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Abstract

Objective: This study aimed to define conserved molecular drivers of breast cancer lymph node
metastasis (LNM) through an unbiased, multi-omics approach, resolving spatial and cellular

mechanisms of stromal reprogramming.

Methods: We integrated three bulk RNA-seq datasets (GSE110590, GSE193103, GSE209998)
to identify differentially expressed genes (DEGs) in LNMs versus primary tumors. Tissue-
specific genes were excluded where possible. Single-cell (sScRNA-seq; GSE225600) and spatial
transcriptomics (Visium) from primary/metastatic tissues were analyzed using Seurat and
spacexr. Fibroblast subclusters were isolated for functional enrichment. Clinical validation
included genetic alteration profiling (cBioPortal), survival analysis (KM Plotter), and stage-

specific expression dynamics (TNMplot). Therapeutic candidates were screened via CTD.

Findings: Bulk RNA-seq identified three genes consistently downregulated in lymph node
metastases compared to primary tumors: MAB21L1, F2RL2, and COL6A6 (loglFC < -2.62;
adj. p < 0.05). Single-cell RNA-seq analysis revealed that all three DEGs converged exclusively
within specific fibroblast subpopulations in primary tumors; these DEGs were not enriched in
other cell types. DEG-expressing fibroblasts orchestrated complementary protective barriers:
F2RL2 1 fibroblasts mediated immune crosstalk (via CXCL14, C1S) and TGF- balance;
COL6A6] fibroblasts reinforced ECM structure (COL6A6/COL6A3) and inhibited Wnt
signaling (SFRP2); MAB21L177 fibroblasts suppressed SMAD signaling (through NR2F1
upregulation) and blocked cell migration. Metastatic niches exhibited significant depletion of
protective fibroblast subpopulations (F2RL2 1: reduced from 1.9% to 0.1%; COL6A6 1: reduced
from 3.1% to 1.3%); this depletion coincided with ECM dissolution and disrupted spatial
coordination of immune markers (proximity-dependent HLA-DRA/CXCL9 expression). High
expression of these DEGs correlated with improved recurrence-free survival (e.g., COL6A6: HR
= 0.19, p = 0.002); genomic deletions of the DEGs were significantly more frequent in

metastases versus primary tumors (e.g., MAB21L1 deep deletion: 9.13% vs. 0.57%).

Conclusion: An unbiased transcriptomic approach revealed specialized fibroblast subpopulations

as central gatekeepers against LNM via ECM, immune, and signaling barriers. Their erosion


https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.18.670793; this version posted August 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

drives stromal collapse in metastasis. Epigenetic modulators (Valproic Acid, Vorinostat) were

prioritized for therapeutic restoration of suppressive stroma.
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I ntroduction

Breast cancer metastasis to regional lymph nodes (LNSs) is a critical prognostic indicator and
driver of systemic dissemination [1,2]. It involves a complex multistage process, in which cells
and other factors from primary tumors escape primary sites, travel via lymphatic circulation,
prime premetastatic niches in LNs, and seed in LN tissues [3]. Components of the tumor
microenvironment (TME)—including cancer-associated fibroblasts (CAFs), extracellular matrix
(ECM), and immune cells—orchestrate metastatic progression [4,5]. While some CAFs facilitate
metastasis, emerging evidence suggests specialized fibroblast subpopulations in primary tumors
may establish metastasis-constraining stromal barriers [6,7], potentially through ECM
fortification, immune coordination, and signaling modulation. However, comprehensive
molecular drivers of stromal reprogramming in LN metastasis—particularly those involving
spatial disorganization and ECM dissolution—remain poorly defined. The heterogeneity,
plasticity, and interplay of stromal components in metastatic niches are unresolved, creating a
need for multi-omics approaches including new technologies like scRNA-seq and spatial

transcriptomics [8].

Here, we integrate bulk, single-cell, and spatial transcriptomics to systematically define
conserved molecular alterations in breast cancer LN metastasis. We aimed to: (1) identify
consistently dysregulated genes (DEGs) in LN metastases across independent cohorts; (2)
resolve their cell-type specificity and spatial architecture; (3) characterize functional
reprogramming in metastatic niches; and (4) evaluate their prognostic/therapeutic relevance.
Critically, this approach was agnostic to cell-type mechanisms; fibroblast involvement was

investigated after DEG identification.
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M ethods

- Differential Expresson Analysis

To identify genes with altered expression in Lymph node metastasis, we analyzed three
independent Bulk RNA-seq datasets (GSE110590, GSE193103, GSE209998) comparing
primary breast tumors to metastatic lesions in the lymph node metastases (LNMSs). Raw count
matrices were processed through DESeq2 (v1.38.3) in R (v4.2.2) to pinpoint differentially
expressed genes (DEGS). The full code for this analysis can be obtained from the corresponding

author upon request.
For the GSE193103 and GSE209998 datasets, we implemented a two-stage workflow:

1. Tissue-Specific Gene Exclusion: By comparing normal Lymph node and breast tissues
(adjusted p < 0.05), we identified and removed genes with organ-specific expression to
reduce confounding signals. In contrast, the GSE110590 dataset lacked matched normal
tissue data, preventing tissue-specific filtering.

2. Primary vs. Metastass Comparison: Lymph node metastasis samples were directly
compared to primary breast tumors using a ~Group design matrix, with primary tumors

designated as the baseline

We applied likelihood ratio tests with independent filtering and stabilized log2 fold changes
(LFC) using the ashr method to refine effect size estimates. DEGs were defined as genes with
adjusted p < 0.05 and |LFC| >1 (a 2-fold change threshold).

To isolate consistent BCLM-associated genes, we overlapped DEGs from all three datasets using
a Venn diagram approach, identifying 11 consensus genes. From these, three genes were
prioritized for deeper investigation. Selection criteria included Consistency (Robust differential
expression (significant p and LFC) across all datasets) and Novelty (Underexplored roles in
Lymph node metastasis biology).

- Single-Cell RNA-Seq Data Processing and Analysis
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Single-cell RNA sequencing (ScCRNA-seq) data of primary tumors and paired metastatic lymph
nodes in four breast cancer patients from the public dataset GSE225600 (10X Genomics
platform) was processed using Seurat (v5.0). Raw gene expression matrices were loaded with
Read10X, and cell barcodes were matched to metadata from the original study to retain only
high-confidence annotations using exact string matching with regular expression processing
(e.g., converting "L2_AAAAAAAA" to "AAAAAAAA-L2"). Quality control excluded cells
with <200 or >6,000 detected genes or >25% mitochondrial content, followed by normalization
(LogNormalize; scale factor = 10,000) and identification of 3,000 highly variable genes.
Dimensionality reduction was performed via PCA (top 50 PCs), and cells were clustered using a
shared nearest-neighbor graph (FindNeighbors, k=20) and Louvain algorithm (FindClusters,
resolution=0.5). Cell types were assigned based on pre-existing metadata to ensure consistency
with the original study.

For cross-sample integration, Harmony (theta=2) was applied to correct for patient-specific batch
effects using the RunHarmony function (grouping variable: sample id, dimensions=1:20).
Differential  expression analysis  between tissue compartments was performed
with FindMarkers (Wilcoxon rank-sum test; min.pct=0.25, log2FC threshold=0.25) with
Benjamini-Hochberg correction. Geneset enrichment analysis used clusterProfiler (v4.0) with

GO Biological Processes ontology and human genome annotations (org.Hs.eg.db).

Fibroblast subpopulations were isolated for focused analysis using subset(x = sc, celltype ==
"Fibroblast"), followed by subclustering (resolution=0.8) and label transfer to the main object.
DEG-positive cells were defined using normalized expression >0 in the RNA assay and
characterized through Prevalence analysis across tissue types, Subcluster-specific expression
profiling, Pathway enrichment in DEG+ vs DEG- subpopulations, and Tissue-specific
differential expression within DEG+ fibroblasts.

Visualizations were generated with ggplot2 (v3.4.0), including: UMAP embeddings (DimPlot)
colored by tissue type, cell type, and DEG status, Violin plots (VInPlot) with boxplot overlays,
Dot plots (DotPlot) of top markers, Co-expression networks (cnetplot) of enriched pathways,
Enhanced volcano plots (EnhancedVolcano) for DEG results. All analyses used R (v4.3.0) with

Bioconductor (v3.17) packages including Seurat, SingleCellExperiment, and org.Hs.eg.db.
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- Spatial Transcriptomics Analysis of Metastasis-Associated Genesin Primary Breast
Cancer

Spatial transcriptomics data from four primary breast tumors (T2, T3, T6, T7) from the public
dataset GSE225600 were processed and analyzed to resolve the spatial architecture of
metastasis-associated genes. Raw Visium data (10x Genomics) underwent quality control,
retaining only tissue-embedded spots using Seurat's “subset” function based on ‘in_tissue’
metadata. We converted raw matrices to HDF5 format via "DropletUtils::write10xCounts™ and
loaded spatial data using "Seurat::Load10X_Spatial’, ensuring barcode alignment with tissue
positions through manual metadata integration. Sequencing depth was visualized using
“SpatialFeaturePlot™ for nCount_Spatial, confirming absence of low-quality spots (<5K UMIs)

and revealing patient-specific distributions.

Cell type deconvolution employed RCTD (spacexr) with patient-matched scRNA-seq references.
Single-cell data were subset to primary samples (T2, T3, T6) using sample-specific suffixes,
normalized via "SCTransform’, and converted to "SummarizedExperiment™ objects. Spatial data
were converted to “SpatialExperiment” format, and RCTD was executed in multi-mode
(max_cores=20, max_multi_types=3) to generate cell type weight matrices. Cell type
distributions were visualized spatially by integrating weights with spatial coordinates and

plotting with “ggplot2".

Spatial autocorrelation of metastasis-associated genes (MAB21L1, F2RL2, COL6A6) was
quantified using Moran's I. A k-nearest neighbor graph (k=5) was constructed from spatial
coordinates via “spdep::knn2nb", and significance was tested with ‘'moran.test” (a#=0.05). Genes

were considered clustered if Moran's | >0 with adjusted p<0.05.

Microenvironmental associations were assessed through spatial proximity analysis. For
Immune/tumor niches definition, gene expression (CD3D, EPCAM, CD68, KRT19, LYZ,
STABL1, PDCD1, CTLA4, CD8A, CD163, MARCO) was extracted from spatial data assays, and
cell type weights (epithelial, myeloid, T cell) were converted from RCTD results. Three niches
were defined using quantile thresholds on non-zero expression: The Tumor niche required
(EPCAM > 60th percentile or KRT19 > 55th percentile or epithelial weight >0.5) while
excluding high myeloid/T-cell markers; The Myeloid niche required (CD68 > 55th percentile or
LYZ > 55th percentile or [STAB1 > 75th percentile & myeloid weight >0.4]) while excluding
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epithelial/T-cell markers; The T-cell niche required (CD3D > 55th percentile or CD8A > 55th
percentile or [PDCD1 > 65th percentile & CTLA4 >0] or T-cell weight >0.4) while excluding
epithelial/myeloid markers. Distances between gene-positive spots (expression >0) and niche
centroids were calculated using "FNN::get.knnx" (k=1). Permutation tests (n=1000) compared
observed median distances to random spot distributions, with Benjamini-Hochberg correction.
Proximity enrichment was calculated as the percentage of gene-positive spots within 100um of
niches versus random expectation. Marker correlations used Spearman's p on "FetchData -
extracted expression.

Functional crosstalk was characterized by differential expression analysis of gene-positive spots
within 100pum versus >500um from myeloid hotspots (top 10% LYZ+ spots). DEGs were
identified via “FindMarkers® (logFC>0.25, p<0.05) and functionally annotated using
“clusterProfiler::enrichGO™ (Biological Process, org.Hs.eg.db). Pathway significance required
adjusted p<0.05. Spatial expression of immune-activation genes (e.g., HLA-DRA, CXCL9) was
visualized in fibroblast subsets using “SpatialFeaturePlot™. All analyses used R (v4.3.2) with
Seurat (v5.1.0), spacexr (v1.3.0), and spatial dependencies (spdep, spatstat). Analyses used R
(v4.1.0), Seurat (v4.0), spacexr, spdep, and clusterProfiler, with visualization via ggplot2,
SpatialFeaturePlot, and pheatmap; adjusted p-values <0.05 were considered significant
throughout.

Clinical Validation
- GeneticAlteration Profiling

We interrogated genetic alterations in the DEGs using cBioPortal (https://www.cbioportal.org/).

Metastatic cohorts included Metastatic Breast Cancer (DFCI, Cancer Discov 2020), Metastatic
Breast Cancer (INSERM, PLoS Med 2016), The Metastatic Breast Cancer Project (Archived,
2020), and The Metastatic Breast Cancer Project (Provisional, December 2021), while primary
cohorts derived from following datasets Breast Cancer (METABRIC, Nature 2012 & Nat
Commun 2016), Breast Invasive Carcinoma (British Columbia, Nature 2012), Breast Invasive
Carcinoma (Broad, Nature 2012), Breast Invasive Carcinoma (Broad, Nature 2012), and Breast
Invasive Carcinoma (TCGA, Firehose Legacy). Copy-number alterations (CNAs) were detected

via GISTIC 2.0 and DNAcopy, with amplification/deletion frequencies calculated as the
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percentage of samples harboring alterations per gene. RNA-seq expression trends (e.g., F2RL2
downregulation in metastases) were cross-referenced with dominant CNAs (amplifications for

upregulated genes, deletions for downregulated) to infer drivers of metastatic adaptation.
- Progression-Associated Expression Dynamics

The expression patterns of DEGs were evaluated across breast cancer progression stages using
the TNMplot platform (https://tnmplot.com/analysis/). RNA-seq data from the Breast Cancer
RNA-seq cohort—comprising 113 normal breast tissues, 1,097 primary tumors, and 7 metastatic
lesions—were analyzed. For each gene, median expression values were calculated, and fold
changes (Fc) were determined for tumor versus normal (T/N) and metastatic versus tumor (M/T)
comparisons. A Kruskal-Wallis test (P < 0.05) assessed overall expression differences among
groups, followed by Dunn’s post-hoc test with Benjamini-Hochberg correction for pairwise
comparisons (normal vs. tumor, tumor vs. metastatic). Statistical significance, fold changes, and
expression distributions were visualized using TNMplot-generated box plots. Non-parametric
methods were selected due to non-normal data distribution and the small metastatic sample size,

ensuring robust detection of genes suppressed or sustained during metastasis.
- Kaplan-Meer Survival Analysis

Using the KM Plotter tool (https://kmplot.com/analysis), we evaluated the prognostic relevance of

the six DEGs in 2,976 primary breast tumors. Patients were stratified into “high” and “low”
expression groups via the tool’s Auto Select Best Cutoff feature, which algorithmically identifies
thresholds that maximize survival differences. The analysis included data from up to 10 years
(120 months) of follow-up. Statistical significance was assessed with log-rank tests (p<0.05
threshold), and Cox proportional hazards models calculated hazard ratios with corresponding 95%
confidence intervals. This linked BC LNMs-associated expression patterns (e.g., F2RL2

downregulation) to survival outcomes in early-stage disease.

- Computational ldentification of Therapeutic Candidates via the Comparative

Toxicogenomics Database
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Candidate therapeutic agents were systematically identified using the Comparative
Toxicogenomics Database (CTD) through the Drug Signatures Database (DSigDB), with a focus
on human-specific gene interactions. Selection criteria included any increases or effects on
chemical gene interactions. For more targeted candidate selection, environmental pollutants (e.g.,
Benzo(a)pyrene, Particulate Matter) were excluded, and non-FDA-approved compounds were
retained only if backed by clinical trial evidence in oncology (e.g., Resveratrol). Prioritization
criteria were two in total: (1) number of CTD supportive references, and (2) relevance to
metastatic mechanisms.Shortlisted molecules were also evaluated for biological relevance to
breast cancer, marking their potential roles in proliferation inhibition, immune modulation, or
epigenetic modification. This analysis is a computational screen; experimental validation was not
within the purview of this work, but findings provide a prioritized hypothesis for metastasis-

targeted therapy functional study in the future.
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Results

1. Conserved Fibroblast-Specific Gene Downregulation in Lymph Node M etastasis
I ntegration of 3 RNA-seq cohortsidentifies consistent downregulation of MAB21L 1,
F2RL 2, and COL6A6in LNMs(Tablel)

1.1 Bulk transcriptomics identifies metastasis-suppressing genes

To define transcriptomic drivers of breast cancer lymph node metastasis (LNM), we integrated
three bulk RNA-seq datasets. Transcriptomic analysis of three independent datasets
(GSE110590, GSE193103, and GSE209998) revealed consistent downregulation of MAB21L1,
F2RL2, and COL6A6 in LNMs compared to primary breast tumors (Table 1). All three genes
met stringent statistical thresholds (unadjusted p < 0.01, adjusted p < 0.05; DESeq2 LRT) with
uniform directionality across datasets. MAB21L1 exhibited the most pronounced down
regulation in the GSE110590 dataset (log2FC = —-3.19), while COL6AG6 showed the strongest
suppression in GSE193103 (log2FC = -2.80). F2RL2 demonstrated robust down regulation
across all datasets, with the largest effect in GSE209998 (log2FC = -3.69). (Table 1) These bulk

findings prompted cell-type-resolved investigation.
1.2 Fibroblasts are the exclusive cellular reservoir depleted in metastases (SCRNA-seq)

To resolve cellular specificity, we analyzed single-cell transcriptomes of primary tumors and
matched LNMs. Single-cell RNA sequencing analysis of primary tumors and matched lymph
node metastases (GSE225600, n=4 patients) revealed distinct transcriptional landscapes between
tissues. Figure 1A shows UMAP visualization of transcriptional differences between primary
tumors and LNMs, revealing distinct tissue-specific clustering. Figure 1B demonstrates these
patterns persist across patients, confirming biological consistency. Figure 1C displays a heatmap
of 15+ canonical cell-type markers (EPCAM, PECAML1, CD3D, etc.) with z-score normalized
expression (blue-low to red-high) to validate annotation quality across all cells. Quantitative
analysis in Figure 1D confirmed compositional differences: LNMs were lymphocyte-rich (T
cells: 57.6%; B cells: 23.1%) while primary tumors showed stromal enrichment (endothelial
cells: 38.1%; epithelial cells: 15.6%).

Spatial patterns of specific markers in LNMs were assessed to confirm their metastatic (not
normal lymph node) identity. Supplementary Figure 1 establishes the metastatic identity of LN
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tissues through pan-tissue VIM expression, confirming near-universal mesenchymal/stromal
activation (present in most of cells). While epithelial markers (EPCAM/CDH1/KRT19) and
MKI67 show spatially restricted, low-frequency expression (consistent with metastatic
dissemination), their non-random spatial segregation from VIM-high zones (arrows) excludes
normal LN contamination. Critically, the co-localization of residual epithelial markers with
proliferative (MKI67+) niches supports true metastatic deposits amid stromal dominance. These
spatial features—stromal dominance, constrained epithelial marker expression, and proliferative
epithelial-stromal co-localization—collectively validate the profiled tissues as metastatic lesions

exhibiting expected EMT dynamics, ensuring fidelity for subsequent metastatic niche analyses.

To resolve the cellular origin of conserved DEGs identified in bulk analyses, we assessed cell-
type-specific expression patterns of MAB21L1, F2RL2, and COL6A6. Expression of the
metastasis-associated genes MAB21L1, F2RL2, and COL6AG6 is cell-type-specific in both
primary tumors and lymph node metastases (LNMs), as demonstrated by distinct expression
patterns across diverse cell populations. Notably, fibroblasts exhibited robust enrichment for all
three genes compared to other major cell types, showing consistently higher expression levels
and a greater fraction of expressing cells in both tissue contexts. (Figure 2A-C) Fibroblasts in
primary tumors exhibited significantly higher proportions of DEG-positive cells compared to
fibroblasts in LNMs (e.g., F2RL2: 1.9% vs. 0.1%; Figure 2D & Supplementary Table 1 &
Supplementary Figure 2). Minimal expression was observed in non-fibroblast lineages. This
fibroblast-specific expression pattern and metastatic depletion establish fibroblasts as the primary
cellular reservoir for these metastasis-suppressing factors, directing focus to fibroblast

subpopulation dynamics for subsequent mechanistic analyses.

2. Functional Specialization of Fibroblast Subpopulationsin Primary Tumors

2.1 Fibraoblast subcluster s orchestrate complementary protective roles

To determine whether DEG-expressing fibroblasts represent functionally distinct subpopulations, we performed sub

clustering and pathway enrichment analysis. In primary breast cancer, DEGs were predominantly
localized to specific fibroblast subpopulations (clusters 1, 7, 8), where COL6A6 showed

maximal prevalence in cluster 7 (19.1% of cells). (Figure 3A&B, Supplementary Table 2)

12


https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.18.670793; this version posted August 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

Enrichment analysis revealed distinct functional specialization among fibroblast subpopulations
expressing the DEGs(Figure 3C): Subcluster 1, characterized by concurrent high
expression of F2RL2 (8.59), MAB21L1 (8.30), and COL6A6 (10.07), (Figure 3A) was enriched
for protein homeostasis pathways (chaperone-mediated folding, PERK-mediated unfolded
protein response) and immune/stress regulation (chronic inflammatory response, NOD?2
signaling), indicating a role in maintaining proteostatic resilience. Subcluster 7, exhibiting the
highest COL6AG6 expression, showed dominant enrichment for extracellular matrix (ECM)
organization (collagen fibril assembly, basement membrane formation), TGF-p/BMP signaling,
wound healing, and immune modulation (complement activation), highlighting its
multifunctional role in stromal remodeling and immune coordination. Subcluster 8, with
prominent COL6A6 but moderate overall expression, was linked to mitochondrial energy
metabolism (oxidative phosphorylation, ATP synthesis) and inflammatory microenvironment
modulation (respiratory burst, leukocyte migration), suggesting metabolic support
functions. (Figure 3C) Ciritically, these subclusters represent non-overlapping, specialized
fibroblast states supporting complementary pro-tumor processes. Their collective downregulation
in LNMs creates a permissive metastatic niche by simultaneously disrupting: (i) physical ECM
barriers (Subcluster 7), (ii) stress-defense systems (Subcluster 1), and (iii) metabolic/immune
coordination (Subclusters 7 & 8). This fibroblast-driven stromal collapse aligns with a
mechanistic model where loss of compartmentalized stromal functions enables immune evasion

and metastatic progression (Figure 3C, Supplementary Tables SC 3 & 4).
2.2 Pathway-defined defense mechanisms against metastasis

To define the functional mechanisms by which fibroblast subpopulations constrain metastasis,
we performed pathway enrichment and marker validation for each DEG-specific subset. F2RL2+
fibroblasts coordinate a sophisticated defense network against metastasis through three
synergistic mechanisms, validated by robust marker-pathway integration. (Figure 4 A-D)
First, extracellular matrix reorganization is driven by structural regulators THBS4 (log2FC=4.85,
padj=2.46e-31), CILP (log2FC=3.29, padj=9.64e-33), and COL6A3 (log2FC=2.06, padj=4.66e-
21), which orchestrate collagen fibril assembly while MMP11 (log2FC=3.09, padj=8.71e-07)
enables controlled matrix disassembly. (Figure 4 B)  Second, TGF-B/BMP signaling
modulation is evidenced by concurrent activation (INHBAT, log2FC=1.88, padj=5.94e-07) and
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suppression (FSTL11, log2FC=1.42, padj=6.00e-12), creating a balanced signaling environment
that limits EMT progression. (Figure 4 A&B) Crucially, third, immune-metastasis crosstalk is
mediated through CXCL14 (log2FC=3.26, padj=1.23e-17)-driven monocyte chemotaxis
and C1S (log2FC=1.49, padj=2.34e-09)-initiated complement activation, recruiting tumor-
suppressive leukocytes while TNFSF10 (log2FC=1.67, padj=3.62e-10) primes T-cell responses.
(Figure 4 B) These processes are unified by potent metastasis suppression
via SFRP2 (log2FC=2.18, padj=3.17e-31)-mediated Wnt inhibition and FSTL1-dependent BMP
constraint, collectively establishing F2RL2+ fibroblasts as conductors of a multi-layered defense
that integrates ECM fortification, immune recruitment, and pathway blockade to contain

dissemination.

COL6A6+ fibroblasts deploy a multi-layered defense against metastasis through seven
synergistic pathways, each validated by robust molecular markers. (Figure 4 A-D) Central to this
defense is extracellular matrix fortification, driven by dominant upregulation of structural
genes COL6AG6 (log2FC=14.58), COL6A3 (log2FC=2.07), and LUM (log2FC=2.01), which
collaboratively establish a physical barrier against invasion. This ECM reinforcement is coupled
with potent migration suppression via SFRP2 (log2FC=1.72), a Wnt inhibitor that blocks pro-
dissemination signals, and downregulation of motility drivers PDGFA (log2FC=-3.27)
and ITGA1 (log2FC=-1.72). (Figure 4 A&B) Crucially, EMT constraintis mediated
through TGFBR3 (log2FC=1.41), which sequesters TGF-B to limit epithelial-mesenchymal
transition,  while hypoxic  adaptationis evidenced by suppression of HIF-1la
targets NDUFA4L2 (log2FC=-5.37) and STEAP4 (log2FC=-6.16). Further metastasis
containment arises from Wnt pathway inhibition via SFRP1 (log2FC=2.00) and TGF-B/BMP
modulation through FSTL1 (log2FC=1.47), with immune crosstalk facilitated by HLA-
B/C downregulation (log2FC~-1.70) attenuating antigen presentation. (Figure 4 A&B)
Collectively, these marker-validated pathways position COL6A6+ fibroblasts as architects of a
multi-layered stromal defense system that integrates structural fortification, signaling

interception, and metabolic reprogramming to constrain metastatic progression.

Functional enrichment analysis of MAB21L1+ fibroblasts in primary breast tumors revealed key
pathways implicated in lymph node metastasis suppression. (Figure 4 A-D) Critically, we

identified negative regulation of cell migration (padj < 0.05), validated by significant
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upregulation of motility inhibitors SFRP2 (log2FC=1.31, padj=5.27e-13) and DCN
(log2FC=1.61, padj=7.76e-13). Equally compelling was the enrichment for negative regulation
of SMAD protein signal transduction, mechanistically supported by overexpression of NR2F1
(log2FC=2.24, padj=2.88e-15), a known TGF-p pathway suppressor that inhibits epithelial-
mesenchymal transition. The negative regulation of platelet-derived growth factor receptor
signaling pathway was corroborated by concomitant upregulation of PDGFRA (log2FC=1.93,
padj=8.76e-12) — which may act as a decoy receptor — paired with downregulation of its activator
MDK (log2FC=1.02, padj=0.0001). (Figure 4 A&B) Furthermore, regulation of actin
cytoskeleton organization was evidenced by elevated expression of cytoskeletal remodelers
RND3 (log2FC=1.25, padj=8.12e-05) and reduced ACTA2 (log2FC=-1.28, padj=0.014),
indicating *restricted* cellular motility. Collectively, these pathway-markers align functionally to
constrain metastasis through: 1) ECM stabilization (DCN, LUM), 2) blockade of pro-metastatic
signaling (NR2F1, SFRP2), and 3) inhibition of stromal-tumor crosstalk (PDGFRA). The
specialization of these mechanisms reveals how coordinated fibroblast functions create layered
protection against dissemination, whose erosion in metastasis enables multi-faceted stromal

collapse.
2.3 Stromal Collapse in M etastatic Niches

To characterize how metastatic progression alters protective fibroblast functions, we compared
DEG-expressing subpopulations in  primary tumors versus lymph node metastases
(LNMs). Single-cell profiling revealed three coordinated fibroblast alterations driving LN
metastasis: (1) selective depletion of tumor-suppressive F2RL2+ (0.1% vs 1.9% primary) and
COL6A6+ (1.3% vs 3.1%) subsets. Residual cells (i.e., the rare F2RL2+ or COL6A6+
fibroblasts persisting in LNMs despite significant depletion of these subsets in metastatic niches)
showing pathogenic reprogramming including upregulation of lymphoid chemokines
(“CCL19/21” in F2RL2; logJFC =~ +4.75) and ion transporters (SLC26A7 in COL6A6 ;
logt FC = +7.50). (2) ECM dissolution via loss of structural programs (COL3A1, DCN in
F2RL2 |; COL6AG6, FBLNS in COL6A6!1; log IFC < -2.62); and (3) In persistent MAB21L1! |
fibroblasts (1.8% vs 2.7% in LNMs vs Primary BC), non-significant trends suggested metabolic
rewiring (JDES/ACTG2; logllFC =~ -6.3) and adhesion remodeling (tMUCLL; logCJFC =
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+5.48). This stromal collapse—marked by ECM degradation, immune dysregulation, and

metabolic shifts—creates a permissive niche for metastasis. (Supplementary Table 5)
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3. Spatial Architecture of Fibroblast Defense Niches
To resolve the spatial organization of metastasis-suppressing fibroblast niches, we first established data quality

and baseline microenvironment architecture. Spatial QC revealed T3 had the highest sequencing
depth (~60K UMIs, epithelial hotspots), while T7 showed the lowest (~30K UMIs, stromal
zones). All samples exhibited right-skewed nCount distributions, with most spots capturing
moderate RNA (10K-30K UMIs; mixed cell types) and rare high-count outliers (>40K;
epithelial/myeloid foci). (Figure 5A) This robust data quality supported three distinct
patterns: T2 displayed a unique fibroblast-myeloid reciprocal architecture (mutually exclusive
high-weight zones) with sparse B/T cell presence. In contrast, T3/T6/T7 showed epithelial
dominance, where fibroblast/myeloid weights increased only in epithelial-low regions.
Strikingly, NK cells were universally excluded (weights ~0), while T/B cells were nearly
absent in T3/T6/T7. (Figure 5B) Critically, the absence of low-quality spots (<5K UMIs)
confirms these lymphoid exclusion patterns reflect true biology rather than technical
artifacts. (Figure 5A) The epithelial-fibroblast reciprocity in T3/T6/T7 suggests conserved

tumor-stromal boundaries, while T2's pattern implies distinct immune evasion mechanisms.
This spatial heterogeneity provides essential context for interpreting DEG distribution patterns across individual

metastatic defense niches.

3.1 Organized spatial patter ning supports niche functions

To determine whether metastasis-suppressing fibroblast genes exhibit organized spatial
distributions that could support coordinated defense functions, we quantified spatial
autocorrelation patterns of MAB21L1, F2RL2, and COL6A6 across primary tumors. We
characterized the spatial architecture of three  metastasis-associated  genes
(MAB21L1, F2RL2, COL6A6) in four primary breast tumors using spatial transcriptomics,
analyzing 3,153 spots in T2, 2,681 in T3, 3,510 in T6, and 1,793 in T7. (Supplementary
Figure 3) Spatial autocorrelation revealed distinct patient-specific organization
patterns. F2RL2 exhibited significant clustering in T6 (Moran’s | = 0.018, p = 0.039) and T7
(I'=0.055, p= 0.0001) but random distribution in T2 (I = 0.008, p= 0.226) and T3 (I =
0.006, p = 0.286). COL6A6 showed organized expression only in T2 (I = 0.020, p = 0.030),
was undetectable in T3 and T6 due to extreme rarity (< 5 spots), and displayed random
distribution in T7 (1 = -0.012, p = 0.789). MAB21L1 demonstrated clustering solely in T2 (I =
0.028, p = 0.005) with non-significant patterns elsewhere (T3 1 = -0.0003, p=0.160; T7 | = -
0.0007, p = 0.813) and undetectable expression in T6. This heterogeneity highlights variable

spatial organization of molecular defenses across individuals. (Supplementary Table 6)
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These heterogeneous spatial patterns directly reflect the functional roles identified in single-
cell analyses: organized F2RL2 hubs in T6/T7 enable coordinated ECM-immune crosstalk,
structured COL6AG6 in T2 forms physical barriers, and diffuse MAB21L1 supports metabolic
functions. Critically, the near absence of structured COL6A6 organization in most tumors
(3/4) reveals a common vulnerability in spatial defense systems that may license metastatic

dissemination.

To determine how fibroblast subpopulation positioning enables metastasis-suppressive
functions, we quantified spatial relationships between DEG-expressing fibroblasts and tumor
microenvironment niches. F2RL2+ fibroblasts exhibited conserved immune-niche
specialization in tumors T2, T6, and T7, showing significant myeloid proximity (BH-adj. P
<0.001), and hotspot enrichment (12.9-15.4% vs. 9.6-10.2% random), along with
correlations to myeloid (LYZ: p=0.044-0.099) and T-cell markers (CD3D: p=0.041-0.089).
In contrast, F2RL2+ fibroblasts in T3 showed no significant spatial proximity to immune
niches or marker correlations, suggesting context-dependent regulation(Supplementary Table
7 t0 9, Supplementary Figure 4 A-D)COL6AG6+ fibroblasts exhibited microenvironmental
plasticity: tumor-adjacent in T3 (median distance=0Oum; EPCAM: p=0.058), myeloid-
proximal in T2/T6 (hotspot enrichment: 10.6-20.0%; T-cell proximity in T2:p =0), but
epithelial-avoidant in T7 (KRT19: p=-0.081; no hotspot enrichment). Their scarcity in T3,
T6, and T7 (COL6A6: T3 n=11, T6 n=5, T7 n=21) suggests erosion of tumor-restraining
programs(Supplementary Table 7 to 9, Supplementary Figure 5A-D) MAB21L1+
fibroblasts demonstrated robust immune anchoring in T3 (n=13), T6 (n=9), and T7 (n=10),
with 11.1-20.0% of spots overlapping myeloid hotspots (p<0.001) and immune marker
correlations (CD68: p=0.047 in T3; CD3D: p=0.040-0.051 in T3/T6). However, inT2
(n=56), they lacked myeloid proximity and showed a negative correlation with LYZ
(p=—0.056), indicating tissue-specific functional divergence driven by abundance shifts.

(Supplementary Table 7 to 9, Supplementary Figure 6A-D)

These spatial patterns directly license specialized functions: precise positioning enables
F2RL2[7 immune coordination, COL6A6T barrier formation, and MAB21L1[7 immune
anchoring. Patient-specific disruption of these spatial relationships—through either
mispositioning (T3 F2RL217) or depletion (COL6A6T)—compromises metastasis

containment by disconnecting fibroblast programs from their effector microenvironments.
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3.2 Proximity-dependent immune licensing

To test whether spatial proximity licenses functional immune activation by metastasis-
suppressing fibroblasts, we analyzed gene expression changes in fibroblast subpopulations
near (<100um) versus far (>500um) from myeloid niches. Critically, immune-activating
programs were triggered exclusively when fibroblasts resided within <100 spatial units of

myeloid cells, revealing a strict distance-dependent crosstalk mechanism.

F2RL2+ fibroblasts demonstrated conserved proximity-driven activation in T2 and T7 but
functional erosion in T3/T6. In T2, F2RL2+ spots near myeloid cells showed robust
upregulation of MHC-II machinery (HLA-DRA, P .= 4.3e-14; CD74,P . = 4.2e-11)
and interferon-response genes (CXCLD9, P .4j = 7.8e-6; STATL, P o4 = 2.7e-3), with pathway
enrichment confirming antigen presentation via MHC class 11 (GO:0019886, P .4 = 8.0e-
12), T-cell regulation (GO:0050870, P adj = 8.5e-11), and leukocyte
adhesion (GO:0007159, P 4 = 2.4e-8). (Figure 6 A-C)

In T7, proximal F2RL2+ fibroblasts upregulated MHC-II genes (HLA-DRA, P a5 = 2.9e-4;
CD74, P .4 = 3.3e-7) and adhesion markers (MYLO9, P o4 = 8.4e-3; ZYX, P ag; = 1.9e-2), but
chemokine  signaling  was  non-significant, leading to  enriched cytokine
production (GO:0002361, P ,q; = 6.1e-3) and interferon response (GO:0034341, P . = 6.1e-
3). By contrast, F2RL2+ spots in T3 and T6 showedno significant immune
enrichment despite myeloid proximity (all P .g; > 0.05), indicating context-dependent loss of
crosstalk. COL6A6+ fibroblasts exhibited minimal immune engagement. (Supplementary

Figure 7)

In T2, proximal spots showed trend-level MHC-II upregulation (HLA-DRA, P = 5.9¢e-6)
but no significant pathways after adjustment (P ag; > 0.05). (Figure 6 A&B) In T3, T6, and T7,
extreme scarcity (<5 spots per sample) precluded detection of immune activation.
MAB21L1+ fibroblasts uniformly lacked significant immune pathway enrichment across

tumors (all P ¢; > 0.05), with insufficient spots for analysis in T6/T7 (<2 per sample).

These results establish that functional immune activation requires direct myeloid-fibroblast
contact (<100um), and that patient-specific disruption occurs through two mechanisms:
biochemical uncoupling (F2RL217 in T3/T6) or cellular depletion (COL6A61"). This spatial
licensing paradigm explains how proximity-dependent crosstalk collapse contributes to

metastatic niche permissiveness.
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5. Clinical and T herapeutic Relevance

5.1 Genomic and prognostic validation

CNA s analysis of 3,878 primary and 578 metastatic breast cancers revealed distinct alteration
patterns (Table 2). Metastases exhibited significantly higher rates of deep deletions
for MAB21L1 (9.13% vs. 0.57% in primaries) and COL6A6 (4.76% vs. 0.03% in primaries).
F2RL2 also showed increased deep deletions in metastases (2.38% vs. 0.42% in primaries).
Amplifications were less frequent but followed similar trends, with MAB21L1 (2.51% vs.
0.82%) and COL6A (1.46% vs. 0.76%) showing higher rates in metastases. These genomic
patterns suggest metastatic progression preferentially selects for loss of MAB21L1, F2RL2,
and COLG6A6, supporting their potential role as metastasis suppressors (Table 2,

Supplementary Figure 8).

Kaplan-Meier analysis demonstrated significant prognostic associations for three genes in
lymph node-negative, systemically untreated breast cancer patients. Patients with high
expression of COL6A6 (n=39 high vs. 18 low; HR = 0.19, 95% CI: 0.06-0.62; log-rank p =
0.0022) exhibited an 81% reduction in relapse risk compared to the low-expression group.
Similarly, high expression of F2RL2 (n=36 high vs. 21 low; HR = 0.3, 95% CI: 0.09-
0.94; p= 0.028) was associated with a 70% lower risk of relapse. For MAB21L1, high
expression (n=655 high vs. 310 low; HR = 0.66, 95% CI: 0.53-0.83; p = 0.00027) correlated
with a 34% risk reduction. All survival curves showed statistically significant separation (log-
rank p < 0.05), underscoring the potential role of these genes as biomarkers for favorable

prognosis and metastasis suppression in breast cancer (Figure 7).

TNMplot analysis showed unique expression trends for three candidate genes in breast

cancer. COL6A6 showed a robust decrease in expression between normal tissue (median

expression = 466) and primary tumor (median = 26; fold change [FC] = 0.12, p

4.87x101J1LILJ) and an even larger decrease when comparing metastasis (median = 7; FC
0.44 vs. tumor; p = 4.58x10.12). MAB21L1 expression also decreased from normal (median
= 158) to tumor (median = 16; FC = 0.16, p = 5.23x10L L LI), while the decrease to
metastasis (median = 15; FC = 0.91 vs. tumor, p = 2.93x100/Y) was not statistically
significant. F2RL2 had contrasting expression with a large increase (median = 480 vs. normal
=132; FC = 3.21; p = 9.51x10LItLJ), then was significantly decreased in metastasis (median
= 13; FC = 0.03 vs. tumor; p = 1.04x10L LI). These expression profiles propose that COL6A6
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and MAB21L1 are metastasis suppressors, while F2RL2 is context-dependent during cancer

progression (Table 3, Supplementary Figure 9). Identifying Candidate
5.2 Ther apeutic candidatesfor stromal restoration

Our analysis identified candidate drugs that target either the downregulated genes
MAB21L1, F2RL2, and COL6A6 in LNMs of breast cancer. For F2RL2, the top candidate
drugs were the mRNA expression increasing Valproic Acid and Tretinoin, with Valproic Acid
having the additional target of epigenetic modulation through the inhibition of HDAC.
Another candidate drug justifiably prioritized was Cyclosporine. This drug is FDA approved
for immunosuppression, but it would increase F2RL2 expression and could domain a specific
role for F2RL2 support a potential immune-modulatory role in human breast cancer (Table
4).
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Discussion

This multi-omics study systematically identifies conserved molecular drivers of breast cancer
lymph node metastasis (LNM) through an unbiased transcriptome-first approach. We
discovered MAB21L1, F2RL2, and COL6AG6 as consistently downregulated genes in LNMs
across independent cohorts—revealing their suppression as a hallmark of metastatic
adaptation. Single-cell and spatial resolution demonstrated that these genes define specialized
fibroblast subpopulations orchestrating complementary metastasis-constraining mechanisms
within primary tumors. F2RL2L fibroblasts spatially coordinate immune-metastasis crosstalk
through CXCL14-mediated monocyte recruitment and C1S-initiated complement activation,
while balancing TGF-p/BMP signaling to limit epithelial-mesenchymal transition.
COLG6AG6I fibroblasts fortify physical barriers via collagen VI assembly and suppress pro-
dissemination pathways, including Wnt signaling. MAB21L171 fibroblasts inhibit stromal-
tumor signaling by blocking SMAD-dependent pathways.

These subpopulations collectively establish a multi-layered stromal defense system that
physically, immunologically, and biochemically constrains metastatic dissemination. Clinical
validation confirms their role as metastasis suppressors, with genomic deletion enrichment in
metastases (CNA analysis), stage-specific downregulation (TNMplot), and significant
association between high expression and prolonged recurrence-free survival (KM analysis).
The erosion of these specialized fibroblast niches in LNMs—marked by subpopulation
depletion, ECM dissolution, and loss of immune coordination—creates a permissive
microenvironment for metastatic progression. This work defines a paradigm of fibroblast
functional diversification in metastasis suppression and nominates candidate therapeutic

agents (e.g., Valproic Acid, Tretinoin) for stromal-targeted intervention.

In metastatic niches, we observed a coordinated stromal collapse characterized by three
pathological shifts: (1) Depletion of metastasis-constraining fibroblast subsets (F2RL2L :
1.9% — 0.1%; COL6A6.J: 3.1% — 1.3%); (2) Pathogenic reprogramming of residual
fibroblasts toward ECM dissolution (loss of COL6A6/DCN/FBLNS) and aberrant immune
modulation (CCL19/21 induction); and (3) Spatial disorganization that disrupts proximity-
dependent immune crosstalk. Critically, F2RL2LI fibroblasts—which license MHC-II and
chemokine expression (e.g., CXCL9) only when positioned <100um from myeloid cells in

primary tumors—Ilose this immune-activating capacity in LNMs . This erosion of spatial
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licensing creates permissive niches for metastatic outgrowth, aligning with recent paradigms

of microenvironmental coordination in metastatic suppression [9,10].

Clinically, genomic analyses revealed selective pressure for suppressor loss in metastases,
with significantly elevated deep deletion frequencies for MAB21L1 (9.13% vs. 0.57% in
primaries) and COL6A6 (4.76% vs. 0.03%). In line with previous research suggesting that
COLG6AG inhibits cancer cell progression through the JAK signaling pathway and the PI3K-
Akt pathway, and is positively associated with immune cell infiltration, our findings indicate
that high COL6AG6 expression is associated with an 81% reduction in relapse risk (HR=0.19,
p=0.0022). This further underscores its role as an early gatekeeper against dissemination. [11-
14] MAB21L1 downregulation in lymph node metastases disrupts stromal defense
mechanisms and promotes metastatic survival, potentially through loss of its anti-apoptotic
function. This is mechanistically supported by findings demonstrating MAB21L1's role in
suppressing the ATR/CHK1/p53 pathway and regulating Bcl-2 family proteins to protect
against apoptosis. [15] Paradoxically, F2RL2 exhibited stage-dependent dynamics:
upregulation in primary tumors (FC=3.21 vs. normal) followed by profound suppression in
metastases (FC=0.03). This suggests context-dependent roles, potentially reflecting its dual

function in stromal barrier maintenance versus microenvironmental plasticity [16, 17]

Therapeutically, computational screening prioritized agents capable of restoring suppressive
stroma, including epigenetic modulators (Valproic Acid, Vorinostat) and retinoids (Tretinoin)
that upregulate the identified genes. While requiring experimental validation, these
candidates highlight druggable pathways to reinforce stromal containment. Future studies
should functionally validate these fibroblast subpopulations in metastatic restraint using
organotypic models and explore whether stromal collapse mechanisms extend to visceral

metastases.

In conclusion, our unbiased approach—initially agnostic to cellular mechanisms—converged
on specialized fibroblast subpopulations as central executors of molecular programs
constraining LN dissemination. The spatial and functional erosion of these fibroblasts enables
metastatic progression through multi-layered stromal collapse. Rather than broadly targeting
CAFs, selectively restoring these suppressive functions represents a promising therapeutic
strategy. Our integrated spatial atlas provides a blueprint for developing microenvironment-

focused interventions against breast cancer metastasis.
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Table 1: Consistent Dysregulation of three DEGs in lymph node metastasis from breast cancer.

GENE DATASET LFC P-VALUE P ADJ REGULATION
MAB21L1 GSE110590 -3.19 5.02x1005  1.78x10012 Down
MAB21L1  GSE193103 -1.47 1.94x10014 3.12x10.12 Down
MAB21L1 GSE209998 -1.77 9.21x100/8 3.02x10LIL! Down
F2RL2 GSE110590 -3.21 9.68x10016 5.74x10213 Down
F2RL2 GSE193103 -2.71 1.15x10Mr  2.75x10715 Down
F2RL2 GSE209998 -3.69 1.54x1000'C 2.11x10C%4 Down
COL6A6  GSE110590 -2.56 2.51x10714  4.29x10712 Down
COL6A6  GSE193103 -2.80 2.96x100)7 2.75x10714 Down
COL6A6 | GSE209998 -1.49 2.31x1006 2.48x10714 Down

LFC: Log 2-fold change; padj: adjusted p-value.

Tissue-level DEGs from bulk RNA-seq; cell-type resolution follows in subsequent analyses

Table 2: Copy Number Alterations (CNA) and Mutation Frequencies in Primary Breast Cancer (PBC) and
Breast Cancer (BC) Metastasis.

Gene PBC BC Metastasis CNA: Deep Deletion, N (%) CNA: Amplification, N (%)
(%CNA) (%CNA)
(N:3878) (N:578) PBC BC Metastasis PBC BC Metastasis
(N:3530) (N:756) (N:3530) (N:756)
MAB21L1 1% 15% 20 (0.57%) 69 (9.13%) 29 (0.82%) 19 (2.51%)
F2RL2 <1% 5% 15 (0.42%) 18 (2.38%) 8 (0.23%) 13 (1.72%)
COL6A6 1% 11% 1 (0.03%) 36 (4.76%) 27 (0.76%) 11 (1.46)

BC: Breast Cancer; CNA: Copy Number Alteration; N:Number; PBC: Primary Breast Cancer.

Table 3: Differential Expression of Candidate Genes in Breast Cancer Progression

GENE FOLD FOLD P-VALUE  P-VALUE MEDIAN MEDIAN MEDIAN
CHANGE CHANGE (NL-T) (-METS) EXPRESSION EXPRESSION EXPRESS ON
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(METST)
0.44 4.87x 10 458 x 10?2
0.03 9.51x 10%® 1.04x10°
0.01 5.23x10%° 293x10?

METS: METASTATIC; NL: NORMAL; T: TUMOR.

(NL)
466

132
158

M (METS)
26 7
480 13
16 15

Table 4: Prioritized Therapeutic Candidates Targeting MAB21L1, F2RL2, and COL6A6

Gene Candidate Agent I nteraction Mechanism FDA Status Clinical Relevance
F2RL2 Valproic Acid Increases HDAC inhibitor Approved  Repurposed in cancer trials
expression; epigenetic (epilepsy)
affects expression modulation
Tretinoin Increases Retinoid receptor Approved Used in breast cancer
expression agonist (AML, therapy
acne)
Cyclosporine Increases Immunosuppressan  Approved Immune modulation
expression t potential
COL6A Valproic Acid Increases HDAC inhibitor Approved Epigenetic regulation
6 expression
(multiple
references)
Resveratrol Decreases Antioxidant Supplement Phase I1 trials in cancer
expression SIRT1 activator
(with Plant
Extracts)
S- Increases NO donor Investigatio Preclinical evidence in
Nitrosoglutathion expression anti-metastatic nal metastasis
e
MAB21 Tretinoin Increases Retinoid receptor Approved Differentiation therapy
L1 expression agonist
\orinostat Increases HDAC inhibitor Approved Breast cancer trials
expression (CTCL)
(with co-
treatments)
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Figureslegends

Figure 1. Single-cell landscape of primary breast tumors and matched lymph node metastases (LNMs).
(A) UMAP projection colored by tissue origin (Primary tumor vs. LNM). (B) UMAP colored by patient ID,
showing inter-individual variation. (C) Heatmap of annotation markers only (rows = genes, columns = cells)
used for cell type validation, Color scale: blue (low) to red (high) z-score normalized expression. (D) Stacked
bar plot of cell type frequencies. Data source: GSE225600.

Figure 2. Expression of the metastasis-associated genes (MAB21L 1, F2RL 2, COL6AG6) is cell-type-specific
in both primary tumors and LNMs. Fibroblasts in primary tumors show elevated expression of these genes
compared to fibroblasts in LNMs

Figure 3. (A&B) In primary breast tumors, DEGs were localized to specific fibroblast subclusters, with
COLB6AG highly expressed in cluster 7. (C) Functional analysis revealed distinct specialization - subcluster 1 in
proteostasis, subcluster 7 in  ECM remodeling/immune coordination, and subcluster 8 in
metabolism/inflammation (hypergeometric testing and BH correction. via clusterProfiler)

Figure 4. Molecular pathways and expression signatures in fibroblast subpopulations of primary breast
cancer. Analysis of three fibroblast subtypes (COL6A6+, F2RL2+, MABEL1+) reveals key pathways
associated with metastasis suppression. Differential gene expression (logl] fold change) and statistical
significance (adjusted p-value) are shown for critical pathways. Enhanced Volcano plots highlight genes
involved in extracellular matrix (ECM) regulation, TGF-B/BMP signaling, and immune mediation. Fold change
analyses validate functional enrichment in ECM remodeling, signaling inhibition, and immune recruitment,
supporting an anti-metastatic defense network. Gene counts and adjusted p-values quantify pathway
significance. (hypergeometric testing and BH correction. via clusterProfiler)

Figure 5. Spatial QC and tissue architecture. (A) nCount distributions: T3 highest depth (~60K UMIs,
epithelial foci), T7 lowest (~30K, stromal). Most spots: 10K—-30K UMIs (mixed cell types); outliers >40K
(epithelial/myeloid). (B) Architectural patterns: T2 shows reciprocal fibroblast-myeloid exclusion zones.
T3/T6/T7 exhibit epithelial dominance with fibroblast/myeloid restricted to epithelial-low regions. Universal
NK exclusion; T/B cells absent in T3/T6/T7. Biological validity confirmed (no low-quality spots). Epithelial-
fibroblast reciprocity (T3/T6/T7) indicates conserved tumor-stromal boundaries; T2 suggests distinct immune
evasion. (descriptive QC and pattern visualization)

Figure 6. The spatial expression patterns of key immune-related genes in F2RL 2+ fibroblasts relative to
myeloid hotspots in tissue T2. The figure shows the spatial expression patterns of key genes involved in
antigen presentation and T-cell regulation in F2RL2+ fibroblasts relative to myeloid hotspots. (A) Spatial
expression of HLA-DRA, CD74, and CXCL9 in F2RL2+ fibroblasts. The color scales indicate the expression
levels of these genes. (B) Spatial distribution of HLA-DRA, CD74, and CXCL9 expression in F2RL2+
fibroblasts relative to myeloid hotspots. The scatter plots show the relationship between gene expression and
distance from myeloid hotspots. (C) Immune crosstalk pathway enrichment analysis. The heatmap and bar plot
summarize the enrichment of pathways related to antigen presentation, T-cell regulation, and leukocyte adhesion
in the F2RL2+ fibroblast population. The analysis reveals that F2RL2+ fibroblasts located near myeloid cells
show robust upregulation of MHC-I1 machinery (HLA-DRA, CD74) and interferon-response genes (CXCL9,
STAT1), with significant enrichment of pathways involved in antigen presentation via MHC class II, T-cell
regulation, and leukocyte adhesion. (hypergeometric testing and BH correction. via clusterProfiler)

Figure 7. Kaplan-Meier survival analyses demonstrating the prognostic significance of three genes -
COLB6AB, F2RL2, and MAB21L1 - in lymph node-negative, systemically untreated primary breast cancer
patients. (A) High expression of COL6A6 (n=39 high vs. 18 low) was associated with an 81% reduction in
relapse risk compared to the low-expression group (HR = 0.19, 95% CI: 0.06-0.62, log-rank p = 0.0022). (B)
High expression of F2RL2 (n=36 high vs. 21 low) was associated with a 70% lower risk of relapse (HR = 0.3,
95% CI: 0.09-0.94, log-rank p = 0.028). (C) High expression of MAB21L1 (n=655 high vs. 310 low) correlated
with a 34% reduction in relapse risk (HR = 0.66, 95% CI: 0.53-0.83, log-rank p = 0.00027). All three survival
curves showed statistically significant separation (log-rank p < 0.05), underscoring the potential of these genes
as biomarkers for favorable prognosis and metastasis suppression in lymph node-negative, systemically
untreated breast cancer. (Log-rank test (for Kaplan-Meier curve significance, Cox proportional hazards
model (for hazard ratios).
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For clarity, all reported p-values were adjusted using Benjamini-Hochberg (BH) unless otherwise specified.
Non-parametric tests were prioritized due to non-normal data distributions.

28


https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.18.670793; this version posted August 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

ymphMNode


https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.18.670793; this version posted August 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.



https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.18.670793; this version posted August 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

<t
9p]
o
I
= 3
3 | B
& %@ ]
* S8
@
2000%?&
o %]
O SRR - - W 1 VRN V.


https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.18.670793; this version posted August 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

il call 1 Epithellal cel

cell 11 Plasma cell

10000 15000 5000 10000
X Coordinate

Spatial expression of CD

CD74 -

2



https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.18.670793; this version posted August 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

Probability
0.4

Exp

0.0

Numbe
low 21

|- ==


https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

.
-
.o
§ 4
2 o ® LymphNode .
g : b su
g i
X - TO
" R
0
" F T W W
m
e
= 1o T
= N2 B Pl el
. Bas R
£ 05



https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

A

umap 2

MAB21L1 Expression by Cell Type

B

Exprosson

. ’

.

contyoe N

o 8w 8l ®
o o

H
o Frmine 5

F2RL2 Expression by Cell Type

umaP

ceitips
DT

P

o Epocel
D
o Wsac
.

o T

E—

umap 2

COL8AS Expression by Cell Type.

Exprosson
.
.

cantyoe

o it


https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

20

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.18.6707|
(which was not certified by peer review) is the author/funder,
available under

15

% Cells Expressing

O L

Fibroblast Subclusters

COLEAsPositive Cells in FIbroblast Subciusiers (Frimary BC)

&
|
1 ‘D .
0
3
™ .
g 3
gc - 35y
5 5 8 v
VLI
‘ ¥is

.."o
3

DEGs Prevalence in Fibroblast Subclusters _ Primary BC

@ A

Status

Othyar
® DEGH

.
%
"
o -':» =
umap_1
C
Fib_subcluster_1: Key Pathways
posive regulation of RN decay °
protein refolding o
reguiation of celluar response to heat ®
regulation of odontoblast differentiation B AdJ p-VaIue
positive regulation of nuclear-transcribed mRNA poly(A] tail shortening L) 0.015
requiation o nucleolde-binding oligomerization domain conlaining 2 signaing patuay . _—
odontoblast diferentiation °
0.005
primary mRNA processing
negative regulation of stem cell dierentiation @
Gene Count
chaperane-mediated protein folding [ ] e
regulation of nucleotide-binding domain, leucine rich repeat containing receplor signaling pathway . @
carda newrlcrot ol dferentaten ilved n ear dovlopment . @ s
@ v
integrated siress response signaling [ ]
chronic nflammatry respanse °
negative regulation of fat cell difierentiation § - (@)
response to unfolded protein .

L & ©

%

Fold Enrichment

; thiSlversion posted August 22, 2025. The copyright holder for
ha i
C-

8 =
his preprint
ranted bioRxiv a license to display the preprint in perpgtuty. It is made
4.0 International license.

6— .
5_ .

|dentity

DEGs Prevalence in Fibroblast Subclusters _ Primary BC

. Average Expression
2

s : 0
; . Percent Expressed
. . -0

e 5

® 10
® 15

FZRL2#0sitve Cails In Fibroblast Subclu sters [Rrimary BC)

e
3 10
’ ¢
3
o p Status 4
[+% - o
g4 i . Othar g
El 5 6 r 4. ® DEG+ §
','._ a8 7
8 L
. (RS
3 ! SO s 1
. ¥ .
3 -
v
-
8
v
11
13 & -
umap_1
Fib_subcluster_7: Key Pathways
complement activation, allemative pathay .
exacelar e sssembly )
complement activation, classical pathuay ®
colagon fll oganizaton Y
comploment actvation
L Gene Count
basement membrane organization °
« 3
axtracalluar matix disassambly )

PY ® 5
@
@ -
@ s

vasclar endothelia growth faclor signaing pahway
BMP signaling pathway

bone remodeling

cellular response to BMP stimulus

cellular response to vasaular endathelial growth factor stimulus

bone developrment Adj. p-value
posiive requiaion ofphosphlicyinostol S inaseiprotein kinase B signal ransduction
0.015
humoralimmune resporise
ransforming growth factor beta receplor superfamly signaling pathway 0.010
cellar response 1o ransforming grovth factor beta simulus
0.005

positive regulation of ERK1 and ERK2 cascade.
phosphatidylinositol 3-kinase/protein kinase B signal transduction
wound healing

requlation of ERK1 and ERK2 cascade

[ ]
®
®
e © ©
Fold Enrichment

requlation of angiogenesis

ERK1 and ERK2 cascade

P

DEG Positive Cells In Fibroblast Subciusters (Frimary BC)

-
. 18
g D '
3
3
.
4 &< Stalus
. e &
0 B g
’ 't - ‘3 Othar
.
5 « & 1. <, ® DEG+
Red oy
% o7, 4043
- . >y LY
o . . .
. . s ek
. ¢ : 1o T e T
- - s
3 4 LA e T Wi
‘ 3 gt F ~
o 3 .
ing H
.. .
L &®
: §
1"
b2 b L3
N
umap_
Fib_subcluster_8: Key Pathways
respiratory burstinvolved in inflammatory response .
leukocyte agaregation .
protein nrosytation .
poplidyicysteine S-nirosylation .
respratory burst involved in defense response .
reguiation of respiatory burst .
response lo hyperoxia .
leukocyte migration involved in inflammatory response: .
response to increased oxygen levels .
respiratory burst .
oxidative phosphorylation .
icehondrial ATP synihesis coupled secron rarsport )
ATP synthesis coupled electron transport [}
proton ransmembrane ransoort | (@)
aecton anspotchan | (@)
cervicespiraion | ()

& & &
Fold Enrichment

Gene Count
e 10
@ 15
@ 20
@ 25
@ 3o

Adj. p-value
0.04


https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

COLG6AG + Fibroblasts: Key Pathways

F2RL2 + Fibroblasts: Key Pathways

MAB21L1 + Fibroblasts: Key Pathways

A basement membrane crganization < ° basemont membrane orgarizalion °
[—— . colgen il rgrizaton PY
oo B xliions] ° regision esacair e crganzalon ° negative eiatonofplaelt e srnth i rcepior sl vy .
‘extraceliular matrix disassemoly L]
regulation of exracelular matro crganizsiion ) ' Gene Count
aniigen procezsing taion of peplide amigen va NHE ciass | . ene Couri macrophage migration | ° Gene Count
ene Coun
nogatie rsuion o cobma adhion | . o i K g vy = & e :
R S —— .
Y [ RE————— ° ® ® 4
20 5
reguiton of el [ ] o bt [ ] @ o
®x . o
epell o mesenchyma v ® @ ©
Py P signaing pathay | ° [ X
Adj. p-value s Y § g st oz | (@) ®:
v intarn-mcitad sl sy ° Adj. p-value
— oiaton of koo shomoiads { °
e S o e ® o cotir s o antomig rowh i beta stk ° 0.04 Adj. p-value
[ — ey o
: 0.02 - 003 0.04
SRP—— SHAD proton g rnscucion | .
i . 0.02 [ — ) 0.03
P ———— Y neanive epiaionofcot oty (@) 0.0t
n A migration 4 0.02
esporss o anstoming g oo s | @) b o oo i °
- P ansorning st fcor bt ecetor sgnsing vy | @) 0.01
. o reauon of Wit sgnatog patay | @
P R S @) R — ° it ot cn skt arganzaten | ()
o s pats | @ . PY
aukocyts migration | @)
1S . . < b : B s N &
Fold Enrichment Fold Enrichment Fold Enrichment
B COL6A6+ vs COL6A6- Fibroblasts (Primary BC) F2RL2+ vs F2RL2- Fibroblasts (Primary BC) MAB21L1+ vs MAB21L1- Fibroblasts (Primary BC)
EnhancedVolcano EnhancedVolcano EnhancedVolcano
@ NS @ Log;FC @ p-value @ p - valueand log, FC ® NS @ Log,FC @ p-value @ p-valueand log, FC ® NS @ Log;FC @ p-value @ p - valueandlog, FC
1
° 1
40 !
1 ° °
1 % L ]
100 o | e THBS4
o 30 SFRP20g 20
Q | e% ® o
o ) 1 6% CILP )
> > COLBA > °
o S 2 i o grrry o NRapd
- — ! | ® po®
Il S0 O 1 i 110 DN ‘3.0
i gxeLid © @PDGFRA
HLAB 5 ° FSTL TNFSF10
NDUFA4L2 O ci1s LUMg RND3 ®
o o ®.0 ® aMMP11 ® n‘%. °
(3 & INHBA ACTA2 M
[} 7 2 a F
0 - sTERPEAcA 0 @G T T 0 bad -
T T T T T T T T T
° ® N © N K3 2 N v »
Log, fold change Log, fold change Log, fold change
total = 1177 variables total = 890 variables total = 473 variables
c
Key COL6A6+ vs COL6A6- Fibroblast Markers (Primary BC) Key F2RL2+ vs F2RL2- Fibroblast Markers (Primary BC) Key MAB21L1+ vs MAB21L1- Fibroblast Markers (Primary BC)
Average Expression Average Expression
el @ @ Y ° . ° 04 Postive . 'Y . . ° . ° . ° Percent Expressed Postive o . ° ° ° . ° . o
.
00 ® 50 00
04 ® s 0.4
z £ 2
T ' Average Expression &
= Percent Expressed 2 = Percent Expressed
04
o o
e 25 0.0 . 25
[ *
Nogate . . . . e o ® 04 Negate ° ®
@« @
S & & L 4 A N4 £ & # S & N o © N & N s & & & S
£ & « & @Q@ & & R » B & K & e & & 4 %Qé & g@"’ & & & & 2
Features Features Features
b azopy, - E LT Jcos6 i
U e g et e aren v 0 i s
et 408 T O - oot bt gy
o0 Lo, oot et % rorn .
" . et coedt e ¢ + ~
. weny TS S L e i i i g soc? st
i s’ S8 B e e oxraceluar matr dsasserrety #70°C &2 L e
i e oo L P8 coumy/ O e % e o . TorR e ilrion” o/ e
e . ARHGDIp & & s = - e Lave1, » LRPY negatie reguiation of Wit signaing pattway
P b et mecies s gty P o7 g comgcitsue dessomert (S0 ACTI2 L& 0oty coygan 7O S g e Soron Shes = oot ety 03 St misce el praersion
s o [ st g 2 . S SN RN S5t L gt g 071513 ; i G inersic aopote sl patoway n espse o DA damage .
- response o spha e T, SOLS - sxishior b smzsn=50" LI s PSS g P e oo somirz S— oK
ssra" O o Fare: e k! coLion [ — i3 BOUAT i ragave ropaton o o iy TSI I oz < oon® comechetosue dekpmert
P ot Rt & 4EMILINT CYP B Lasement membige oanzS0L6AT COLIA2 & . Foon ot
% . Homne o 082 <ot e b e oy : . crsd
Pocrry PR e o E 3 sgpmet — =
Lt Lo b e L TR S ol S0 s saion A ey =
(CL12® —— APOD ADAM1] 8P Signaing pathway EOSTP" $akz CORNIG SR FEn O OO e N Tvsthvr oyt — Sy RERRES?  paia” s
sorot P g T B B S e DD I — P o vy 20 .
amg ST ey S EOMRA S L couk T e I R P et s et goora eoontctnar s ocess
clamer A™eRRY Taoge o Bty R, e Barua 1 X
o #AMeTE Sops \ & monocyte chemotass -
coi ot send e Fo s IO e o
Neepes Noreis EFnBz FRIDS pLekt

ooz


https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

16000

12000

8000

4000

16000

Y Coordinate

12000

8000

4000

nCount_Spatial

I 40000

30000
20000

I 10000

rec000

[ Endothelial cell [ Fibroblast

5000

10000 5000 10000 5000 10000 5000 10000

X Coordinate

[]

ot
°
X}
©
(X}
°
o

ot °
o 9
°
]
0
L
° o
nCount_Spatial ¢ nCount_Spatial
60000 Oq 50000
°e 40000
40000
° 30000
(]
20000
20000 -
& I 10000
q
q 4]
° (]
0 o
° ]
ot °
o ]
ot
° .
'
A °
Y (1
° 0
0’\ ot ]
o
m‘fu\n. o °°c Oc
o °
° LA q
= -
T3 T6 T7
B cell [ Endothelial cell [ Epithelial cell [ Fibroblast B cell [ Endothelial cell [ Epithelial cell ][ Fibroblast B cel 1 Endothelial cell [ Epithelial cell [ Fibroblast ]
. e - -
&
oo 5
.
. .
- 3 - b ] -
o2 ) v L]
S - . ‘
B
<
L .
2 weight RIS weight {
1.00 G 1.00 P
¢
« 1
075 075 -
Myeloid cell [ NK cell [ Plasma cell [ T cell is0, Myeloid cell [ NK cell 0.50 Myeloid cell [ NK cell [ Plasma cell
o0z
T " 0.00 r3 0.00
we & 3 ¥
g s Ead s 5
L &a\ 1 £
g . ; "
¥ ¥ >
i "‘"3; o 8 ¥ & .
. : e
. i
5000 10000 15000 5000 10000 15000 5000 10000 15000 5000 10000 15000 5000 10000 15000 5000 10000 15000 5000 10000 15000 5000 10000 15000 5000 10000 15000 5000 10000 15000 5000 10000 15000 5000 10000 15000
X Coordinate X Coordinate X Coordinate

nCount_Spatial

I 30000

20000

. 10000

weight
1.00

0.75

0.50


https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

I o o B

s na psve

cingn

Log2 Fold Ehange


https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

coLeAs (230867 at) F2RL2 230147 1) MAB21LI (206163 at)

H Woomoeom| 5[ L Woosnmooan| S i 669 1053003
D ks Zai ; aganh - G0 aaeni b 0003t
oo : : .
£ £
R r— R r— L
= = =
I ) I ) 6 50 e 1o a0 2o
Time ot Time Time it


https://doi.org/10.1101/2025.08.18.670793
http://creativecommons.org/licenses/by/4.0/

