.1
2

0.0
9

H
IE

C
 c

el
ls

0

20

40

60

80 HIEC
HT29

17kDa

17kDa

17kDa

17kDa

p<0.0001

***p<0.0001

p=0.0002



Bergin et al. Figure 2

a Cancer-selective gene 
modulation by VXN (FDR 5%)

1774 1401

1205 2077

22502353

293 506
0

0

0

0 0

HT29 UP HT29 DOWN
HIEC UP

HIEC DOWN

GSEA b

-3 -2 -1 1 2 3

-8

-6

-4

-2

2

4

6

8
Drug sensitivity - CRC lines (DepMap)

R
om

id
ep

si
n 

(L
og

2F
C

 v
ia

bi
lit

y 
- 1

9Q
3)

 

Vanoxerine
(Log2FC viability - 19Q3) 

HT29
SW480
HCT116

Pearson coeff: 0.340
p=0.049 (*)

c

0.0

0.1

0.2

0.3

0.4

0.5

R
el

at
iv

e 
O

D
 v

s.
 A

ct
in

HT29 t-hESC

***
***

G9a

VXN (10μM) - + - +

G9a
Actin

VXN
DMSO

VXN
DMSO

HT29 t-hESC

-3 -2 -1 0 1 2 3

SABATES_COLORECTAL_ADENOMA_UP

GO_CANONICAL_WNT_SIGNALING_PATHWAY

DOUGLAS_BMI1_TARGETS_DN

MISSIAGLIA_REGULATED_BY_METHYLATION

GO_SAM_DEPENDENT_METHYLTRANSFERASE_ACT

GO_METHYLATION

GO_DEFENSE_RESPONSE_TO_VIRUS
GO_RESPONSE_TO_TYPE_I_INTERFERON

NES
HIEC +VXN (vs. DMSO)

d

CRC
patient 

Colon CSC 
enrichment

(non-adherent)

α−G9a
α−H3K9me2

ChIP-seq

G9a H3K9me2

968 annotated
co-occupied regions

Cancer-selective 
gene modulation

HT29 
+VXN

HIEC 
+VXN

P
ut

at
iv

e
di

re
ct

 ta
rg

et
s

-2.0 2.00
Log2FC

e
G9a/H3K9me2 co-occupied genes

HT29

HIEC

% Targets

>30-50

>10-30

≤10

0

N
eu

ro
n 

D
ev

el
op

m
en

t

N
eu

ro
n 

D
iff

er
en

tia
tio

n

C
el

l M
or

ph
og

en
es

is
in

 D
iff

er
en

tia
tio

n

E
pi

th
el

iu
m

 D
ev

el
op

m
en

t

E
xt

ra
ce

llu
la

r M
at

rix
 O

rg
an

iz
at

io
n

R
es

po
ns

e 
to

 C
he

m
ic

al
 S

tim
ul

us

p-value

>0
.0

5

0.
05

 - 
0.

01

0.
01

 - 
0.

00
1

≤0
.0

01

M
or

ph
og

en
es

is

C
el

l D
iff

er
en

tia
tio

n

NOM p-value

>0
.0

5

0.
05

 - 
0.

01

0.
01

 - 
0.

00
1

≤0
.0

01

HT29 +VXN (vs. DMSO)

150kDa

38kDa

150kDa
38kDa

p=0.0003

p=0.0008



Bergin et al. Figure 3

a

b

DAT 

Actin 

H
IE

C

H
T

2
9

H
C

T
1

1
6

t-
h

E
S

C

M
C

3
8

H
IE

C

B
ul
k 
O
rg

an
oi
ds

E
nr

ic
he

d 
C
S
C
s

e

0.
03

0.
75

0.
58

0.
37

0.
41

0.
13

0.
35

1.
43

OD

(DAT/Actin)

DAT / E-Cadherin / Hoechst

CSC-enriched Spheroid Bulk Organoid

DAT

E-Cadherin

DAPI

Colon Adenocarcinoma

Bulk Adenocarcinoma

CSC-enriched Spheroids

DAT+ve: 72.82%

104

105

106

D
A

T

104 105 106 107

Total H3

Total H3

104 105 106 107

p
h
o
s
p
h
o
-H

3
S

1
0

104 105 106 107

Total H3

pH3+ve: 4.20% DAT+ve

C
D

1
3
3

104

105

106

107 DAT+ve
CD133+ve: 30.75%

Total H3

104 105 106 107

p
h
o
s
p
h
o
-H

3
S

1
0

DAT+ve

p
h
o
s
p
h
o
-H

3
S

1
0

104 105 106 107

Total H3

104

105

106

107

103

pH3+ve: 1.49%

104 105 106 107

Total H3

CD133-sorted Adenocarcinoma CSC-enriched Spheroids

p
h
o
s
p
h
o
-H

3
S

1
0

104

105

106

104

105

106

107

103 104

105

106

94.92%
97.50%

D
A

T

Total H3

C
D

1
3
3

Total H3

DAT+ve: 2.36%

104

105

106

107

104 105 106 107 104 105 106 107

CD133+ve: 16.67%DAT+ve

104

105

106

107

76kDa

38kDa

dc DAT

F-actin

Hoechst

HCT116

LAMP1 / DAT / Hoechst

Rab5a / DAT / Hoechst

Bulk Adenocarcinoma M17 cells

C
H

G
A

DAT+ve

Total H3 Total H3 Total H3 Total H3

N
e
u
ro

fil
a
m

e
n
ts

f

104 105 106 107

NF+ve: 12.94%

105

106

107

104 105 106 107

CHGA+ve: 22.63%
DAT+ve

Bulk Adenocarcinoma M17 cells

104 105 106 107

104

105

106

104 105 106 107

NF+ve: 0.74%

104

105

106

CHGA+ve: 0.0%

105

106

107

g h
0 50 100

DAT+ve cells

DAT neg. cells

HT29 cells

DMSO

VXN ***

n=3235 

n=1606 441

1535 1700

1165

(% Cells)



Bergin et al. Figure 4

shCTRL shSLC6A3

G9a

 

Actin

HCT116 cells

p-FAK Y397

HT29 + VXN (vs. DMSO)

p-AKT T308

p-AKT S473

p-eNOS S1177

-0.152323609

p-WNK-1 T60 0.225614066 -0.121055165

AKT Pathway
6hrs 12hrs 24hrs

n.s.

-2.0 2.0

Log2FC
0Color Key

d

*
**
** *** **

***

e g

f h

p-AKT T308 p-AKT S473

0.0

0.5

1.0

1.5 CTRL

SLC6A3 KD

R
e

la
ti
v
e

 O
D

 v
s
. 

to
ta

l 
A

K
T

HT29 cells

R
e

la
ti
v
e

 O
D

 v
s
. 

A
c
ti
n G9a

*

s
h

C
T

R
L

s
h

S
L

C
6

A
3

* **

0.0

0.5

1.0

1.5

m
R

N
A

 l
e

v
e

l 
(R

F
P

+
v
e

 c
e

lls
)

**
**

n.s.

s
h

C
T

R
L

shSLC6A3

D VXN

EHMT2/G9a

single-cell

preps

3D organoid 

growth (7 days)

HCT116

 cells

RFP-shRNA

transduction

DOX induction
s
h

S
L

C
6

A
3

s
h

C
T

R
L

0.0

0.5

1.0

1.5

R
F

P
+

v
e
 c

o
u
n
t

shSLC6A3shCTRL

**

Organoid formation

frequency

a

0.0

0.5

1.0

1.5

R
e
la

ti
v
e
 s

u
rf

a
c
e
 a

re
a

***

shSLC6A3shCTRL

Organoid size

DAT

0.0

0.5

1.0

1.5 DAT

s
h

C
T

R
L

s
h

S
L

C
6

A
3

*

b

DMSO VXN

0.00

0.05

0.10

0.15

0.20

0.25

R
e
la

ti
v
e
 I

n
te

n
s
it
y
 

(p
-A

K
T

 S
4
7
3
 /

 t
o
ta

l 
A

K
T

)

*
DAT +ve cells DAT neg. cells

n.s.

DMSO VXN

GSEA

ONDER_CDH1_TARGETS_1_UP

HALLMARK_MYC_TARGETS_V1

GOMF_SAM_DEPENDENT_METHYLTRANSFERASE_ACT

GOBP_METHYLATION

GO_CANONICAL_WNT_SIGNALING_PATHWAY

HALLMARK_P53_PATHWAY

WONG_EMBRYONIC_STEM_CELL_CORE

NOM p-value

mTOR pathway

p-AMPKa1 T183 0.189496993 0.057873323

p-AMPKa2 T172
0.190592816 0.022458767 -0.280882299

p-mTOR S2448 0.110034221 0.117558877

p-p70 S6 Kinase T389
-0.159443322

p-p70 S6 Kinase T421/S424
-0.266846636

p-PRAS40 T246
0.139108977

6hrs 12hrs 24hrs

n.s.

n.s.

n.s.

HT29 + VXN (vs. DMSO)

H
T

2
9

+
V

X
N

≤0.050

>0.050

0

5000

10000

15000 SOX9

m
R

N
A

 l
e

v
e

ls
 (

F
P

K
M

)

0

2000

4000

6000

8000 BMI1

0

5000

10000

15000

shCTRL shSLC6A3

FOXM1 MYBL2

0

2000

4000

6000

8000

10000

shCTRL shSLC6A3

** **
** **

GRADE_COLON_AND_RECTAL_CANCER_UP

≤0.010

≤0.001

-2.5 2.5
NES

0

H
C

T
1
1

6

s
h

S
L

C
6

A
3

H
C

T
1
1

6

+
V

X
N

t-
h

E
S

C
s

+
V

X
N

t-
h

E
S

C

+
B

IX

** *

n.s.

n.s.

150kDa

38kDa

76kDa

shCTRL shSLC6A3 shCTRL shSLC6A3

c Intestinal Progenitor Markers

p=0.0056

p=0.0067

p=0.009
p=0.0091

p=0.0013

p=0.0088

p<0.0001

p=0.0264

n=29

n=19

n=8

n=7



EHMT2

p-Nur77

CTCF

EHMT2

DMSO AZD5363 (2.5μM) VXN (5μM)

p-Nur77 (S351)

p-Nur77 (S351)/Hoechst

0

5

10

15

0.0

5.0 108

1.0 109

1.5 109

D
M

S
O

A
ZD

53
63

V
X
N

**
*

**
*

**
*

**
*

%
 p

o
s
it
iv

e
 n

u
c
le

i
T

o
ta

l 
n

u
c
le

a
r 

in
te

g
ra

te
d

 I
n

te
n

s
it
y

C
h
IP

 s
ig

n
a
l v

s
. 
In

p
u
t

p-Nur77

D
M

S
O

V
X

N

Ig
G

0.000

0.002

0.004

0.006

0.008

D
M

S
O

V
X

N

Ig
G

CTCF

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012 **

5-meC

EHMT2

5-meC

D
M

S
O

V
X

N

N
o

 M
B

D
2

M
B

D
2
-b

o
u
n
d
 s

ig
n
a
l v

s
. 
In

p
u
t

1kb

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

**

Cytosporone B (10μM) AZD + CytoB VXN + CytoB

a b

d

C
yt
oB

C
yt
oB

+A
ZD

C
yt
oB

+V
X
N

D
M

S
O

A
ZD

53
63

V
X
N

C
yt
oB

C
yt
oB

+A
ZD

C
yt
oB

+V
X
N

c

HCT116

1.5

e

m
R

N
A

 l
e

v
e

l

***
***

EHMT2/G9a (Exp=2) SLC2A2 (Exp=1)

*
*

0.5

1.0

1.5

2.0 FBP2 (Exp=2)

**
**

D
M

S
O

V
X
N

C
yt
oB

+V
X
N

0.5

1.0

1.5

2.0

D
M

S
O

V
X
N

C
yt
oB

+V
X
N

IKBKE (Exp=3)

***
**

DMSO VXN CytoB+VXN

m
R

N
A

 l
e

v
e

l

0.0

0.5

1.0

1.5

D
M

S
O

V
X
N

C
yt
oB

+V
X
N

R
e

la
ti
v
e

 o
rg

a
n

o
id

 c
o

u
n

t

Organoid formation

frequency

Organoid size

R
e

la
ti
v
e

 s
u

rf
a

c
e

 a
re

a

0.0

0.5

1.0

1.5

D
M

S
O

V
X
N

C
yt
oB

+V
X
N

***
***

n.s. ***
***

n.s.

O
rg

a
n
o
id

 f
o
rm

a
tio

n
 f
re

q
u
e
n
c
y

HCT116 Organoids

single-cell

preps

3D organoid growth

HCT116 cells
viral

transduction

+/- VXN

pLenti-

CTRL-GFP

pLenti-

G9a-GFP

V
X

N

V
X

N

D
M

S
O

D
M

S
O

0.0

0.5

1.0

1.5

*

g

0.0

0.5

1.0

1.5

2.0

CTRL-

GFP

G9a-

GFP

V
X

N

V
X

N

D
M

S
O

D
M

S
O

R
e
la

tiv
e
 m

R
N

A
 le

v
e
l

0

1

2

3

V
X

N

V
X

N

D
M

S
O

D
M

S
O

CTRL-

GFP

G9a-

GFP

IFIT1 OAS3

ns

ns

*** ***

0.0

0.5

1.0

1.5

2.0

2.5

V
X

N

V
X

N

D
M

S
O

D
M

S
O

CTRL-

GFP

G9a-

GFP

MX1

ns

**

Interferon Type-I response genes

f

h

CTRL-

GFP

G9a-

GFP

V
X

N

V
X

N

D
M

S
O

D
M

S
O

R
e
la

tiv
e
 m

R
N

A
 le

v
e
l

V
X

N

V
X

N

D
M

S
O

D
M

S
O

CTRL-

GFP

G9a-

GFP

LGR5

*

0

1

2

3

DPP4

Stemness / Differentiation

***

Bergin et al. Figure 5

n=6

n=5

n=6

n=3

n=3

n=3

n=4

n=4

n=5

n=5

n=6

n=6

0.0

0.5

1.0

1.5

2.0

0.0 0.0

0.0

0.3

0.6

0.9

1.2

0.0

0.3

0.6

0.9

1.2

1.5
p=0.0007

p<0.0001
p=0.0174

p=0.0196

p=0.0043
p=0.0034

p<0.0001

p=0.0018

p<0.0001

p<0.0001

p=0.0002

p=0.0007

p=0.0068

p=0.0012

p=0.0387

p<0.0001
p=0.0004

p=0.0002 p=0.0041



Bergin et al. Figure 6

d

c

Primary Organoids

O
rg

an
oi

d 
fo

rm
at

io
n 

fre
qu

en
cy

0.0

0.5

1.0

1.5

** *** ***

***
***

D
M

SO

0.
25

uM

0.
5u

M

1u
M

5u
M

10
uM

Secondary Organoids

D
M

SO

0.
25

uM

0.
5u

M

1u
M

[Drug] (from primary series)

Primary Organoids

CD133+
CD44+
CD326+

CRC
patients 

Colon CSC 
enrichment
(spheroids)

single-cell preps

-7 days VXN treatment
-7 days rest

Secondary Organoids

-14 days growth
-No drug treatment

ORDetectable
TIC activity 

No TIC
activity 

single-cell
preps

[VXN]

a

Ki-67/E-Cadherin/Hoechst

Bmi1/E-Cadherin/Hoechst

b

CSC-enriched spheroids
VXN 1μMDMSO

e
0

10

20

30

VXNDMSO

Ki-67

K-
i6

7 
+v

e 
ce

lls

#
Primary Organoids

VXN 1μMDMSO

CSC-enriched spheroids
VXN 1μMDMSO

Primary Organoids
VXN 1μMDMSO

0

5

10

15

20

VXNDMSO

**
Bmi1

Bm
i1

 +
ve

 c
el

ls

0.00

0.02

0.04

0.06

0.08 DMSO
VXN
5-FU

**
** **

ns

ns

ns

f

0.0

0.5

1.0

1.5

D
M

SO

0.
25

uM

0.
5u

M

1u
M

0.
12

5u
M

D
M

SO

0.
25

uM

0.
5u

M

1u
M

0.
12

5u
M

[VXN]

CD133 CD133

ns

***

**
***

***

Sp
he

ro
id

 fo
rm

at
io

n 
fre

qu
en

cy

ns

ns
ns

***

D
M

S
O

V
X

N
0.

5u
M

D
M

S
O

V
X

N
0.

5u
M

Calcein Green

Patients-derived
spheroids 

Cell sorting

single-cell
preps

CD133

CD133

Clonogenic assessment
(ULA microwell seeding)

VXN
vs.
DMSO

High Low

C
D

13
3H

ig
h

C
D

13
3Lo

w

High

Low

g h i
In

te
gr

at
ed

 G
FP

 in
te

ns
ity

 p
er

 O
rg

an
oi

d
Day-14

0.0

2x107

4x107

6x107

DMSO

VXN 0.
5μ

M

VXN 1μ
M

***

***

D
M

S
O

VX
N

 1
μM

LGR5-GFP Organoids

Lgr5-GFP/Brightfield

LGR5 signal per Organoid

Day-7 Day-10

DMSO

VXN 0.
5μ

M

VXN 1μ
M

DMSO

VXN 0.
5μ

M

VXN 1μ
M

***

***

***
***

n=18 n=17 n=18 n=15 n=15 n=15 n=9 n=5 n=6 n=5 n=6 n=5 n=6

n=3n=3 n=3 n=3 n=3 n=3n=20 n=22n=11 n=11

LGR5

CRISPR-Cas9
Exon18

IRESGFP RFP-puro
Targeting
construct

CRC
patients 

Colon CSC 
enrichment
(spheroids)

LGR5-GFPIRESGFP

LGR5-GFP Organoids

EF1
3’arm5’arm

IRESGFP RFP-puroEF1

+ Ad-Cre

40

p=0.0100 p<0.0001

p<0.0001

p<0.0001

p=0.0002

p=0.0041
p=0.0024 p=0.0034

p<0.0001

p=0.0011
p<0.0001

p<0.0001
p<0.0001

n=530 n=206

p<0.0001
p<0.0001

n=130 n=634 n=146 n=99 n=826 n=243 n=188

p<0.0001

p<0.0001

p<0.0001

p<0.0001



Bergin et al. Figure 7

a Primary Recipients 

No treatment
(14 Days)

Live tumor 
imaging: IR-800 2-DGTumor dissociation

Tumor 
Harvest

MC38 cells

Secondary Recipients 

OR
7 Days Daily IP 

Injections
(10 Days)

Vehicle control
or VXN

Residual CSC activity

No CSC activity
Molecular analysis

Histological sections
RNA/Protein extracts

or CT26 cells

b Primary tumor growth

Treatment stage (injection day)

Re
lat

ive
 T

um
ou

r V
ol

um
e

0

2

4

6

8 Vehicle VXN 25mg/Kg

ns

***
******

**
**

***MC38 - C57BL/6 CT26 - BALB/c

5 6 7 8 9 10

0

10

20

30

40

***
***

*****
*

Treatment stage (injection day)
5 6 7 8 9 10

c

V
eh

ic
le

V
X

N

0

50

100

%
 T

ot
al

 in
je

ct
io

ns

Tumors
No tumors

Secondary tumors frequency

Fisher’s Exact test: p<0.0001 (***)

48/62 2/29 

1 M 500 K 100 K 25 K
0

20

40

60

80

100

Vehicle 
VXN (25mg/Kg)

31/35 13/15

4/12

2/12

ns

ØØ0/10 0/7

*** ***

Limiting Dilution Assay

Injected Cell Doses

V
eh

ic
le

V
X

N
**

*

MC38
C57BL/6

CT26
BALB/c

12/12 3/12 

Ehmt2 - Primary tumors 

Vehicle VXN

FP
K

M

-0.
01

4
-0.

01
2
-0.

01
0
-0.

00
8
-0.

00
6

-0.
00

4
0.595

0.600

0.605

0.610

0.615

0.620

m
R

N
As

i

d

Spearmann coeff.

VXNVehicle

Stem Cell Index

**
*

MC38 - C57BL/6

3X10

4X10

5X10

6X10

  EPI-fluor

  Min = 2200
  Max = 6701

3

3

3

3Ve
hi

cl
e 

VX
N

 2
5m

g/
Kg %

 T
ot

al
 in

je
ct

io
ns

e f
Primary MC38 Tumors

H3K9me2/Hoechst

Ki-67/Hoechst

VXN (n=14)Vehicle (n=26)
H3K9me2

  VXN  Vehicle

  %
 +

ve
 c

el
ls

0

10

20

30

40

50

***

0

5

10

15

20

  VXN  Vehicle

***

  %
 +

ve
 c

el
ls

Ki-67

5-meC

Vehicle VXN

mRNAPromoter

Ehmt2

M
BD

2-
bo

un
d 

si
gn

al
 v

s.
 In

pu
t

0.00

0.02

0.04

0.06

0.08

n.: 28 28 28 28 25 2624 24 24 24 24 24 10 10 10 10 4 48 8 8 8 4 4

VXN (n=5)Vehicle (n=6)

0

20

40

60

80

100 q = 0.0008

p=0.0071
p=0.007

p=0.0004p=0.0006
p<0.0001

p=0.0147
p=0.008p=0.0004

p<0.0001
p<0.0001

p<0.0001

p<0.0001

p=0.0004

p<
0.

00
01

p<
0.

00
01



Bergin et al. Figure 8

g

ba

NES

GSEA - In vivo VXN-modulated genes 

Junction/
A

dhesion
Im

m
une

R
esponse

S
tem

ness

0 5 10
0

5

10

15
Veichle + control Ab (n=7)
VXN + control Ab (n=9)
Vehicle + anti-PD-L1 (n=13)
VXN + anti-PD-L1 (n=13)

***

*

MC38 - C57BL/6 CT26 - BALB/c

Days

Re
lat

ive
 T

um
ou

r V
ol

um
e 

(v
s.

 D
ay

-0
)

0 5 10
0

10

20

30

40

n.s.

n.s.

f MC38 - C57BL/6  (CD8+ve / CD8 neg.)

CT26 - BALB/c  (CD8+ve / CD8 neg.)

Veichle + ctrl Ab VXN +ctrl Ab

Veichle + anti-PD-L1 VXN + anti-PD-L1

Veichle + ctrl Ab VXN +ctrl Ab

Veichle + anti-PD-L1 VXN + anti-PD-L1

0

20

40

60

80

0

10

20

30
MC38 - C57BL/6 CT26 - BALB/c

%
 C

D
8+

ve
 c

el
ls

 / 
Tu

m
or

an
ti-

PD
-L

1

an
ti-

PD
-L

1

an
ti-

PD
-L

1

an
ti-

PD
-L

1

ct
rl 

Ab

ct
rl 

Ab

ct
rl 

Ab

ct
rl 

Ab

Vehicle Vehicle VXN VXN 

*

***
***

-L
og

 p-
va

lue

Log2 fold change

cTransposable Elements
HT29 VXN vs. DMSO

-L
og

 p-
va

lue

t-hESC VXN vs. DMSO t-hESC BIX01294 vs. DMSO

Log2 fold change

LIN
E

SIN
E

ERV1
ERVK

ERVL
Othe

r
0.0

0.5

1.0

1.5

2.0 Upregulated TE - Primary Tumors
VXN vs Saline

Lo
g2

 fo
ld

 c
ha

ng
e

Commonly modulated TE - VXN
Primary Tumors vs HT29 cells

-1

0

1

2

Lo
g2

 fo
ld

 c
ha

ng
e

LIN
E

SIN
E

ERV1
ERVK

ERVL
Othe

r

e

-3 -2 -1 0 1 2 3

HALLMARK_MYC_TARGETS_V1
HALLMARK_E2F_TARGETS

KEGG_CELL_ADHESION_MOLECULES_CAMS
GOBP_CELL_ADHESION_MEDIATED_BY_INTEGRIN

HALLMARK_APICAL_JUNCTION

RAMALHO_STEMNESS_DN
BMI1_DN.V1_UP

WONG_EMBRYONIC_STEM_CELL_CORE

GOBP_LEUKOCYTE_MEDIATED_CYTOTOXICITY

KEGG_NATURAL_KILLER_CELL_MEDIATED_CYTOTOXICITY
GSE6259_33D1_POS_DC_VS_CD8_TCELL_UP

GSE22886_NAIVE_CD8_TCELL_VS_DC_DN

GSE22886_NAIVE_CD8_TCELL_VS_MONOCYTE_DN

Itg
b2

Vehicle #1 

VXN #1 

Vehicle #2 

VXN #2 

R
ac

1
Br

af
Pt

pn
6

C
hp

1
C

d4
8

G
zm

b
Fy

n
Ifn

gr
1

Pi
k3

cg
Pi

k3
r5

Sy
k

Pp
p3

cb
Ifn

gr
2

Ifn
ar

1
Ifn

ar
2

So
s1

Tn
f

H
ra

s
Se

pt
in

2
N

fa
tc

2
Pi

k3
ca

N
ra

s
Kl

rk
1

Kl
rd

1
Kr

as
Ty

ro
bp

Pa
k1

Itg
al

N
fa

tc
3

Pi
k3

cb
N

fa
tc

1
R

ac
2

Va
v3

Pp
p3

r1
Va

v1
Pl

cg
2

Pr
f1

Ic
am

1
Tn

fs
f1

0
Pi

k3
cd

Pi
k3

r1
Pt

pn
11

Pr
kc

b
R

ae
t1

e

-2.0 2.0
z-score

0
Color Key

NK-mediated cytotoxicity 

Days

Veichle 
+control Ab

vs.

vs.

VXN 
+control Ab

VXN 
+anti-PD-L1

= ***

= ***Vehicle 
+anti-PD-L1

Veichle 
+control Ab

vs.

vs.

VXN 
+control Ab

VXN 
+anti-PD-L1

=

= ***Vehicle 
+anti-PD-L1

***
***

n.s.

6mm

d

IFIT1 ISG15 MX1 IFI27 OAS3

R
el

at
iv

e 
m

R
N

A 
le

ve
l

D
M

SO VX
N

R
Ti

VX
N

 +
R

Ti

D
M

SO VX
N

R
Ti

VX
N

 +
R

Ti

D
M

SO VX
N

R
Ti

VX
N

 +
R

Ti

D
M

SO VX
N

R
Ti

VX
N

 +
R

Ti

D
M

SO VX
N

R
Ti

VX
N

 +
R

Ti

Interferon Type-1 Response Genes - HT29

h

0

5

10

15

20

0

4

8

10

0

20

40

60

80

0

10

20

30

0

10

20

30

40

*
*

SLC6A3 KD vs. shCTRL

NOM p-value

>0.05

0.05 - 0.01

0.01 - 0.001

≤0.001

Pos Log2FC, p-value <0.05
Neg Log2FC p-value <0.05
Non-significant

-1.0 -0.5 0.0 0.5 1.0

1

2

3

4

5
111

8

-2 0 2

20

40

60

80

424

31

-1 0 1

2

4

6

8

10

97

2

-1.0 -0.5 0.0 0.5 1.0
0

2

4

6

8

128

3

n=15 n=14 n=12 n=12 n=16 n=16 n=19 n=12

Veichle + control Ab (n=4)
VXN + control Ab (n=5)
Vehicle + anti-PD-L1 (n=4)
VXN + anti-PD-L1 (n=6)

p=0.011
p=0.0466***

*
p=0.0006

p=0.0292

***
***

p<0.0001

p<0.0001

***
***

p<0.0001

p<0.0001

6

2

***
**

p=0.0001

p=0.0012

p<0.0001

p=0.0464

p=0.0002***

p<0.0001 p<0.0001

p<0.0001

p=0.0459

p<0.0001
p<0.0001

p=0.0001

p<0.0001






















	NATCANCER-A06999D produciton ready
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Extended Data Fig. 1
	Extended Data Fig. 2
	Extended Data Fig. 3
	Extended Data Fig. 4
	Extended Data Fig. 5
	Extended Data Fig. 6
	Extended Data Fig. 7
	Extended Data Fig. 8
	Extended Data Fig. 9
	Extended Data Fig. 10

