
communications biology Article
A Nature Portfolio journal

https://doi.org/10.1038/s42003-025-08799-x

Cancer-associated fibroblasts shape the
formation of budding cancer cells at the
invasive front of human colorectal cancer
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The formation of budding cancer cells at the invasive front of solid tumors is one of the first steps of
metastasis. However, this process is still incompletely elucidated. Here, we used spatial molecular
imaging to disentangle the complex interactions between cancer cells and the tumor
microenvironment at the invasive front of colorectal tumors. Employing a 1000-plex gene panel, we
defined all major cell types in tumors and adjacent normal tissue with accurate spatial information.
Individual cancer cell clusters were located together, consistent with an expected mutation- and
epigenetic-driven clonal evolution. However, cancer cell clusters encompassing budding cells
exhibited a markedly different spatial distribution as they also contained cells that were scattered
around the periphery of themain cancer cell masses. Moreover, these cells were frequently in contact
with cancer-associated fibroblasts (CAFs) and underwent broad gene expression changes, mainly
related to epithelial-mesenchymal transition (EMT), remodeling of the extracellular matrix (ECM), and
migration. In addition, we defined an 11-gene signature (TYK2, IL2RG, KRT17, HLA-B, NPPC,WIF1,
IL32, B2M, CCND1, CRIP1, ITGB1), which characterizes cancer cells en route to metastasis and is
associated with inferior outcomes. Collectively, our findings suggest that CAFs induce pro-invasive
gene expression changes involved in EMT, ECM remodeling, and migration.

The development of distant metastases accounts for most cancer-related
deaths as surgical removal of metastatic lesions is often not possible or
warranted due to a wider systemic spread of cancer cells in late-stage
disease1. The metastatic process consists of several discrete steps,
including local invasion, entry into lymphatic and/or blood vessels,
extravasation into another tissue and outgrowth at the distant site2. In
several solid tumors, including colorectal cancer, the sprouting of cancer
cells at the invasive front (or tumor budding) of early-stage primary
tumors is associated with disease progression3. Budding cells are usually
defined as single cancer cells or small clusters of up to four cancer cells
that are isolated from the main part of the tumor and their presence in
patients with stage II colon cancer is increasingly being considered as a

poor prognostic marker that may, along with other high-risk factors,
justify the consideration of adjuvant chemotherapy4.

Budding cells are hypothesized to undergo a process known as
epithelial-mesenchymal transition (EMT), which is characterized by
increased expression of mesenchymal markers like vimentin and
decreased expression of epithelial markers. During EMT a loss or
downregulation of cell–cell adhesion molecules like E-cadherin and
EpCAM together with cytoskeletal rearrangements, leads to increased
cell motility and tissue invasion5,6. In addition, budding cells often have
an increased expression of stem cell markers, gain the capacity to degrade
the extracellular matrix, and become more resistant to apoptosis7. Cancer
associated fibroblasts (CAFs) within the tumor microenvironment
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(TME) are thought to promote tumor progression and metastasis8,9,
whereas CD68 positive macrophages and CD8 positive T cells may kill
off the invading cancer cells10. The physical properties of the TME may
also play a role in the formation of budding cells11–13.

The signals from the CAFs and other cells within the TME that are
hypothesized to promote budding as well as the proposed immune escape
mechanisms of the budding cells are still incompletely understood and
challenging to study. However, novel spatial proteomics and tran-
scriptomics technologies have recently emerged and promise to revolutio-
nize our understanding of tumor budding and cancer metastasis.

Here, we employed a technology called Spatial Molecular Imaging
(SMI), which simultaneously measures a thousand different RNA
molecules, to study the invasive front of colorectal adenocarcinomas. We
demonstrate the robustness of the SMI technology for the profiling of
transcriptomic changes in individual cells, including CAFs, immune cells,
endothelial cells, and budding cancer cells, leading to novel discoveries of
cancer biology. In particular, our study is focused on the spatial archi-
tecture of different cancer cell clusters and cells within the TME,
emphasizing the crosstalk between cells in the TME and budding cancer
cells at the invasive front.

Results
We employed four different spatial technologies to study the invasive front
of colorectal adenocarcinomas. Our main focus was on SMI analyses, for
which samples from four patients (four adenocarcinomas and one adjacent
normal tissue) were included. Subsequently, validation studies were done
using the 10XVisiumplatform (adenocarcinoma tissues fromfive patients),
nanostring GeoMx (adenocarcinoma tissues from three patients), and
RNAscope duplex analyses, including tissues from six patients with ade-
nocarcinoma and three patients with adenoma (Supplementary Fig. 1).

Accurate spatial gene expression analysis of single cells in
adjacent normal colon tissues
We initially assessed the performance of the SMI technology on colon
tissues by examining structurally ordered adjacent normal tissue. In such
tissues, it is well established that epithelial cells, including goblet cells, stem
cells, and enterocytes, are situated in the crypts and surrounded by fibro-
blasts and immune cells. First, we visualized the crypts by immuno-
fluorescent staining for pan-cytokeratin, which stains epithelial cells, and
stained forT-cells usingCD3(SupplementaryFig. 2A). Then, fromthe same
areawithin the same tissue slide, we identified a total of 3108 cells using SMI
and performedUniformManifoldApproximation andProjection (UMAP)
analysis to visualize cell distribution patterns based on gene-expression, and
unsupervised clustering using the Leiden algorithm14 to identify individual
cell clusters. This analysis revealed nine different major cell clusters,
including immune cells and fibroblasts as well as cells of epithelial origin,
namely enterocytes, goblet, crypt, and tuft cells based on the PanglaoDB
database15. Additionally, we identified a cluster comprising only 57 cells,
someofwhichwere locatedwithin the crypts,while otherswere found in the
stromal area. This cluster was labeled as “unknown”. Overall, cells of epi-
thelial origin clustered separately from other cell types (Supplementary
Fig. 2B), and when inspecting their physical localization (Supplementary
Fig. 2C), these cells were found within the crypts, strictly aligned with pan-
cytokeratin staining (SupplementaryFig. 2D).The remaining cell typeswere
located in the stroma between the crypts as expected, and T-cells were
present in areas of positive CD3 staining (Supplementary Fig. 2E). Among
the most differentially expressed genes between the different cell types, we
identified many well-known canonical markers, e.g., EPCAM,OLFM4, and
KRT19 for epithelial cells, several collagens including COL1A2 as well as
ACTA2 for fibroblasts, JCHAIN, MZB1, and CD27 for B-cells and plasma
cells, and CD3E for T-cells (Supplementary Fig. 2F). Visualization of indi-
vidual epithelial marker genes illustrated a high specificity of the signal to
pan-cytokeratin positive cells (Supplementary Fig. 3). Furthermore, we
found that thePIGR genewas highly expressed and specific for the epithelial
cells, in line with previous research16 (Supplementary Fig. 2G-J). To further

validate the specificity of the epithelial expression of this marker, we
investigated a digital spatial profiling (DSP) dataset for which epithelial cells
and immune cells from normal adjacent colon tissues were analyzed
separately17. In accordancewith the SMI data, we found a high expression of
PIGR in the epithelial cell fractions (SupplementaryFig. 2K, L).Wealsoused
a single molecule fluorescent in situ hybridization (FISH) duplex assay to
further validate the spatial expression patterns ofPIGR andOLFM4. Here, it
could be observed thatOLFM4 is mainly located at the base of the crypts as
expected18, whereas PIGR is more abundant in the upper parts of the crypts
(Supplementary Fig. 2M). Finally, further analysis of the “Unknowncluster”
led to the identification of three subclusters of cells (Supplementary Fig. 4),
with those located in the stroma showing the lowest expression of PIGR,
someofwhichmay represent pericryptalfibroblasts-like cells (PDGFRA and
CXCL12 high) (Supplementary Fig. 4). Together, based on these analyses,
we conclude that SMI enables a highly accurate spatial gene expression
analysis of single cells in adjacent normal colon tissue.

Spatial gene expression analyses of single cells in colorectal
tumors reveal a unique spatial distribution of cell clusters that
encompass budding cells
Next, we used SMI to study colorectal adenocarcinomas from four dif-
ferent patients, focusing on areas at the invasive fronts with different
densities of tumor budding. Further details about the patients can be
found in Supplementary Table 1. In the first FOV from patient 1, we
visualized the cancer cells using immunofluorescent staining for pan-
cytokeratin, revealing both larger areas of cancer cells and budding cells
(Fig. 1A). We identified a total of 2541 cells and performed UMAP
visualization and Leiden clustering analysis employing the same meth-
odology as previously described for the adjacent normal tissue. This
resulted in the identification of nine main cell clusters that were anno-
tated based on enrichment of well-known canonical markers and con-
firmed with the PanglaoDB database. In the UMAP plot, all the different
cancer cell clusters formed a separate supercluster, whereas the immune
cells, CAFs, and endothelial cells clustered separately (Fig. 1B). When
inspecting the localization of the cells, it was evident that cancer cells co-
localized with cells being positive for the pan-cytokeratin immuno-
fluorescent signal, as would be expected19 (Fig, 1C, D). Moreover, most
individual cancer cells belonging to a distinct cluster were in close
physical contact, indicating that gene expression patterns are a good
predictor of spatial distribution. In contrast, the cells from one of the
cancer cell clusters (denoted as Cancer cells 4) appeared to be randomly
distributed throughout the tissue. Interestingly, this cluster was found to
encompass most of the budding cells, and upon closer inspection, it
became apparent that individual cells were always found at the outskirts
of masses of cancer cells belonging to other clusters. Thus, all these cells
were in close contact with cells within the TME (Fig. 1E). This unique
spatial distribution of cancer cell clusters encompassing most of the
budding cells was also observed for other FOVs with different densities of
tumor budding (Supplementary Figs. 5 and 6). Together these analyses
show that the distinct cancer cell clusters that encompass most of the
budding cells have a unique spatial distribution.

Cancer cell clusters that encompass budding cells share chan-
ges related to EMT and migration
It has beenhypothesized that budding cells undergoEMT,which is a cellular
transdifferentiation process from an epithelial to a mesenchymal pheno-
type. These cells lose polarity and adhesion properties while acquiring
migratory abilities. Indeed, the “Cancer cells 4” cluster from FOV1 pos-
sessed all these features, showing decreased expression of epithelial marker
genes such as EPCAM, CDH1, and PIGR in parallel with an increased
expression of mesenchymal marker genes such as LUM, VIM, and several
collagengenes. In addition, an increased expressionofFN1 andWNT2Bwas
observed (Fig. 1F, G, H).

EMT is known to be a continuous process, however, some studies have
defined discrete intermediate hybrid states20–22. Thus, we further investigated
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the cancer clusters and confirmed the mesenchymal EMT state of the
“Cancer cells 4” cluster. On the contrary, the other cancer cell clusters were in
epithelial-like states. Specifically, “Cancer cells 1” scored highest for “Epi-
thelial state”, and “Cancer cells 5” for “Epithelial state” as well as for Hybrid
(H) stages 1 and 2. “Cancer cells 3” scored higher for H1 and H2 and

“Cancer cells 2” scored higher for H3 and H4 (Fig. 1I). This also applied to
the cancer cell clusters encompassing most of the budding cells in other
FOVs with different tumor budding densities (Supplementary Fig. 7).
Together, these analyses show that the distinct cancer cell clusters that
encompass most of the budding cells are undergoing EMT.

https://doi.org/10.1038/s42003-025-08799-x Article

Communications Biology |          (2025) 8:1345 3

www.nature.com/commsbio


Agene signature of early budding is associatedwith disease free
survival
To define the molecular features of early budding cells, we studied the
“Cancer cells 4” cluster in FOV1 further. We extracted a list of genes that
showed higher expression levels relative to all the other cancer cell clusters
(61 genes) and relative to the CAF cluster (206 genes). From these two lists,
11 genes (TYK2, IL2RG,KRT17,HLA-B,NPPC,WIF1, IL32, B2M,CCND1,
CRIP1, ITGB1) were shared (Fig. 2A). When plotting these 11 genes for all
the individual cell clusters, we observed that most were highly enriched in
“Cancer cells 4”, in terms of average expression and the percentage of cells
expressing these genes (Fig. 2B and Supplementary Fig. 8).When inspecting
otherFOVswithvarying tumorbuddingdensities,we alsoobserveda strong
enrichment of this gene signature in the cancer cell clusters encompassing
most budding cells (Supplementary Fig. 9). To further investigate the spatial
expression patterns of these 11 genes, we explored a DSP dataset for which
epithelial cells from adjacent normal tissues as well as cancer cells from the
invasive front and central part of colon tumors, along with liver metastases
were analyzed separately17. First, when comparing the global gene expres-
sion patterns of cancer cells from the invasive fronts with those from the
central parts of the tumors, we detected 616 differentially expressed genes.
Interestingly, PIGR and OLFM4 were the most downregulated genes at the
invasive front relative to the tumor mass (Supplementary Fig. 10A), con-
sistent with these markers being lost in the cancer cell clusters that
encompass most of the budding cells. We also found that many of the
differentially expressed genes are involved in wound healing, angiogenesis,
cell migration, and adhesion (Supplementary Fig. 10B, C). In this dataset,
nine of the 11 signature genes were detected above background levels, and
seven of these showed a higher expression at the invasive fronts relative to
the central parts of the tumors. Additionally, in most cases, these genes also
exhibited higher expression at the invasive fronts relative to the paired liver
metastasis, which is expected since the cells no longer require a migratory
phenotype at this point (Supplementary Fig. 10D). Interestingly, the average
expression of these genes was higher in colon adenocarcinomas compared
to adjacent normal tissues in a TCGA dataset (Fig. 2C) and significantly
associated with a poor disease-free survival (Fig. 2D). When analyzing the
genes individually, CRIP1, IL2RG, and ITGB1 were significantly associated
with poor disease-free survival (Supplementary Fig. 11). Next, to further
substantiate the specificity of the 11-gene signature and its involvement in
cancer progression, we explored a single-cell RNA sequencing dataset
consisting of 371,223 cells from colorectal tumors and adjacent normal
tissues23 (Fig. 2E).Again,we found ahigher expression of the gene-signature
in cancer cells undergoing EMT and higher expression in the more
advanced tumors (T3 and T4) compared to early-stage tumors (T1 and T2)
and compared to epithelial cells from adjacent normal tissues (Fig. 2F, G).
Thereafter, we analyzed the expression of these genes at the protein level
using the humanprotein atlas (proteinatlas.org) andoverall observedhigher
staining intensities at invasive front areas and in budding cells (Fig. 2H).
Finally, to assess the role of one of the 11 genes in cell migration in a
controlled setup, we established a knockdown of ITGB1 in two different
human colorectal cell lines (Caco-2 andHCT116) (Supplementary Fig. 12A,
B). Using a wound healing assay, the Caco-2 cell line exhibited a clear

dependency of ITGB1 formigratory potential (Supplementary Fig. 12C and
D), whereasHCT116 cells were unaffected (Supplementary Fig. 12E and F).
On the other hand, both cell lines showed a significant reduction in growth
72 h after ITGB1 silencing (Supplementary Fig. 12G), whereas cell viability
was unaffected (Supplementary Fig. 12H).

Individual FOVs from high, mid, and low-density budding areas
share upregulated and downregulated genes
Next, to further investigate the gene expression changes taking place in
the cancer cell clusters that encompass most of the budding cells, we
performed differential gene expression analysis relative to all the other
cancer cells within each individual FOV (Fig. 3). In two FOVs, which we
annotated as high-density budding (HDB) (Fig. 3, upper panel), there
was a high similarity in the transcriptomic signatures, with 129 genes
shared among the significantly upregulated ones. Indeed, of the top 10
most upregulated, seven genes were shared (TYK2, COL1A1, COL3A1,
FN1, KRT8,MZT2A, andMT2A), with TYK2 and COL1A1 being the two
most upregulated in both FOVs.

In six FOVs, which we annotated as mid-density budding (MDB)
(Fig. 3,middle panel),most of the commonly upregulated genes belonged to
the collagen family. Specifically, COL5A1, COL6A3, COL6A2, COL12A1
were significantly upregulated in all the FOVs, while COL1A1, COL1A2,
COL3A1, COL4A2, COL11A1, COL5A2 and COL6A1 were found to be
significantly upregulated in at least five of these FOVs. No genes were found
to be significantly downregulated in all FOVs. However, PIGR andOLFM4
were downregulated in four of the six FOVs. These findings were further
substantiated by performing spatial whole transcriptome profiling (Visium
10X Genomics), which showed a stronger signal in the tumor masses, but
also variation from patient to patient (Supplementary Fig. 13). Using the
single molecule in situ hybridization duplex assay, we also found a large
degree of inter-patient heterogeneity across colon adenocarcinoma samples,
whereas colon adenoma samples stained positive for both genes (Supple-
mentary Fig. 14). Finally, we explored previously published RNA-
sequencing data24, which confirmed the inter-patient heterogeneity across
stage II and III colon adenocarcinomas (Supplementary Fig. 15).

In six FOVs, which we annotated as low-density budding (LDB)
(Fig. 3, lower panel), we observed an upregulation of several genes related
to the extracellular matrix (ECM) and migration. Specifically, LGALS1,
IGFBP7, VIM, COL9A2, andWIF1 were upregulated in all FOVs. Again,
many collagen family genes were upregulated for most FOVs, along with
several human leukocyte antigen (HLA) genes, including, HLA-DPA1,
HLA-DRB1, HLA-DRB5, HLA-B, HLA-C. Regarding the early budding
signature, seven of the 11 genes (IL2RG, TYK2, B2M,HLA-B, IL32,NPPC
and WIF1) were upregulated in four of these FOVs, three genes (NPPC,
IL32 and HLA-B) in five FOVs and, finally, WIF1 was found to be
significantly upregulated in all six FOVs.

In summary, these comparisons revealed shared gene expression
changes among the cancer cell clusters that contained most of the budding
cells, marked by the downregulation of epithelial markers (including
OLFM4 and PIGR) and the upregulation of mesenchymal genes (collagens
and migration-related genes).

Fig. 1 | Spatial gene expression analyses of single cells in colorectal tumors reveal
a unique spatial distribution of cell clusters that encompass budding cells.
A Multichannel immunofluorescent (IF) overlay of epithelial (PancK), immune
(CD3) and nuclei (DAPI) immunofluorescent markers in green, yellow, and blue,
respectively, from a field of view (FOV) containing colorectal adenocarcinoma tis-
sue. Red colorings represent the fiducial beads.BUMAP projection showing the cell
type composition of the tissue.C Spatial plot showing the polygonal shape, type, and
location of each cell from the colorectal adenocarcinoma tissue. D Spatial plot
showing the cellular overlay between the multichannel IF image and each cell
detected, represented by a point at each cell centroid and color-labelled by cell type.
E Spatial plot showing the overlay of the IF image with the cluster “Cancer cells 4”
(light blue), showing a dispersed distribution across the tissue with cells located

mainly in the outskirts of the tumormasses and in tumor buds. FHeatmap of the top
10 gene markers specific for each cluster. G Violin plots showing the expression
levels of the epithelial markers EPCAM, CDH1, and PIGR for each cluster. Each dot
corresponds to a single cell. Significance was determined by unpaired Student’s T
tests with “Cancer cells 4” as the reference cluster. H Violin plots showing the
expression levels of mesenchymal markers VIM, LUM, and FN1 for each cluster.
Each dot corresponds to a single cell. Significance was determined by unpaired
Student’s T tests with “Cancer cells 4” as the reference cluster. I Bubble plot showing
the scored average expression (blue to red) and the percentage of expression (dot
size) per cluster for each EMT state. The red scattered box highlights the “Cancer
cells 4” cluster. ns (non-significant), * (P-value < 0.05), ** (P-value < 0.01), *** (P-
value < 0.001), **** (P-value < 0.0001).
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Gene-set enrichment analysis of high, mid, and low-density
budding areas revealed a progressive adaptation of the budding
cells to the surrounding stroma
As described above, 129 genes were commonly upregulated in the HDB
areas (Fig. 4A). Interestingly, enrichment analysis of these genes revealed
molecular functions related to “extracellularmatrix constituents that confer

tensile strength” and “integrin and collagenbinding”, highlighting the active
interactions of these cells with the surrounding stroma, likely affecting
matrix stiffness (Fig. 4B). In parallel, we found many top hits related to
“activation of developmental processes”which was also in line with the top
significantly enriched pathways according to the WikiPathways25 and
Reactome26 databases. For example, “TGF beta”, and “IL-4 and IL-13
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signaling” were two of the top terms, both of which have been described to
contribute to the generation of supportive niches for metastatic
dissemination27. Similarly, “TROP2” and “CKAP4 signaling pathways”
were among the most upregulated pathways in these cells (Fig. 4B), which
are also known to play pro-metastatic roles28,29.

Similar analyses of 36 commonly upregulated genes in theMDB areas
revealed many of the same molecular functions as found in the HDB areas
(Fig. 4A). Additionally, the “PDGF pathway” was found, suggesting a key
role of PDGF signaling inCAF activation andECMremodeling towards the
generation of a pro-migratory niche. Themost significant pathway from the
Reactome database was “collagen degradation” and the top biological
processes were related to “endoderm formation”, “gastrulation”, and “ECM
organization” (Fig. 4B).

Finally, 79 commonly upregulated genes in the LDB areas revealed
activation of an immune defensive reaction as indicated by the molecular
functions related to theMHC class II protein complex (Fig. 4A, B). The top
biological processes were also related to immune system, and the most
significant pathway from theReactomedatabasewas “ECMproteoglycans”,
a term that was also found for the HDB and MDB areas. Among the most
enriched pathways according toWikiPathwayswere “burnwoundhealing”,
which also appeared for the HDB and MDB areas.

Cancer cells from the budding clusters are frequently in contact
with CAFs
Havingobserved that distinct cancer cell clusters that encompassmost of the
budding cells show a distinct spatial distribution with individual cells being
in contact with cells within the TME, we investigated the nature of their
neighboring cells.We found that these budding cancer cellsweremore often
in contact with CAFs compared to the cells from any of the other cancer cell
clusters (Fig. 5). Moreover, among the different cell types within the TME,
the CAFs were themost frequent contact partner in nine of the 14 FOVs. In
the remaining five FOVs, T-cells were the most frequent contact partner in
two, macrophages in two, and basal cells in one (Fig. 5).

Cancer cells in contact with CAFs alter the ECM composition to
facilitate migration and avoid apoptosis
To gain a better understanding of the role of the CAFs, we compared the
gene expression profiles of cancer cells in contact with CAFs with those not
in contact for each of the cancer cell clusters that encompass most of the
budding cells. For these analyses, three FOVs with very few cancer cells
being in contact with CAFs were omitted to ensure robust analyses.

Since the gene set enrichment analyses indicated extensive changes in
the ECM organization, we hypothesized that this could be influenced by
interactions between cancer cells and CAFs. Indeed, cancer cells in contact
withCAFs exhibited higher scores for ECMorganization compared to those
not in contact in 10 out of 11 FOVs, with the highest levels observed for the
HDB areas (Fig. 6A). Likewise, this was observed when analyzing the col-
lagen ECM score (Fig. 6B). Additionally, we noted higher focal adhesion

levels in the cancer cells in contact with CAFs in 8 out of 11 FOVs, with the
highest levels observed in theHDB areas (Fig. 6C).Moreover, we observed a
downregulation of the apoptotic process in 9 out of 11 FOVs, specifically for
cancer cells in contact with CAFs (Fig. 6D).

Finally, the previous gene set enrichment analysis highlighted “miRNA
targets in ECM andmembrane receptors” as a term commonly activated in
the cancer cell clusters that encompass most of the budding cells compared
to the other cancer cell clusters (Fig. 4C). Thus, we hypothesized that these
genesweremore active in cancer cells in contactwithCAFs. Indeed, thiswas
observed for all FOVs in the LBD areas, however, this effect was less pro-
nounced in the MDB or HDB areas (Fig. 6E).

Discussion
Budding cancer cells at the invasive front of several different types of ade-
nocarcinomas are prime suspects for being enroute tometastasis, andahigh
degree of tumor budding is associated with poor patient prognosis3.
Therefore, it is important to gain a bettermolecular understanding of tumor
budding to enable the development of better treatments and to define new
biomarkers to guide treatment decisions. For this purpose, we employed a
state-of-the-art spatial transcriptomics method called SMI30, which allowed
us to study individual adenocarcinoma cells and their spatial context within
the TME.

Initially, we analyzed adjacent normal tissue to better understand how
effective the technology is for identifying different cell types in colon tissues.
By performing UMAP analysis, we observed that the cells formed two
superclusters: one containing all the epithelial cells and another containing
all the stromal and immune cells. The epithelial cells were locatedwithin the
crypts, as evidenced by a strong overlap with panCK immunofluorescent
staining of the same tissue slide and T-cells were co-localized with the
immunofluorescent staining for CD3. These findings suggest that the
method can effectively define the boundaries and nature of individual colon
cells based on nuclear and membrane staining as well as unsupervised
clustering based on gene-expression patterns.

When analyzing the colorectal cancer specimens, we also observed a
distinct clustering of the epithelial cancer cells and the various cells within
the TME across the majority of the FOVs. Most of the cancer cells within
individual clusters were predominantly located physically together, in line
with the anticipated spatial distribution if their clonal evolution is guided by
mutations and epigenetic alterations influenced by natural selection.
However, clusters of cancer cells containing most of the budding cells dis-
played a notably distinct spatial distribution, with individual cells scattered
along the periphery of masses of other cancer cells. This spatial expression
pattern cannot be explained solely by Darwinian evolution31. Instead, it
suggests that interactionswith cells in theTMEare responsible for themajor
gene expression changes that occur during the formation of budding cells
and their migration away from the main part of the tumor. This is in line
with a recent study of genetic profiles of primary and metastatic tumors
across many different cancer types from thousands of patients, suggesting

Fig. 2 | A gene signature of early budding is associated with disease free survival.
A Venn diagram showing the unique and common genes being upregulated when
comparing the “Cancer cells 4” cluster (CC4) and all the other cancer cell clusters
(CCs), and when comparing CC4 and the CAFs cluster. B Dot plot showing the
average expression and percentage of expression of each of the 11 genes that were
upregulated in both comparisons in A. The red scattered box highlights the “Cancer
cells 4” cluster.CBox plots showing the interquartile range of the average expression
data for the 11 genes identified in A, extracted fromTCGA (COAD). The horizontal
line in the box indicates median value and the whiskers indicate 10th and 90th

percentiles. Colorectal adenocarcinoma (T), separated by Microsatellite instability
status: MSI high (MSI-H), MSI low (MSI-L), and Microsatellite stable (MSS) were
compared to adjacent normal tissue (N). Significance was determined by one-way
ANOVA. D Kaplan-Meier plot showing the disease-free survival based on the
average expression levels of the 11 genes identified inA. The two groupswere defined
based on themedian. Significance was determined using aMantel-Cox test. ns (non-
significant), * (P-value < 0.05), ** (P-value < 0.01), *** (P-value < 0.001), **** (P-

value < 0.0001).E Schematic of the patient cohort derived fromPelka et al. single-cell
RNA-seq dataset (GSE178341) (Upper panel). UMAP plots showing the integrated
single-cell data, stratified by tissue type: adjacent normal colon (N) and tumor (T)
tissues. Cells are colored by tumor stage (pT1-4) and annotated with major cell type
labels (Lower panel). F Bubble plot showing the scored average expression (blue to
red) and the percentage of expression (dot size) per cluster for the Budding Signature
(11 genes found in A) and each EMT state for the epithelial subcluster Stem/tran-
sition amplifying (TA)-like cells. The red scattered box highlights pT3 and
pT4 stages. G Bubble plot showing the scored average expression (blue to red) and
the percentage of expression (dot size) per cluster for the each of the 11 genes found
in A from the epithelial subcluster Stem/transition amplifying (TA)-like cells. The
red scattered box highlights pT3 and pT4 stages.H IHC on human colorectal cancer
tissue sections extracted from the Protein Atlas database showing the protein
staining corresponding to 10 of the 11 genes identified inA. Green arrows highlight
invasive front areas and budding cells.
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Fig. 3 | Individual FOVs from high, mid, and low-density budding areas share
upregulated and downregulated genes. Volcano plots depicting P-adjusted
values relative to log2 fold changes (FCs) for comparisons between the cancer
clusters that encompass most budding cells and all other cancer clusters for
each field of view (FOV). The top panel in red shows the two FOVs annotated
as high-density budding areas. The mid panel in light yellow shows the six

FOVs annotated as mid-density budding areas. The bottom panel in light blue
shows the six FOVs annotated as low-density budding areas. Red dots depict
genes with a P-Adjusted (Benjamini-Hochberg correction) value < 0.05 and a
log2 FC > 1. Blue dots depict genes with a P-Adjusted (Benjamini-Hochberg
correction) value < 0.05 and a log2 FC < 1. ns: non-significant.
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Fig. 4 | Enrichment analysis on high, mid, and low-density budding areas
revealed a progressive adaptation of the budding cells to the surrounding stroma.
A Venn diagrams showing the overlap of upregulated genes in cancer cell clusters
containing most budding cells relative to all other cancer cell clusters for the two
high-density budding (HDB) field of views (FOVs) (left panel), the six mid-density
budding (MDB) FOVs (middle panel), and the six low-density budding (LDB) FOVs
(right panel). For the two HDB FOVs, 129 genes were commonly upregulated. For
the six MDB FOVs, 13 genes were commonly upregulated, 16 genes were

upregulated in five FOVs, and seven genes were upregulated in four FOVs. For the
six LDB FOVs, five genes were commonly upregulated, 17 genes were upregulated in
five FOVs, and 57 genes were upregulated in four FOVs. B Bar plots showing
pathway enrichment analyses performed on the 129, 36, and 79 genes identified in
the HDB, MDB, and LDB areas, respectively. The Top 10 terms ranked by P-
Adjusted values for “Molecular Function” from Gene Ontology, “WikiPathways”,
and “REACTOME” databases are shown. C Venn diagram highlighting the shared
and unique pathways from the enrichment analyses shown in B.
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thatmetastasis is notprimarily drivenbygeneticmutations32. Indeed, cancer
cells can exhibit substantial phenotypic plasticity, allowing them to adopt
states or phenotypes not directly inherited from their predecessors33,34.
However, it is challenging to distinguish cancer cell plasticity from heritable

changes and the influence of the TME35. In support of non-genetic events
being the main drivers of metastasis, we found that most of the gene
expression changes occurring at the invasive front and in the budding cells
are lost again in liver metastasis, suggesting that these changes result from

Fig. 5 | Cancer cells from the budding clusters are frequently in contact
with CAFs.Heatmaps showing z-scores of the cell-cell interaction values for each of
the cell types per field of view (FOV). The FOVs are divided into three sub-groups

based on their budding density, high, mid, and low-density budding areas. Green
boxes highlight the budding clusters.
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Fig. 6 | Cancer cells in contact with CAFs change the ECM composition to
facilitate migration and avoid apoptosis. Dot plots showing the “ECM Organi-
zation Score” (A), “Collagen ECM Score” (B), “Focal Adhesion Score” (C),
“Apoptotic process Score” (D), and “miRNA Targets Score” (E). The dots represent
mean values, and the error bars indicate standard deviation. FOVs are separated into

high-density budding (HDB), mid-density budding (MDB), and low-density bud-
ding (LDB) areas. Blue dots correspond to the mean score of the budding cells that
are in contact with CAFs, whereas light green dots correspond to the mean score of
budding cells not in contact with CAFs. The box plots to the right show the mean
values for the HDB, MDB, and LDB areas. Error bars indicate standard deviations.
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phenotypic plasticity and interactions with the TME rather than from the
acquisition of mutations and stable epigenetic changes.

It became immediately clear that many genes involved in EMT were
changed in the cancer cell clusters containing most of the budding cells,
including downregulation of epithelial markers like EPCAM and CDH1 as
well asPIGR andOLFM4, alongside amarkedupregulationofmesenchymal
markers such as LUM,VIM, and several collagen genes, includingCOL1A1
for which cancer-cell intrinsic expression has recently been shown to pro-
motemetastatic colonization of breast cancer cells36.Moreover, we found an
upregulation of WNT2B, a gene recently shown to promote the EMT
process in colon cancer37. In addition to individual genes, we also observed a
high degree of EMT based on a broader previously published gene
expression signature20–22.

To further elucidate themolecular characteristics associatedwith tumor
budding, we identified a set of 11 genes (TYK2, IL2RG, KRT17, HLA-B,
NPPC, WIF1, IL32, B2M, CCND1, CRIP1, ITGB1) that exhibited elevated
expression levels in the cluster containing most budding cells in FOV1,
compared to all other cancer cell clusters as well as to the CAF cluster.When
examining other FOVs, we consistently observed a strong enrichment of this
gene signature within the cancer cell clusters containing budding cells.
Interestingly, most of these 11 genes have previously been shown to promote
various aspects of cancer metastasis. For instance, TYK2, is a pro-metastatic
geneknowntopromote cell death resistance38 and IL2RG expressionhasbeen
linked to compromised immune surveillance and more advanced tumor
stages and poor prognosis in colorectal cancer39. IL32 is a potent pro-
inflammatory gene capable of inducing theproductionofother cytokines and
chemokines that contribute to the establishment of a TME favoring invasion
and metastasis40. CCND1, CRIP1, and KRT17 overexpression has been
observed in several types of cancers and has been linked to cancer cell
migration, invasion, and metastasis in experimental studies41–45. ITGB1
encodes an integrin subunit,which is important for adhesion to theECMand
migration of breast cancer cells46,47, in line with our in vitro data where the
migratory capacity of Caco-2 cells was decreased upon ITGB1 silencing. This
effect was not observed in HCT116 cells. However, these cell lines have
distinct molecular backgrounds: Caco-2 cells harbor mutations in APC and
CTNNB1, whileHCT116cells possess aKRASmutationandmismatch repair
defects. These differences may explain their divergent responses to ITGB1
silencing. Elevated levels ofB2M have been associatedwith poor prognosis in
several cancers and the absence of B2M protein expression indicates that no
metastases are present and a favorable clinical outcome among mismatch
repair-deficient colorectal cancer48. However, it has also been suggested that
low B2M expression levels are associated with lymph node metastasis and
poor survival of colorectal cancer patients49. On the other hand, WIF1
encodes a secreted protein inhibiting the Wnt signaling pathway, which is
associated with increased cell survival and metastasis50. Finally, the role of
NPPC in metastasis has not been elucidated. In a TCGA dataset, these genes
showedhigher expression in colonadenocarcinomas than inadjacentnormal
tissues and were significantly associated with poor disease-free survival,
despite the dataset being generated by bulk RNA sequencing.

Several other genes were upregulated in cancer cell clusters containing
most of the budding cells across themajority of FOVs, including FN1, a key
gene in migration and invasion51, and MT2A, which encode a metal-
lothionein involved in metal ion homeostasis and protection against oxi-
dative stress. Notably, MT2A can exhibit both tumor-suppressive and
oncogenic properties depending on the cancer type and context52–55.

When dividing the FOVs according to the density of budding cells, not
tobeconfusedwith the ITBCCguidelines for scoringof tumorbudding56, and
performing gene set enrichment analyses on commonly upregulated genes,
an interesting picture emerged as these analyses suggested a progressive
adaptation of the budding cells to the new environment and surrounding
cells. First, the activation of a defense response and the upregulation MHC
class II molecules, which are known to be expressed on the surface of epi-
thelial cells of the gastrointestinal tract, especially in inflamed tissues57,
alongside initial changes in the ECM organization, as observed in the LDB
areas, may represent the earliest events in the budding process. Whereas in

the MDB areas, an increase in protease binding, matrix contraction, and an
upregulation of pathways related to tissue development were seen. Finally, as
observed in the HDB areas, further changes in the ECM configuration
coincided with the activation of PDGF and TGF beta signaling pathways.

Interestingly, the cancer cells from clusters that included most of the
budding cells were most frequently in contact with CAFs. Our analyses,
conductedon cancer cells in contactwithCAFs compared to cancer cells not
in contact with CAFs, indicated that CAFs trigger gene expression changes
related to ECM organization and focal adhesion, which facilitate cellular
migration and play a protective role against mechanical stress and
apoptosis58,59. Indeed, the CAFs seemed to induce a downregulation of
apoptotic processes. Thesefindings suggest a key role forCAFs inprotecting
the budding cancer cells and facilitating their migration into the TME.
Unfortunately, the employed 1000-plex panel hindered us to further sub-
classify CAFs due to the lack of the key genes required for their
identification60. Thus, future research should focus on defining the roles of
specific CAF subtypes in metastasis.

While several different methods have been developed for spatial tran-
scriptomics, our study represents the first to profile the budding cancer cells
at the invasive front of colon adenocarcinomas with single cell resolution. In
a study involving seven colorectal (CRC) patients, Valdeolivas and collea-
gues used the 10x Genomics Visium platform to map intratumoral
heterogeneity61 with respect to the consensus molecular subtypes (CMS)62.
Although this method covers more genes, it is based on spots that contain
more than a single cell and do not cover the entire tissue. In addition, DSP
has been employed in a study involving 10CRCpatients showing that tumor
deposits, which are discrete nodules of cancerous tissuewithin the lymphatic
drainage area with prognostic value63, have distinctive biological profiles
characterized by more matrix remodeling, EMT, and cell motility64. Similar
to theVisiumplatform,DSPalso does not provide data from single cells and,
therefore, cannot offer the insights into the budding cells and their neigh-
boring cells that we have provided here. However, while DSP and Visium
covers the entire transcriptome, our study was limited to analyzing close to
1,000 genes, and our analyses would also have benefited from being able to
analyze samples in 3D. This is particularly important when comparing
cancer cells in contact with CAFs to those not in contact, as it is possible that
these cells might be in contact with other CAFs in the z-plane and cells that
appear to be budding cells may also be in contact with other cancer cells
when visualized in 3D65. Finally, it will also be interesting to focus on other
immune cells within the TME and their interactions with cancer cells, such
as T-cells and macrophages in future spatial transcriptomics studies66,67.

Further investigations, using advanced models, such as co-cultures or
organoids, are warranted to further explore the metastasis-related gene
expression changes and cellular crosstalk uncovered in this study.

In conclusion, our study provides novel insights into the biology of
tumor budding and early metastasis. Notably, by using an unsupervised
approach, we were able to identify cancer cell clusters that encompass
most budding cells, which displayed a distinct spatial distribution. Our
analyses further suggest that CAFs are driving many of the gene-
expression changes behind this phenomenon, which enable cancer cells to
migrate into the TME. While we were able to pinpoint many individual
genes and pathways that may drive the earliest events in cancer metas-
tasis, additional advancements of spatial transcriptomics methodologies
will further enhance our understanding of these complex processes.

Materials and methods
Patient samples
This studymainly focused on CosMx analyses performed onmaterial from
four patients (four adenocarcinomas and one adjacent normal tissue).
Extensive information regarding these patients can be found in Supple-
mentary Table 1. Additional patient samples were included for the various
validation studies, five for the 10X Visium analyses (all adenocarcinomas)
andnine for theRNAscope duplex analyses (six adenocarcinomas and three
adenomas). All patients had their tumors surgically resected and were
diagnosed and treated according to the guidelines from The Danish
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Colorectal Cancer Group. All tumors were classified according to the latest
WHO classification of digestive tumors, 5th edition. None of the patients
received chemotherapy prior to surgery and none were suspected of having
hereditary cancer.

We only used excess surgical material from the patients for this study,
whichwas conducted in accordancewith the principles of theDeclarationof
Helsinki. The requirement for patient consent to the specific analyses was
waived and The Danish National Committee on Health Research Ethics
approved the study (approval number 2016120).

Spatial molecular imaging
CosMx SMI technology using the Human Universal Cell Characterization
RNAPanel (960 genes and 20negative control probes targetingnon-human
sequences) was used to analyze 20 FOVs from the formalin-fixed paraffin-
embedded (FFPE) samples described above. The 20 FOVs included invasive
front, tumormass and adjacent normal areas. The same tissue sections were
stained by immunofluorescent antibodies against B2M/CD298 (membrane
markers), DAPI (nuclear marker) (CosMx Universal Segmentation kit,
CMX-H-UCS-12-P), PanCK (epithelial markers), CD45 (CosMx Human
IOPanCK/CD45Morphologymarker kit: CMX-H-IO-PCKCD45-MM34-
P) andCD3 (immunemarkers) (CosMxHumanCD3A laCartemarkerkit:
CMX-H-CD3-MM5-P).

FFPE tissues were deparaffinized following the guidelines described
elsewhere30. In brief, 5-micron tissue sections were incubated overnight at
60°C, followedby in-situ hybridization (ISH) on the LeicaBondRXmwith a
deparaffinization step and epitope retrieval at 100 °C for 15min using
epitope retrieval buffer (Leica Biosystems, Tris/EDTA, pH 9.0). This was
followed by a tissue digestion stepwith 3ug/mlProteinaseKdiluted inACD
Protease Plus at 40 °C for 30min.

Then, following a washing with diethyl pyrocarbonate (DEPC)water,
the samples were incubated with fiducial beads (Bangs laboratories) in 2X
saline sodium citrate and Tween-20 solution (SSCT solution) at room
temperature (RT) for 5min. This incubation was followed by three con-
secutive rinsing steps of 5 min; the first two with Tris-glycine buffer (0.1M
glycine, 0.1M Tris-base) and the last one with 1X PBS. Then, the fixed
samples were blocked with 100 mM N-succinimidyl S-acetylthioacetate
(SATA) (Thermo Fisher Scientific) buffer for 15min at RT. Sections were
rinsed with 2X saline sodium citrate (SSC) for another 5min and sealed
with Adhesive SecureSeal Hybridization Chamber (Grace Bio-Labs).

The ISH probes were incubated at 95 °C for 2min and placed on ice,
then prepared the ISH probe mix (1 nM 960-plex ISH probe, 10 nM
Attenuation probes, 1X Buffer R, 0.1 U/uL SUPERase InTM (Thermo
Fisher Scientific)) to be pipetted into the hybridization chamber. The
hybridization was performed overnight at 37 °C. Thereafter, the tissue
sections were washed with 50% formamide (VWR) in 2X SSC at 37 °C for
25min twice, followedby another 2washeswith 2XSSC for 2min atRTand
blocked with 100mM SATA for 15min protected from light.

The RNA target readout was performed in the CosMx SMI
instrument30. Briefly, the loaded flow cells were washed with the Reporter
Wash Buffer to remove air bubbles. Then, a preview scan was performed
followed by the FOV selection. As a reference, in parallel, an adjacent serial
slide from the same tissue was hematoxylin & eosin (H&E)-stained to
identify the regions of interest to be selectedat this step inside theSMI.Then,
theRNAreadoutswere started,where 100 µLof the correspondingReporter
pool flowed into the flow cell and was incubated for 15min. The Reporter
Wash Buffer (1mL) washed unbound reporter probes; the Imaging buffer
was then added to the flow cell to acquire an image per round (a total of 16
times). Three Z-stack images were acquired per FOV, and the photo-
cleavable linkers on the reporter probes fluorophores released by UV light
and washed with Strip Wash buffer.

The end of the 16 cycles of RNA readout was followed by the 4-
fluorophore-conjugated antibody cocktail and DAPI incubation for 2 h.
ReporterWashbufferwas added, and Imagingbuffer to eachflowcell before
making Z-stack images on the five corresponding channels (488 nm for
CD298/B2M, 532 nm for PanCK, 594 nm for CD45, 647 nm for CD3 and

blue channel for DAPI). Next, segmentation workflow was implemented
usingCellpose algorithm68 and the SMInuclear-based signal todelineate the
cell boundaries. Finally, the cell count matrix and all transcript information
were retrieved for downstream analyses.

SMI data analyses
Initially five FOVs were removed from the analyses, one due to detachment
of tissue and four due to an overall low gene count (Supplementary Fig. 1).
From the remaining 15 FOVs, a total of 50,727 cells were detected by the
Cellpose algorithm68 and of these 50,457 passed a conservative quality filter
of having a minimum of 20 genes detected per cells and the mean count of
the negative control probes were close to 1 (Supplementary Fig. 16).

We then computed the filtered, normalized and scaled gene expression
counts (log base 2 with a scale factor of 6000 was applied) using the Giotto
toolkit (v 3.3.0)69, excluding the negative probes. Detection of high-variable
features was performed using cov_groups algorithmwith a threshold of 0.5
and a difference of variance of 0.1. The shared nearest neighbormethodwas
performed using 30 principal components, 15 k neighbors and aminimum
of five shared edges. Dimensional reduction using Uniform manifold
approximation and projection algorithm (UMAP) was then performed
selecting the 30principal components.With this setup applied to each of the
FOVs of the study, unsupervised Leiden algorithm14 (0.5 resolution) was
used for clustering annotation. Cell type annotations were performed using
canonical markers and validated using PanglaoDB database15. The differ-
ential expression analysis was performed using Gini-coefficient method70.
The working Giotto objects were interconverted to AnnData or Seurat
objects for further analysis. Enrichment analysis was performed using
g:Profiler71. The “EMTstates”, “11-gene signature”, and the scores for “ECM
Organization” (REAC:R-HSA-1474244), “Collagen ECM” (GO:0062023),
“Focal adhesion” (WP:WP306), “Apoptotic process” (GO:0006915), and
“miRNA targets” (WP:WP2911) were calculated using Addmodulescore
function from Seurat package. The gene lists from each discrete EMT state
were extracted from Simeonov KP et al.20.

The cell-cell interaction analysis was performed using the Giotto
function cellProximityEnrichment. Briefly, a 2D network is constructed
using the Delaunay triangulation method72. Then, spatial proximity
enrichment betweenpairs of cell typeswas calculated basedon theDelaunay
data, where observed over expected frequency of cell-cell proximity inter-
actions are annotated. Expected interactions were derived from the average
frequency of 1000 spatial network simulations, where each cell type was
serially reshuffled from each node in the spatial network. These values were
then converted to z-scores and represented in the heatmap. Cell types
derived from Leiden clustering were used for the annotations.

Digital spatial profiling
GeoMx (NanoString Technologies) digital spatial profiling (DSP) data were
from a previous study17 focusing on circular RNAs. This study was con-
ducted on tissues from three patients diagnosed with colon cancer and
included both primary tumors (10 regions of interest (ROIs) in total) as well
as paired adjacent normal tissues (6 ROIs in total) and paired liver metas-
tasis (9 ROIs in total). The experiments were performed according to the
manufacturer’s recommendations and the processing of the tissues and
next-generation sequencing procedures17. Smooth muscle antibody, pan-
cytokeratin (PanCK) antibody, and CD45 antibody (GeoMx NanoString
morphology kit: GMX-PRO-MORPH-HST-12) were used as morphology
markers for visualization of smooth muscle cells, epithelial and cancer cells
as well as immune cells, respectively, and nuclei were visualized using
SYTO-83 (S11364, Thermo Fisher/Invitrogen). The immunofluorescence
images were used for the selection of ROIs, which were further segmented
into a total of 42 areas of illumination (AOIs) based on cell type (SMA+ ,
PanCK+ , CD45+ , and PanCK-/CD45-) and tissue architecture (invasive
front or tumor mass). At least 200 cells were present within each AOI.

The GeoMx DSP Analysis Suite (v. 2.5.1.143) was used for quality
control (QC) andnormalization of the data according to themanufacturer’s
recommendations. All 42 AOIs passed the QC thresholds where a raw read
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limit of 1000was applied. Trimmed, stitched, and aligned readswere limited
to aminimum length of 80 bp, a sequencing saturation of 50%, and a limit of
quantification of 10%.Of the total of 18,681 genes thatwere detected, 11,741
passed the QC filtering. Finally, prior to gene expression analyses, a Q3
normalization was applied.

10X Visium Spatial Gene Expression analysis
Visium Spatial Gene Expression (10x Genomics) analysis using FFPE tissues
from five human colon adenocarcinomas were performed following the
manufacturer’s instructions. Briefly, 5 μm thick tissue sections were cut from
five FFPE blocks corresponding to five patients and placed on a glass slide.
The tissues were deparaffined and subsequently stained using H&E. Bright-
field images were captured using a NanoZoomer 2.0 HT (Hamamatsu) at
20X magnification. The areas of interest (6.5 × 6.5mm) were marked by an
experiencedpathologist for each slide, and the tissueswereplaced in aVisium
CytAssist Tissue Slide Cassette (10x Genomics). The tissues were destained
and de-crosslinked prior to hybridizationwith the 18,000 gene target-specific
probe pairs. This was followed by a ligation step, which ensured that specific
hybridized probes were captured. Next, probe ligation, RNA digestion, and
tissue removalwas performed, togetherwith transferal of probes fromeachof
the 5000 barcoded spatial spots containing a poly-A sequence com-
plementary to the probes. The spatially barcoded probe products were
extended and amplified with indexes during the library construction. The
number of cycles required for library amplification was determined by qPCR
using the KAPA SYBR® FAST qPCR kit (Sigma Aldrich). The samples were
sequencedwithNovaSeq6000 system(Illumina). The secondary analysiswas
performed using 10X Loupe Browser (v. 7).

Chromogenic in situ hybridization
The localization of OLFM4 and PIGR within colon adenocarcinomas and
adjacent normal tissues was investigated by chromogenic in situ hybridiza-
tion using the chromogenic RNAscope® 2.5HDDuplexDetection kit (ACD,
Biotechne). Specific probes (Hs-PIGR-C1 and Hs-OLFM4-C2) targeting
PIGR andOLFM4were used for the assay (ACD,Biotechne). In short, a 5 µM
thick FFPE tissue biopsies were deparaffinized and treated according to the
manufacturer’s protocol. This was followed by probe hybridization with a
1:50 ratio OLFM4-C2 to PIGR-C1 probes during the hybridization step and
overnight storage in 5x SSC buffer diluted from a 20x SSC stock solution
(Invitrogen, Thermo Fisher Scientific). Ten subsequent amplification steps
allowed the signals to be detected as red (OLFM4-C2) or blue (PIGR-C1)
chromogenic signal. Counterstaining was done using 50% hematoxylin
(Sigma Aldrich). Data were collected using a Slide Scanner (Upright Wide-
field Fluorescence, Olympus VS120, Olympus Life Science) and analyzed
using OliVIA (v. 2.9.1, Olympus Life Science) and QuPath (v. 0.3.1.)73.

Single-cell RNA-seq analysis
The scRNA-seq data were obtained from the NCBI Gene Expression
Omnibus (GEO) repository with accession number GSE178341. Raw
sequencing datawere processedusing the SeuratRpackage (v5.1.0) following
standard quality control and normalization workflows. Briefly, cells with
fewer than 100 detected genes or >50% mitochondrial reads were excluded.
Count data were log-normalized, and highly variable genes were selected for
downstream analysis. Dimensionality reduction was performed using PCA,
followed by UMAP for visualization using 30 dimensions. Patient informa-
tion, including tumor stage and cell type labels, were transferred from the
reference cluster list and meta tables provided at the GEO repository.

RNA-sequencing data
Sampledetails, alignment, andprocessingdetails canbe foundat theoriginal
article from Korsgaard U. et al.24. Secondary analysis and normalization
were performed using DESeq2 (v 1.38.3)74.

Wound healing assay, cell counting, and viability measurements
Caco-2 andHCT116 human adenocarcinoma cell lines were maintained at
37 °C in humified air containing 5% CO2. Caco-2 cells were cultured in

EMEM (Sigma-Aldrich) with 1% non-essential amino acids (Sigma-
Aldrich). HCT116 cells were cultured in McCoy’s 5 A medium (Sigma-
Aldrich). Bothmedia contained 10%FBS, 2mmol/L L-glutamine, penicillin
(100 ug/mL) and streptomycin (100 ug/mL). Knockdown was performed
using siPOOLs (siTOOLs Biotech) and Lipofectamine RNAiMax (Thermo
Fisher Scientific), following manufacturer’s guidelines. Twenty-four hours
after transfection (siControl and siITGB1), the wound area was introduced
by removing a 2mmwidth adherent sealing film present in eachwell before
the seeding step (150,000cells/well). The imageswere capturedusing a Leica
DMIL microscope and the cell-free scratch wound area measured with
ImageJ/Fiji software using the wound healing size tool75. The cell numbers
and viability were measured using Trypan Blue (Thermo Fisher Scientific)
and the automated cell counter Luna II (Logos Biosystems).

Reverse transcriptase quantitative PCR analysis
cDNA fromCaco-2 andHCT116 cells for RT-qPCR expression analyses of
ITGB1 was synthesized from total RNA using M-MLV-RT (Invitrogen)
according to the manufacturer’s protocol. RT-qPCR was performed using
SYBR Green PCRMaster Mix (Thermo Fisher Scientific) on a LightCycler
480 (Roche). The following primers were employed: ITGB1 forward: 5′-
GCCGCGCGGAAAAGATGAA -3′ and ITGB1 reverse: 5′- TGAG-
CAAACACACAGCAAACT -3′ and the housekeeping MRLP19 forward:
5′-GTTCTATGTTGGAAGTATTCTTCGT-3′ and MRLP19 reverse: 5′-
TCTCTGAATGCAAATCCCCAGA-3′.

Statistics and reproducibility
Nonparametric t tests were performed to compute the P values between
groups as described in the figure legends. For TCGA derived data, one-way
ANOVA was used for statistical significance determination. Adjusted P
values were calculated using FDR correction or Benjamini-Hochberg
methods as described in the figure legends and methods section. For
Disease-Free survival plots, the Mantel-Cox statistical test was used. Gene-
specific violin plots were generated using Seurat (v. 5.0) and statistical
analyses were performed by T tests using the ggpubr package (v. 0.6.0). For
generation of box plots, GraphPad Prism software (v. 10) was used. Bubble
plots were generated using Seurat (v. 5.0). Volcano plots were performed
using Enhanced volcano package (v 1.16.0). CNET plot and GeoMx
enrichment dot plots were generated using the R package clusterProfiler (v
4.6.2) and plotted using the R package ggplot2 (v 3.5.0).

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

Data availability
All ethical regulations relevant to human research participants were fol-
lowed. The raw genomic data related to individual patients are not publicly
available due to thewaived requirement of consent from the patients for this
study.This is because theDanish lawand theEuropeanUnionGeneralData
Protection Regulation (GDPR) classify all genomic data as sensitive per-
sonal information, and therefore, it cannot be shared with third parties
without prior approval. Source data from all graphs in this study can be
found in Supplementary Data File.
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