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Oncofetal reprogramming drives 
phenotypic plasticity in WNT-dependent 
colorectal cancer
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Targeting cancer stem cells (CSCs) is crucial for effective cancer treatment, 
yet resistance mechanisms to LGR5+ CSC depletion in WNT-driven colorectal 
cancer (CRC) remain elusive. In the present study, we revealed that mutant 
intestinal stem cells (SCs) depart from their canonical identity, traversing 
a dynamic phenotypic spectrum. This enhanced plasticity is initiated by 
oncofetal (OnF) reprogramming, driven by YAP and AP-1, with subsequent 
AP-1 hyperactivation promoting lineage infidelity. The retinoid X receptor 
serves as a gatekeeper of OnF reprogramming and its deregulation after 
adenomatous polyposis coli (APC) loss of function establishes an OnF 
‘memory’ sustained by YAP and AP-1. Notably, the clinical significance of OnF 
and LGR5+ states in isolation is constrained by their functional redundancy. 
Although the canonical LGR5+ state is sensitive to the FOLFIRI regimen,  
an active OnF program correlates with resistance, supporting its role in 
driving drug-tolerant states. Targeting this program in combination with  
the current standard of care is pivotal for achieving effective and durable 
CRC treatment.

Colorectal cancer (CRC) is the second leading cause of cancer-related 
mortality worldwide1. Treatment failure in WNT-driven CRC has tradi-
tionally been attributed to the malignant features of LGR5+ (leucine-rich 
repeat-containing G-protein-coupled receptor 5-positive) cancer stem 
cells (CSCs)2–5. However, recent evidence contests this notion, dem-
onstrating that selective ablation of this population is insufficient for 
achieving durable tumor regression6,7. Notably, phenotypic plasticity 
is increasingly recognized as a mechanism of tumor escape from tar-
geted therapies in various cancers8–11. Yet, it remains unclear whether 
tumor evolution and adaptability in CRC are driven by cellular plasticity, 

distinct cell populations, or a combination of both. In the present study, 
we elucidate the evolution of neoplastic cell states and their underlying 
epigenetic mechanisms throughout CRC progression and provide a 
mechanistic foundation to enhance the effectiveness and durability 
of current therapies.

Results
A dynamic phenotypic continuum during CRC evolution
The presence of an LGR5− fetal-like population has been well docu-
mented in BRAFmut/MMRd (mismatch repair-deficient) CRC12,13. 
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from the Cancer Genome Atlas Colon Adenocarcinoma (TCGA/COAD) 
dataset confirmed activation of the OnF program in CRC (Extended 
Data Fig. 2a). Moreover, single-cell analysis of the Broad and SMC/
KUL3 CRC cohorts20,21 unequivocally demonstrated that the OnF state 
is significantly enriched in tumors (Fig. 1e,f). Further examination of 
27 samples of matched primary tumors and liver metastases from five 
patients with CRC22 confirmed its persistence in metastatic tumors 
(Fig. 1g). Notably, patient stratification based on both mismatch repair 
(MMR) and APC mutation status proved that OnF reprogramming is a 
common feature in APCmut/MSS (microsatellite-stable) CRC (Extended 
Data Fig. 2b–d). These data address a long-standing ambiguity sur-
rounding OnF reprogramming in WNT-driven CRC12–16,18,23,24 and indi-
cate that lack of comparison to adjacent healthy tissue in previous 
studies led to inaccurate conclusions.

Despite the widespread occurrence of OnF reprogramming in 
CRC, its biological significance remains largely elusive. We reasoned 
that this developmental rewind may endow neoplastic cells with 
enhanced plasticity, enabling them to transcend their typical lineage 
restraints. Comparative transcriptomic analysis of CRC tumors and 
various developmental stages of the human gastrointestinal tract25 
revealed remarkable similarities across tumors, fetal intestines, and 
adult stomach tissues (Extended Data Fig. 2e). Overall, we noticed a 
discernible shift in neoplastic tissue identity from its posterior colonic 
origins toward more anterior regions of the gut tube (Extended Data 
Fig. 2f). Further examination of single-cell transcriptomic data using 
lineage-specific signatures26 (Supplementary Table 1g) corroborated 
that CRC tumors have acquired a metaplastic multiregional iden-
tity (Fig. 1h,i). It is interesting that we noted a significant correlation 
between the OnF score and lineage plasticity, characterized by a loss of 
the original colonic identity and acquisition of noncanonical cell fates 
(Fig. 1j–l and Extended Data Fig. 2g–j).

Collectively, these findings reveal the prevalence of the OnF state 
in WNT-driven CRC and shed light on its functional significance. During 
tumor initiation, OnF reprogramming extends the plastic potential of 
neoplastic SCs beyond their normally restricted capability. The result-
ing phenotypic spectrum continues to broaden throughout disease 
progression, leading to lineage infidelity (Fig. 1m). These observations 
offer insights into why more advanced tumors often exhibit increased 
resistance to therapies.

Distinct roles of YAP and AP-1 in driving phenotypic plasticity
Despite the potential clinical relevance of OnF reprogramming, its 
molecular drivers remain poorly characterized. Activation of the Hippo 
pathway effector YAP (yes-associated pathway) in response to injury17,23 
or tumor initiation23,24,27 induces fetal-like reprogramming. However, 
our data show a dynamic evolution of OnF states during CRC progres-
sion (Fig. 1c,d), indicating a more intricate regulation at play.

To investigate the molecular mechanisms underlying cell state 
dynamics in CRC, we analyzed the chromatin accessibility landscapes 
across its malignancy continuum (Extended Data Fig. 3a). Assay for 
transposase-accessible chromatin using sequencing (ATAC–seq) 
data revealed a striking evolution of chromatin landscapes across the  
adenoma–adenocarcinoma sequence. Although most changes induced 
by APC LoF at the premalignant stage were maintained, additional 
events emerged during the progression to cancer (Extended Data 
Fig. 3b). Unsupervised hierarchical clustering of ATAC–seq peaks 
identified two primary patterns of chromatin accessibility (Fig. 2a). 
Genomic regions in clusters 1 (c1) and 2 (c2) exhibited reduced and 
increased accessibility, respectively, in the mutant tumoroids 
(Fig. 2a and Supplementary Table 2a,b). The progressive nature of 
these changes reflects the dynamic evolution of neoplastic cell states 
in CRC (Fig. 1d). To examine their functional significance, we performed 
transcription factor (TF) footprinting analysis, using TOBIAS28, and 
calculated a ‘combined binding score’ to assess TF activity across the 
malignancy continuum (Methods). C1 was enriched for footprints of 

Although considered a feature of WNT-independent tumors14,15, recent 
work suggests that the fetal-like state can be adopted by LGR5+ stem 
cells in Apc mutant premalignant lesions16. As a similar aberrant state 
emerges only transiently in the regenerating epithelium17,18, its per-
sistence beyond the precancerous stage in WNT-driven CRC remains 
unclear. Without a comprehensive understanding of its temporal 
dynamics during tumor evolution and its biological importance, assess-
ing the clinical relevance of this aberrant state is challenging.

To elucidate cell state dynamics along the entire malignancy con-
tinuum, we generated isogenic mouse organoid models that mimic 
the clinical progression of WNT-driven CRC (Fig. 1a and Extended Data 
Fig. 1a). Specifically, we induced common driver mutations in intestinal 
SCs using Lgr5-driven CreERT2 (Extended Data Fig. 1a). Transcriptome 
profiling of single cells from normal wild-type (WT) intestinal orga-
noids, precancerous Apcnull (A) and advanced malignant Apcnull::KrasG12D:: 
Smad4null::Trp53null (AKSP) tumoroids revealed the emergence of 
tumor-specific cell clusters (Extended Data Fig. 1b,c and Supple-
mentary Table 1a,b). Notably, cells within this neoplastic metacluster 
re-expressed markers of fetal intestinal progenitors19 (Extended Data 
Fig. 1d and Supplementary Table 1c). We henceforth refer to this popula-
tion as oncofetal (OnF) and define a 51-gene signature (Extended Data 
Fig. 1e and Supplementary Table 1d) to chart and track its dynamics 
during tumorigenesis. Changes in cellular composition along the CRC 
malignancy continuum were characterized by a significant reduction in 
enterocytes, indicative of a differentiation block in tumoroids (Fig. 1b, 
Extended Data Fig. 1f and Supplementary Table 1e). Moreover, although 
a burst of LGR5+ SCs was triggered by adenomatous polyposis coli (APC) 
loss of function (LoF), a subset of these mutant cells adopted an OnF 
state (Fig. 1b, Extended Data Fig. 1g,h and Supplementary Table 1e). 
This observation unveils a heterogeneous response to APC depletion, 
reconciling divergent claims regarding both the expansion of LGR5+ 
cells14 and fetal-like reprogramming16 in WNT-driven precancerous 
tumors. Intriguingly, the progression to a malignant stage (AKSP) was 
marked by a decline in canonical LGR5+ SCs and a noticeable expan-
sion of OnF cells (Fig. 1b, Extended Data Fig. 1g,h and Supplementary 
Table 1e). These data indicate that, contrary to the transient emergence 
of fetal-like cells in response to injury17, the OnF state is perpetuated in 
CRC. This raises the question of whether OnF reprogramming generates 
a discrete, de novo cellular entity. Analysis of the evolution of SC phe-
notypes along the CRC malignancy continuum confirmed that healthy 
intestinal SCs are exclusively in an LGR5+ state (Fig. 1c,d). However, their 
neoplastic counterparts did not distinctly adopt either this canonical 
state or the OnF state but rather appeared to traverse a phenotypic 
spectrum delimited by these cellular states (Fig. 1c,d and Extended Data 
Fig. 1g–i). Although most cells along this spectrum retain Lgr5 expres-
sion, extreme OnF states are Lgr5− (Extended Data Fig. 1j). Collectively, 
these findings indicate that, although cell plasticity is tightly regulated 
in the healthy epithelia, APC LoF is sufficient to lift these restrictive 
barriers. The subsequent expansion of plastic potential during CRC 
progression suggests that accumulation of additional mutations may 
instruct cell state dynamics. To investigate the effects of various genetic 
events subsequent to APC LoF, we analyzed the transcriptome of dual 
mutant tumoroids (that is, Apcnull::Smad4null = AS, Apcnull::KrasG12D = AK 
and Apcnull::Trp53null = AP). This analysis indicated that SMAD4 LoF has 
a limited effect on fate decision, whereas KRASG12D mutation and TP53 
LoF favor the OnF and canonical LGR5+ states, respectively (Extended 
Data Fig. 1k).

These genetically engineered models offer an ideal platform for 
accurately investigating cell state dynamics, free from confounding 
factors typically associated with human datasets, such as treatment 
exposure and inconsistent temporal sampling. Nevertheless, given 
the inherent genetic heterogeneity and microenvironmental diversity 
among patients, we defined a human OnF signature to investigate OnF 
reprogramming in patients with CRC (Methods and Supplementary 
Table 1f). Our analysis of matched normal colons and adenocarcinomas 
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the caudal-related homeobox (CDX) and hepatocyte nuclear factor 
family (HNF) members (Fig. 2b,c and Extended Data Fig. 3c) involved 
in establishing the caudal identity of intestinal cells and their matura-
tion, respectively29–31. The progressive reduction in activity of these TFs 
(Extended Data Fig. 3d,e) aligns with the gradual regression to a more 
primitive state and loss of intestinal identity during CRC evolution 

(Fig. 1). Intriguingly, we noted a significant decrease in the activity of 
several ligand-regulated nuclear receptors, including PPAR, RXR, LXR, 
VDR and FXR, all of which require retinoid X receptor (RXR) dimeriza-
tion to become functional (Fig. 2b,c and Extended Data Fig. 3f–i).

In contrast, tumoroid-specific events in C2 were predominantly 
driven by three TF families (T cell factor/lymphoid enhancer factor 
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Fig. 1 | Evolution of neoplastic cell states during CRC progression.  
a, Schematics of the organoid models used to recapitulate the malignancy 
continuum of CRC. b, The percentage of various cell types and states in the 
indicated models (n = 3 independent organoid cultures per group). Cell numbers 
per group are given in Supplementary Table 1a. The bar plots are mean ± s.e.m. 
Linear regression tested for significant differences in log(transformed cell-type 
proportions) between genotypes, with P values adjusted using the Benjamini–
Hochberg method. c, Percentage of cells in stem and OnF states along diffusion 
component 1 (DC1), grouped into 500 bins by increasing DC1 values. The 
bottom color bars show the percentage of cells from each genotype per bin. 
d, Scatter plot showing cell state distribution along the SC–OnF phenotypic 
spectrum across the CRC malignancy continuum. Horizontal and vertical box 
plots indicate OnF and LGR5+ SC module score enrichment, respectively (n = 3 
independent organoid cultures per group). e–g, Scatter plot depicting cell 
state distribution along the SC–OnF phenotypic spectrum in the Broad (n = 36 
patients) (e), SMC/KUL3 (n = 10 patients) (f) and Guangzhou (n = 5 patients) (g) 
cohorts. The horizontal and vertical box plots indicate OnF and SC module score 

enrichment, respectively. PT, primary tumor; Met, metastasis. In d–g, box plots 
show the center line as the median, box limits as the interquartile range (IQR: 
25th to 75th percentiles), the whiskers the ±1.5× the IQR and individual points 
the outliers. The P values were calculated using two-sided, paired Student’s 
t-test comparing sample means. h,i, Proportions of cells expressing lineage-
specific signatures of the indicated gastrointestinal tract tissues, in individual 
patients from the Broad (h) and SMC/KUL3 (i) cohorts: J, junction; M, mucosa; 
S, small; Sig, sigmoid; Trans, transverse. j–l, Correlation between the OnF and 
lineage plasticity scores (Methods) in the Broad (j; n = 36 patients), SMC/KUL3 
(k; n = 10 patients) and Guangzhou (l; n = 5 patients) normal CRC-matched 
cohorts, respectively. Two-sided Pearson’s correlation for significance is used. 
m, Schematic model depicting the evolution of the phenotypic spectrum of 
neoplastic SCs throughout CRC progression. In b–d, WT = 4,058 cells, A = 5,890 
cells and AKSP = 10,946 cells. *P < 0.05, **P < 0.01; ***P < 0.001; ****P < 0.0001; exact 
P values are given in Supplementary Table 7. Illustrations in a created using 
BioRender.com.

http://www.nature.com/naturegenetics
http://BioRender.com


Nature Genetics | Volume 57 | February 2025 | 402–412 405

Article https://doi.org/10.1038/s41588-024-02058-1

(TCF/LEF), transcriptional enhanced associate domains (TEADs) and 
activator protein 1 (AP-1)) (Fig. 2d,e). TCF/LEF operates under canoni-
cal WNT signaling and, together with ASCL2, sustains the canonical 
LGR5+ state32. TEADs, on the other hand, are the cognate DNA-binding 

partners of YAP, recently implicated in transient activation of a fetal-like 
program after injury and in precancerous lesions16,18,23. Meanwhile, 
although AP-1 has been associated with promoting aggressiveness in 
various cancer types, including CRC33,34, its role in regulating neoplastic 
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FOS activity are pivotal to establishing a phenotypic continuum in neoplastic cells. 
In the box plots in f, g and l–n, the center line is the median, the box limits the IQR 
(25th to 75th percentiles) and the whiskers the highest and lowest values within 
±1.5× the IQR. *P < 0.05; ***P < 0.001; exact P values are given in Supplementary 
Table 8. NES, normalized enrichment score; TPM, transcripts per million.
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cell states remains largely unexplored. To investigate its potential 
implication in OnF reprogramming, we initially conducted HOMER 
motif analysis on promoter regions of OnF markers compared with a 
set of random genes. This revealed a significant enrichment of both 
TEAD- and AP-1-binding motifs in the former (Extended Data Fig. 3j). 
Next, we examined the effects of YAP and FOS (Fos proto-oncogene, 
AP-1 transcription factor subunit) depletion on OnF reprogramming 
(Extended Data Fig. 4a) and found that both perturbations were suf-
ficient to impede OnF reprogramming after APC LoF (Fig. 2f, Extended 
Data Fig. 4b–d and Supplementary Table 2c). Stronger inhibition of AP-1 
using a dominant-negative form of FOS led to a complete repression 
of the OnF program (Fig. 2g, Extended Data Fig. 4e and Supplemen-
tary Table 2d). Together, these findings support a cooperative model 
whereby AP-1 acts in concert with YAP to drive OnF reprogramming 
during tumor initiation.

Notably, although binding sites of both TFs became more acces-
sible in precancerous tumoroids (A), accessibility of AP-1 target regions 
further increased in the advanced AKSP model (Fig. 2h), suggesting a 
more intricate interplay during tumor evolution. The dynamic shift in 
the activity of these TFs supports a role of AP-1 in expanding the OnF 
state during CRC progression (Fig. 1d). To achieve a deeper under-
standing of the molecular mechanisms governing the establishment 
of a phenotypic spectrum in CRC, we performed single-cell multiome 
(single-cell (sc)ATAC–seq + scRNA-seq) analysis on AKSP tumoroids. 
This simultaneous examination of the transcriptome and chromatin 
accessibility landscape at single-cell resolution allowed us to chart TF 
activity across neoplastic cell states. We first ranked cells along the  
SC–OnF phenotypic spectrum using scRNA-seq (Extended Data 
Fig. 4f,g). Then, we projected scATAC–seq cells on to this continuum 
and used chromVAR35 to map TF motif activity. This analysis revealed 
that the SC master regulator, ASCL2, and AP-1 (FOS) motif activities 
were most enriched at either extreme of the phenotypic spectrum, 
correlating with SC and OnF scores, respectively (Fig. 2i,j). It is inter-
esting that TEADs exhibited a broader activity profile characteristic of 
transitional states (Fig. 2k). Moreover, we found a substantially higher 
correlation between AP-1 activity and lineage infidelity (Extended Data 
Fig. 4h,i). These data indicate that, although the transition to a con-
tinuum of hybrid states is predominantly facilitated by YAP, increased 
AP-1 activity reinforces the OnF state, enabling lineage plasticity.

To functionally validate the distinct roles of YAP and AP-1 in OnF 
reprogramming, we sequentially expressed a constitutively active YAP 
(S6A) and FOS in WT organoids (Extended Data Fig. 4j). It is interesting 
that ectopic YAP expression induced an upregulation of several AP-1 
subunits (Fos, Fosl1, Fosl2, Atf3 and Batf2) (Extended Data Fig. 4k and 
Supplementary Table 2e) and initiated OnF reprogramming (Fig. 2l 
and Extended Data Fig. 4l–n). The subsequent addition of FOS further 
enhanced the OnF program (Fig. 2l,o), triggering lineage infidelity 
(Fig. 2m,n,p,q).

Collectively, these findings demonstrate that the phenotypic 
spectrum in CRC is governed by varying gradients of OnF and SC state 
drivers. They support an adaptive bet-hedging model in which the 
cooperative action of YAP and AP-1 serves as a molecular switch facili-
tating OnF reprogramming during tumor initiation. Further hyper-
activation of AP-1 during CRC progression promotes phenotypic 
heterogeneity and unleashes lineage plasticity (Fig. 2r).

RXR is a gatekeeper of early OnF reprogramming
Next, we set out to determine the molecular mechanisms underpinning 
activation of the OnF drivers YAP and AP-1 in CRC. In the context of 
injury, inhibition of the nuclear receptor RXR sustains the typically tran-
sient fetal-like state by maintaining YAP in an active form26. However, 
the role of RXR during intestinal tumorigenesis remains unexplored.

To address this, we first investigated RXR deregulation in CRC. 
TCGA/COAD dataset analysis indicated significantly lower RXRa lev-
els in CRC tumors compared with matched healthy intestinal tissues 
(Fig. 3a). Our murine CRC models revealed an early downregulation of 
Rxra after APC LoF (Fig. 3b). Together with the reduced accessibility of 
RXR target sites and those of its partners in precancerous tumoroids 
(Fig. 2b), these data indicate that RXR operates downstream of APC 
in CRC.

Next, we conducted comparative analyses of RXR inhibition and 
APC LoF to determine whether RXR deregulation is responsible for 
activation of the OnF program during tumor initiation (Fig. 3c). Similar 
to APC depletion, treatment with the RXR antagonist HX531, hereafter 
referred to as RXRi, altered the budding structure of WT organoids, 
imposing a spheroid morphology (Extended Data Fig. 5a,b) reminiscent 
of fetal organoids19 and mutant tumoroids (Extended Data Fig. 5c). 
Transcriptomic analyses uncovered a striking resemblance between 
RXRi organoids and both human CRC and mouse tumoroids (Fig. 3d,e 
and Supplementary Table 3a). Furthermore, hallmarks of OnF repro-
gramming were significantly enriched in RXRi organoids (Extended 
Data Fig. 5d). Intriguingly, despite causing a similar block in differentia-
tion, RXR inhibition induced a more prominent increase in OnF genes 
compared with APC depletion and did not result in the expansion of 
LGR5+ SCs (Extended Data Fig. 5e and Fig. 1b).

To better understand how RXR inhibition favors a complete 
reversion to an OnF-like state, we investigated its effects on global 
TF dynamics. Our ATAC–seq data revealed remarkable similarities in 
chromatin accessibility landscapes between Apc mutant tumoroids 
and RXRi organoids (Extended Data Fig. 5f–h). TF footprinting analysis 
(TOBIAS28) demonstrated that RXRi recapitulated most TF activity 
changes induced by APC LoF in tumorigenesis (Fig. 3f,g and Supple-
mentary Table 3b), including reduced activity of retinoid X receptor 
alpha (RXRa) itself, CDX2 and HNF4 (Extended Data Fig. 5i–k).

Notably, RXR blockade induced a significant hyperactivation 
of the OnF TFs AP-1 and TEADs (Extended Data Fig. 5l,m) without 

Fig. 3 | Deregulation of an APC–RXR regulatory axis during tumor initiation 
establishes an OnF memory. a, RXRa expression in matched human normal 
colon and tumors from TCGA/COAD (n = 41 patients). P values were calculated 
using two-sided, paired Wilcoxon’s test. b, Rxra expression during tumorigenesis 
(WT and A, n = 6 independent organoid cultures; AKSP, n = 3). The P values 
were calculated using two-sided, unpaired Wilcoxon’s test. In the box plots, the 
center line is the median, the box limits the IQR (25th to 75th percentiles) and 
the whiskers the highest and lowest values within ±1.5× the IQR. c, Experimental 
approach for the comparative analyses of Anull and RXRi (+HX531) versus  
WT organoids. d,e, Spearman’s correlation of the top 2,000 (d) or 1,000 (e) 
highly variable genes. READ, rectum adenocarcinoma. f,g, Elbow plots  
depicting TF activity in RXRi (f) versus WT organoids (g). TF combined binding 
score = −log10(P value) × log2(fold-change). Significantly more accessible or 
less accessible regions were used in f and g, respectively (WT, n = 2; RXR, n = 3 
independent ATAC–seq experiments). h, Experimental design summary for 
Fig. 2i. i, GSEA of OnF genes following the APC–RXR axis perturbation during 

tumor initiation (n = 4 independent experiments). j,k, GSEA of OnF genes in 
CRC tumoroids (AKSP), following RXR-OE (j) or inhibition (RXRi) (k) (n = 4 and 
3 independent experiments, respectively). l, Experimental design summary for 
Fig. 2m–o. m, GSEA of OnF genes >5 weeks post-RXRi washout (n = 3 independent 
cultures). In i–m, a two-sided permutation-based test for significance was used; 
P values were adjusted via the Benjamini–Hochberg method. n, ATAC–seq 
signal intensity in RXRi, woRXRi (>5 weeks post-HX531 withdrawal), A and AKSP 
versus WT organoids. o, Elbow plot of more accessible regions in RXR versus 
WT organoids ranked by their log2(fold-change) in woRXRi versus WT. Resolved 
peaks were subset to obtain the 1,342 regions (mean of number of suppressed 
and persistent regions) with log2(fold-change) closest to 0. The HOMER motif 
enrichment analysis indicates the top enriched TFBSs of the persistent ‘memory’ 
regions (>5 weeks post-RXRi washout (right)). n,o, RXR and woRXRi (n = 3 
independent cultures; WT, A, AKSP, n = 2). FC, fold change. Illustrations in c, h and 
l created using BioRender.com.
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activating WNT-related TFs (Fig. 3f,g and Extended Data Fig. 5n). 
HOMER analysis confirmed enrichment of the TCF/LEF DNA-binding 
motif in less accessible regions in RXRi organoids (Extended Data 
Fig. 5o and Supplementary Table 3c). These findings support a 
divergent regulation of the WNT signaling pathway (Extended Data 

Fig. 6a–c) after RXR inhibition and APC depletion. While hyperactiva-
tion of WNT signaling is known to reinforce the canonical SC state32,36, 
these data demonstrate that diminished RXR activity induces OnF 
reprogramming through activation of YAP and AP-1. Deregulation 
of both circuitries downstream of the gatekeeper APC (Fig. 2b,d and 
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Extended Data Fig. 5o) elucidates the emergence of a continuum of 
neoplastic cell states during CRC tumorigenesis.

Consistent with these findings, blocking the APC–RXR regulatory 
axis through ectopic expression of RXRa impaired OnF reprogram-
ming during tumor initiation (Fig. 3h,i and Supplementary Table 3d). 
Intriguingly, RXR perturbation in advanced AKSP tumoroids exhibited 
no significant effects on the OnF program (Fig. 3j,k and Supplementary 
Tables 3e,f), indicating its diminished relevance once the OnF state has 
been established. This suggests that early RXR deregulation, after APC 
LoF (Fig. 3b), is sufficient to epigenetically reprogram cells into an OnF 
state. Indeed, intestinal organoids temporarily exposed to RXRi largely 
maintained features of OnF reprogramming for >5 weeks post-inhibitor 
withdrawal (Fig. 3l,m). Intriguingly, although transcriptional changes 
were largely maintained, only a small fraction of chromatin accessibil-
ity changes persisted (Extended Data Fig. 6d,e and Supplementary 
Table 3g,h). Notably, the persistently more accessible regions were also 
more accessible in A and AKSP tumoroids (Fig. 3n). HOMER analysis 
of these ‘memory sites’ revealed a significant enrichment of YAP- and 
AP-1-binding motifs (Fig. 3o).

Together these findings indicate that RXR serves as a gatekeeper 
of OnF reprogramming during tumor initiation. Following its deregu-
lation, YAP and AP-1 activation is sufficient to sustain the OnF state 
during tumor progression. Indeed, unlike RXR perturbation (Fig. 3j,k), 
knockdown of either YAP or AP-1 in VAKSP (Villin-Cre AKSP) tumoroids 
induced significant depletion of the OnF program (Extended Data 
Fig. 6f–h and Supplementary Table 3i).

Therapeutic relevance of the OnF state in CRC
In contrast to the well-characterized LGR5+ SC state in CRC, the func-
tional relevance and potential therapeutic implications of the OnF state 
remain, to the best of our knowledge, unknown. Thus far, inference 
of the OnF state using transcriptional signatures has provided only a 
static snapshot of their presence. To comprehensively characterize the 
temporal dynamics of this cellular state, a well-defined and measurable 
tool is needed.

We have recently developed a new strategy to genetically trace 
cell fate transitions within a heterogeneous tissue37,38. To this end, 
we leveraged our in-depth understanding of the molecular under-
pinnings of the OnF program (Figs. 2 and 3) to construct a synthetic 
locus control region (sLCR) that contains specific cis-regulatory ele-
ments (CREs) reflecting the transcriptional output and activity of OnF 
state-associated TFs (Extended Data Fig. 7a,b and Supplementary 
Table 4a). Then, we fused this genetic tracing cassette to an enhanced 
green fluorescent protein (eGFP; Fig. 4a) to allow visualization and 
tracking of this cellular state. Flow cytometry analysis of WT orga-
noids expressing this phenotypic reporter confirmed that only a 

small fraction of cells exhibited low-to-moderate levels of GFP expres-
sion (Extended Data Fig. 7c). In contrast, WT organoids treated with 
RXRi and tumor-derived VAKSP organoids displayed a notable shift 
in reporter activity, evidenced by a higher proportion of GFP+ cells 
and increased mean fluorescence intensity (Extended Data Fig. 7c,d). 
Moreover, transcriptomic analysis of sorted GFPhigh and GFP− cells from 
VAKSP tumoroids confirmed the enrichment of the OnF signature and 
markers of lineage plasticity in the former (Fig. 4b, Extended Data 
Fig. 7e and Supplementary Table 4b). These data support the valid-
ity and specificity of our phenotypic reporter as an effective tool for 
tracing OnF cells.

Next, to investigate the intricacies of their potential interplay with 
LGR5+ SCs, we sought to develop a tracing system that enables simulta-
neous tracking of both populations. To this end, we replaced the OnF 
sLCR cassette with the STAR minigene39 driving mCherry expression 
(Extended Data Fig. 7f) and generated a tumoroid line that expressed 
both reporters (VAKSPOnF/STAR). This strategy allowed us to visualize the 
continuum of neoplastic phenotypes (Extended Data Fig. 7g).

To trace cell state dynamics under therapeutic pressure, we 
treated VAKSPOnF/STAR tumoroids with FOLFIRI, a chemotherapy regi-
men commonly employed in clinical settings. Flow cytometry analysis 
of reporter activity revealed a significant enrichment of hybrid states at 
the expense of canonical SCs (Fig. 4c,d). This observation is consistent 
with the upregulation of key OnF markers and YAP or AP-1 target genes, 
alongside reduced expression of WNT-related genes (Fig. 4e, Extended 
Data Fig. 7h and Supplementary Table 4c). In contrast, the GFPhigh OnF 
population was largely preserved, suggesting intrinsic resistance.

To further investigate the response of these cell states to cur-
rent therapies, we sorted individual clones from each population 
(GFPhigh, hybrid, and mCherryhigh) (Extended Data Fig. 7i) and treated 
their respective cultures with FOLFIRI. Although cells with an active 
OnF program (GFP+–OnF state and GFP+/mCherry+–hybrid state) 
remained largely unaffected under therapeutic pressure (Extended 
Data Fig. 7j,k,m–p), we noted a significant depletion of LGR5+ cells, 
which coincided with the enrichment of hybrid cells (Extended Data 
Fig. 7l,q,r). These findings confirm the key role of the OnF program 
in driving drug-tolerant states (that is, pure OnF or hybrid states) in 
CRC. Intriguingly, in the absence of treatment, we observed marginal 
phenotypic fluctuations in the sorted clones, indicating plasticity 
among neoplastic states (Extended Data Fig. 7i,m,o,q). Therefore, it 
is possible that activation of the OnF program in canonical SCs may 
contribute to adaptive resistance.

To investigate resistance mechanisms in human CRC, we used 
three independent patient-derived organoids (PDOs) (colo13, colo31 
and colo41) exhibiting varying sensitivity levels to treatment (Extended 
Data Fig. 8a). Consistent with our findings in mouse tumoroids, 

Fig. 4 | Visualization and targeting of the OnF program in CRC. a, Schematic  
of the OnF phenotypic reporter structure. PGK, phosphoglycerate kinase 
promoter; NEO, neomycin resistance gene. b, Experimental flow diagram (top) 
and gene-set enrichment in GFPhigh versus GFP− cells sorted from VAKSPOnF  
(Villin-Cre AKSP) tumoroids expressing the OnF reporter (bottom) (n = 3 
independent sorts). c, Representative pseudocolor plots from flow cytometry  
of VAKSP tumoroids co-expressing OnF–GFP (y axis) and stem/STAR–mCherry  
(x axis) phenotypic reporters. VAKSPOnF/STAR tumoroids were treated with 
dimethyl sulfoxide or FOLFIRI for 3 days before analysis. d, Quantitative 
representation of flow cytometry data from c. In c and d, n = 3 independent 
experiments; error bars = s.d.; P values are by paired, two-sided Student’s t-tests. 
e, Heatmap reporting log2(fold-change) in WNT (left) and YAP or AP-1 (right) 
target gene expression (n = 3 independent experiments). f, Summary of the  
VAKSP tumoroid models used for functional studies. g,i, Schematic of the 
experimental strategy to genetically target the OnF state, stem state or both, 
either transiently (g) or persistently (i), relevant to h–j. h–j, Growth rate of 
subcutaneous VAKSP tumors with indicated reporter combinations, in response 
to DT treatment. Mean tumor volume ± s.e.m. The dotted lines indicate saline  

treatment (all models, n = 6 tumors). h, Dashed lines indicate transient DT 
treatment (5 d; 3 doses on alternate days): OnFDTR (n = 11), STARDTR (n = 9), 
OnFDTR/STARDTR (n = 10). j, The solid lines indicate persistent DT treatment, on 
alternate days, throughout the experiment: OnFDTR (n = 12), STARDTR (n = 11), 
OnFDTR/STARDTR (n = 9). Bottom, DT dosing schedule; the dashed red line 
indicates treatment duration. k, Schematic of the experimental strategy used 
in l. l, Dotted line, vehicle (n = 8 tumors); solid lines, DT (n = 6), FOLFIRI (n = 7) 
and DT + FOLFIRI (n = 8). Mice received three doses per week on alternate days. 
Values are mean tumor volume ± s.e.m. In h, j and l, the P values were calculated 
using a mixed-effects linear model with Tukey’s adjustment for multiple 
comparisons (two sided). m–p, Heatmaps showing percentage viability of VAKSP 
tumoroids with the indicated drug combinations. A single dose of MRTX1133 
and IAG933 was used in n and p, respectively. The effects of these single doses 
of each drug are highlighted in m (MRTX1133) and o (IAG933), respectively. IC, 
inhibitory concentration. q, Dot plot indicating the combination index from 
drug combinations in m–p. The P values were calculated using two-sided, paired 
Student’s t-tests. In m–q, n = 3 independent experiments. Illustrations in b, g, i 
and k created using BioRender.com.
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exposure to FOLFIRI led to increased expression of OnF genes across 
all PDO lines, albeit to varying degrees (Extended Data Fig. 8b). Notably, 
colo13 displayed a more consistent upregulation of OnF markers and a 
conspicuous depletion of canonical SC markers and WNT target genes 
(Extended Data Fig. 8c), indicating a greater potential for adaptability. 
It is interesting that, although YAP activation levels were comparable 
across all PDOs, we observed a stronger activation of AP-1 targets in 
colo13 (Extended Data Fig. 8d). These data support a pivotal role of 
AP-1 in driving phenotypic plasticity and therapy resistance in CRC.

Although these findings underscore its potential therapeutic 
significance, the consequences of targeting the OnF state have yet 
to be uncovered. Previous studies provided unexpected evidence 
that ablation of the LGR5+ cells altogether is insufficient to achieve 
a durable regression of CRC6,7, which suggests that targeting their 
phenotypic plasticity alone is not enough to overcome resistance. 
Our data from organoid models (Fig. 4c,d and Extended Data Fig. 7j–l) 
imply that, in such scenarios, the pre-existing OnF cells may play a 
crucial role in sustaining tumor growth. To test this hypothesis, we 
developed a diphtheria toxin (DT) receptor (DTR)-expressing ver-
sion of the OnF and canonical (STAR+) SC-tracing cassettes. We then 
generated VAKSP tumoroids that express various combinations of 
these reporters to allow selective attrition of either or both cellular 
states (Fig. 4f). In the absence of DTR expression, DT treatment did 
not affect cellular composition or viability of VAKSPOnF/STAR tumoroids 
(Extended Data Fig. 8e,f). However, the respective target populations, 
including hybrid cells, were efficiently ablated in the DTR+ models 
(Extended Data Fig. 8e,f).

To investigate the therapeutic potential of targeting the OnF state 
in CRC, we transplanted the different VAKSP reporter lines (Fig. 4f) into 
the flanks of immunocompromised mice. We first allowed tumors to 
reach a relatively large volume (350-400 mm3) before administering 
DT every other day for 5 days (Fig. 4g). Consistent with previous work6,7, 
selective ablation of cells with an active LGR5+ program led to tumor 
stasis in the VAKSPSTAR-DTR model, followed by prompt regrowth on DT 
cessation (Fig. 4h). More importantly, attrition of OnF+ cells halted 
tumor growth transiently but was not sufficient to induce tumor regres-
sion (Fig. 4h). In contrast, co-targeting both cell states resulted in tumor 
shrinkage and delayed resurgence significantly (Fig. 4h). It is interest-
ing that sustained depletion of either OnF+ or STAR+ cells alone using 
continuous DT treatment (Fig. 4i and Extended Data Fig. 8g) failed to 
maintain tumor stasis indefinitely (Fig. 4j), suggesting that either popu-
lation can fuel tumor growth in the absence of the other. However, we 
noted a prominent tumor regression in the VAKSPOnF-DTR/STAR-DTR model 
that was maintained for as long as DT treatment continued (Fig. 4j).

In the light of these findings, we reasoned that targeting the OnF 
program could sensitize tumors to chemotherapies, offering sub-
stantial clinical benefits. To test this hypothesis, we investigated the 
combined effects of FOLFIRI and DT on VAKSPOnF-DTR tumoroids in vivo 
(Fig. 4k). Although each treatment alone reduced tumor growth, their 
combination resulted in a durable tumor regression throughout the 
treatment period (Fig. 4l).

It is interesting that pharmacological inhibition of either YAP–
TEAD with IAG933—a potent first-in-class and selective disruptor of the 
YAP–TEAD interaction40—or AP-1’s upstream regulator KRAS with the 
selective KRASG12D inhibitor MRTX1133 (ref. 41), marginally improved 
VAKSP tumoroid response to FOLFIRI (combination index (CI) = 0.96 
and 0.94, respectively) (Fig. 4m,o,q). However, the trio combinations 
were highly synergistic (CI = ~0.40) (Fig. 4n,p,q), indicating that concur-
rent inhibition of YAP and AP-1 is key to enhancing the effectiveness of 
FOLFIRI. These data further support the cooperative, yet distinct, func-
tions of both TFs or pathways in regulating the OnF program (Fig. 2).

Collectively, our findings shed light on the functional interplay 
between the canonical (LGR5+) SC and noncanonical OnF states. 
Unexpectedly, we found that the LGR5+ state is sensitive to FOLFIRI 
and tumors require an active OnF program to survive treatment. 

Importantly, the clinical relevance of each population in isolation is 
limited by their functional redundancy. However, we provide evidence 
that targeting the OnF program is key to enhancing effectiveness and 
durability of the current standard of care (SOC) in mouse models and 
patient-derived CRC tumoroids.

Discussion
Despite notable advancements in CRC molecular classification42–44, 
their translational significance remains unclear. We and others have 
recently described the existence of two CSC populations across CRC 
subtypes15,45. In the present study, we revealed that the canonical LGR5+ 
SC and noncanonical OnF states are not distinct entities but rather 
extremes of a phenotypic continuum. This SC–OnF spectrum is preva-
lent among patients with CRC regardless of molecular characteristics, 
namely MMR and WNT mutation status.

We challenge the prevailing belief that canonical LGR5+ CSCs are 
the sole drivers of malignancy in WNT-driven CRC46–48, which assumes 
a rigid cellular hierarchy within tumors akin to that of the homeostatic 
intestinal epithelium. We demonstrate that, unlike their healthy coun-
terparts, CSCs do not maintain a discrete state but traverse an evolv-
ing SC–OnF phenotypic spectrum. Extreme OnF states, prominent in 
advanced disease, are induced by AP-1 hyperactivation and exhibit fea-
tures of lineage plasticity, contributing to therapy resistance. It is inter-
esting that mixed lineage states have been observed in pancreatic49,50, 
lung51–53 and prostate cancers54. Therefore, we propose that early OnF 
reprogramming may represent a potential universal mechanism of 
phenotypic plasticity in cancer. This hypothesis is further supported 
by the role of YAP and AP-1 as orchestrators of an aberrant pan-cancer 
enhancerome55–60. Although the molecular circuits at play may be 
context dependent, the activation of regenerative and inflammatory 
pathways emerges as a recurring mechanism promoting epigenetic 
plasticity50,54,61,62. Our studies identify RXR as a master regulator of these 
pathways and a gatekeeper of OnF reprogramming in CRC, potentially 
linking statins’ protective effects in patients with hyperlipidemia63,64 to 
an early blockade of this program through activation of the RXR::PPAR 
complex.

Targeting the OnF program in fully developed CRC has marginal 
effects as a result of functional redundancy with the canonical LGR5+ 
state. However, in tumors exposed to FOLFIRI, this leads to sustained 
CRC regression. Notably, unlike the OnF state, the recently described 
high relapse cell state is not triggered by FOLFIRI65. Although these 
states differ in their dependence on YAP activity, both are induced by 
KRAS mutations, warranting further investigation of potential func-
tional similarities, particularly in metastatic dissemination.

Collectively, our findings propose OnF reprogramming as a cru-
cial driver of drug-tolerant states in CRC and indicate that success of 
the current SOC treatment hinges on effectively targeting this pro-
gram. Notably, although our organoid data and recent in vivo data66 
suggest that OnF reprogramming in the tumor precedes that of its 
ecosystem67,68, the mechanisms underlying such crosstalk remain to 
be determined.
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Methods
Ethics statement
Mouse experiments to derive the VAKPS tumoroids followed UK Home 
Office regulations (project license no. 70/8646) and ARRIVE guidelines 
with ethical review at the University of Glasgow. Experiments to derive 
all other organoid models were approved by the Institutional Animal 
Care and Use Committee (A*STAR, Singapore). Experiments using the 
subcutaneous tumor models were approved by the Icahn School of 
Medicine at Mount Sinai (ISMMS) Institutional Animal Care and Use 
Committee (protocol no. 2018-0013).

Application to access patient tissue and organoids was author-
ized by the National Health Service (NHS) Greater Glasgow and Clyde 
Biorepository under their NHS Research Ethics Committee approval 
with ethical approval granted in biorepository application no. 602, 
following strict measures to ensure privacy and anonymity.

Mouse strains
To derive Lgr5-2a-CreERT2 organoids, mice were generated through 
homologous recombination with a 2a-CreERT2 cassette at the Lgr5-ORF 
stop codon69. These mice were crossbred with Rosa26-tdTomato 
(Ai14)70, LSL-KrasG12D71, Apc-loxP flanked72, Trp53-loxP flanked73 and 
Smad4-loxP flanked74 mice from the Jackson Laboratory. All were bred 
on to the C57B6/J background. Mice were maintained under a 12-h 
light:dark cycle, at 21 ± 1 °C, 55–70% humidity and placed in ventilated 
cages for pathogen-free conditions.

To derive the villin-CreER tumoroids, a 12-week-old male 
villin-CreERApcfl/+KrasG12D/+Trp53fl/flSmad4fl/fl mouse on a C57BL/6 back-
ground underwent intracolonic induction under general anesthesia.  
A single 70-µl dose of 100 µM 4-hydroxytamoxifen (4-OH; Sigma-Aldrich, 
cat. no. H7904-5MG) was injected into the colonic submucosa. At clinical 
endpoint (weight loss), colonic tumor tissue was collected and organoid 
cell lines were generated as described previously75.

Organoid derivation and culture
Organoids were generated as previously described76. Briefly, small 
intestines were opened, washed with phosphate-buffered saline (PBS) 
and villi removed. The tissue was cut into ~2-mm fragments and incu-
bated in 2.5 mM EDTA shaking at 4 °C for 30 min, then resuspended in 
advanced Dulbecco’s modified Eagle’s medium (DMEM)/F12 with 0.1% 
bovine serum albumin (BSA) and vigorously shaken. The suspension 
was then passed through a 70-µm strainer. This process was repeated 
to collect four fractions, which were centrifuged (300g for 5 min at 
4 °C) and pellets resuspended in 7 mg ml−1 of Matrigel (Corning, cat. no. 
35234). Matrigel was plated into 24-well plates and polymerized at 37 °C 
before adding mouse IntestiCult Medium (STEMCELL Technologies, 
cat. no. 06005) with Y-27632 (10 µM). Organoids were passaged every 
3–4 days by trituration in Gentle Cell Dissociation Reagent (GCDR, 
STEMCELL Technologies, cat. no. 100-0485) before washing with basal 
medium (advanced (a)DMEM/F12, N2/B27, N-acetylcysteine, 1 mM 
Hepes and 100 µg ml−1 of penicillin–streptomycin). Cell pellets were 
then resuspended in Matrigel.

Isogenic tumoroid line generation and treatment
ApcKO tumoroids were generated by treating Lgr5-2a-CreERT2::Apcflox/flox 
organoids with 4-OHT (500 nM; Sigma-Aldrich, cat. no. SML1666-1ML) 
for 24 h, activating tdTomato in recombined intestinal SCs. Tumoroids 
were then cultured in selection medium (basal medium, epidermal 
growth factor (EGF; 50 ng ml−1) and Noggin (100 ng ml−1) (PeproTech)) 
for 2–3 passages. AKSP tumoroids were generated by treating Lgr5-
2a-CreERT2::Apcflox/flox::Lox-Stop-Lox-KrasG12D::Smad4flox/flox organoids 
with 4-OHT. After selection in basal medium, organoids were edited by 
clustered regularly interspaced short palindromic repeats (CRISPR)–
Cas9 to knock out the Trp53 gene. AKSP tumoroids were selected in 
10 µM Nutilin-3. All established lines were maintained in complete 
mouse IntestiCult medium.

RXR blockade: WT organoids were plated in HX531 (1.25 µM) and 
maintained in half-dose after the first passage. FOLFIRI treatment: 
tumoroids were treated with 5 µM 5-fluorouracil (5FU) and irinotecan 
(1:1) for 3 days before collection and analysis. DT treatment: VAKPS 
tumoroids were treated with 100 ng ml−1 of DT or demi-water for 3 days 
before collection and analysis.

Patient-derived organoids
Models and genetic data were obtained from the Human Cancer Mod-
els Initiative (HCMI): https://ocg.cancer.gov/programs/HCMI, dbGaP 
accession no. phs001486. PDO lines were deposited at the American 
Type Culture Collection.

Phenotypic reporter design and generation
The OnF sLCR was designed using the logical design of syn-
thetic cis-regulatory DNA (LSD) method (https://gitlab.com/
gargiulo_lab/sLCR_selection_framework)38, with customized devia-
tions. First, we focused on three top OnF markers only—S100a6, 
Anxa1 and Ly6a—retrieving their genomic boundaries (S100a6: 
chr3:90,612,893-90,614,414; Anxa1: chr19:20,373,433- 203,906,71; 
Ly6a: chr15:749,948,76-749,980,31) from mm10 genome. Second, tran-
scriptional regulators were curated based on differential gene expres-
sion across OnF and SC populations, ingenuity pathway analysis and 
gene ontology. Finally, we queried their respective known TF-binding 
sites (TFBSs) and associated position weight matrices (PWMs). This 
allowed LSD to generate potential CREs with a fixed length (default is 
a 150-bp window sliding with a 50-bp step), determined by CTCF sites 
surrounding each marker. Next, LSD assigned TFBSs to CREs using 
FIMO (default --output-pthresh 1e-4 --no-qvalue), creating a matrix 
of putative CREs × TFBSs. Finally, LSD selected the minimal number 
of CREs representing the complete set of TFBSs by sorting and select-
ing the best CRE by the sum of the affinity score (−log10(P)) and TFBS 
diversity (number of different TFBSs). The first CRE was prioritized 
based on 5ʹ-CAGE data (ENCODE) to increase the chances of success-
ful transcriptional firing. The top seven CREs were synthesized in the 
same order, using the same strand for ‘plus’ and the reverse comple-
ment for ‘minus’.

The OnF sLCR was synthesized and cloned into a third-generation 
pLV lentiviral backbone at VectorBuilder. To generate the STAR–
mCherry reporter, eGFP was substituted by mCherry (VectorBuilder) 
and the OnF sLCR with the STAR minigene (Addgene, cat. no. 136255) 
using BamHI-based Gibson cloning.

Virus production and transductions
Lentiviral packaging plasmids (pCMV-D8.9 and pCMV-VSVG) and 
reporter plasmids were transfected into HEK293T cells using Lipo-
fectamine 3000. Virus-containing supernatant was concentrated with 
Lenti-X Concentrator and titered using GoStix-Plus (Takara Bio, cat. no. 
631280). For infection, organoids or tumoroids were dissociated, mixed 
with lentivirus and TransDux MAX (SBI-LV860A-1), centrifuged at 600g 
—32 °C for 15 min (organoids) and 60 min (tumoroids)—and incubated 
at 37 °C for 6 h. Cells were then washed and replated in Matrigel with 
IntestiCult medium and Y-27632 (10 µM). Infected lines were selected 
with antibiotics. Plasmids and small hairpin RNA details are given in 
Supplementary Table 5.

Subcloning of dominant-negative FOS
A dominant-negative Fos was amplified by high-fidelity PCR from 
Addgene (cat. no. 33353) and subcloned into a lentiviral backbone 
(Addgene, cat. no. 25890), using BmtI and SpeI restriction enzymes.

Quantitative PCR
RNA was converted to complementary DNA using Maxima First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific, cat. no. K1642). Then 
quantitative reverse transcription PCR (RT–qPCR) was performed on 
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a QuantStudio5 (Applied Biosystems) in 10-µl reactions containing 
5 µl of 2× SYBR Green Fast qPCR mix (Abclonal, cat. no. RK21203), 1 µl 
of primer mix (4 µM) and 8 ng of cDNA. Primer sequences are listed in 
Supplementary Table 6.

Flow cytometry
Matrigel-embedded organoids were collected in cold basal medium 
and centrifuged (500g for 5 min at 4 °C). Cells were dissociated in 
TrypLE at 37 °C, washed with cold basal medium (500g for 5 min at 
4 °C), and stained with live or dead dye (Invitrogen, cat. no. L34957) at 
1:2,000 in 1 ml of FACS buffer (PBS with 2% fetal bovine serum, 1 mM 
EDTA) for 10 min at room temperature (RT). In some experiments, 
Zombie NIR (BioLegend, cat. no. 423106) was used. Cells were washed 
with FACS buffer, passed through a 40-µm strainer and resuspended 
in 200 µl of FACS buffer, transferred to FACS tubes and acquired on a 
BD LSRFortessa (BD Biosciences). For sorting, a 35-µm filter was added 
and cells sorted on a CytoFLEX SRT (Beckman Coulter). Unstained cells 
and fluorescence − 1 controls were used to determine fluorescence 
intensity. Data were analyzed using FlowJo software (v.10.7.1).

Subcutaneous transplantation
Small clusters of VAKSP tumoroids were resuspended in a 1:1 
Matrigel:basal medium mix; 5 × 105 cells were injected subcutane-
ously into both flanks of 7- to 8-week-old female NSG mice ( Jackson 
Laboratory, cat. no. 005557). The tumor volume was calculated as 
0.5 × (length × width2). DT was administered Intraperitoneally (i.p.) at 
50 µg kg−1 every other day. FOLFIRI (5FU 30 mg kg−1, irinotecan 75 mg kg−1 
and leucovorin 90 mg kg−1) was prepared as previously described77 and 
given i.p. 3× a week alone or with DT. Controls received vehicle. Mice 
were monitored and euthanized following ISMM Institutional Animal 
Care and Use Committee regulations, including clinical signs of distress 
or pain, ≥20% body weight, tumor size ≥1 cm3 or tumor ulceration.

Immunohistochemistry
Tumors were harvested from euthanized mice at a humane endpoint 
or experiment conclusion. A tumor piece was fixed in 10% formalin 
for 24 h (RT), then transferred to 70% ethanol. Samples were sent to 
HistoWiz, Inc., where they were in embedded in paraffin, sliced and 
stained with anti-mCherry (1:500; Rockland, cat. no. 600-401-379) and 
anti-GFP (1:100; abcam, cat. no. ab183734) antibodies.

RNA-seq library preparation
Organoids or tumoroids were grown in complete mouse IntestiCult 
medium for 3–4 d, before RNA extraction using TRIzol and PureLink 
RNA Mini Kit (Thermo Fisher Scientific, cat. no. 12183025). Treat-
ments were applied as indicated in the figure legends. RNA quality 
was assessed with a bioanalyzer. Libraries were prepared using the 
PerkinElmer NextFlex Rapid Directional RNA-Seq Kit 2.0 (PerkinElmer, 
cat. no. NOVA-5198-02) and sequenced on a NovaSeq 6000 (SE75).

ATAC–seq library preparation
ATAC–seq was performed as described previously78. In brief, organoids 
were extracted from Matrigel using GCDR, pretreated with 200 U ml−1 
of DNase (Worthington) for 30 min at 37 °C, then washed 3x with cold 
PBS. Viable cells, 50,000, were resuspended in cold lysis buffer (10 mM 
Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% NP-40, 0.1% Tween-20 
and 0.01% digitonin) and incubated on ice for 3 min. Nuclei were resus-
pended in 50 µl of transposition mix (nuclease-free water (22.5 µl), TD 
buffer (25 µl), Tn5 transposase (2.5 µl)) and incubated for 30 min at 37 °C. 
Transposed DNA fragments were then purified using MinElute PCR 
Purification Kit (QIAGEN), barcoded with Nextera dual indices (Illumina) 
and PCR amplified up to 11 cycles. Amplified libraries were purified 
using QIAGEN MinElute PCR Purification Kit (cat. no. 28004), checked 
for fragment sizes on a Bioanalyzer using D1000 DNA High-Sensitivity 
Chips (Agilent, cat. no. 5067-5585) and underwent size selection before 

a second quality check and quantification (Qubit). Normalized libraries 
were then pooled and sequenced on a Novaseq 6000 (Illumina).

Sample preparation for scRNA-seq and multiome
Organoids were washed in cold basal medium, resuspended in Cell 
Recovery Solution (Corning, cat. no. 76332-050) and incubated on a 
shaker (15 min at 4 °C). Pellets were dissociated into single cells using 
TrypLE and washed twice in basal medium and resuspended in PBS 
with 0.04% BSA. Single-cell preparations were counted and processed 
per the manufacturer’s instructions (10x Genomics, single-cell 3ʹ v.3.1 
protocol). In brief, single cells were resuspended in a master mix and 
loaded with gel beads and partitioning oil into the chip to generate gel 
bead-in-emulsions (GEMs). Poly(A) RNA from each GEM was retrotran-
scribed to cDNA, containing an Illumina R1 primer sequence, a unique 
molecular identifier (UMI) and the 10× barcode. Pooled barcoded cDNA 
was purified with Silane DynaBeads, amplified by PCR and appropri-
ately sized fragments selected for library construction, which included 
adding Illumina R2 primer sequence, paired-end constructs (P5 and P7 
sequences) and a sample index.

For the multiome experiments, after nuclei dissociation, scATAC–
seq was performed using Chromium Next GEM Single Cell ATAC Library 
& Gel Bead Kit v.1.1 (10x Genomics, cat. no. 1000175) and single-nucleus 
(sn)RNA-seq was performed using Chromium Next GEM Single Cell 
3′ Reagent Kits v.3.1 (10x Genomics, cat. no. 1000121). Samples were 
sequenced on a NovaSeq 6000 (Illumina).

Bulk RNA-seq data processing and analysis
Quality control was conducted using FastQC (v.0.11.8,). Adapter 
sequences were trimmed using Trim Galore! (v.0.6.6) with a quality 
threshold of 20 (ref. 79). The mouse genome reference, GRCm38.p6 
and GENCODE release M25 were used for alignment with STAR aligner 
(v.2.7.5b)80. Gene-level read counts were obtained using Salmon 
(v.1.2.1)81. Sample normalization was performed using the median ratio 
normalization method from DESeq2 R (v.1.28.1) and differential expres-
sion analysis was conducted using DESeq2 (ref. 82). Genes with fewer 
than five reads across all samples were filtered out. A gene was con-
sidered differentially expressed if the Benjamini–Hochberg-adjusted  
P value (Padj) < 0.01 and the absolute log2(fold-change) > 1. The ggplot2 
(v.3.3.5) and VennDiagram (v.1.6.20) were used to plot and visualize dif-
ferentially expressed gene data83,84. Gene-set enrichment analysis (GSEA) 
was performed on gene lists sorted by −log10(P) × log2(fold-change) 
using clusterProfiler (v.4.2.2) and enrichment or bubble plots visual-
ized using gseaplot2 from enrichplot (v.1.14.2)85,86. All bioinformatics 
analyses were conducted on R (v.4.1.0).

Bulk ATAC–seq data processing and analysis
Quality control was performed using FastQC (v.0.11.8). Adapter 
sequences were trimmed using Trim Galore! (v.0.6.6) with a quality 
threshold of 20. Paired-end 75-bp reads were aligned to the mouse 
genome (GRCm38.p6 and GENCODE release M25) using Bowtie2 
(v.2.2.8). Reads were sorted with SAMtools (v.1.11), removing mito-
chondrial alignments and retaining reads with MAPQ 30 (refs. 87,88). 
Duplicates were eliminated with Picard (v.2.2.4)89. Post-filtering BAM 
files were merged using SAMtool and peaks were called using MACS 
(v.2.1.0)90. Read quantification in significant peaks was conducted 
using BedTools multicov (v.2.29.2)91 and differential peak analysis was 
performed using DESeq2 (Padj < 0.01; absolute log2(fold-change) ≥ 1.5). 
Coverage tracks (Bigwig files) were generated using deepTools (v.3.2.1) 
bamCoverage92. Hierarchical clustering of average accessibility in dif-
ferentially accessible regions (DARs) was performed with Rʹ ‘hclust’ 
function and visualized using deepTools plotHeatmap.

Motif enrichment and TF footprinting analysis
Motif analysis was performed using findMotifsGenome.pl from HOMER 
(v.4.10) on the peak summit (-size 200)93. Footprinting analysis was 
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performed with Tobias (v.0.13.2) on aggregated BAM files per condi-
tion28. The ATACorrect function was used to correct Tn5 insertion bias 
and ScoreBigwig to calculate TF-binding scores in peak regions. Dif-
ferential binding fold-change and P value for each TF were determined 
using BINDetect function and selected TF results were visualized using 
PlotAggregate. Elbow plots were generated using the ggplot2 (ref. 84).

TCGA bulk RNA-seq data processing
STAR raw gene counts were downloaded for TCGA-COAD and 
TCGA-READ. Data were normalized using median ratios normalization 
and differential expression analysis was performed using DESeq2. GSEA 
was conducted on gene lists sorted by −log10(P) × log2(fold-change) 
using clusterProfiler (v.4.2.2) and data visualized using gseaplot2 from 
enrichplot (v.1.14.2). To assess correlation, log(c.p.m.) counts were 
generated using the counts per min function from edgeR (v.3.36.0)94–96. 
Average expression was calculated for each gene in TCGA samples. The 
log(c.p.m.) values of TCGA samples and mouse organoids were merged 
and the top 2,000 most varied genes were selected for Spearman’s 
correlation analyses.

Public human bulk RNA-seq data processing
FPKM (fragments per kilobase of transcript per million) data from the 
human gastrointestinal tract (https://github.com/hilldr/Finkbeiner_
StemCellReports2015/tree/master/DATA)25 were merged with TCGA 
FPKM data. Batch correction was applied using removeBatchEffect 
from limma R package (v.3.50.1), and principal components analysis 
(PCA) was performed using prcomp97.

Sc- and snRNA-seq data processing
Sequenced FASTQ files were processed using Cell Ranger (v.7.0.1, 
scRNA-seq) and Cell Ranger (v.2.0.0, snRNA-seq) from 10x Genomics 
with mm10 as the mouse genome reference (RRID: SCR_017344). Cells 
with ≥1,000 UMIs, ≥400 genes expressed and <10% mitochondrial 
reads were retained. UMI counts were then normalized to a total of 
10,000 UMIs per cell across all genes and log(transformed) using 
the ‘LogNormalize’ function in Seurat. The top 2,000 most highly 
variable genes were identified with ‘FindVariableFeatures’ and counts 
were scaled with ‘ScaleData’. Datasets were processed using Seurat 
(v.4.0.3)98.

PCA was performed on the top 2.000 variable features using ‘Run-
PCA’ and the top 30 PCs were used for downstream analysis. Datasets 
were integrated using the ‘RunHarmony’ function (v.0.1.0)99 to correct 
for multiplexed samples and biological replicates. The k-nearest neigh-
bor graphs were created with ‘FindNeighbors’ and Uniform Manifold 
Approximation and Projection (UMAP) results were generated using 
‘RunUMAP’. The Louvain algorithm clustered cells based on expression 
similarity with a resolution set at 1.6.

Differential markers for each cluster in the scRNA-seq were iden-
tified using Wilcoxon’s test (‘FindAllMarkers’; Padj < 0.01, absolute 
log2(fold-change) > 0.25, 10% ≥ cells expressing the gene in compari-
son groups) using 1,000 random cells per cluster. Gene expression 
signature scores were calculated using ‘AddModuleScore’ and cells 
were annotated based on respective maximum module scores (Fig. 1b).

The mouse OnF signature was defined by overlapping genes 
upregulated in the neoplastic metacluster (clusters 6, 7, 10, 16, 19 and 
20 combined) with mouse fetal genes from Mustata et al.19. Human 
tissue-type-specific signatures from Lukonin et al.26 were used to calcu-
late signature scores with Seurat AddModuleScore. Lineage plasticity 
score was calculated as the esophagus mucosa module score − colon 
module score.

Data processing of scRNA-seq human datasets
Raw count matrices for the SMC/KUL3 (ref. 20) and Broad21 cohorts 
were obtained from the Gene Expression Omnibus (GEO) (accession 
nos. GSE132465 and GSE178341). Seurat objects were created using 

these matrices, with the SMC/KUL3 dataset filtered to retain cells from 
patients with matching normal and tumor tissues. Both datasets were 
subset to include only epithelial cells based on available annotations 
and data were analyzed following the same workflow as the mouse 
scRNA-seq above. Tissue-specific signatures from Lukonin et al.26 were 
used for cell- or tissue-type assignment.

To identify human OnF (huOnF) gene signature, a Seurat object 
was created from Gao et al.’s100 transcript per kilobase million counts 
and filtered to retain fetal (6- to 11-week-old embryos) and adult epithe-
lial cells. Mouse OnF gene orthologues with normalized counts <0.5 in 
>98% of cells were filtered out. Human fetal and adult cells were then 
pseudobulked and orthologues highly expressed in fetal but low or not 
expressed in adult cells were selected as huOnF.

ScATAC–seq data processing and motif analysis
FASTQ files were processed using Cell Ranger ARC (v.2.0.0) with mm10 
genome reference. Peaks were called using ‘CallPeaks’ (MACS2) func-
tion in Signac (v.1.3.0)101. Cells were filtered based on the following 
criteria: fragments in peaks >1,000 and <50,000, >20% reads in peaks, 
blacklist ratio <0.002, nucleosome signal <1.5 and transcription start 
site (TSS) enrichment score >2. The blacklist ratio = reads aligned to 
blacklist region or total reads. The nucleosome signal was calculated 
using ‘NucleosomeSignal’ in Signac and TSS enrichment score by 
‘TSSEnrichment’. Latent semantic indexing (LSI) was applied to the top 
95% variable peaks, combining the term frequency-inverse document 
frequency used for normalization and singular-value decomposition 
used for dimensional reduction. The first LSI component was excluded 
due to correlation with sequencing depth. De novo clustering (resolu-
tion 1.6) was done with ‘FindNeighbors’ and ‘FindClusters’ (Signac). 
Motif position frequency matrices from JASPAR 2020 were added to 
the data and refs. 102,103. ChromVAR motif analysis was performed 
using ‘RunChromVAR’. The results of selected TFs were visualized on 
UMAP using FeaturePlot35.

Statistics and reproducibility
Experiments were reproduced as indicated in the figure legends, with 
data from representative panels reproduced at least two or three times. 
No blinding or predetermined sample size calculations were used, but 
our sample sizes align with those in previous studies6,7. Animals or 
injection numbers were estimated based on the variability in tumor 
take rate and growth and are indicated in the respective figure legends. 
Animals were randomized among treatment groups once tumors 
reached the mean volume specified in Fig. 4h,j,l. Exclusion criteria 
included death or humane endpoints (for example, ≥20% weight loss, 
respiratory distress, persistent hypothermia or tumor size >1 cm3). Data 
distributions were assumed to be normal, but this was not formally 
tested. Statistical analyses were conducted using R (v.4.1.0, RRID, 
accession no. SCR_001905)104 and PRISM (v.9.5.1). Computational 
data figures were generated using ggplot2 (v.3.3.5, RRID, accession 
no. SCR_014601), ggpubr (v.0.4.0, RRID, accession no.SCR_021139) and 
patchwork (v.3.0.1)84,105,106. All statistical tests are detailed in the figure 
legends. Significance levels are defined as follows: NS (not significant): 
P > 0.05, ∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001 and ∗∗∗∗P ≤ 0.0001.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in the present study are 
present in the paper and/or its Supplementary Information. RNA-seq, 
ATAC–seq, scRNA-seq and scATAC–seq data supporting the findings 
of the present study have been deposited into the National Center for 
Biotechnology Information, GEO under series accession no. GSE237954. 
The human reference genome GRCh38 GENCODE, release 36, and mouse 
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reference genome GRCm38 GENCODE, release M25, were used to align 
raw data from human and mouse samples. They were accessed through 
https://www.gencodegenes.org/human/release_36.html and https://
www.gencodegenes.org/mouse/release_M25.html, respectively. Other 
datasets referenced in the study are available from the GEO database 
under the accession nos. GSE132465 (ref. 20) and GSE178341 (ref. 21). 
Data used from Finkbeiner et al.25 are accessed through https://github.
com/hilldr/Finkbeiner_StemCellReports2015/tree/master/DATA. Data 
from TCGA were accessed through the database of Genotypes and 
Phenotypes under accession no. phs000178.v11.p8 (TCGA-READ and 
TCGA-COAD). Source data are provided with this paper.

Code availability
This paper did not generate or use any custom code or software. All 
code and software packages utilized in the study are referenced in the 
Methods and Reporting Summary.
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Extended Data Fig. 1 | Oncofetal reprogramming during intestinal 
tumorigenesis. a, Schematics of the genetic approach used to generate 
isogenic mouse organoid models mimicking the adenoma-to-adenocarcinoma 
sequence. b, UMAP of scRNA-seq of the indicated models. c, Cells from the 
neoplastic metacluster are indicated in green on the UMAP. d, Volcano plot of 
differentially expressed genes (DEGs) in the neoplastic metacluster vs. all other 
clusters. p-values calculated using DESeq2, Wald test (two-sided, unpaired); 
Benjamini-Hochberg adjustments. e, Venn diagram depicting the strategy used 
to define the mouse oncofetal (OnF) signature. f-h, UMAPs showing enrichment 

scores of enterocytes (f ), stem cell (g) and OnF (h) signatures throughout CRC 
progression. i, Heatmap of SC and OnF module scores across cell clusters and 
genotypes. In panels b-c and f-h WT = 4058 cells; A = 5890 cells; AKSP 10946 
cells. j, Relative Lgr5 expression along the SC-OnF continuum. k, Enrichment of 
the OnF and SC module scores across genotypes (n = 3 independent organoid 
cultures per group). boxplots: center line, median; box limits, interquartile range 
(IQR: 25th to 75th percentile); whiskers, ±1.5x IQR; individual points, outliers. p-
values calculated using two-sided unpaired t-test. Illustrations in a created using 
BioRender.com.
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Extended Data Fig. 2 | Enhanced oncofetal reprogramming triggers lineage 
plasticity in advanced human CRC. a, Human OnF score enrichment in matched 
normal and tumors tissues (TCGA/COAD; n = 41 patients). Two-sided paired 
t-tests for significance. b-d, Scatter plots depicting cell state distribution along 
the SC-OnF spectrum in matched healthy colons and tumors stratified by APC 
mutation and MMR status, respectively. b; SMC/KUL3 cohort, n = 7 patients; 
c-d; Broad cohort, n = 15 MMRp patients (c) and n = 21 MMRd patients (d). Two-
sided paired t-tests for significance. e, Principal Component Analysis (PCA) of 
integrated bulk RNA-seq data from human gut developmental stages, definitive 

endoderm (Def. end), embryonic stem cells (ESC) (Finkbeiner et al., 2015) normal 
colon and CRC (TCGA/COAD). f, Gene Set Enrichment Analysis (GSEA) of lineage-
specific signatures in tumor (n = 455) vs. normal (n = 41) specimens (TCGA/
COAD). NES: normalized enrichment score. g-j, Scatter plots (left) and boxplots 
(right) of lineage specific signature enrichment across the SC-OnF continuum 
in matched tumors and normal colons from the SMC/KUL3 (g and h, n = 10) and 
Broad (i and j, n = 36) cohorts. Two-sided paired t-tests for significance. In panels 
a, b-d and g-j, boxplots: center line, median; box limits, interquartile range (IQR: 
25th to 75th percentile); whiskers, ±1.5x IQR; individual points, outliers.
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Extended Data Fig. 3 | A multi-omics approach elucidates the molecular 
determinants of cell state dynamics during CRC evolution. a, Schematic of the 
experimental strategy, integrating multiomics with functional validation, and 
the genetic models used. b, Differentially accessible regions (DARs) in A vs. WT 
and AKSP vs. WT; shared DARs shown in faded colors (data from 2 independent 
organoid cultures per group). c, HOMER motif analysis for CDX2 and HNF4a, 
using DARs from cluster c1 in Fig. 2a. d-e, TF occupancy strength for CDX2 (d) 

and HNF4a (e) shown as aggregated footprinting plot matrix centered around 
binding motifs. f, HOMER motif analysis using DARs from cluster c1 in Fig. 2a. g-i, 
TF occupancy strength for RXR (g), PPAR (h) and VDR (i) shown as aggregated 
footprinting plot matrix centered around binding motifs. j, HOMER motif 
enrichment analysis in promoter regions of OnF genes or random promoters 
(TSS + /- 1 kb). Illustrations in panel a created using BioRender.com.
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Extended Data Fig. 4 | Functional validation of YAP and AP-1 as drivers of 
OnF reprogramming. a, Schematic summary of the experimental design 
related to Fig. 2f, g. b-e, GSEA of OnF genes following YAP (b-c) depletion and 
FOS depletion (d) or inhibition (e) during tumor initiation, related to Fig. 2f, g. 
Two-sided permutation-based test for significance; p-values adjusted via the 
Benjamini-Hochberg method. f-g, Scatter plots showing enrichment of the SC 
(left) and small intestine (right) (f ) and the OnF (left) and esophagus mucosa 
(right) module scores (g) along the SC-OnF continuum in scRNA-seq cells from 
the AKSP Multiome. h-i, Scatter plots showing the correlation between FOS (h) 
or TEAD (i) activity and lineage infidelity score. Two-sided Pearson correlation 
for significance. j, Schematic summary of the experimental design related to 

Fig. 2l-n and o-q. k, Log2 median-of-ratios (DESeq2) normalized counts of AP-1 
genes following YAP (S6A) overexpression in WT organoids (n = 4 independent 
experiments). Boxplots: center line, median; box limits, interquartile range 
(IQR: 25th to 75th percentile); whiskers, highest and lowest values within ±1.5x 
IQR. P-values calculated via two-sided Student’s t-test with multiple comparison 
adjustments. l-n, GSEA of OnF (l), esophagus (m) and small intestines (n)  
genes following YAP (S6A) overexpression in WT organoids, related to Fig. 2l-n. 
Two-sided permutation-based test for significance; p-values adjusted via  
the Benjamini-Hochberg method. Illustrations in a and j created using  
BioRender.com.
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Extended Data Fig. 5 | Comparative analyses of RXR inhibition versus APC 
depletion. a-c, Representative images of WT organoids treated with DMSO (a) 
or RXR antagonist HX531 (RXRi) (b), and A tumoroids (c). Scale bars, 1 mm. Lower 
panels show close-ups of dashed line areas, highlighting morphological changes. 
d, GSEA of OnF genes in RXRi vs. WT organoids (n = 3 independent cultures). 
e, Heatmap of differentially expressed marker genes of the indicated markers 
in RXRi vs. WT and A vs. WT (n = 3 independent cultures per group). f, g, Venn 
diagrams showing overlaps of the more (f) and less (g) accessible regions in RXRi 
and A organoids. Punctuated areas represent changes in the same direction but 

not meeting the log2 fold change cutoff ≥1.5. h, ATAC-seq signal heatmap in WT, 
A and RXRi organoids at differentially accessible regions (upper panel). Average 
ATAC-seq signal within a ±2Kb region around the peak center (lower panel). i-n, TF 
occupancy strength (aggregated footprinting plot matrix) for the RXRa (i), CDX2 
(j), HNF4a (k), FOS (l), TEAD3 (m) and TCF7 (n) in WT, A and RXRi organoids. Plots 
are centered around binding motifs. o, HOMER motif enrichment analysis of the 
indicated TFs in A and RXRi models vs. WT. In f-o, RXRi, n = 3; WT, n = 2 and A, n = 2 
independent cultures.
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Extended Data Fig. 6 | RXR inhibition phenocopies APC depletion excluding 
WNT activation. a-b, Venn diagrams showing overlap of up-regulated (a) and 
down-regulated (b) genes following RXR inhibition and APC depletion in WT 
organoids. Punctuated areas represent changes not meeting the log2 fold change 
≥1 cutoff. KEGG pathway analysis reveals common regulation in both models, 
except for WNT. c, GSEA of KEGG pathway enrichment in RNA-seq data from RXRi 
vs. WT and A vs. WT. NES, normalized enrichment score. In a-c n = 3 independent 
cultures per group. d-e, Differentially expressed genes (DEGs) (d) and regions 

(DARs) (e) in RXRi vs. WT and woRXRi vs. WT organoids. Faded colors indicate 
persistent DEGs and DARs. Log2 fold change (f.c) and p-values thresholds for 
DEGs and DARs are indicated in the figure. p-values calculated using DESeq2, 
Wald test (two-sided, unpaired); Benjamini-Hochberg adjustments. f-h, GSEA 
of OnF genes following YAP (f-g) or FOS (h) depletion in CRC tumoroids (AKSP) 
(n = 3-4 independent experiments). Two-sided permutation-based test for 
significance; p-values adjusted via the Benjamini-Hochberg method.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Design and functional validation of the oncofetal 
phenotypic reporter. a, Design method the oncofetal (OnF) synthetic locus 
control regions (sLCR). b, Genome Browser view of cis-regulatory elements 
used in the OnF sLCR. c, Normalized distribution of OnF-GFP+ cells and eGFP 
fluorescence intensity measured by flow cytometry. d, eGFP geometric mean 
fluorescence insensitivity (MFI) quantification. Error bars, s.d; n = 3 independent 
cultures, p-values calculated using Fisher/s LSD post-hoc test after one-sided 
ANOVA (p < 0.05). e, Scaled OnF gene expression in GFPhigh and GFPNeg cells  
sorted from VAKSPOnF tumoroids, n = 3 independent sorts. f, Schematic of  
the OnF sLCR substitution with the STAR minigene. g, Representative 
fluorescence microscopy images of VAKSP tumoroids co-expressing both 
reporters (VAKSPOnF/STAR). Scale bars, 200µm. h, Volcano plot of differentially 

expressed genes (DEGs) in VAKSP tumoroids post-3-day FOLFIRI treatment  
(n = 3 independent experiments). Significant DEGs are on both sides of dashed 
lines (log2FC > 1; p-value < 0.01); p-values, DESeq2, Wald test (two-sided, 
unpaired); Benjamini-Hochberg adjustments. i, The GFP/mCherry gating 
strategy to sort clones used in (j-l). j-l, Quantification of predominantly cell 
states in response to FOLFIRI in 3 independent clones sorted from GFPhigh (j), 
mCherryhigh (k) or GFP/mCherryhigh (hybrid) (l) populations. p-values calculated 
using paired two-sided t-tests. m-r, Representative pseudocolor plots of  
flow-cytometry analysis of GFPhigh (m-n) mCherryhigh (o-p) and hybrid clones  
(q-r) before (m, o and q) and after FOLFIRI tretament for 3 days (n, p and r), 
related to (j-l).
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Extended Data Fig. 8 | A dual phenotypic reporter system to trace and target 
the OnF and Stem Cell states. a, Heatmap of day 5 FOLFIRI dose-response in 
patient-derived organoids (PDOs); n = 3 independent experiments. b-d, DEGs  
in response to FOLFIRI. b, OnF genes; c, stem cell and WNT-related genes;  
d, YAP and AP-1 target genes. PDOs treated with their respective IC70 for 5 days. 
Data are log2 fold change in FOLFIRI vs. DMSO; n = 3 independent experiments. 
e, Fluorescence microscopy images of the indicated models treated with 
demi-water or DT for 3 days. Scale bars, 400 µm. f, Quantification of the 

predominantly stem, OnF and hybrid states post-DT treatment (day3); n = 4-7 
independent experiments per group. p-values calculated using paired two- 
sided t-tests, adjusted for multiple comparisons using Benjamini-Hochberg 
method. Center, median; boxes, lower and upper quartiles; whiskers min and  
max values. g, Representative immunohistochemistry staining of GFP and 
mCherry in tumors from mice treated with saline or DT (n = 2 tumors for the 
saline; n = 3 tumors for DT), relative to Fig. 4l. Scale bars, 2 mm.
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Policy information about availability of computer code

Data collection Flow Cytometry and cell sorting: LSRFortessa Cell Analyzer (BD Bioscences); CytoFLEX SRT (Beckman Coulter). 
NovaSeq 6000 and NextSeq2000 were used for Bulk RNA-seq, Bulk ATAC-seq, Single cell RNA-seq and Single cell Multiome. 

Data analysis Limma v3.50.l; FastQC v0.11.8; Trim Galore! v0.6.6; STAR aligner v2.7.5b; Salmon vl.2.1; DESeq2 vl.28.1; clusterProfiler v4.2.2; gProfiler; 
Bowtie2 v2.2.8; SAMtools v.1.11; Picard v2.2.4; Deeptools v3.2.1; Seurat package v4.0.3; TOBIAS v0.13.2 ;HOMER v4.10; RunHarmony v0.1.0; 
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(NCBI) Gene Expression Omnibus under series accession GSE237954. Additional data reported in this study are available in the supplementary source data. The 
human reference genome GRCh38 GENCODE release 36 and mouse reference genome GRCm38 GENCODE release M25 were used to align raw data from human 
and mouse samples. They were accessed through https://www.gencodegenes.org/human/release_36.html and https://www.gencodegenes.org/mouse/
release_M25.html, respectively. Other datasets referenced in the study are available from the GEO database under the accession codes GSE178341 (Pelka et al.) 
and GSE132465 (Lee et al.). Data used from  Finkbeiner et al. is accessed through https://github.com/hilldr/Finkbeiner_StemCellReports2015/tree/master/DATA. 
Data from TCGA were accessed through the database of Genotypes and Phenotypes under accession ID phs000178.v11.p8 (TCGA-READ and TCGA-COAD). 

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Not applicable.
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other socially relevant 
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Not applicable.
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Recruitment Not applicable.

Ethics oversight Not applicable.
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Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
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Sample size No predetermined sample size calculations were used. Animal/tumor numbers were based on the variability in tumor take rate and growth; 
our sample sizes align with those in previous studies (PMID: 28358093 and PMID: 28355176). For in vitro experiments, sample sizes (n=2-7) 
were based on previous experience and publications with similar experiments (PMID: 28358093, PMID: 35773527 and PMID: 28355176).

Data exclusions Exclusion criteria included death or humane endpoints (e.g., ≥20% weight loss, respiratory distress, persistent hypothermia, or tumor size 
>1cm3). 

Replication All data were replicated in at least 2 independent experiments with consistent results. Multiple members of the research project 
independently validated results. 

Randomization Mice were randomized between treatment groups. Mathematically equivalent grouping distributions were confirmed (tumor volumes). If 
equivalence was not achieved, random shuffling was done again to ensure approximately equal initial mean tumor volume per condition 
before the start of treatment. 

Blinding The investigators were not blinded to allocation during experiments and outcome assessment. Data collection and analysis were not 
performed blind to the conditions of the experiments. Researchers involved in experimental allocation and analyses were commonly the same 
researchers performing the experiment - as such, blinding was not conducted. 
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
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Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used mCherry (Rockland #600-401-379) 1:500. GFP (abcam #ab183734); dilution 1:100.

Validation These antibodies were used for immunohistochemistry on mouse tumors according to the manufacturer's recommendations and 
optimized/validated on negative and positive controls form mouse origin by HistoWiz, Inc

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Mouse: All organoids and tumoroids were derived from genetic mouse models described in the methods section. Patient-
derived organoids were obtained from the Human Cancer Models Initiative(HCMI) https://ocg.cancer.gov/programs/HCMI; 
dbGaP accession number phs001486, these lines were de-identified and deposited at ATCC.  
HEK-293T cells were obtained from ATCC.

Authentication Mouse organoids and the source mouse models were genotyped by PCR. Human organoids underwent whole-genome 
sequencing. HEK293T were authenticated by ATCC and are widely used in the field. 

Mycoplasma contamination All cell lines were tested and remained mycoplasma-free. 

Commonly misidentified lines
(See ICLAC register)

None.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Lgr5-2A-CreERT2 (Leushacke et al., 2017) mice were generated through homologous recombination in embryonic stem cells, 
specifically targeting the insertion of the 2A-CreERT2 cassette at the stop codon of the Lgr5-ORF. To obtain the experimental mice, 
Lgr5-2A-CreERT2 mice were crossbred with Rosa26-tdTomato (Ai14) (Madisen et al., 2010), LSL-KrasG12D (Johnson et al., 2001), Apc-
loxP flanked (Shibata et al., 1997), Trp53-loxP flanked (Jonkers et al., 2001) and Smad4-loxP flanked (Yang et al., 2002) mice, which 
were acquired from the Jackson Laboratory. All mice were bred onto the C57Black6/J background and  were 6-8week-old on average. 
Experimental mice were at least 8-weeks-old. 
 To ensure pathogen-free conditions, all mice were bred and housed in ventilated cages. lntracolonic induction in a 12-week-old male 
mouse villinCreER Apcfl/+ KrasG12D/+ Trp53fl/fl Smad4fl/fl on a C57BL/6 background was performed under general anesthesia. A 
single 70μI l00uM dose of 4-hydroxy tamoxifen (H7904-5MG from Sigma) was injected into the colonic sub-mucosa via a colonoscope 
(Karl Storz TELE PACK VET X LED endoscopic video unit). At clinical endpoint (weight loss with or without the presentation of 
hunching) colonic tumor tissue was collected, and organoid cell lines were generated as previously described  
(Jackstadt et al., 2019).  
7-8 week old female NSG mice (Strain #:005557, Jackson Laboratory) were used for subcutaneous transplantation experiments. Mice 
were closely monitored by the authors, facility technicians and by a veterinary scientist responsible for animal welfare. They were 
euthanized when they reached a humane endpoint as determined by the Institutional Animal Care and Use Committee (IACUC). 
Some of these criteria include clinical signs of persistent distress or pain, significant loss of body weight(> 20%), and  tumor size 
exceeding 1000mm3.

Wild animals The study did not involve wild animals.

Reporting on sex Female mice were used for the subcutaneous transplantation experiments. 

Field-collected samples The study did not involve field-collected samples. 

Ethics oversight All mouse studies were approved by the Icahn School of Medicine at Mount Sinai (ISMMS) Institutional Animal Care and Use 
Committee (protocol number 2018-0013). 

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Novel plant genotypes Non-applicable.

Seed stocks Non-applicable.

Authentication Non-applicable.

Plants

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Matrigel drops containing organoids/tumoroids were collected in cold basal media. Following centrifugation (500g for 5 mins 
at 4"C), cells were incubated in TrypLE at 37 C and then mechanically dissociated by pipetting. After washing with 5 ml of cold 
basal medium (500g for 5 minutes at 4 C), samples were resuspended in 1ml of FACS buffer (PBS with 2% FBS and lmM EDTA) 
containing a live/dead dye diluted 1:2000 (Live/Dead Fixable Aqua, lnvitrogen #L34957) and incubated for 10 min at RT. In 
some experiments, cells were resuspended in 1ml of PBS and live/dead dye used at 1:500 (Zombie NIR, Biolegend #423106). 
Cells were washed with 5ml of FACS buffer, passed through a 40uM cell strainer into a new 15ml conical tube, and 
centrifugated (500g for 5 minutes at 4 C). Pellets were resuspended in 200ul of FACS buffer, transferred to 5ml polystyrene 
FACS tube, and immediately acquired on a BD LSRFortessa Cell Analyzer (BD Bioscences). For sorting experiments, an 
additional filtering step (35 m) was added. Cells were sorted on a CytoFLEX SRT (Beckman Coulter). In all experiments, 
unstained cells and FMO controls were included to determine basal levels of fluorescence intensity. Data were analyzed using 
FlowJo software (version 10.7.1, Tree Star, Ashland, OR, USA). 

Instrument CytoFLEX SRT (Beckman Coulter) and BD LSRFortessa Cell Analyzer (BD Bioscences) 

Software FlowJo software (version 10.7.1, Tree Star, Ashland, OR, USA). 

Cell population abundance The enrichment of GFP+ cells in the sorted samples was validated by analysis of GFP expression in the RNA-sequencing.

Gating strategy The first gates were based on FSC-A/SSC-A live cells» SSC-W, SSC-H singlets»FSC-H, FSC-W singlets» then GFP+ and mCherry+ 
cells were gated based on an unstained (not transduced parental line) and FMO controls. 

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.


	Oncofetal reprogramming drives phenotypic plasticity in WNT-dependent colorectal cancer
	Results
	A dynamic phenotypic continuum during CRC evolution
	Distinct roles of YAP and AP-1 in driving phenotypic plasticity
	RXR is a gatekeeper of early OnF reprogramming
	Therapeutic relevance of the OnF state in CRC

	Discussion
	Online content
	Fig. 1 Evolution of neoplastic cell states during CRC progression.
	Fig. 2 Distinct roles of YAP and AP-1 in OnF reprograming during CRC evolution.
	Fig. 3 Deregulation of an APC–RXR regulatory axis during tumor initiation establishes an OnF memory.
	Fig. 4 Visualization and targeting of the OnF program in CRC.
	Extended Data Fig. 1 Oncofetal reprogramming during intestinal tumorigenesis.
	Extended Data Fig. 2 Enhanced oncofetal reprogramming triggers lineage plasticity in advanced human CRC.
	Extended Data Fig. 3 A multi-omics approach elucidates the molecular determinants of cell state dynamics during CRC evolution.
	Extended Data Fig. 4 Functional validation of YAP and AP-1 as drivers of OnF reprogramming.
	Extended Data Fig. 5 Comparative analyses of RXR inhibition versus APC depletion.
	Extended Data Fig. 6 RXR inhibition phenocopies APC depletion excluding WNT activation.
	Extended Data Fig. 7 Design and functional validation of the oncofetal phenotypic reporter.
	Extended Data Fig. 8 A dual phenotypic reporter system to trace and target the OnF and Stem Cell states.




