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(A) Tumor development is delayed in single-mutant animals. Kaplan–Meier survival 

curves comparing tumor onset in animals carrying individual oncogenic alleles to  

triple-mutant and healthy control animals (N=8).  

(B) Tumors arise across all mammary glands. Left: murine mammary gland anatomy. 

Right: H&E staining of cervical, thoracic, abdominal and inguinal glands from a 

mutant animal at postnatal week 8. Random example (N=3). Scale bar: 100 µm. 

(C) Oncogene activation (YFP+) is restricted to the luminal compartment (Krt8+/Krt14-) in 

early-stage glands. Single channel (left) and merged (right) immunofluorescence (IF) 

images of mammary glands from a mutant animal at postnatal week 5. Arrows: 

YFP⁺/Krt8+ cells. Random example (N = 3). Scale bars: 50 µm. 

(D) Tumor cells (YFP+) are detected in intramammary lymph nodes at study endpoint. 

Single-channel and merged overview (left) and merged zoom-in (right) IF images of 

lymph node tissue from mutant animals at 10 postnatal weeks. Random example 

(N = 3). Scale bars: 100 µm (overview), 50 µm (zoom-in). 

(E) Histology across study timepoints. H&E staining of mammary glands collected at T0 

(healthy), T1 (5–6 weeks), T2 (8–9 weeks), and T3 (10–11 weeks). Scale bars: 

500 µm. Random example (N = 10).  
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Figure 2. Spatiotemporal quantification of tumorigenesis at single cell resolution 

 

(A) Epithelial and stromal cell types are remodeled in the tumor microenvironment 

(TME). Uniform manifold approximation and projection (UMAP) of single-nucleus 

RNA-seq data isolated from mammary glands along tumor progression (Timepoints 

T0–T3). RNA from N = 58,742 nuclei was sequenced (12 samples, 3 biological 

replicates/timepoint, Methods). Cell types in SFig2A. 

(B) Spatial transcriptomics captures the progressive remodeling of TME molecular 

architecture. Top: H&E images of tissue slices from glands acquired for spatial 

transcriptomics. Bottom: Clustering of the genome-wide, high-resolution spatial 

transcriptomics data (Open-ST). RNA from N =587,288 pseudocells was sequenced 

(12 samples, 3 biological replicates/timepoint, Methods). Additional replicates in 

SFig2C. Scale bars: 500 µm. 

(C) Single-nucleus RNA-seq mapped to spatial transcriptomics. As in (B) but colored by 

Robust Cell Type Deconvolution scores (RCTD) for selected cell types captured by 

single-nucleus RNA sequencing. RCTD is a supervised learning approach to 

decompose cell type mixtures in single pseudocells leveraging profiles learned from 

single-nuclei RNAseq after correcting for platform-specific effects. Each cellular 

population gets a probabilistic score from 0 to 1 in each spatial location and scores in 

each spatial location sum up to 1.  

(D) Schematic representation of epithelial and stromal organization during tumor 

progression.  
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(A) Uniform manifold approximation and projection (UMAP) plot of healthy and 

transformed mammary gland cell types. RNA from N = 58,742 nuclei was sequenced 

(12 samples, 3 biological replicates/timepoint, Methods).  

(B) Marker gene expression across cell types. Dot size: percentage of cells (≥20% 

shown), for each cell type, where ≥1 transcript of a specific gene was detected. 

Color: Z-scores of mean gene expression values per cell type. 

(C) As in Fig2B, H&E images of tissue slices (top) and unbiased clustering results of the 

genome-wide, high-resolution spatial transcriptomics data (Open-ST) for biological 

replicates not shown in Fig2B. 

(D) UMAPs of the individual snRNA-seq samples can contain lymph node–associated 

immune and stromal populations (blue). snRNAseq and Open-ST replicates collected 

from independent mammary glands. 

(E) RCTD deconvolution scores (as in Fig2C, Methods) from lymph-node associated 

snRNAseq populations indeed map to the intramammary lymph node captured in 

Open-ST sample T2-#3.   
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Figure 3 Epithelial and stromal cells undergo extensive remodeling in the TME 

 

(A) Epithelial cells are remodeled after oncogene activation. UMAP (single nuclei RNA-

seq data from epithelial cells, Methods) colored by enrichment in healthy (blue) vs 

tumor (red) samples. N = 5,428 nuclei integrated from 12 samples (3 biological 

replicates/timepoint). Color scale clipped between 0.005 and -0.005 for visualization 

purposes. 

(B) Marker gene expression supports epithelial annotations. Dot size: percentage of cells 

(≥20% shown), for each cell state, where ≥1 transcript of a specific gene was 

detected. Color: Z-scores of mean gene expression values per cell state. T: Tumor, 

Av: average. 

(C) As in (A, D, E) but colored by cluster annotations (see B). 

(D) Pseudotime captures tumor progression after oncogene activation. As in (A) but 

colored by pseudotime scores computed using “Palantir” (Methods), probabilistic 

modelling of tumor cell trajectories anchored to a Cell-of-origin. Grey: Luminal and 

myoepithelial cells. Hormone sensing not shown. 

(E) Tumor cells (YFP) down/up-regulate luminal/basal markers during tumor progression 

(Krt8 and Trp63, respectively). IF staining of early (left) and invasive (right) lesions. 

Random example (N = 3). Scale bars: 50 µm. 

(F) Markers of Tumor-associated basal cells (TABACs). As in (A, C) but colored by Z-

scores for Trp73 expression (top) and AUCell enrichment for the ‘Hedgehog 

Signaling Pathway’ KEGG gene set (bottom; Methods).  

(G) TABACs (Trp73+) form a layer of non-recombined cells around transformed cells 

(YFP+). IF staining of an intermediate lesion. Random example (N = 3). Scale bars: 

50 µm. 

(H) Stromal cells are remodeled in the TME. UMAP (single nuclei RNA-seq data from 

stromal cells, Methods) colored by enrichment in healthy (blue) vs tumor (red) 

samples as in (A). N = 15,424 fibroblast and macrophage nuclei from 12 samples (3 

biological replicates/timepoint). Color scale clipped between 0.05 and -0.05 for 

visualization purposes. MΦ - Macrophage 

(I) Dot plot as in (B) but of marker genes supporting stromal cell state annotations. 

(J) Stromal molecular phenotypes. As in H but colored by cell state annotations (see I). 
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(A) Epithelial cell states are similar to specific healthy and tumor reference populations. 

UMAP (single nuclei RNA-seq data from epithelial cells, as in Fig3A) colored by label 

transfer scores from a murine basal tumor single-cell atlas 39 (Methods). 

(B) As in (A) but colored by cluster annotations and split by experimental timepoint (T0–

T3). 

(C) As in (A) but colored by Z-scores for luminal (Krt8) and basal (Trp63) marker gene 

expression (top) and AUCell enrichment for HALLMARK pathways upregulated by 

basal-like tumor cells (bottom; as in Fig3E, Methods). 

(D) Single-channel IF images corresponding to Fig3E. Scale bars: 50 µm. 

(E) Volcano plot comparing gene expression between TABACs (right) and myoepithelial 

cells (left). Selected differentially expressed genes are highlighted. X: Difference in 

the percentage between TABACs and myoepithelial cells where ≥1 transcript of a 

specific gene was detected, Y: log2 fold change in average gene expression. 

(F) Single-channel IF images corresponding to Fig3G. Scale bars: 50 µm. 

(G) Stromal cell states are similar to specific healthy and tumor reference populations. As 

in (G,H) but colored by label transfer scores from a murine mammary single-cell 

reference (see B).  

(H) Stromal cells upregulate cancer-associated signatures. UMAP (single nuclei RNA-

seq data from stromal cells, as in Fig3H) colored by AUCell enrichment Z-scores for 

inflammatory cancer-associated fibroblasts (iCAFs), myofibroblasts (myCAFs) and 

tumor-associated macrophages (TAMs) signatures described in (Mayer et al., 

2023)42. 

(I) Remodeled stromal cells upregulate specific markers. As in (G) but colored by Z-

scores for mean gene expression. 
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Figure 4. Tumor and stromal states are spatially organized in dynamic multicellular 

niches 

 

(A) Definition of cellular neighborhoods. RCTD deconvolution scores are averaged per 

cellular neighborhood (i.e., 30 closest pseudocells). 

(B) Epithelial and stromal populations are spatially organized. Cellular neighborhoods 

with similar cell state deconvolution scores are grouped into niches (Methods). Left: 

UMAP colored by niche identity. Right: Heatmap of Z-scores for mean RCTD 

deconvolution scores of epithelial and stromal populations. Additional niches and cell 

types in SFig4B.  

(C) Spatial mapping of epithelial and stromal niches during tumorigenesis. Open-ST 

samples (as in Fig2B) are colored by niche assignment (see B). Additional replicates 

in SFig. 4C.  

(D) Spatial mapping of tumor pseudotime scores (see Fig3C). As in (C) but colored by 

pseudotime label transfer scores (Methods). Additional replicates in SFig4D.  

(E) Duct segmentation (Methods). As in (C) and (D) but colored by duct assignment. 

Black: duct-stromal interface. Additional replicates in SFig4E.  

(F) Pseudotime ordering of 100+ ducts. Pseudocells in individual ducts colored by niche 

assignments. Ducts ordered by average pseudotime score. Stages 0-IV represent 5 

pseudotime bins. Ducts with <250 pseudocells were removed (44 out of 111). 
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(A) Single-nucleus RNA-seq epithelial and stromal states mapped to spatial 

transcriptomics. RCTD deconvolution scores (see Fig2C, Methods) for selected 

epithelial and stromal populations are shown in Open-ST sample T2 #1. 

(B) As in Fig4B but showing Z-scores for mean RCTD deconvolution scores of all 

epithelial, stromal, and immune populations across all identified multicellular niches. 

(C) Spatial mapping of multicellular niches across additional biological replicates not 

shown in Fig4C. Color legend in B. 

(D) Spatial mapping of tumor pseudotime scores across additional biological replicates 

not shown in Fig4D. 

(E) Spatial segmentation of individual ducts across additional biological replicates not 

shown in Fig4E.   
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Figure 5 Spatiotemporal dynamics of tumor-stromal interface remodeling 

 

(A) Duct isolation enables the study of the duct-stromal interface (red) (Methods). 

(B) Composition dynamics of epithelial phenotypes within ducts. Cell-state compositions 

are defined as Z-scores of mean, stage-specific RCTD deconvolution scores (as in 

SFig4A top row). Additional epithelial states in SFig4A, left. 

(C) Composition dynamics of stromal phenotypes at the duct-stromal interface. As in B 

but related to stromal populations mapped to the duct-stromal interface. Additional 

stromal states in SFig4A, right. 

(D) Stromal phenotypes are spatially organized in the periductal stroma. Spatial 

transcriptomics of the same duct shown in (A), displaying macrophage (top) and CAF 

(bottom) cell-state composition. 

(E) Spatial organization of stromal phenotypes across duct stages (time). Box plots show 

the distance of individual macrophage (top) and fibroblast (bottom) populations to the 

tumor–stroma interface (Methods). Boxes omitted for populations detected in <150 

stage-specific pseudocells. Color legend in C. 

(F) Progressive remodeling of stromal states at the tumor-stromal interface. Phase 

diagrams of stromal dynamics during tumor progression. Cell-state composition of 

neighbourhoods at the duct-stromal interface (here shown in log10 scale) are used to 

compute 2D kernel densities for each duct stage. Stage 0 not shown as remodeled 

stromal populations only appear later (see C). 

(G) Cell type distribution at the duct-stromal interface. IF staining of iCAFs (Chl1⁺), 

myCAFs (Ncam1⁺), macrophages (Mrc1⁺), and TAMs (Gpnmb⁺) in an intermediate-

stage tumor (left) and a PDX(#3) model (right). Scale bars: 50 µm. 

(H) TABACs (Trp63+) form a layer between tumor cells (YFP+) and myCAFs (Ncam1+) 

interface. IF staining showing the tumor–stroma interface in a primary tumor. Scale 

bars: 100 µm.  

(I) Graphical representation of cell types organization at the tumor-stromal interface. 
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(A) Specific stromal compositions at the duct-stromal interface follow specific epithelial 

phenotypes within ducts. Cell-state composition (Z-scores of mean RCTD 

deconvolution scores) of epithelial populations in the duct (as in Fig5B) and stromal 

populations in the duct-stromal interface (as in Fig5C). 

(B) Marker gene expression follows population dynamics. Z-scores of mean expression 

of epithelial marker genes in the duct compartment and stromal markers genes in the 

duct-stromal interface. 

(C) A macrophage-rich/fibroblast-rich ‘hot fibrosis’ state is established at the tumor-

stromal interface. As in Fig5F but showing the cumulative abundance of fibroblast 

and macrophage states and including healthy ducts. 

(D)  Single-channel IF images corresponding to Figure 5G. Individual channels shown for 

iCAFs (Chl1⁺) and macrophages (Mrc1⁺). Scale bars: 50 µm. 

(E) iCAFs are closely associated with macrophages in the periductal stroma, from T2. IF 

staining of iCAFs (Chl1⁺) and macrophages (Mrc1⁺) in T2 tumor. Random example 

(N=3) 

(F) Transmission electron microscopy of mammary gland ducts derived from healthy and 

tumor-bearing animals. T0 and T2 Tumor lesion with disrupted epithelial architecture, 

dense fibroblasts layer around the tumors and multiple macrophages infiltrating the 

stroma. 

(G) Single-channel IF images corresponding to Figure 5H. Individual channels of IF 

images shown for Ncam1⁺ myCAFs, Trp63⁺ myoepithelial basal cells, YFP⁺ tumor 

cells, and DAPI. Scale bars: 50 µm. 
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Figure 6. Coordinated and transient signaling axes orchestrate early interface 

remodeling 

 

(A) Spatial analysis of secreted ligand-receptor interactions in cellular neighborhoods. 

Ligand spatial activity is computed based on co-expression of ligand and its 

receptors in neighboring cells (Methods). Pairs of ligand and receptor pairs from 

CellChat44. 

(B) Transient induction of signaling axes at the early (Stage I) tumor-stromal interface. 

As in Fig5B but showing Z-scores of mean spatial ligand activity, computed for 

pseudocells forming the tumor-stromal interface. Additional Stage I and other stage-

enriched ligands shown in SFig6A. 

(C) Tgfb2 signaling from the cell-of-origin is received by early-interface populations. 

snRNA-seq data is used to identify the directionality of stage-specific interface 

interactions (see B). Arrow width is proportional to geometric of ligand/receptor 

expression in the sender/receiver populations mapping to the early duct-stromal 

interface (Stage I). Arrows shown  for receptor and ligand expression detected in 

>30% of cells.  

(D) Intracellular targets of TGFb signaling are upregulated in early-interface populations. 

Box plots showing Z-scores of AUCell enrichment for HALLMARK ‘TGFβ signaling’ 

gene set in snRNA-seq populations mapping to the duct-stromal interface. 

(E) Spatial analysis of ECM-receptor interactions in cellular neighborhoods. As in A but 

focusing on ECM ligand–receptor pairs. 

(F) Progressive ECM remodeling at the tumor-stromal interface. As in B but showing the  

dynamic of selected ECM ligands. All stage-enriched ligands are shown in SFig6D. 

(G) Heatmap showing mean ligand expression across selected populations from snRNA-

seq data. 

(H) myCAFs orchestrate ECM organization. Z-score for AUCell enrichment of ‘ECM 

organization’ REACTOME gene set in selected snRNAseq populations. 

(I) ECM remodeling at the tumor-stromal interface. As in H but scoring a representative 

spatial transcriptomic sample (T2 #1). All replicates shown in SFig6F.  

(J) Collagen is deposited at the tumor-stromal interface. Second harmonic generation 

(SHG) imaging of collagen deposition in healthy control T0 (left) and T3 tumor (right) 

tissue sections. Zoom-out and zoom-in views shown. Scale bars: 1000 µm 

(overview), 200 µm (inset). 

(K) Collagen deposition colocalizes with myCAFs at the tumor-stromal interface. IF and 

SHG imaging of the same tumor region from consecutive sections. Top: Ncam1⁺ 

myCAFs shown by IF. Bottom: corresponding SHG image showing collagen 

deposition in the same field. Scale bars: 50 µm. 

(L) EMT-like tumor cells invade in a remodeled ECM at the tumor-stromal interface. IF 

staining in a T3 tumor showing Lamc2⁺/YFP⁺ tumor cells in proximity to Ncam1⁺ 

myCAFs. Random example (N=3), Scale bar: 50 µm. 

(M) Lamc2⁺ tumor cells infiltrate in a remodeled ECM in PDX samples. IF staining of a 

PDX sample showing Lamc2⁺/Ecad⁺ tumor cells in a Tnc⁺ stroma. Scale bar: 50 µm. 

Random example (N=3) 

(N) Graphical representation of signaling events in early and late tumorigenesis. 
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(A) Tumor organoids display a basal phenotype. IF staining of organoid lines from 

healthy (left) and mutant (right) mammary glands. Shown channels: DAPI, YFP, 

Trp63, and Krt8. Scale bars: 100 µm. 

(B) Tumor organoids display a disorganized architecture with loss of the central lumen. 

Brightfield images of organoid cultures showing the structural organization of 

epithelial cells. Healthy organoids form acinar-like structures with central lumens; 

tumor organoids display disorganized architecture. Scale bars: 100 µm. 

(C) Tumor organoids display protrusions invading the surrounding ECM. Transmission 

electron microscopy of organoids derived from healthy and tumor-bearing mammary 

glands. Tumor organoids show disrupted epithelial architecture, loss of apical–basal 

polarity, and protrusions extending into the extracellular matrix. Scale bars: as 

indicated. 

(D) Tumor fibroblast cultures Ncam1+ and Ncam1- negative populations. Flow cytometry 

analysis of tumor-derived fibroblasts stained with PE-conjugated anti-Ncam1 

antibody. Cells were gated negative for Ptprc and EpCAM. Distinct Ncam1⁺ and 

Ncam1⁻ populations are shown. 

(E) Tumor fibroblast cultures display heterogenous morphologies. Brightfield images of 

fibroblast cultures derived from healthy and tumor-bearing mammary glands showing 

differences in morphology. Scale bars: 100 µm. 

(F) Epithelial cells used for injection experiment were enriched for LP state. Flow 

cytometry plot showing the sorting strategy for YFP⁺ epithelial cells using PE-CD49f 

and APC-EpCAM staining, based on the luminal progenitor gating approach 

described in Rosenbluth et al., 2020. Random example (N=3). 

(G) myCAFs co-injection leads to increased tumor weight at study termination. Fatpad 

weights (in gram) at the day of study termination for Groups A, B, and C. Bars 

represent endpoint tumor mass in grams. N =10. 

(H-J) Spatial mapping of lymphocytes (H), macrophages (I) and TAM (J) snRNAseq  

     populations in Open-ST transplant samples (as in Fig7C).  

(L) Spatial mapping of tumor pseudotime (as in Fig 4D) but related to transplant samples  

 in H-J. 

(M) As in (H-J) but related to selected tumor populations not shown in Fig7D. 

(N) Immunofluorescence staining of tumors from group A-C Shown channels: DAPI, 

YFP, Ncam1. Scale bars: 100 µm. 

(O) Single immunofluorescence channels related to Figure 7E. Single-channel 

immunofluorescence images corresponding to Figure 7E. Channels shown: Lamc2, 

YFP, Tnc, and DAPI. Scale bars: 100 µm. 
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