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Abstract 

Epithelial-to-mesenchymal transition (EMT) is a dynamic process during which cells lose 

their epithelial characteristics and acquire mesenchymal traits. In cancer, EMT is closely 

associated with tumor initiation, progression, invasion, metastasis, and therapy resistance. Rather 

than being a binary state switch, EMT encompasses a spectrum of tumor states with distinct 

functional properties. However, the transcription factors (TFs) that govern transitions between 

these EMT states remain poorly defined. Here, using multi-omic approaches combining single-

cell RNA-seq and single-cell ATAC-seq, we delineate the transcriptomic and chromatin 

landscapes of distinct EMT states in a mouse model of skin squamous cell carcinoma (SCC). 

Through CRISPR/Cas9-mediated loss-of-function studies coupled with in vitro and in vivo 

functional assays, we identify TFs regulating specific EMT states. Klf5 and Pitx1 control the early 

stages of EMT and are essential for metastasis formation. In contrast, Nfatc1 and Creb3l1 act at 

later stages of EMT. Similar EMT states and regulatory patterns are found in mouse pancreatic 

adenocarcinoma and human cancers. Altogether, our study defines the transcriptional and 

chromatin landscape controlling EMT progression in mouse skin SCC, identifies EMT state-

specific TFs and highlights their essential roles in regulating metastasis. 
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Results 

Distinct EMT states identified by single cell RNA-seq in skin SCC 

To identify EMT tumor states, single cell RNA-seq was performed on twelve primary 

tumors from a genetic mouse model of skin SCC exhibiting spontaneous EMT (Lgr5-CreER; 

KrasG12D; Trp53cKO; Rosa-YFP)4,14. Tumors presenting different degrees of EMT (1-65% 

EPCAM+) were isolated by fluorescence-activated cell sorting (FACS). In total, 54,081 YFP+ 

tumor cells passed quality controls across datasets (Fig. 1a; Supplementary Fig. 1). 

Unsupervised clustering of this single cell RNA-seq integrated dataset identified four 

distinct EMT tumor states (Fig. 1a). Tumor cells were distinguished from untransformed 

keratinocytes based on genetic and transcriptional features, including YFP expression, elevated 

CNV scores inferred by inferCNV, Trp53 exon 2-10 deletion, and KrasG12D mutation 

(Supplementary Fig. 2a-f).  

The epithelial state (Epcam+, Cdh1+, Krt14+, Esrp1+, S100a14+) expressed canonical 

epithelial markers and lacked mesenchymal gene (Vim) expression. This tumor state included a 

small more differentiated squamous subpopulation (Supplementary Fig. 3a, b). In the early hybrid 

EMT state, Epcam and Cdh1 expression was lost, while other epithelial markers (Krt14, Krt5, 

Itga6) were retained and Vim was upregulated. In the hybrid EMT state, epidermal keratins (Krt14, 

Krt5) were lost; instead Krt8 expression was induced, a marker of simple epithelia, and 

mesenchymal gene expression further increased. In the late EMT tumor state, fibroblast-like 

genes such as Col3a1, Pdgfrb, Aspn or Postn were upregulated. Zeb1, one of the master 

regulators of EMT, was expressed across all EMT states, whereas other EMT TFs (Prrx1, Twist1) 

showed progressive upregulation from early hybrid towards late EMT (Fig. 1b-f). All tumors, 

except one, contained all EMT states with different proportions. Some tumors were enriched in 

epithelial and early hybrid states, whereas others contained equal proportion of each state or 
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were enriched in hybrid and late EMT states (Supplementary Fig. 3c). These expression patterns 

were reproducible across individual datasets (Supplementary Fig. 4). Cycling cells were observed 

at similar proportions in epithelial, early hybrid, and hybrid EMT states, but were markedly reduced 

in late EMT, and no cluster was dominated by cell cycle genes (Fig. 1g).  

Lineage trajectory analysis using Slingshot15-17 identified two bifurcating trajectories 

originating from the epithelial state: one progressing through hybrid states towards late EMT; 

another ending at hybrid EMT state (Supplementary Fig. 5a-d). Similar results were obtained by 

scFates18 (Supplementary Fig. 5e-g).  

The existence of distinct EMT states was confirmed at the protein level by in situ 

immunostaining of mouse tumors, validating epithelial (YFP+, E-cadherin+, KRT14+, KRT8-, VIM-

), early hybrid EMT (YFP+, E-cadherin-, KRT14+, KRT8-, VIM+), hybrid EMT (YFP+, E-cadherin-

, KRT14-, KRT8+, VIM+) and late EMT (YFP+, E-cadherin-, KRT14-, KRT8-, VIM+) tumor states 

(Supplementary Fig. 6).  

Altogether, these data support the existence of discrete EMT states, and the lineage 

trajectory analysis is consistent with a progression through intermediate EMT states4-5,19-22. This 

integrated single cell RNA-seq dataset provides a robust framework for dissecting the molecular 

mechanisms, TFs, and GRNs governing EMT tumor state transitions.   

TFs regulating the different EMT states predicted by SCENIC analysis 

To identify TFs regulating the distinct EMT states, SCENIC (single-cell regulatory network 

inference and clustering)23 analysis was applied to the integrated single cell RNA-seq dataset. 

This computational approach infers TF activity and gene regulatory networks (GRNs) by 

combining co-expression analysis with identification of TF binding motifs within 10 kb surrounding 

the transcription start sites, enabling the identification of regulons - groups of genes likely 
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Altogether, SCENIC analysis confirms known epithelial and mesenchymal regulators, 

refines their temporal activity during EMT progression, and identifies additional candidate TFs 

associated with specific states.  

TFs associated with chromatin remodeling across EMT states 

To identify open chromatin regions and associated TFs across EMT states, combined 

single cell RNA-seq and single cell ATAC-seq (10X Multiome; n=3) was performed on FACS 

isolated tumor cells (YFP+, LIN-). The EMT states uncovered by single cell RNA-seq (Fig. 1) were 

recapitulated, based on defined marker gene expression. Consistently, Zeb1 expression 

remained stable across EMT states, whereas Prrx1 and Twist1 increased progressively from early 

hybrid to late EMT (Fig. 3a and Supplementary Fig. 9a-f). Two early hybrid EMT states were 

identified. Early hybrid EMT-I showed higher expression of detoxification (Mt1, Mt2, Gclm, Mgst1, 

Aldh3a1), lipid metabolism (Acaca, Tkt, Fabp5, Sfxn1), and epithelial adhesion (Dsp, Cdh13, 

Itga1) genes, whereas early hybrid EMT-II exhibited increased expression of canonical EMT TFs 

(Zeb1, Foxc2, Twist2), and extracellular matrix components (Mmp14, Ltbp4, Tgfb1, Col23a1). 

Slingshot trajectory analysis indicated a sequential transition from early hybrid EMT-I to EMT-II 

before progression to later EMT states. Projection onto the integrated RNA-seq dataset confirmed 

that early hybrid EMT-I is closer to epithelial cells, while EMT-II is closer to more advanced EMT 

states, supporting a stepwise progression rather representing two bifurcation points 

(Supplementary Figure 9g-j). 

Single cell ATAC-seq data identified differentially accessible chromatin regions associated 

with EMT states, representing candidate cis-regulatory elements controlling gene expression 

during EMT tumor state transitions25. Epithelial-specific putative enhancers were accessible only 

in the epithelial state and associated with genes such as Epcam, Esrp1, and Grhl2, while regions 

linked to genes like Krt14, Pitx1, and Itga6 remained accessible in both epithelial and early hybrid 
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EMT states (Fig. 3b and Supplementary Fig. 10a, b). In contrast, putative enhancers associated 

with genes upregulated during EMT (e.g., Klf2, Col3a1, Postn) showed progressively increased 

accessibility towards hybrid and late EMT states (Supplementary Fig. 10c).  

To define TF networks, enrichment of TF binding motifs in differentially accessible regions 

was analyzed and integrated with RNA expression to identify active TFs within each family (Fig 

3c and Supplementary Fig. 11a-e). In the epithelial state, enriched motifs included ZF-C2H2 

(Zeb1), Grh/CP2 (Grhl2), bHLH (Bhlhe41), HMG (High Mobility Group; Sox15), ZF-C2H2 (Klf5), 

AP-1/bZIP (Creb5/Mafk/Maf) and Homeobox (Pitx1). Although Zeb1 motif was enriched in 

epithelial chromatin accessible regions, Zeb1 expression was absent, consistent with its 

repressive function during EMT. In early hybrid EMT, enriched motifs included P53 (Trp63), 

Homeobox (Pitx1), ZF-C2H2 (Klf5/Klf3), AP-2 (Tfap2c/Tfap2b), bHLH (Hif1a) and T-box (Tbx1). 

Motif analysis further distinguished the two substates: early hybrid EMT-I was enriched for AP-2 

(Tfap2c/b), KLF (Klf3/5), and bHLH (Hif1a) motifs, whereas early hybrid EMT-II showed T-box 

motif (Tbx1) enrichment. Both shared an enrichment for P53 Trp63 and Homeobox (Pitx1) motifs, 

indicating a common regulatory core (Fig 3c and Supplementary Fig. 11a-c). 

Hybrid EMT was characterized by enrichment of Runt (Runx2/Runx3), bHLH 

(Twist1/Twist2), nuclear receptor (NR; Nr2f6/Nr2f2/Nr2f1), AP-1/bZIP (Nfe2l1), ZF-C2H2 

(Klf2/Klf6) and RHD (Rel homology domain; Nfatc4/Nfatc2) motifs. Late EMT showed enrichment 

for Homeobox (Prrx1/Prrx2), bHLH (Twist1/Twist2/Snai1), RHD (Nfatc1/Nfkb1), AP-2 (Tfap2b), 

NFI (Nfix), nuclear receptor (Nr2f2), Forkhead (Foxo3), IRF (Irf1), AP-1/bZIP 

(Creb3l1/Cebpb/Cebpd), STAT (Stat1/Stat2) and Collier/Olf1/EBF (COE; Ebf1) (Fig 3c and 

Supplementary Fig. 11d,e).  
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Altogether, these analyses define dynamic chromatin remodeling across EMT state 

progression, identifying cis-regulatory elements and TF networks associated with specific tumor 

states and their transitions.  

SCENIC+ analysis of single cell RNA and ATAC-seq unravels transcription factor 

activity in distinct EMT states 

To further characterize the GRNs underlying distinct EMT states, SCENIC+ analysis26 was 

applied to combined single cell RNA-seq and single cell ATAC-seq data. This computational 

method infers enhancer-driven regulons (eRegulons) and classifies TFs as transcriptional 

activators or repressors.  

SCENIC+ recovered known epithelial regulators (Grhl2, Grhl3) and regulators of both 

epithelial and early hybrid EMT (Trp63)4,14, and identified additional positive regulators of the 

epithelial state, such as Ehf, Bach2, Bhlhe40 and Cux1. TFs including Pitx1, Klf5 and Clock were 

associated with both epithelial and early hybrid EMT states (Fig. 4a). Pitx1 was predicted to have 

a dual activity, promoting epithelial and early hybrid EMT while repressing later EMT states. 

Bhlhe41 was predicted to show repressive activity on mesenchymal genes (Fig. 4a and 

Supplementary Data 2). 

Canonical EMT-TFs (Zeb1, Zeb2 and Snai1) were predicted to repress epithelial 

programs. Zeb1 expression initiated in early hybrid EMT, whereas Zeb2 and Snai1 were 

upregulated from hybrid EMT (Fig. 4a and Supplementary Data 2). Additional regulators of later 

EMT states were identified. Creb3l1, Nfatc1, and Ebf1 were associated with late EMT but were 

already active in hybrid EMT. Nfe2l1 was linked to hybrid EMT, while Bnc2 and Nfix were specific 

to late EMT and repressed epithelial states. Etv1 showed activity across EMT, with highest 

expression in late EMT (Fig. 4a and Supplementary Data 2).   
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EMT transition states and transcriptional regulators in mouse pancreatic cancer 

To assess whether the transcriptional regulators identified in distinct EMT states in mouse 

skin SCC were conserved across tumor types, a published single cell RNA-seq dataset of primary 

and metastatic mouse pancreatic adenocarcinoma was analyzed, a model known to exhibit a 

continuum of EMT states35. Four EMT states were identified based on a gradient of expression of 

epithelial and mesenchymal genes. The epithelial state expressed Epcam, Cdh1, Muc1, and Krt8. 

The early hybrid EMT state lost Epcam while retaining Cdh1 and Krt8 and upregulating Vim. The 

hybrid EMT state further lost Cdh1 but maintained Krt8 and Vim, with additional expression of 

Sparc. In the late EMT state, epithelial markers were absent, and mesenchymal genes such as 

Vim, Sparc, Col3a1, and Mmp19 were highly expressed Expression dynamics of canonical EMT 

TFs mirrored those observed in skin SCC. Zeb1 expression initiated in early hybrid EMT, Prrx1 

was detected from the hybrid EMT state onwards, and Snai1 expression was largely restricted to 

the late EMT state (Fig. 8a-c). 

SCENIC analysis was performed to infer state specific transcriptional regulators. Gata4, 

Cdx2, and Klf5 were predicted to positively regulate the epithelial state, with Klf5 also being active 

in early hybrid EMT. Stat1, Cebpa, and Fosl2 were associated with early hybrid EMT, whereas 

Nfic and Smad3 were predicted to regulate hybrid and late EMT states. Notably, Nfatc1 and 

Creb3l1 were identified as regulators of the late EMT state. Zeb1 and Prrx1 were predicted to 

repress epithelial programs while promoting hybrid and late EMT states (Fig. 8d, e). 

These data indicate that key aspects of EMT regulatory programs can be conserved 

across tumor types. Although Pitx1 was not expressed in pancreatic tumors, Klf5 was maintained 

as a regulator of epithelial and early hybrid EMT states, whereas Nfatc1 and Creb3l1 were 

conserved as regulators of late EMT. 

EMT transition states and transcriptional regulators in human cancer 
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To assess the human relevance of these findings, EMT signatures derived from the mouse 

skin SCC mouse model (Fig. 1) were compared with previously defined EMT metaprograms in 

human cancers12. The human complete EMT program (EMT-I) showed strong overlap with the 

mouse late EMT state, whereas the human hybrid EMT program (EMT-III) closely matched the 

mouse hybrid EMT state (Fig. 8f, g; Supplementary Data 3), supporting conservation of EMT 

transition states across mouse and human cancers. Other human metaprograms (EMT-II, EMT-

IV, and MES) displayed weaker correlations, likely reflecting tumor type specificity 

(Supplementary Fig. 18a).  

To further evaluate human conservation at the regulatory level, the specific regulons 

associated with Pitx1, Klf5, Nfatc1, and Creb3l1 were compared with human EMT metaprograms. 

For EMT-I (complete EMT), KLF5 and PITX1 regulons showed strong negative correlation, 

whereas CREB3L1 and NFATC1 showed strong positive correlation, consistent with their 

respective roles in restraining or promoting late EMT. For EMT-III (hybrid EMT), KLF5 and PITX1 

remained negatively correlated, CREB3L1 showed positive correlation, and NFATC1 displayed 

minimal association. The negative correlation of KLF5 and PITX1 reflects their activity in epithelial 

and early hybrid EMT states rather than in more advanced EMT programs (Supplementary Fig. 

18b, c). 

Overall, these results indicate that key EMT regulatory programs identified in mouse SCC 

can also be conserved in human cancers presenting EMT features. In particular, the consistent 

association of PITX1 and KLF5 with epithelial and early hybrid EMT programs, and of CREB3L1 

and NFATC1 with late EMT programs, supports conserved regulatory features of EMT 

progression across species. 
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Cross-model comparisons indicate that these regulatory programs are not restricted to 

skin SCC. Klf5 is also associated with epithelial and early hybrid EMT states in pancreatic 

adenocarcinoma, whereas Nfatc1 and Creb3l1 are conserved in late EMT programs. These 

findings support a partially conserved regulatory framework underlying EMT progression across 

cancer types.  

Collectively, these results define a hierarchical organization of EMT regulation, in which 

early factors such as Klf5 and Pitx1 shape initial transcriptional plasticity, while later factors such 

as Nfatc1 and Creb3l1 maintain mesenchymal states. Rather than representing fixed endpoints, 

EMT states appear dynamically interconnected, and their transitions can contribute to tumor 

heterogeneity and metastatic colonization. Future studies should address how these regulatory 

modules interact with microenvironmental and immune signals to control state plasticity, adaptive 

resistance, and metastatic progression, potentially revealing therapeutic vulnerabilities.    





















































ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS










