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Abstract
Tumour-associated microbiota are integral components of the tumour microen-
vironment (TME). However, previous studies on intratumoral microbiota pri-
marily rely on bulk tissue analysis, which may obscure their spatial distribution
and localized effects. In this study, we applied in situ spatial-profiling technology
to investigate the spatial distribution of intratumoral microbiota in breast cancer
and their interactions with the local TME. Using 5R 16S rRNA gene sequencing
and RNAscope FISH/CISH on patients’ tissue, we identified significant spa-
tial heterogeneity in intratumoral microbiota, with Fusobacterium nucleatum (F.
nucleatum) predominantly localized in tumour cell-rich areas. GeoMx digital
spatial profiling (DSP) revealed that regions colonized by F. nucleatum exhibit
significant influence on the expression of RNAs and proteins involved in prolif-
eration, migration and invasion. In vitro studies indicated that co-culture with F.
nucleatum significantly stimulates the proliferation and migration of breast can-
cer cells. Integrative spatial multi-omics and co-culture transcriptomic analyses
highlighted theMAPK signalling pathways as key altered pathways. By intersect-
ing these datasets, VEGFD and PAK1 emerged as critical upregulated proteins in
F. nucleatum-positive regions, showing strong positive correlations with MAPK
pathway proteins. Moreover, the upregulation of VEGFD and PAK1 by F. nuclea-
tumwas confirmed in co-culture experiments, and their knockdown significantly
reduced F. nucleatum-induced proliferation and migration. In conclusion, intra-
tumoral microbiota in breast cancer exhibit significant spatial heterogeneity,
with F. nucleatum colonizationmarkedly altering tumour cell protein expression
to promote progression andmigration. These findings provide novel perspectives
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on the role of microbiota in breast cancer, identify potential therapeutic targets,
and lay the foundation for future cancer treatments.

KEYWORDS
breast cancer,Fusobacteriumnucleatum, intratumoralmicrobiota, spatialmulti-omics, tumour
microenvironment

Key points
∙ Intratumoral Fusobacterium nucleatum exhibits significant spatial hetero-
geneity within breast cancer tissues.

∙ F. nucleatum colonization alters the expression of key proteins involved in
tumour progression and migration.

∙ The MAPK signalling pathway is a critical mediator of F. nucleatum-induced
breast cancer cell proliferation and migration.

∙ VEGFD and PAK1 are potential therapeutic targets to mitigate F. nucleatum-
induced tumour progression.

1 INTRODUCTION

The tumour microenvironment (TME) is a highly intricate
system that consists of diverse cellular and structural ele-
ments, including tumour cells, immune cells, vasculature,
and components of the extracellular matrix.1 These com-
ponents collectively influence tumour growth, progres-
sion, and therapeutic response.2,3 Recent research have
identified the existence of microbiota within the TME,
with certain micro-organisms residing intracellularly.4–7
In addition to genetic, epigenetic, and stromal factors,
the host microbiota is essential in influencing cancer
susceptibility and driving tumour progression.8,9 In col-
orectal cancer, the intratumoral microbiota can influence
colonic epithelial cells, cancer cells, and TME by induc-
ing DNA damage, promoting apoptosis, and triggering
epithelial-to-mesenchymal transition, which collectively
contribute to cancer progression.10 Moreover, growing
evidence indicates that micro-organisms are present in
various tumours previously considered sterile, including
breast, pancreatic, and lung cancers.4,6,11–14 For instance,
in 2020, Nejman analyzed 1526 samples from tumour
and adjacent normal tissue across seven different cancer
types, revealing distinct intratumoral microbiota, which
were predominantly found in tumour and immune cells4.
Advancements in microbiota detection and analysis tech-
nologies have demonstrated that microbiota can colonize
tumour tissues through mechanisms such as mucosal dis-
ruption, migration to adjacent tissues, and hematogenous
invasion, thereby influencing tumour biological behaviour.
Intratumoral microbiota can promote tumour initiation
and progression via multiple mechanisms, including the

induction of genomic instability and mutations, modula-
tion of epigenetic changes, enhancement of inflammatory
responses, evasion of immune surveillance, regulation of
metabolic processes, and activation of signalling pathways
that drive invasion and metastasis.5–7,12,15–19 These find-
ings underscore the critical influence of the microbiota on
tumour biology and its impact on clinical outcomes.
Breast cancer is the most prevalent cancer world-

wide and continues to be the leading cause of cancer-
related deaths among women.20 It exhibits significant
biological and clinical heterogeneity,21,22 with potential
risk factors including genetic susceptibility, lifestyle fac-
tors, exogenous hormone intake, endogenous hormone
fluctuations, and the microbiota present within breast
tissue.23,24 Breast tumours harbor a more complex and
varied bacterial microbiota than other tumour types.4
Bulk sequencing analysis revealed that breast cancer tis-
sues possess distinct microbiota communities, character-
ized by higher abundances of Porphyromonas, Lacibacter,
Ezakiella, Fusobacterium, and Pseudomonas compared to
healthy controls, with these abundances further increas-
ing in advanced-stage tumours.25 In vitro and preclinical
animal experiments indicate that tumour-resident micro-
biota are emerging as critical components of breast cancer,
exhibiting diverse biological functions that influence can-
cer progression, including DNA damage, chronic inflam-
mation, and immune modulation.26–28 Recent research
has demonstrated that bacteria present within the tumour
can alter the actin cytoskeleton in circulating tumour
cells, enhancing their ability to endure mechanical
stress in the bloodstream and facilitating metastasis17.
Additionally, Fusobacterium nucleatum promotes tumour
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progression and metastasis through the suppression of
T cell infiltration.16 These findings highlight the criti-
cal impact of intratumoral microbiota in breast cancer
susceptibility and progression.
Despite these advancements, most studies rely on bulk

tissue analysis, hindering the precise identification of low-
biomass micro-organisms in breast cancer. Due to their
limited abundance, these micro-organisms may exhibit
spatial heterogeneity and execute a cancer-promoting
effect by acting specifically within the regions they inhabit.
Therefore, investigating the spatial localization of micro-
biota and their interactions with host cells, which induce
localized biological effects, is essential for accurately eluci-
dating the pro-carcinogenic roles andmechanisms of intra-
tumoral micro-organisms. In this research, we utilized a
spatially resolvedmulti-omics strategy to delineate the dis-
tribution of intratumoral microbiota within breast cancer
tissues. Our findings revealed that localized F. nuclea-
tum significantly alters protein expression patterns within
the TME, particularly affecting MAPK signalling path-
ways. These alterations promote inflammatory responses
and facilitate breast cancer progression and metastasis,
providing new insights into microbiota-TME interactions
and identifying potential therapeutic targets for future
interventions.

2 RESULTS

2.1 Spatial heterogeneity and
distribution patterns of intratumoral
microbiota in breast cancer

In this research, 5R 16S rRNA gene sequencing was
conducted on 60 tumour tissue samples obtained from 15
patients diagnosed with invasive breast cancer (BC). This
process generated 12 333 788 high-quality sequences and
identified 5757 operational taxonomic units (OTUs), with
an average of 205,563 sequences and 96 OTUs per sample
(Table S2). The rarefaction curves for various richness
and diversity indices reached a plateau for all samples,
confirming that the sequencing depth was adequate
(Figure S2).
Dominant flora analysis (Figure 1A) identified 16 phyla

in breast cancer tissues, with Bacteroidota (39.6%), Firmi-
cutes (18.3%), Proteobacteria (14.3%), and Fusobacteriota
(14.2%) being the most abundant. At the genus level, the
most abundant species were Prevotella and Fusobacterium,
which represented 15.6% and 10.5% of the total micro-
biota, respectively. Principal coordinate analysis (PCoA)
of β-diversity and clustering using the unweighted pair
groupmethodwith arithmeticmean (UPGMA) (Figure 1B,
C) demonstrated that the majority of patients (13 out of

15) displayed significant heterogeneity in the composi-
tion of their intratumoral microbiome, whereas only two
patients showed a relatively stable intratumoral micro-
biome profile. This suggests that the spatial distribution of
micro-organisms within tumour tissue is largely heteroge-
neous. In order to identify bacterial taxa that may play key
roles in the tumour microenvironment, we performed an
in-depth analysis of the dominant microbial communities.
The overall genus-level distribution of the intratumoral

microbiome across different patients’ tissues is illustrated
in the Sankey diagram (Figure 1D). Analysis of dominant
genera across different regions of the same patient’s tissues
(Figure 1E) revealed significant variation in Fusobacterium
abundance, indicating the heterogeneous spatial distri-
bution of this dominant intratumoral microbiota within
tumours. Notably, although spatially heterogeneous dis-
tributions were observed in top-ranking genera such
as Prevotella_7 and Alloprevotella, our prioritization of
Fusobacterium for in-depth investigation was driven by
three critical factors: First, its well-defined species com-
position (notably F. nucleatum) provides a more tractable
experimental model compared with taxonomically com-
plex genera like Prevotella_7 andAlloprevotella. Second, its
remarkably high abundance (10.5% at the genus level) sug-
gests potential ecological dominance within the tumour
microenvironment. Third and most crucially, clinical epi-
demiological data reveal that F. nucleatum accounts for
53.8% of all Fusobacterium-related infections,29 and exten-
sive studies have demonstrated its mechanistic roles in
multiple malignancies (e.g., colorectal cancer) through
the modulation of tumour-associated inflammation and
immune evasion pathways. This robust clinical relevance
establishes a strong rationale for investigating F. nuclea-
tum in breast cancer pathogenesis, thus positioning it as
the focal point of our subsequent research.
To further elucidate the spatial heterogeneity of

F. nucleatum, we employed targeted RNAscope-
FISH/chromogenic in situ hybridization (CISH) staining
to analyze tissues from five breast cancer patients. The
selection of these samples was determined by the distinct
distribution patterns of Fusobacterium observed in various
tissue sections, as shown in Figure 1E. Among these, T1,
T3, T7, T9, and T14 exhibitedmore pronounced differences
in Fusobacterium distribution, and thus, these samples
were selected for subsequent RNAscope-FISH/CISH
analysis. F. nucleatum exhibited significant regional
distribution differences within the same field of view
(Figure 2A), with themajority of punctate bacterial signals
localized to the perinuclear areas of cells (Figure 2B).
Additionally, visible light in situ hybridization imaging
revealed a clear boundary between regions positive and
negative for F. nucleatum (Figure 2D). These staining
results partially confirmed the findings from the 5R 16S
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F IGURE 1 Heterogeneous distribution of intratumoral microbiota across tumour tissue. (A) Relative abundance of bacterial
communities at the phylum and genus levels in each tumour tissue sample (n = 4 per patient) from 15 BC tumour specimens, identified by
sequencing numerous 16S rRNA gene amplicons. Tumour tissues were divided into four parts (A–D) for each patient. The sequencing data
were analyzed using QIIME2 (2024.05). (B) Dendrogram illustrating the clustering of genus-level microbiome composition in tumour
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rRNA gene sequencing. Furthermore, F. nucleatum was
partially enriched in necrotic cavities and vascular regions
in two cases. This suggests a potential hematogenous dis-
semination route or niche adaptation to hypoxic necrotic
microenvironments, though its prevalence and mech-
anisms require further validation (Figure 2C). Notably,
the spatial distribution patterns of F. nucleatum within
breast cancer tumours displayed marked heterogeneity,
characterized by focal clustering in specific tumour
regions.

2.2 Spatial multi-omics profiling reveals
distinct molecular pattern between F.
nucleatum-positive and F.
nucleatum-negative breast tumour regions

Given the heterogeneous distribution of the intratumoral
F. nucleatum within breast tumour tissues, our goal was
to explore whether its spatial arrangement correlates with
the heterogeneity observed in the tumour microenviron-
ment (TME). To address this, we employed a spatial in
situ multi-omics approach, GeoMx DSP spatial multi-
omics, capable of efficiently profiling over 18 000 RNA
transcripts and more than 570 proteins, to characterize
the molecular patterns in F. nucleatum-colonized versus
noncolonized regions (Figure 3). Due to the high cost of
GeoMx DSP technology and the observation in prelimi-
nary sequencing that T9 (Luminal B breast cancer) and T14
(triple-negative breast cancer) exhibited distinct Fusobac-
terium distribution patterns and relatively high abun-
dance, these two samples were selected for large-scale tis-
sue analysis. Specifically, to spatially resolve tumour cell-
dominant (PanCK+) and immune cell-infiltrated (CD45+)
regions, we performed fluorescence-based tissue segmen-
tation using PanCK- and CD45-conjugated antibodies.
Regions of interest (ROIs) were further classified as F.
nucleatum-positive or F. nucleatum-negative throughH&E
and RNAscope CISH imaging of serial tissue sections.
Comparative analysis of immunohistochemistry

(PanCK/CD45) and RNAscope CISH (F. nucleatum)
revealed that F. nucleatum predominantly co-localized
with tumour cells (PanCK+) in 19 of 20 ROIs, whereas
co-localization with immune cells (CD45+) was observed
in only 1 ROI (co-localization rate: 95% vs. 5%). Given

the pronounced spatial preference of F. nucleatum for
tumour cells, subsequent mechanistic analyses focused on
PanCK+/F. nucleatum co-localized regions (Figure 4A).
Additionally, in F. nucleatum-positive ROIs, Eubacteria
must be negative to ensure that the selected regions are
specifically enriched for F. nucleatumwithout interference
from other bacterial communities. As shown in Figure
S4, other microbes were indeed observed in tumour
tissues, but they were primarily distributed at a low
density, interspersed with sparse F. nucleatum. Notably,
we observed that F. nucleatum exhibited a distinct clus-
tered distribution in its colonization regions, and these
regions were almost devoid of colonization by other
microbes. Ultimately, 19 ROIs (14 F. nucleatum-positive
ROIs and 5 F. nucleatum-negative ROIs) were selected for
transcriptomic and proteomic analysis.
Transcriptional and protein data were extracted from

epithelial cancer cell regions within ROIs in the tissue,
which were annotated as bacteria-positive or bacteria-
negative using RNAscope-CISH (Figure 4A). A total of
272 genes were consistently identified at both the tran-
scriptomic and proteomic levels (Figure 4B). Principal
component analysis (PCA) revealed no significant separa-
tion between the F. nucleatum-positive (FNN) group and F.
nucleatum-negative (control) group at the transcriptomic
level (Figure 4C), whereas a clear separationwas evident at
the proteomic level (Figure 4D). The lack of significant sep-
aration in PCA may be due to the subtle differences in the
overall transcriptomic profiles across the groups, while the
heatmap analysis revealed distinct alterations in gene and
protein expression patterns that PCA could not capture.
Both transcriptomic and proteomic heatmaps demon-
strated notable variations in gene and protein expression
between the FNN and control groups (Figure 4E, F). These
findings imply that F. nucleatum may influence cellular
processes through post-transcriptional mechanisms and
protein regulation. At the transcriptomic level, we iden-
tified 8606 RNAs (Table S3), of which 636 RNA levels
were statistically significantly different (p < .05). Among
these, 134 RNAs showed significantly higher expression,
and 264 RNAs showed significantly lower expression (fold
change >1.2 or <.83) in the FNN group (Figure 5A; Table
S4). At the proteomic level, 574 proteins were identified
(Table S5), with 277 proteins showing statistically signif-
icant differences (p < .05), including 129 proteins with

fragments. The dissimilarity index between samples was calculated using the Bray–Curtis test, and hierarchical clustering was performed
using the Ward clustering algorithm to identify clustering of patient specimens (colour bars). Data were analyzed with R (version 4.1.3). (C)
Principal component analysis (PCoA) plot representing the β-diversity clustering of genus-level bacterial communities from each piece of BC
tumour tissue, along with permutational multivariate analysis of variance analysis (Bray–Curtis index). (D) Sankey plot showing the
longitudinal composition of microbiota in tumour tissues from 15 BC patients. (E) Relative abundance of the Fusobacterium in each tumour
mass from the 15 BC patients. Data are expressed as the mean and individual data points.
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F IGURE 2 RNAscope FISH and CISH analyses demonstrate the heterogeneous distribution of F. nucleatum in breast tumour tissues.
(A) RNAscope FISH analysis of tumour sections from BC patients. Inverse colour images are displayed to highlight bacteria vividly. Green
box: F. nucleatum-negative region. Yellow box: F. nucleatum-positive region. Yellow arrows indicate F. nucleatum positivity. Red: F. nucleatum
(ATCC25586) specific probe. Blue: DAPI. Scale bar: 200 µm (left), 50 µm (right). (B) RNAscope FISH analysis of BC tumour sections (as shown
in A). Inverse colour images are displayed to highlight bacteria vividly. Yellow arrows indicate F. nucleatum positivity. Red: F. nucleatum
(ATCC25586) specific probe. Blue: DAPI. Scale bar: 2 µm. (C) Upper left and right panels: RNAscope-CISH images showing the spatial
distribution of F. nucleatum in BC tumour tissue, with the F. nucleatum probe highlighted in red and the Eubacteria probe in green. Bottom
left panel: Hematoxylin and eosin stain (H&E) of the RNAscope image. The scale bar is shown in the figure.
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F IGURE 3 GeoMx digital spatial profiler (DSP) experimental protocols. GeoMx DSP was used to assess F. nucleatum-related niches in
BC tumours. 5 µm continuous FFPE sections were prepared from the tissue samples, three consecutive sections were selected for distinct
analyses: one for H&E staining to assess tissue morphology, one for RNAscope CISH staining to identify the spatial distribution of F.
nucleatum, and one for DSP analysis after the immunohistochemical (IHC) staining targeting immune (CD45+) and epithelial (PanCK+)
compartments. Based on H&E and RNAscope CISH imaging of continuous tissue sections, regions of interest (ROIs) were delineated and
categorized as either F. nucleatum-positive or F. nucleatum-negative. Samples were analyzed for F. nucleatum-positive AOIs and F.
nucleatum-negative AOIs in the CD45+ and PanCK+ redions, involving the release of photocleavable barcode oligonucleotides for
sequencing. The sequenced oligonucleotides provided spatial information about the respective RNA and protein targets in F.
nucleatum-positive or F. nucleatum-negative regions.

significantly higher expression and 32 proteins signifi-
cantly lower expression (fold change >1.2 or <.83) in FNN
group (Figure 5B; Table S6). These results demonstrate that
the presence of F. nucleatum leads to significant changes
in both RNA and protein expression patterns, suggesting
its potential involvement in influencing breast cancer cell
biology.
As illustrated in the volcano plot, the PanCK+ region

with F. nucleatum colonization exhibited significant
upregulation of multiple pro-tumour proteins and down-
regulation of several tumour-suppressive proteins, collec-
tively contributing to cancer progression through various
molecular mechanisms (Figure 5B; Table S6). Tumour-
promoting proteins associated with cell proliferation and

survival, such as active YAP1, Aurora A, CDKs (CDK1-
5), Cyclin A2, IGF2BP1/IMP1, KMT6/EZH2, c-Met, PCNA,
PDGFB, SIRT1, Syndecan-1, transferrin receptor, andOct4,
were markedly elevated, enhancing cancer cell growth,
inhibiting apoptosis, and accelerating cell cycle progres-
sion. Additionally, proteins that promote cell migration
and invasion, including Cathepsin K, MMP1/7, Periostin,
PAK1, Fibronectin, Integrin β1, Nectin-4, and EpCAM,
were upregulated, facilitating extracellular matrix degra-
dation and increasing metastatic potential. Conversely,
tumour-suppressive proteins involved in DNA damage
response and genomic stability (Figure 5B; Table S6),
such as ATR (phospho S428), MSH2, and p53 (includ-
ing phospho-p53 S392), were significantly downregulated,
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F IGURE 4 Spatial transcriptomic and proteomic analysis. (A) RNAscope-CISH images showing the distribution of F. nucleatum (red) in
BC tissue, with serial IHC images depicting the distribution of CD45+ (red) and PanCK+ (green) cells, identifying immune and epithelial
compartments in BC tissue, respectively. The inset highlights representative AOIs for F. nucleatum-positive and F. nucleatum-negative areas
with corresponding UV-exposed regions. (B) Top: Gene overlap quantified at RNA and protein levels using OmicStudio tools
(https://www.omicstudio.cn/tool). Bottom: Percentage of differentially expressed transcripts and proteins, calculated by significance (p < .05).
(C, D) Principal component analysis of all quantified RNAs (C) and proteins (D). Data were analyzed using R (version 4.1.3). (E, F) Heatmaps
showing differentially expressed transcripts (E) and proteins (F). Data were analyzed using R (version 4.1.3) and visualized with the
ComplexHeatmap package.

https://www.omicstudio.cn/tool
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F IGURE 5 Differential and functional enrichment analysis of transcriptomics and proteomics. (A, B) Volcano plots showing
differentially expressed transcripts (A) and proteins (B). Bar charts highlight significant changes in RNAs and proteins (p < .05, FC > 1.2). (C,
D) KEGG pathway analysis of significantly different RNAs (C) and proteins (D). (E, F) KEGG pathway analysis of significantly different RNAs
in MCF-7 and MDA-MB-231 cells co-cultured with F. nucleatum. Enrichment was performed using OmicStudio tools at
https://www.omicstudio.cn/tool. Data were analyzed with R version 4.1.3 (ggplot2 package: 3.3.3).

https://www.omicstudio.cn/tool
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leading to impaired DNA repair and increased genomic
instability. Key cell cycle regulators, including phospho-
rylated Rb (S608, S807, T780) and CDK1, were decreased,
potentially resulting in uncontrolled cell cycle progres-
sion. Furthermore, signal transduction proteins like STAT1
(phospho S727), STAT2, and Smad2 (phospho S255) were
reduced, diminishing immune response activation and
growth inhibition pathways. Histone modifications asso-
ciated with gene repression, including acetylated Histone
H2A/H3,methylatedHistoneH3, and phosphorylatedHis-
toneH3, were also decreased, indicating altered chromatin
structure and gene expression regulation. Additionally,
reduced expression of the glucocorticoid receptor (phos-
pho S226), ROCK1/2, and Topoisomerase I suggests a
decline in apoptotic signalling and an increase in cell
survival mechanisms. Collectively, these alterations by F.
nucleatum modulate key molecular pathways, promoting
cancer cell proliferation, migration, and invasion, dis-
rupting cell cycle control, and enhancing resistance to
apoptosis, thereby contributing to the aggressive behaviour
and progression of breast cancer.

2.3 Pathway and network analyses
identify VEGFD and PAK1 as key mediators
of F. nucleatum’s modulation of the tumour
microenvironment

To elucidate the potential impact of F. nucleatum coloniza-
tion on the local TME, we conducted a comprehensive
analysis of the differentially expressed genes and proteins
regulated by F. nucleatum. Using GO and KEGG enrich-
ment analyses (Tables S7 and S8), we investigated the bio-
logical functions associated with these molecular changes.
GO enrichment analysis of transcriptomic data revealed
that the differentially expressed RNAs are involved in
several key molecular functions and biological processes,
including RNA binding, protein binding, peptidyl-serine
phosphorylation, biogenesis of ribosomal small subunits,
and positive regulation of translation (Figure S6A). Sim-
ilarly, the analysis of differentially expressed proteins
identified significant molecular functions and biologi-
cal processes such as protein binding, enzyme binding,
positive regulation of gene expression, and the inflamma-
tory response (Figure S6B). Furthermore, the differentially
expressed genes and proteins localize to similar cellu-
lar components, including the nucleoplasm, cytosol, and
extracellular exosomes.
To explore the signalling pathways potentially impacted,

KEGG pathway enrichment analysis demonstrated that
the genes and proteins with altered expression participate
in multiple biological processes (Figure 5C, D). Impor-

tantly, these RNAs and proteins were notably concentrated
in threemajor signalling pathways:MAPK signalling path-
way (18 differential RNAs and 21 differential proteins),
focal adhesion (12 RNAs and 13 proteins), and necropto-
sis (10 RNAs and 10 proteins) (Figure 5C, D). Additionally,
transcriptomic profiling of the MDA-MB-231 (TNBC) and
MCF-7 (ER+) breast cancer cell lines, when co-cultured
with F. nucleatum, demonstrated a substantial enrichment
of differentially expressed RNAs, particularly within the
MAPK signalling pathway, in both cancer subtypes. Fur-
thermore, in MCF-7 cells, additional RNAs were enriched
in the focal adhesion pathway (Figure 5E, F; Tables S9,
S10, and S11). Collectively, these findings indicate that F.
nucleatum influences the local TME through the regu-
lation of multiple pathways, including MAPK and focal
adhesion pathways, thereby exerting diverse regulatory
effects on tumour progression.
To identify potential regulatory targets, Venn diagram

analysis revealed that the MAPK and focal adhesion
signalling pathways were co-enriched by two identical
RNAs/proteins at both the transcriptional and protein lev-
els (Figure 6A). Pathway network analysis (Figure 6B)
identified these two RNAs/proteins as VEGFD and PAK1,
both of which were highly expressed in regions colo-
nized by F. nucleatum (Figure 6C). To further inves-
tigate the role of differentially expressed proteins, we
performed a protein–protein interaction (PPI) network
analysis. The top 20 proteins based on their significance
include MAPK11, MAPK14, c-Fos, c-Jun, PDGFB, and
c-Met (Figure 6D). Additionally, correlation heatmap anal-
ysis revealed a strong positive association betweenVEGFD,
PAK1, and the top 20 proteins (predominantly key pro-
teins in the MAPK signalling pathway) and significantly
negatively correlated with P53 and phosphorylated P53
(Figure 6E). These findings indicate that VEGFD and
PAK1 may serve as pivotal regulators linking F. nucleatum
colonization to the activation of MAPK signalling path-
ways, thereby promoting breast cancer progression and
metastasis. Furthermore, the MAPK signalling pathways
are crucial for the pro-tumour activities of F. nucleatum
following colonization (Figure 6F).

2.4 F. nucleatum promotes proliferation
and migration of breast cancer cells

Previous research has shown that F. nucleatum pos-
sesses strong invasiveness and is capable of surviving
intracellularly, regardless of whether the host cells are
epithelial, endothelial, keratin-producing, or potentially
immune cells.30–33 In this research, we proved that F.
nucleatum can adhere to and invade breast cancer cells.
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F IGURE 6 Key proteins and their role in signalling pathways. (A) Venn diagram showing intersecting genes of the MAPK and focal
adhesion signalling pathways at the transcriptomic and proteomic levels. (B) Pathway network analysis of the MAPK signalling, focal
adhesion, and necroptosis pathways at the transcriptomic and proteomic levels. (C) Differential expression of VEGFD and PAK1 in F.
nucleatum-positive and F. nucleatum-negative tumour regions (*p < .05; ** p < .01). (D) Protein–protein interaction (PPI) network displaying
associations among the top 20 ranked proteins. (E) Network heatmap showing the association of VEGFD and PAK1 with the top 20 important
proteins. (F) Changes in significantly different proteins in the MAPK signalling pathway. Red indicates upregulation; green indicates
downregulation. The statistical significance was calculated using the Student’s t-test.
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Laser confocal microscopy revealed F. nucleatum adher-
ing to the surfaces of MCF-7 andMDA-MB-231 (Figure 7A;
Figure S7). Additionally, 3D laser confocal microscopy ver-
ified the presence of F. nucleatumwithin cells (Supporting
Information Video).
To explore how F. nucleatum influences the biological

behaviour of breast cancer cells, theMCF-7 andMDA-MB-
231 cell lines were co-incubated with F. nucleatum. Cell
proliferation was measured using the cell counting kit-8
(CCK-8) assay, and migration was evaluated by the wound
healing assay. The results of the CCK-8 assay demon-
strated that co-culture with F. nucleatum significantly
enhanced the proliferation of MCF-7 and MDA-MB-231
cells (p < .05) (Figure 7B). Moreover, the cell scratch assay
demonstrated a marked increase in the migration capacity
of these cell lines following co-culture with F. nucleatum
(p < .05) (Figure 7C, D). To verify the specificity of this
effect, we conducted a similar co-culture experiment with
Escherichia coli (E. coli) as a control and found no signif-
icant effect on cell proliferation or migration (Figure S8).
These findings indicate that the presence of F. nucleatum
within tumours markedly influences the biological char-
acteristics of tumour cells and potentially contributes to
tumour progression and metastasis.
To determine whether the observed effects are directly

caused by F. nucleatum or result from interactions fol-
lowing infection, we utilized supernatants from the F.
nucleatummonoculture and from co-cultures with MCF-7
or MDA-MB-231 cells to stimulate breast cancer cell pro-
liferation. The results of the CCK-8 assay revealed that
the supernatants derived from F. nucleatummonocultures
alone had no significant impact on the proliferation of
MCF-7 and MDA-MB-231 cells. In contrast, the super-
natants from co-cultures with tumour cells significantly
promoted their proliferation (Figure 7E, F). These results
indicate that the colonization of F. nucleatum promotes
breast cancer cell proliferation and migration by interact-
ing with tumour cells, thereby potentially contributing to
tumour progression and metastasis.

2.5 VEGFD and PAK1 play crucial roles
in F. nucleatum-promoted proliferation and
migration of breast cancer cells

Based on GeoMx DSP spatial multi-omics analysis, it was
identified that VEGFD and PAK1 expression levels were
markedly increased in breast cancer cells co-cultured with
F. nucleatum. Additionally, in theMDA-MB-231 andMCF-
7 breast cancer cell lines that were co-cultured with F.
nucleatum, key proteins involved in the MAPK signalling
pathway, including c-Myc, phospho-JNK1, p38MAPK, and
phospho-p38MAPK,weremarkedly elevated, thereby con-

firming the results of the spatial multi-omics analysis
(Figure 7G). We hypothesized that VEGFD and PAK1 may
play pivotal roles in the F. nucleatum-promoted prolifera-
tion and migration of breast cancer cells. To validate this
hypothesis, siRNA was used to suppress the expression
of VEGFD and PAK1 in MCF-7 and MDA-MB-231 cells
(Figure S9). Both CCK-8 and EdU assays demonstrated
that the knockdown of VEGFD and PAK1 significantly
decreased the proliferation stimulated by F. nucleatum in
MCF-7 andMDA-MB-231 cells (p< .05) (Figure 7H–J). Fur-
thermore, transwell invasion and wound-healing assays
indicated that siRNA-mediated suppression of VEGFD
and PAK1 notably impaired the migratory and invasive
behaviours of F. nucleatum-activated MCF-7 and MDA-
MB-231 cells (p < .05) (Figure 7K–O). However, the
proliferation and migration rates of these cells enhanced
by F. nucleatum did not return to control levels follow-
ing VEGFD and PAK1 knockdown. These results suggest
that VEGFD and PAK1 are important mediators of F.
nucleatum’s impact on breast cancer cell proliferation and
migration.

3 DISCUSSION

Previously, tumour heterogeneity was mainly consid-
ered a result of intrinsic genetic alterations occurring in
tumour cells during their processes of proliferation and
expansion34. These genetic alterations have guided cur-
rent primary cancer treatment strategies.34 However, since
the 1990s, research has increasingly emphasized the role
of extrinsic factors within TME, including a variety of
non-cancerous cells, such as fibroblasts, endothelial cells,
and immune cells that infiltrate the tissue.35–38 These
cells interact with tumour cells, inducing transcriptional
changes that contribute to tumour heterogeneity and
regulate tumour progression and metastasis.39–41 As our
understanding of the TME has deepened, so has knowl-
edge of factors contributing to tumour heterogeneity. In
addition to cellular components, diverse microbiota are
present in the TME of most major tumour types.4–7,19,42–44
These microbiota vary by tumour type, with specific
bacteria influencing tumour progression and metasta-
sis, thereby impacting therapeutic response and survival
outcomes.4–6,18,19,45,46 However, the inherent heterogene-
ity of the TME complicates the analysis of interactions
between its components, particularly between bacteria and
host cells in tumour tissues. Advances in technologies
such as RNA-seq andGeoMxDSP spatialmulti-omics have
facilitated the investigation of microbial–host interactions
within the TME.47
In this study, 5R 16S rRNA sequencing revealed an

uneven distribution of micro-organisms within breast
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cancer tumours. This differential distribution suggests
that intratumoral microbiota, as an essential element of
the TME, may modulate the TME’s biology in specific
regions, influencing anti-tumour immunity and tumour
progression. Furthermore, sequencing analysis identified
F. nucleatum as a major constituent of the breast cancer
intratumoral microbiota. RNAscope FISH staining con-
firmed the focal, aggregated distribution of F. nucleatum
in breast tumour tissues. F. nucleatum is a common oral
bacterium closely linked to periodontal disease.48–50 Stud-
ies have demonstrated that F. nucleatum is abundant
in multiple tumour types, including colorectal, pancre-
atic, oesophageal, and breast cancers, and its presence
correlates with poorer survival outcomes in colorectal,
pancreatic, and oesophageal cancers.16,51–59 However, it is
still uncertain whether the localized and clustered dis-
tribution of F. nucleatum within breast tumours impacts
the surrounding TME, how this distribution alters the
TME, and whether it plays a critical role in driving the
progression and metastasis of breast cancer.
F. nucleatum is a Gram-negative, anaerobic bacterium

that adheres to surfaces and is predominantly located
in the oral mucosa, where it is essential for biofilm
formation.60 F. nucleatum can travel through the digestive
tract and establish colonies in CRC tissues.61 Recent stud-
ies have also shown that F. nucleatum may colonize both
colon and breast cancers via the bloodstream.62,63 Using
RNAscope FISH staining, we observed the presence of F.
nucleatum in the blood vessels of breast cancer tissues,
providing evidence of its colonization through the blood-
stream. Additionally, F. nucleatum has been demonstrated
to specifically interact with Gal-GalNAc, a molecule that
is expressed at levels 4.7× higher in breast cancer tissues
compared with normal tissues.16 This may explain why F.
nucleatum is among the most common micro-organisms
identified in breast tumours.
To further investigate the altered breast cancer TME due

to the uneven distribution of F. nucleatum, we employed

GeoMX DSP spatial multi-omics analysis to compare F.
nucleatum-colonized sites with non-colonized areas of
breast tumours. In regions colonized by F. nucleatum, both
spatial transcriptomes and proteomes were significantly
enriched in three signalling pathways: MAPK signalling,
focal adhesion, and necrotic apoptosis. Moreover, co-
culture experiments demonstrated significant enrichment
of the MAPK signalling pathway in both MDA-MB-
231 and MCF-7 cells after co-culture with F. nucleatum.
The findings indicate that F. nucleatum may promote
breast cancer progression through the activation of the
MAPK signalling pathway. The MAPK signalling cascade
plays a pivotal role in the regulation of cell prolifera-
tion and migration.64 MAPKs mediate communication
between extracellular and intracellular signals, regulat-
ing key cellular processes.65 In mammals, the MAPK
family is categorized into four main subgroups: ERK1/2,
JNK1/2/3, p38 MAPKs, and ERK5.65 The p38 MAPK path-
way is involved in regulating cell survival and enabling
stress adaptation throughout tumour progression.66–68
MAPK14 serves dual essential functions in mammary car-
cinoma cells by ensuring genomic integrity and orchestrat-
ing DNA repair mechanisms.69–71 Additionally, MAPK11
facilitates the upregulation of lipid transport protein 2
(LCN2), a factor linked to increased tumour development,
invasion, and metastasis, thereby contributing to cancer
progression.72
Our proteomic analysis revealed increased expression

of p38α (MAPK14) and p38β (MAPK11) in F. nucleatum-
colonized regions. This suggests that F. nucleatum-
enriched regions may enhance the growth and invasive-
ness of breast cancer cells when compared with areas
lacking bacterial colonization. Furthermore, a notable
reduction in the levels of p38 phospho-T180 was observed
in F. nucleatum-colonized regions, and T180/Y182 phos-
phorylation of p38 has been proposed that they may serve
a protective function in breast cancer.73,74 These varia-
tions might stem from differences in p38MAPK expression

F IGURE 7 Mechanism of F. nucleatum promoting proliferation and migration of breast cancer cells. (A) Confocal microscopy showing
spatial interaction between breast cancer cells (green: cytoskeleton; blue: nuclei) and F. nucleatum (red). Scale bar: 5 µm. (B) Line graph of
CCK-8 cell proliferation assay (n = 5; Student’s t-test). Statistical significance was determined by Student’s t-test (*p < .05; **p < .01;
***p < .001). (C) The wound-healing assay was initiated with a uniform scratch width of .5 mm. (D) Migration distance quantification. Scratch
width was measured at four predefined equidistant points per well at 0 and 24h using ImageJ, and distance was normalized to the initial
width (0 h) (n = 4; Student’s t-test). (E, F) Line graph of CCK-8 cell proliferation assay (n = 5; Student’s t-test). *p < .05; **p < .01; ***p < .001.
(G) Western blot analysis of VEGFD, PAK1, and MAPK pathway proteins in MDA-MB-231 and MCF-7 cells co-cultured with F. nucleatum.
Blots are representative of three biological replicates. (H, I) EdU proliferation assay: EdU staining (red: proliferating cells; blue: DAPI) (H) and
quantification of EdU-positive cells (I). Three independent replicates were analyzed (n = 3; Student’s t-test). (J) Line graph of CCK-8
proliferation assay after siRNA interference (n = 5; Student’s t-test). *p < .05; **p < .01; ***p < .001. (K, M) Wound-healing assay:
Representative scratch images (K), schematic of the plate insert (L), and migration distance quantification (M). Scratch closure was measured
at four equidistant positions per well (n = 4; Student’s t-test). *p < .05; **p < .01; ***p < .001. (N, O) Transwell migration assay: Crystal
violet-stained migrated cells (N) and quantification (O). Four independent experiments were performed (n = 4; Student’s t-test). *p < .05;
**p < .01; ***p < .001.
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patterns and substrate specificity, leading to functional
diversity.
Key substrates in the p38MAPK pathway include tran-

scription factors c-Fos and c-Jun, which are involved in
regulating tumour progression75. Our findings revealed a
significant upregulation of c-Jun and c-Fos expression in
regions colonized by F. nucleatum. Importantly, these fac-
tors are key components of the AP-1 complex,76 which
regulates genes involved in processes such as tumour cell
proliferation, apoptosis, and metastasis.77–79 Suwen Ou
showed that infection with F. nucleatum enhances CRC
cell migration by increasing MMP7 expression through
the MAPK (JNK)-AP1 pathway.80 Thus, we suggest that
F. nucleatum could promote the growth and invasiveness
of breast cancer cells by increasing the expression levels
of c-Jun and c-Fos. Conversely, p53 expression was signif-
icantly reduced in F. nucleatum-colonized regions. p53 is
crucial for regulating processes like cell cycle progression,
apoptosis, and genomic integrity. Therefore, decreased p53
expression in the F. nucleatum colonization regions may
further enhance the malignant proliferative potential of
tumour cells in these areas.81,82
Based on transcriptomic and proteomic enrichment

analyses, we found that VEGFD and PAK1 were signifi-
cantly enriched at both transcriptional and protein levels
and were highly expressed in regions colonized by F.
nucleatum. VEGF-D is a glycoprotein secreted by cells
that initiates VEGFR-2-dependent signalling pathways,
which are mainly involved in controlling the prolifera-
tion, migration and function of endothelial cells.83,84 As
reported by Achen et al., VEGF-D, which is released by
tumour cells, has the ability to activate VEGFR-2 sig-
nalling in adjacent blood vessels.85 Furthermore, VEGF-D
may act not only through paracrine signalling but also
via autocrine mechanisms, as observed in endometrial
cancer86 and invasive cervical cancer,87 where its local pro-
duction contributes to tumour progression, cell migration,
and metastasis. F. nucleatum has been shown to modulate
tumour cell migration by inducing neutrophil extracel-
lular traps, which subsequently increase VEGF levels in
CRC cells.88 In co-culture experiments with breast cancer
cells, we observed thatF. nucleatum significantly promoted
tumour cell proliferation and migration. Notably, VEGFD
protein expression in tumour cells was significantly ele-
vated, and VEGFD knockdown markedly downregulated
the proliferation and migration, suggesting that VEGFD
released by F. nucleatum-colonized tumour cells is cru-
cial for tumour proliferation and migration. However,
this finding contradicts the conventional view that VEGF
primarily affects tumour migration and invasion. VEGF
may activate multiple signalling pathways in the complex
tumour microenvironment, contributing to a proliferative
phenotype. Bioinformatics analysis suggests that VEGF-D

triggers the activation of theMAPK pathway, thereby facil-
itating cell proliferation and enhancing cell survival.89 This
aligns with our findings that increased VEGF secretion
induced by F. nucleatum might be a key factor in activat-
ing theMAPKdownstreampathway. Such activation could
explain how VEGF indirectly affects cell proliferation and
why F. nucleatum colonization significantly alters the local
TME.
The PAK1 signalling pathway is essential for VEGF

expression and its associated functions.90,91 PAK1 is central
to cell survival and the process of oncogenic transforma-
tion. Studies have indicated that amplification of the PAK1
gene occurs in around 30% of breast cancer cases.92–94
As an effector in the signalling pathways downstream of
Cdc42 and Rac.95 PAK1 regulates cellular processes such
as viability, adhesion, andmovement.96 Through its kinase
activity, PAK1 activates the RAF/MEK/MAPK pathway to
promote proliferation,97 and its phosphorylation of MEK1
is key for focal adhesion formation, thereby enhancing
tumour cell migration.98 Elevated PAK1 kinase activity
correlates with an invasive phenotype in breast cancer
cells.96 Our findings also indicated that PAK1 expres-
sion was upregulated in F. nucleatum-colonized regions.
Silencing PAK1 in F. nucleatum-colonized breast cancer
cells significantly reduced their proliferative and migra-
tory capabilities. In line with our findings, numerous
studies have shown that PAK1 overexpression enhances
cell proliferation, motility, and invasiveness.99 Alter-
ations in the protein expression patterns of tumour
cells, including proteins such as VEGFD and PAK1,
driven by F. nucleatum colonization, may activate key
signalling pathways like MAPK, which are pivotal for
the protumorigenic effects associated with F. nucleatum
colonization.

4 CONCLUSION

In conclusion, although the overall microbiota abundance
in tumours is minimal, their differential distribution and
focal colonization as key components of the TME can
substantially alter the local tumour milieu. F. nucleatum,
a colonizing micro-organism in breast tumours, signifi-
cantly modifies the local microenvironment through its
focal distribution. It influences the activation of down-
stream targets in the MAPK signalling pathway and focal
adhesion by upregulating VEGFD and PAK1 expression.
This, in turn, enhances the proliferation and migration of
breast tumours. Investigating the effects of intratumoral
F. nucleatum on the breast cancer microenvironment
is essential for understanding the mechanisms underly-
ing breast cancer progression and for developing future
therapeutic strategies.
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4.1 Limitations of the study

This study has several limitations. The sample size for
the GeoMx DSP analysis was relatively small, which may
affect the statistical significance and generalizability of
the results. Additionally, F. nucleatum colonization was
primarily observed in tumour cell regions, as well as in
necrotic areas and blood vessels of the tumour based on
a limited sample set, and interactions between F. nuclea-
tum and immune cells were not examined. The origin of F.
nucleatum and the factors driving its specific colonization
patterns within the tumour remain unclear and require
further investigation. Future studies will aim to include
larger sample sizes and explore the detailed mechanisms
of these signalling pathways more thoroughly, thereby
enhancing the reliability and clinical relevance of the find-
ings. Such follow-up research will provide deeper insights
into the role of microbiota in tumour development and
could potentially identify novel therapeutic targets.

5 MATERIALS ANDMETHODS

5.1 Human sample collection

Tumor specimens were prospectively collected at Sir
Run Run Shaw Hospital, Zhejiang University School
of Medicine (Hangzhou, China), following the protocol
approved by the Ethics Committee of the same insti-
tution (20220219-30). Enrollment criteria for breast can-
cer patients included those aged 18–75 years, pathologi-
cally diagnosed with primary breast cancer, and had not
received any treatment prior to tumour excision. Exclu-
sion criteria included severe comorbidities, other active
malignancies, known distant metastases, severe immuno-
suppression, pregnancy or lactation, and those consid-
ered medically or psychologically ineligible. Following
informed consent procedures, 15 cases were enrolled with
multi-type specimen collection (including snap-frozen and
FFPE tissues) from each primary lesion, each assigned
unique biospecimen identifiers (Table S1).

5.2 5R 16S sequencing and data analysis

Individual fresh-frozen breast tumours (n = 15, Figure 1A)
were divided into four equal portions. To ensure uni-
formity in tissue dissection, we employed a stereotactic
division method. Fresh frozen tumours were placed in
a sterile 3D grid mould (with 1 mm aperture spacing),
and tissue sections were cut vertically along the sagit-
tal and coronal planes to ensure equal volume for each
piece (A–D). Each dissected tissue block (A–D)was stained

with H&E and evaluated by a pathologist to confirm that
only tumour parenchyma was present. Exclusion crite-
ria included blocks containing dense lymphatic/vascular
regions (CD31+/Podoplanin+), necrotic areas (>5% area),
or calcified regions; transported in preservation boxes
filled with dry ice, preserved in 1.5 mL tubes, and stored
at −80◦C. A novel approach was employed to perform
5R 16S rRNA amplification and sequencing that ampli-
fies five regions of the 16S rRNA gene with multiplex
amplification, providing higher resolution compared with
traditional methods (Figure S1).4 Different types of neg-
ative controls were used, such as blank controls, DNA
extraction controls, and controls without templates were
processed following the same protocol as the tumour sam-
ples tomonitor bacterial contamination introduced during
sample collection and processing. The sequencing of the
libraries was carried out using the Illumina NovaSeq 6000
platform. Reads from individual samples were demulti-
plexed, quality-filtered, and mapped to the five amplified
regions according to their primer sequences. The SMURF
(Short Multidimensional Sequencing Region Framework)
methodology was implemented to integrate sequencing
data across five targeted zones within a consolidated
analytical framework, addressing complex statistical chal-
lenges through maximum likelihood optimization.100 Tax-
onomic classification was conducted using the Green-
Genes reference database (released May 2013). Compre-
hensive bioinformatics processing involved the Micro-
biomeAnalyst platform for microbial profile visualization,
β-diversity evaluations implemented through Bray–Curtis
dissimilarity metrics, dimensionality reduction via PCA,
permutational multivariate analysis of variance, and hier-
archical clustering dendrograms using Ward’s linkage
method.101

5.3 RNAscope FISH

The spatial profiling of F. nucleatum within neoplastic
tissues was accomplished using the RNAscope 2.5HD
multiplex fluorescence detection system (Advanced Cell
Diagnostics). The standardized protocol encompassed four
critical phases: (1) tissue processing with a Leica RM2255
automated microtome (Leica Microsystems) to generate
5 µm FFPE sections mounted on electrostatic adhesion
slides (Superfrost Plus) 16 h ambient desiccation; (2) pre-
hybridization conditioning involving 60min thermal equi-
libration at 60◦C in a HybEZ II automated hybridization
station (Advanced Cell Diagnostics), followed by three-
stage solvent treatment (xylene/anhydrous ethanol) and
endogenous enzymatic blockade with 3% H2O2 (10 min
RT incubation). Antigen retrieval required optimization
complete immersion in 200 mL RNAscope 1X Target
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Retrieval solution within an Oster steam heating appara-
tus, maintaining thermal at exposure nearing conditions
(99 ± 1◦C) for 15 min. Post-retrieval processing comprised
sequential dehydration in absolute ethanol (3 min), ambi-
ent duration air-drying, and establishment of hydrophobic
demarcation around tumour regions barrier using pens.
Finally, the slides were treated with RNAscope Protease
Plus at 40◦C for 20 min in a HybEZ II hybridization oven.
Each slide was treated with 150 µL of RNAscope probe
mixture targetingF. nucleatum (B-Fusobacterium-23S-3zz-
C2; Advanced Cell Diagnostics). For negative and posi-
tive controls, corresponding serial slides were incubated
with probes targeting unrelated genes (item numbers:
321641 and 320751). The probe hybridization protocol was
executed in a thermal-regulated hybridization chamber
(HybEZ II Automated System, Advanced Cell Diagnos-
tics) under controlled parameters: 40◦C incubation for
a 120 min hybridization duration. Post three-stage sig-
nal amplification, F. nucleatum-C2-specific labelling was
achieved throughOpal 570 fluorophore application (200 µL
volume) with 30 min thermal incubation at identical tem-
perature. Intermittent processing included dual 2 min
rinses in 1X RNAscope wash buffer following each ampli-
fication/colouration cycle. Terminal procedures involved
(1) applying DAPI nuclear counterstain (ThermoFisher
Scientific) for 30 s ambient staining and (2) slide preser-
vation using ProLong Gold Antifade Mountant (Ther-
moFisher Scientific). Digital imaging was acquired via
3DHISTECH Pannoramic MIDI II whole-slide scanner
(Hungary) equipped with 40× objective, employing spec-
tral unmatching protocols: Opal 570 excitation at 550 nm
wavelength (illumination duration 3.96 ms) and DAPI
detection at 370 nm (3.83 ms exposure).

5.4 RNAscope CISH

To precisely demarcate regions for GeoMx spatial pro-
filing, architectural visualization was achieved through
chromogenic detection using the RNAscope 2.5 HD mul-
tiplex system (Advanced Cell Diagnostics), enabling dual
assessment of histological features and F. nucleatum colo-
nization patterns. The standardized preparation protocol
involved three sequential phases: (1) sectioning FFPE
blocks into 5 µm slices with a Leica RM2255 automated
microtome (LeicaMicrosystems); (2)mounting sections on
charged adhesion slides (Superfrost Plus) for 16 h ambient
dehydration; (3) performing thermal stabilization at 60◦C
for 60min in aHybEZ II automated hybridization chamber
(Advanced Cell Diagnostics). Deparaffinization, blocking
of endogenous peroxidase, and antigen retrieval were
carried out as previously described (refer to RNAscope
FISH). Upon completion of preparatory procedures, the

mounted sections underwent targeted proteolytic condi-
tioning in a HybEZ II automated hybridization station
(Advanced Cell Diagnostics). The optimized protocol spec-
ified: application of RNAscope protease-enriched solution
under precisely controlled thermal parameters (40 ± .5◦C)
for a standardized 20 min incubation interval, then 150 µL
of a probe mixture was added, including a probe target-
ing F. nucleatum (Fusobacterium-23S-3zz-C2, Advanced
Cell Diagnostics) and a Eubacteria probe targeting the
conserved 16S-rRNA region (EB-16S-rRNA-C1, Advanced
Cell Diagnostics). Probe hybridization was performed in a
HybEZ II hybridization chamber at 40◦C for 2 h. After six
amplification steps, F. nucleatum-C2 channels were visu-
alized using the red detection reagent. Slides were rinsed
twice with 1X RNAscope Wash Buffer for 2 min per wash
between each amplification and visualization step. Subse-
quently, after an additional four hybridization steps, the
Eubacteria-C1 signal was visualized using the green detec-
tion reagent. To validate assay specificity and sensitivity,
consecutive tissue sections underwent parallel process-
ing with RNAscope 2-plex Negative Control Probes (cat#
320751; Advanced Cell Diagnostics) and species-matched
Positive Control Probes (cat# 321641). Nuclear counter-
staining was performed by immersing slides in 50% Gill’s
hematoxylin solution for 30 s, followed by 30 s of deion-
ized water rinsing under continuous flow. The slides were
dried to remove excess water and sealed with resin. Images
were acquired by scanning RNAscope CISH slides with a
3DHISTECH Pannoramic MIDI II using a 40× objective.

5.5 GeoMx digital spatial profiling

This employed the study GeoMx Digital Spatial Profiler
(DSP) to analyze formalin-fixed paraffin-embedded
(FFPE) specimens obtained from 15 breast cancer (BC)
cases The experimental protocol comprised three criti-
cal phases: (1) target localization guided by RNAscope
CISH imaging to demarcate F. nucleatum-positive and
F. nucleatum-negative areas of interest (AOIs) within
neoplastic tissues; (2) immunofluorescence co-staining
with pan-cytokeratin (CKPan) and CD45 antibodies
for- tumourimmune cell demarcation across serial
sections. Spatial multi-omics profiling integrated the
GeoMx HumanWhole Transcriptome Atlas with Immune
Oncology Proteome Atlas modules, enabling concurrent
quantification of >18 000 RNA species and 570 protein
targets within predefined AOIs. All hybridization probes
and immunoreagents UV carried sensitive oligonucleotide
barcodes. Technical specifications included 5 µm FFPE
section preparation involving deparaffinization, 20 min
thermal antigen retrieval at 100◦C, and 15 min protein
digestion with 1 µg/ml Proteinase K (Advanced Cell
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Diagnostics) at 37◦C. Overnight probe hybridization at
4 nM concentration was followed by two 25 min washes
with 50% formamide/2×SSC buffer (37◦C) and five
sequential 1-min rinses in ×1TBS-T. Post-hybridization
procedures involved tissue sealing with NanoString’s
Buffer W during 1 h horizontal incubation at ambient
temperature. Detection required the preparation of
an antibody cocktail containing morphology markers
in Buffer W, with each immunoreagent uniquely bar-
coded. Post-blocking removal, the detection mixture was
administered onto slides for 16 h cold incubation (4◦C)
under humidified conditions. Subsequent processing
encompassed: triple 10 min TBS-T washes, 30 min room
temperature fixation with 4% paraformaldehyde, dual
5 min TBS-T rinses, and nuclear counterstaining using
500 nM SYTO13 for 15 min at ambient temperature prior
to GeoMx platform loading. Then, the slides were scanned
in the GeoMx platform. Circular ROIs with a diameter of
500 µmwere selected for each tissue section, and a pathol-
ogist annotated each ROI to estimate the percentage of
tumour and stromal content. The spatial distance between
ROIs ranged from 164 to 36 252 µm, with a median of
15 981 µm (Figure S5A). High-throughput sequencing
of genetic barcodes in each ROI revealed a median of
12 986 678 successfully matched probe reads per ROI, with
an interquartile range of 9 644 355 to 23 333 811 (Figure
S5B). Analysis of the normalized gene expression density
in each ROI indicated homogeneity without significant
deviation, ensuring data reliability and stability (Figure
S5C,D). The segmentation analysis option was used to
obtain oligonucleotides separately from the immune and
epithelial regions. The cut oligonucleotides were collected
by microcapillary aspiration using the GeoMx Digital
Spatial Profiler v2.1 software and stored at −20◦C for
sequencing.

5.6 Library preparation and sequencing

For PCR amplification of oligonucleotides from each
ROI, a forward primer (CAAGCAGAAGACGGCATA
CGAGATXXXXXXXXXXGTGACTGGAGTTCAGACGTG
TGCTCTTCCGATCT) and a reverse primer (AATGAT-
ACGGCGACCACCGAGATCTACACXXXXXXXXXXACA
CTCTTTCCCTACACGACGCTCTCTTCCGATCT) were
utilized, where “X” denotes unique double-indexed Illu-
mina i5/i7 sequences customized to retain the identity
of each ROI. Amplified PCR products were pooled and
subjected to dual-stage purification with AMPure XP
magnetic particles (Beckman Coulter). RNA-derived and
protein-associated amplicons were individually barcoded
to construct discrete sequencing libraries. Quantitative
analysis of library integrity and molarity was performed

on a 2100 Bioanalyzer system (Agilent Technologies).
High-throughput paired-end sequencing (2 × 150 bp)
was executed using the NextSeq 550 system (Illumina)
following standardized protocols.

5.7 GeoMx DSP data processing and
analysis

Post-sequencing raw data underwent preprocessing steps,
including adapter trimming, read merging, and sequence
alignment for probe identification. Molecular barcode
(UMI) tracking technology effectively removed ampli-
fication artefacts and redundant sequences, converting
filtered data into digital quantification metrics. Gene-
level quantification was achieved by aggregating probe
measurements per biological specimen, with final val-
ues determined as median signals after outlier probe
exclusion. The limit of quantification was established as
the logarithmic average of negative control probe signals
plus twice the standard deviation. Pathway enrichment
analysis employed the standardized scoring algorithm in
the GSVA computational framework (v1.32.0), utilizing
background-corrected log2-transformed expression val-
ues as input. Inter-sample dissimilarity was quantified
through L2 norm-based distance metric. Antibody speci-
ficity assessment defined the signal-to-noise ratio (SNR)
as target signal intensity relative to the mean intensity of
triplicate IgG-negative controls within matching regions,
with SNR <3 indicating undetectable targets. Spatial pro-
teomic data normalization incorporated three reference
proteins (ribosomal S6, histone H3, and glyceraldehyde-3-
phosphate dehydrogenase) for signal calibration. Differen-
tial gene expression profiles between bacterial-positive and
bacterial-negative AOIs were analyzed using the GeoMx
Data Analysis software (NanoString; version 2.5.0.145).
Fold changes and p-values were reported for each gene.
Statistical analyses conducted in R were performed in
version 3.6.2 with RStudio version 2022.02.3+492.

5.8 Cell line culture conditions

Two human-derived breast carcinoma cell models (MDA-
MB-231 and MCF-7) were procured from the Cell Bank
of Chinese Academy of Sciences (Shanghai branch). Stan-
dard culture protocols involved Dulbecco’s MEM (Gibco,
USA) enriched with 10% FBS (fetal bovine serum, same
supplier) and 1% antibiotic-antimycotic cocktail. For bac-
terial co-culture investigations, the experimental sys-
tem utilized McCoy’s 5A medium (Gibco), supplemented
with an equivalent serum concentration. Cellular main-
tenance was conducted under controlled environmental
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parameters (37◦C, 5% CO2, humidified atmosphere), with
subculture intervals (48–72 h) determined by confluency
monitoring.

5.9 Bacterial strains and culture
conditions

The experimental procedures employed F. nucleatum
subsp. nucleatum strain ATCC 25586 (Fnn) for cellular
investigations. Bacterial cultivation was conducted on 5%
Columbia blood agar base (Oxoid) supplemented with
defibrinated ovine erythrocytes (Novamed), maintained
in an anaerobic workstation (Bactron I-II, Shellab) under
a controlled atmosphere (90% N2, 5% CO2, 5% H2) at
37◦C for 48 h incubation. Species verification was per-
formed through MALDI-TOF mass spectrometry (Bruker
microflex LT/SH) on isolated colonies. Selected clones
were subsequently inoculated into CBHK broth for 24 h
anaerobic cultivation at 37◦C. The bacterial growth phase
was monitored spectrophotometrically at OD600, with
target values adjusted between .6 and .8 to ensure expo-
nential phase synchronization. A pre-calibrated standard
curve established through optical density measurements
enabled precise bacterial quantification. All experimental
protocols maintained a 50:1 bacterium-to-host cell ratio as
predetermined infection parameters.

5.10 Cell transcriptome sequencing and
data analysis

Human breast cancer cell lines MCF-7 and MDA-MB-
231 were co-cultured with F. nucleatum following the
established protocol. Experimental groups with matched
controls were designed in quintuplicate biological repli-
cates. After 24 h co-culture, cellular samples were col-
lected for transcriptomic profiling. Total RNA isolation
was performed using TRIzol reagent (Thermo Fisher,
15596018) following standard protocols. RNA quantifi-
cation and quality assessment (NanoDrop ND-1000,
Thermo Scientific, Wilmington, DE) for concentration
(A260/A280 1.8–2.1) and purity evaluation, with RNA
integrity verification (RIN > 8.0) using a bioanalyzer sys-
tem (2100 Bioanalyzer, Agilent). Polyadenylated mRNA
was enriched through dual-round oligo(dT)magnetic bead
selection (Thermo Fisher, 61011), followed by fragmenta-
tion via metal ion hydrolysis. First-strand cDNA synthesis
employed SuperScript II reverse transcriptase (Invitrogen,
18064014), with subsequent double-stranded cDNA gen-
eration using Klenow fragment. Size-selected fragments
(200–400 bp) were processed with UDG enzyme (NEB,
M0280S) for strand-specific library construction. High-
throughput sequencing was performed on the NovaSeq

6000 system (Illumina) in 150 bp paired-end configura-
tion by LC-Bio. Primary sequencing outputs underwent
quality filtration (removing adapter sequences and low-
quality reads), followed by reference genome alignment
(GRCh38.p13) using Hisat2. Differential gene expression
analysis was conducted with DESeq2, while functional
enrichment analysis (GO/KEGG) utilized the clusterPro-
filer computational pipeline.

5.11 Confocal scanning microscopy

This investigation employed laser scanning confocal
microscopy to analyze co-culture systems of F. nucleatum
withhumanbreast cancer cell lines (MCF-7 andMDA-MB-
231). Following 24 h co-incubation at a defined infection
ratio (multiplicity of infection [MOI] = 50:1), the cellu-
lar specimens underwent triple-rinsing with phosphate-
buffered saline (PBS) prior to 30 min fixation using
4% paraformaldehyde under ambient conditions. Post-
fixation procedures included three PBS washing cycles
and subsequent membrane permeabilization with .2%
Triton X-100 for 4 min at room temperature. The per-
meabilized specimens were then subjected to nuclear
and cytoskeletal staining through 20 min incubation with
dual fluorescent probes targeting nuclear DNA (NucBlue
ReadyProbes, Invitrogen) and actin filaments (ActinGreen
488, same manufacturer). Concurrently, bacterial mem-
brane structures in suspensionwere labelledwith FM4–64
(FXMolecular Probes) at 5 µg/mL. After completing the
staining protocol with triple PBS washes, specimens were
treated with 10 µL anti-fade mounting medium. Three-
dimensional architectural reconstruction of infected cells
was achieved through z-stack imaging using the Leica SP8
confocal microscope system (Leica).

5.12 siRNAs transfection

VEGFD-targeted and PAK1-specific siRNAs, incorporating
a scrambled control siRNA, were commercially produced
through custom synthesis services provided by Ribo-
Bio Co., Ltd. Transfections were performed using the
RiboBio transfection reagent (RiboBio), following the pro-
tocol provided by the manufacturer. Forty-eight hours
post-transfection, total cellular proteins were extracted to
evaluate the efficiency of the transfection.

5.13 Protein extraction and western
blotting

Confluent adherent cells were subjected to triple wash-
ing with ice-chilled PBS prior to lysis with RIPA buffer
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(Beyotime Biotechnology, cat# P0013B) containing pro-
tease inhibitor and phosphatase inhibitors under 4◦C con-
ditions, following standardized extraction protocols. Pro-
tein quantification was performed via bicinchoninic acid
assay (Thermo Scientific, Cat# 23225) using a microplate
reader (BioTek Synergy H1). Western blotting procedures
were optimized based on established methodology102:
equal protein aliquots (20 µg/lane) were electrophoresed
on 10% SDS-PAGE gels and subsequently electroblotted
onto PVDF membranes (Millipore, IPVH00010) using
wet transfer conditions (200 mA, 90 min). Sequential
immunoblotting included incubation with primary anti-
bodies targeting VEGFD (MCE, HY-P82640, 1:500), PAK1
(MCE, HY-P81618, 1:500), c-Myc (CST, 5606S, 1:1000),
phospho-p38 MAPK (CST, 4511S, 1:1000), total p38 MAPK
(CST, 9212S, 1:1000), phospho-JNK1 (abcam, ab215208,
1:1000), with ACTIN (CST, #4970L, 1:1000) serving as load-
ing control. HRP-conjugated anti-rabbit IgG secondary
antibody (CST, 7074S) was applied at 1:5000 dilution.
Chemiluminescent signals were captured using an imag-
ing system (Bio-Rad ChemiDoc MP) and analyzed with
Image Lab 6.1 software.

5.14 Cell viability assay

The breast cancer cell lines MDA-MB-231 andMCF-7 were
employed in this study. Cellswere seeded in 96-well culture
plates at 5 × 103 cells/well (triplicate wells per condi-
tion) with 12 h pre-culturing for monolayer formation.
Bacterial co-culture was initiated by exposing cells to F.
nucleatum andE. coli suspensions at amultiplicity of infec-
tion (MOI) of 50:1 for 4 h. Post-infection cellular viability
was evaluated at 24, 48, and 72 h intervals. Proliferation
kinetics were determined using the CCK-8 assay (Dojindo
Molecular Technologies; cat# CK04) following manufac-
turer guidelines. Absorbance measurements at 450 nm
were conducted using a full-spectrum microplate reader
(Multiskan GO, Thermo Fisher Scientific).
EdU incorporation assays utilized four-well chamber

slides (Lab-Tek II System, Thermo Scientific). Follow-
ing 12 h adhesion, cells were infected by F. nucleatum
(MOI = 50:1) for 24 h co-culture. The 2X EdU work-
ing solution (final 10 µM) was prepared by diluting the
stock solution (10 mM) 1:1000 in a complete medium.
A pre-equilibrated working solution was dispensed at
equal volume to achieve the final concentration, followed
by 2 h pulse labelling. Post-incubation, cellular fixation
was performed with 4% paraformaldehyde (15 min, RT)
and permeabilized through three 3 min rinsing cycles
with PBS-T (0.1% Tween-20). Membrane permeabilization
employed 0.3% Triton X-100 (10 min, RT) with subse-
quent washing replicates. Nuclear counterstaining used

1× Hoechst 33342 solution (10 min, dark conditions) prior
to confocal microscopy imaging. Next, 1 mL 1X Hoechst
33342 solution was added to each well in the dark at RT
for 10 min. Wash with 1 mL washing solution per well
for 3 min. Fluorescence was then detected using a Leica
SP8 fluorescence microscope, and EdU-positive cells were
counted using Fiji 1.0 software.

5.15 Cell migration assays

Transwell migration analysis was performed utilizing per-
meable cell culture chambers (Corning Inc.). The experi-
mental protocol consisted of the following steps:Harvested
cells in the logarithmic growth phase were trypsinized
and resuspended in FBS-free culture medium. A 300 µL
aliquot containing 3× 105 cells/mLwere dispensed into the
apical compartment, while 600 µL of the serum-deprived
medium was introduced into the basolateral chamber.
Following cellular attachment, the apical medium was
replaced with an FBS-free solution containing F. nuclea-
tum and E. coli at a multiplicity of infection (MOI = 50:1)
for 4 h co-incubation. Post-co-culture, both compartments
were aspirated and replenished with 300 µL serum-free
medium in the apical side and 600 µL chemoattractant
medium containing 12% FBS in the basolateral chamber.
After 24 h incubation under standard conditions (37◦C,
5% CO2), chambers underwent PBS washing twice per
compartment. Non-migratory cells located on the upper
membrane surface were mechanically removed through
swabbing with sterile cotton applicators. Subsequently, the
migrated cells remaining attached to the lower membrane
surface underwent fixation in 4% paraformaldehyde fol-
lowed by 5 min staining with 0.1% crystal violet solution.
Following triple PBS rinsing cycles, cell migration was
documented via microscopic imaging and quantitatively
analyzed using Fiji 1.0 image processing software.

5.16 Cell scratch assay

The cellular suspension underwent gradient centrifuga-
tion (150×g for 5 min) to remove cellular debris and
non-viable cells. Following quantification with a cell
counter, the suspension was standardized to a density of
3 × 105 cells per millilitre, with 110 µL aliquots dispensed
into four-compartment culture inserts (ibidi GmbH). In
the post-attachment phase, cultures underwent medium
replacement with a fresh solution containing F. nuclea-
tum at MOI = 50:1. Following 4 h of co-culture, the
culture existing medium from each well was aspirated
and substituted with fresh medium devoid of F. nuclea-
tum. Subsequently, cellular specimens underwent 24 h
incubation under controlled conditions (37◦C, 5% CO2).
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Once the cells had properly attached, the cell scratch
insert was gently removed using sterilized tweezers. Then,
each 35 mm culture dish received 2 mL of serum-depleted
medium renewal, initiating a subsequent 24 h culture
cycle. Systematic observations using an inverted phase
contrast microscope were conducted at the preset time
points, with image acquisition simultaneously digitized for
subsequent analysis.

5.17 Statistical analyses

The data analysis was performed with SPSS Statistics
(Version 26.0; IBM, released 2019) and R programming
environment (Version 3.5.2; R Foundation for Statistical
Computing). Gene expression variations were analyzed
through the Mann–Whitney U test, Student’s t-test, or
Welch’s adjusted t-test, selected based on data character-
istics. All cellular experiments were conducted in three
independent biological replicates, with between-group
differences calculated via two-sample t-test. For multi-
ple comparison corrections, the raw p-values underwent
false discovery rate adjustment following the Benjamini–
Hochberg procedure. Statistical significance thresholds for
two-tailed tests were established as: ns (p> .05), * (p≤ .05),
** (p ≤ .01), *** (p ≤ .001), and **** (p ≤ .0001).

AUTH OR CONTRIBUT IONS
Jun Zhang and Xinyou Xie: Conceptualization, project
administration, supervision, funding acquisition, and
writing—review and editing. Feng Zhao and Rui An:
Methodology, sample collection, validation, data curation,
formal analysis, software, writing—original draft, and
writing—review and editing. Haitao Yu: Methodology
and data curation. Yilei Ma and Shaobo Yu: Methodol-
ogy and writing—reviewing and editing. Haitao Yu and
YanzhongWang:Resources.YuzhenGao:Methodology.
The authors read and approved the final manuscript.

ACKNOWLEDGEMENTS
The authors express their sincere gratitude to the Spa-
tial Omics Platform at the Central Laboratory of the
First Affiliated Hospital, Zhejiang University, the Public
Experimental Platform at Zhejiang University School of
Medicine, and the National Natural Science Foundation
of China (no. 82172362) and National Science and Tech-
nology Major Project of China (no. 2023ZD0509504) for
their support and assistance in this study. The authors also
thank their colleagues and collaborators for their valuable
contributions and insightful discussions throughout this
research.

CONFL ICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILAB IL ITY STATEMENT
All sequencing data generated and analyzed during this
study are publicly available in the Sequence Read Archive
(SRA) under the accession numbers PRJNA1157313 and
PRJNA1163343. Additional data supporting the findings
of this study are available from the corresponding author
upon reasonable request.

ORCID
FengZhao https://orcid.org/0000-0003-0195-3287
RuiAn https://orcid.org/0000-0002-3663-3825

REFERENCES
1. Farc O, Cristea V, An overview of the tumor microenviron-

ment, from cells to complex networks (review). Exp Ther Med.
2021;21(1):96.

2. Hirata E, Sahai E, tumor microenvironment and differential
responses to therapy. Cold Spring Harb Perspect Med. 2017;
7(7):a026781.

3. Petitprez F, Meylan M, de Reyniès A, Sautès-Fridman C,
Fridman WH, The tumor microenvironment in the response
to immune checkpoint blockade therapies. Front Immunol.
2020;11:784.

4. Nejman D, Livyatan I, Fuks G, et al. The human tumor
microbiome is composed of tumor type-specific intracellular
bacteria. Science. 2020;368(6494):973-980.

5. Bullman S, Pedamallu CS, Sicinska E, et al. Analysis of
Fusobacterium persistence and antibiotic response in colorec-
tal cancer. Science. 2017;358(6369):1443-1448.

6. Riquelme E, Zhang Y, Zhang L, et al. Tumormicrobiome diver-
sity and composition influence pancreatic cancer outcomes.
Cell. 2019;178(4):795-806.e12.

7. Kalaora S, Nagler A, Nejman D, et al. Identification of
bacteria-derived HLA-bound peptides in melanoma. Nature.
2021;592(7852):138-143.

8. Kwon S, Thi-Thu Ngo H, Son J, Hong Y, Min J, Exploit-
ing bacteria for cancer immunotherapy. Nat Rev Clin Oncol.
2024;21(8):569-589

9. Xavier JB, Young VB, Skufca J, et al. The cancer microbiome:
distinguishing direct and indirect effects requires a systemic
view. Trends Cancer. 2020;6(3):192-204.

10. Long J, Wang J, Xiao C, You F, Jiang Y, Li X, Intratu-
moral microbiota in colorectal cancer: focus on specific dis-
tribution and potential mechanisms. Cell Commun Signal.
2024;22(1):455.

11. Flemer B, LynchDB, Brown JMR, et al. Tumour-associated and
non-tumour-associated microbiota in colorectal cancer. Gut.
2017;66(4):633-643.

12. Jin C, Lagoudas GK, Zhao C, et al. Commensal microbiota pro-
mote lung cancer development via gammadelta T cells. Cell.
2019;176(5):998-1013.e16.

13. Pushalkar S, HundeyinM,DaleyD, et al. The pancreatic cancer
microbiome promotes oncogenesis by induction of innate and
adaptive immune suppression. Cancer Discov. 2018;8(4):403-
416.

14. Urbaniak C, Gloor GB, Brackstone M, Scott L, Tangney M,
Reid G, The microbiota of breast tissue and its association with
breast cancer. Appl Environ Microbiol. 2016;82(16):5039-5048.

https://orcid.org/0000-0003-0195-3287
https://orcid.org/0000-0003-0195-3287
https://orcid.org/0000-0002-3663-3825
https://orcid.org/0000-0002-3663-3825


22 of 24 ZHAO et al.

15. LaCourse K, Johnston C, Bullman S, The relationship between
gastrointestinal cancers and the microbiota. Lancet Gastroen-
terol Hepatol. 2021;6(6):498-509.

16. Parhi L, Alon-Maimon T, Sol A, et al. Breast cancer coloniza-
tion by Fusobacterium nucleatum accelerates tumor growth
and metastatic progression. Nat Commun. 2020;11(1):3259.

17. Fu A, Yao B, Dong T, et al. Tumor-resident intracellular micro-
biota promotes metastatic colonization in breast cancer. Cell.
2022;185(8):1356-1372 e26.

18. Yu T, Guo F, Yu Y, et al. Fusobacterium nucleatum pro-
motes chemoresistance to colorectal cancer by modulating
autophagy. Cell. 2017;170(3):548-563 e16.

19. Geller LT, Barzily-Rokni M, Danino T, et al. Potential
role of intratumor bacteria in mediating tumor resis-
tance to the chemotherapeutic drug gemcitabine. Science.
2017;357(6356):1156-1160.

20. Sung H, Ferlay J, Siegel RL, et al. Global Cancer Statistics 2020:
GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries.CACancer J Clin. 2021;71(3):209-
249.

21. Agostinetto E, Gligorov J, PiccartM, Systemic therapy for early-
stage breast cancer: learning from the past to build the future.
Nat Rev Clin Oncol. 2022;19(12):763-774.

22. Zheng C, Zhang W, Wang J, et al. Lenvatinib- and Vadimezan-
loaded synthetic high-density lipoprotein for combinational
immunochemotherapy ofmetastatic triple-negative breast can-
cer. Acta Pharm Sin B. 2022;12(9):3726-3738

23. Xue C, Chu Q, Zheng Q, et al. Current understanding of the
intratumoral microbiome in various tumors. Cell Rep Med.
2023;4(1):100884.

24. Vitorino M, Alpuim Costa D, Vicente R, Caleça T, Santos C,
Local breast microbiota: a “new” player on the block. Cancers
(Basel). 2022;14(15):3811.

25. Tzeng A, Sangwan N, Jia M, et al, Human breast micro-
biome correlates with prognostic features and immunological
signatures in breast cancer. Genome Med. 2021;13(1):60.

26. Xie Y, Xie F, Zhou X, et al. Microbiota in tumors: from under-
standing to application. Adv Sci (Weinh). 2022;9(21):e2200470.

27. Gong Y, Huang X, Wang M, Liang X, Intratumor micro-
biota: a novel tumor component. J Cancer Res Clin Oncol.
2023;149(9):6675-6691.

28. Rao Malla R, Marni R, Kumari S, Chakraborty A, Lalitha
P, Microbiome assisted tumor microenvironment: emerging
target of breast cancer. Clin Breast Cancer. 2022;22(3):200-211.

29. Garcia-Carretero R, Lopez-Lomba M, Carrasco-Fernandez B,
Duran-Valle MT, Clinical features and outcomes of fusobac-
terium species infections in a ten-year follow-up. J Crit Care
Med (Targu Mures). 2017;3(4):141-147.

30. Strauss J, Kaplan GG, Beck PL, et al. Invasive potential of gut
mucosa-derived Fusobacteriumnucleatum positively correlates
with IBD status of the host. Inflamm Bowel Dis. 2011;17(9):1971-
1978.

31. Yang Y, Weng W, Peng J, et al. Fusobacterium nucleatum
increases proliferation of colorectal cancer cells and tumor
development in mice by activating toll-like receptor 4 signal-
ing to nuclear factor-kappaB, and up-regulating expression of
microRNA-21. Gastroenterology. 2017;152(4):851-866 e24.

32. Xu M, Yamada M, Li M, Liu H, Chen SG, Han YW, FadA from
Fusobacterium nucleatum utilizes both secreted and nonse-

creted forms for functional oligomerization for attachment and
invasion of host cells. J Biol Chem. 2007;282(34):25000-25009.

33. GURSOY UK, KÖNÖNEN E, UITTO V, Intracellular replica-
tion of fusobacteria requires new actin filament formation of
epithelial cells. APMIS. 2008;116(12):1063-1070.

34. Dagogo-Jack I, Shaw A, Tumour heterogeneity and resistance
to cancer therapies. Nat Rev Clin Oncol. 2018;15(2):81-94.

35. van der Bruggen P, Traversari C, Chomez P, et al. A gene encod-
ing an antigen recognized by cytolytic T lymphocytes on a
human melanoma. Science. 1991;254(5038):1643-1647.

36. Dvorak H. Tumors: wounds that do not heal. Similarities
between tumor stroma generation and wound healing. N Engl
J Med. 1986;315(26):1650-1659.

37. Anderson N, Simon M, The tumor microenvironment. Curr
Biol. 2020;30(16):R921-R925.

38. Joyce J, Fearon D, T cell exclusion, immune privilege,
and the tumor microenvironment. Science. 2015;348(6230):
74-80.

39. Kieffer Y, Hocine HR, Gentric G, et al. Single-cell analysis
reveals fibroblast clusters linked to immunotherapy resistance
in cancer. Cancer Discov. 2020;10(9):1330-1351.

40. Qian J, Olbrecht S, Boeckx B, et al. A pan-cancer blueprint
of the heterogeneous tumor microenvironment revealed by
single-cell profiling. Cell Res. 2020;30(9):745-762.

41. Wu F, Fan J, He Y, et al. Single-cell profiling of tumor hetero-
geneity and the microenvironment in advanced non-small cell
lung cancer. Nat Commun. 2021;12(1):2540.

42. Dohlman AB, Klug J, Mesko M, et al. A pan-cancer myco-
biome analysis reveals fungal involvement in gastrointestinal
and lung tumors. Cell. 2022;185(20):3807-3822 e12.

43. Galeano Niño JL, Wu H, LaCourse KD, et al. Effect of the
intratumoral microbiota on spatial and cellular heterogeneity
in cancer. Nature. 2022;611(7937):810-817.

44. Narunsky-Haziza L, Sepich-Poore GD, Livyatan I, et al. Pan-
cancer analyses reveal cancer-type-specific fungal ecologies
and bacteriome interactions. Cell. 2022;185(20):3789-3806 e17.

45. Serna G, Ruiz-Pace F, Hernando J, et al. Fusobacterium
nucleatum persistence and risk of recurrence after preopera-
tive treatment in locally advanced rectal cancer. Ann Oncol.
2020;31(10):1366-1375.

46. Pernigoni N, Zagato E, Calcinotto A, et al. Commensal bacte-
ria promote endocrine resistance in prostate cancer through
androgen biosynthesis. Science. 2021;374(6564):216-224.

47. Hunter MV, Moncada R, Weiss JM, Yanai I, White RM,
Spatially resolved transcriptomics reveals the architecture
of the tumor-microenvironment interface. Nat Commun.
2021;12(1):6278.

48. Whitmore S, Lamont R, Oral bacteria and cancer. PLoS Pathog.
2014;10(3):e1003933.

49. Fitzsimonds Z, Rodriguez-Hernandez C, Bagaitkar J, Lamont
R, From beyond the pale to the pale riders: the emerg-
ing association of bacteria with oral cancer. J Dent Res.
2020;99(6):604-612.

50. Hajishengallis G, Chavakis T, Local and systemic mechanisms
linking periodontal disease and inflammatory comorbidities.
Nat Rev Immunol. 2021;21(7):426-440.

51. Kostic AD, Gevers D, Pedamallu CS, et al. Genomic anal-
ysis identifies association of Fusobacterium with colorectal
carcinoma. Genome Res. 2012;22(2):292-298.



ZHAO et al. 23 of 24

52. Castellarin M, Warren RL, Freeman JD, et al. Fusobacterium
nucleatum infection is prevalent in human colorectal carci-
noma. Genome Res. 2012;22(2):299-306.

53. Mitsuhashi K, Nosho K, Sukawa Y, et al. Association of
Fusobacterium species in pancreatic cancer tissueswithmolec-
ular features and prognosis. Oncotarget. 2015;6(9):7209-7220.

54. Gaiser RA, Halimi A, Alkharaan H, et al. Enrichment of oral
microbiota in early cystic precursors to invasive pancreatic
cancer. Gut. 2019;68(12):2186-2194.

55. Yamamura K, Baba Y, Nakagawa S, et al. Human microbiome
Fusobacterium nucleatum in esophageal cancer tissue is asso-
ciated with prognosis. Clin Cancer Res. 2016;22(22):5574-5581.

56. Yamamura K, Izumi D, Kandimalla R, et al. Intratumoral
Fusobacterium nucleatum levels predict therapeutic response
to neoadjuvant chemotherapy in esophageal squamous cell
carcinoma. Clin Cancer Res. 2019;25(20):6170-6179.

57. Hieken TJ, Chen J, Hoskin TL, t al. The microbiome of asep-
tically collected human breast tissue in benign and malignant
disease. Sci Rep. 2016;6:30751.

58. Mima K, Nishihara R, Qian ZR, et al. Fusobacterium nuclea-
tum in colorectal carcinoma tissue and patient prognosis. Gut.
2016;65(12):1973-1980.

59. Gethings-Behncke C, ColemanHG, Jordao HW, et al. Fusobac-
terium nucleatum in the colorectum and its association with
cancer risk and survival: a systematic review andmeta-analysis.
Cancer Epidemiol Biomarkers Prev. 2020;29(3):539-548.

60. Lamont R, Koo H, Hajishengallis G, The oral microbiota:
dynamic communities and host interactions.NatRevMicrobiol.
2018;16(12):745-759.

61. Kostic A, Chun E, Robertson L, et al. Fusobacterium nucleatum
potentiates intestinal tumorigenesis and modulates the tumor-
immune microenvironment. Cell Host Microbe. 2013;14(2):207-
215.

62. Abed J, Emgård J, Zamir G, et al. Fap2 Mediates Fusobac-
terium nucleatum colorectal adenocarcinoma enrichment by
binding to tumor-expressed Gal-GalNAc. Cell Host Microbe.
2016;20(2):215-225.

63. Abed J, Maalouf N, Parhi L, Chaushu S, Mandelboim O,
Bachrach G, Tumor targeting by Fusobacterium nucleatum: a
pilot study and future perspectives. Front Cell Infect Microbiol.
2017;7:295.

64. Yue B, Yang H, Wu J, et al. Characterization and transcrip-
tome analysis of exosomal and nonexosomal RNAs in bovine
adipocytes. Int J Mol Sci. 2020;21(23):9313.

65. Kim E, Choi E, Pathological roles of MAPK signaling pathways
inhumandiseases.BiochimBiophysActa. 2010;1802(4):396-405.

66. Yokota T, Wang Y, p38 MAP kinases in the heart. Gene.
2016;575(2 Pt 2):369-376.

67. Uddin S, Ah-Kang J, Ulaszek J, Mahmud D, Wickrema A, Dif-
ferentiation stage-specific activation of p38 mitogen-activated
protein kinase isoforms in primary human erythroid cells. Proc
Natl Acad Sci USA. 2004;101(1):147-152.

68. Sahu V, Nigam L, Agnihotri V, et al. Diagnostic significance of
p38 isoforms (p38alpha, p38beta, p38gamma, p38delta) in head
and neck squamous cell carcinoma: comparative serum level
evaluation and design of novel peptide inhibitor targeting the
same. Cancer Res Treat. 2019;51(1):313-325.

69. Cánovas B, Igea A, Sartori AA, et al. Targeting p38alpha
increases DNA damage, chromosome instability, and the anti-

tumoral response to taxanes in breast cancer cells. Cancer Cell.
2018;33(6):1094-1110 e8.

70. Gupta J, del Barco Barrantes I, Igea A, et al. Dual function
of p38alpha MAPK in colon cancer: suppression of colitis-
associated tumor initiation but requirement for cancer cell
survival. Cancer Cell. 2014;25(4):484-500.

71. Vitos-Faleato J, Real SM, Gutierrez-Prat N, et al. Require-
ment for epithelial p38alpha in KRAS-driven lung tumor
progression. Proc Natl Acad Sci USA. 2020;117(5):2588-2596.

72. Basu S, Chaudhary N, Shah S, Braggs C, et al. Plakophilin3 loss
leads to an increase in lipocalin2 expression, which is required
for tumour formation. Exp Cell Res. 2018;369(2):251-265.

73. Győrffy B, Survival analysis across the entire transcriptome
identifies biomarkers with the highest prognostic power in
breast cancer. Comput Struct Biotechnol J. 2021;19:4101-4109.

74. Ősz Á, Lánczky A, Győrffy B, Survival analysis in breast cancer
using proteomic data from four independent datasets. Sci Rep.
2021;11(1):16787.

75. Trempolec N, Dave-Coll N, Nebreda A, SnapShot: p38 MAPK
signaling. Cell. 2013;152(3):656-656 e1.

76. KappelmannM, Bosserhoff A, Kuphal S, AP-1/c-Jun transcrip-
tion factors: regulation and function in malignant melanoma.
Eur J Cell Biol. 2014;93(1-2):76-81.

77. Sundqvist A, Zieba A, Vasilaki E, et al. Specific interac-
tions between Smad proteins and AP-1 components deter-
mine TGFbeta-induced breast cancer cell invasion. Oncogene.
2013;32(31):3606-3615.

78. GaoX, Shi X, FuX, et al.HumanTudor staphylococcal nuclease
(Tudor-SN) protein modulates the kinetics of AGTR1-3’UTR
granule formation. FEBS Lett. 2014;588(13):2154-2161.

79. Sundqvist A, Vasilaki E, VoytyukO, et al. TGFbeta andEGF sig-
naling orchestrates theAP-1- and p63 transcriptional regulation
of breast cancer invasiveness.Oncogene. 2020;39(22):4436-4449.

80. Ou S, Chen H, Wang H, et al. Fusobacterium nucleatum upreg-
ulates MMP7 to promote metastasis-related characteristics of
colorectal cancer cell via activating MAPK(JNK)-AP1 axis. J
Transl Med. 2023;21(1):704.

81. Hafner A, Bulyk ML, Jambhekar A, Lahav G, The multiple
mechanisms that regulate p53 activity and cell fate.Nat RevMol
Cell Biol. 2019;20(4):199-210.

82. Timofeev O, Editorial: mutant p53 in cancer progression
and personalized therapeutic treatments. Front Oncol.
2021;11:740578.

83. Mendola La, Trincavelli ML, Martini C, Angiogenesis in dis-
ease. Int J Mol Sci. 2022;23(18):10962.

84. Liu X, Zhao H, Hou S, et al. Recent development of multi-
target VEGFR-2 inhibitors for the cancer therapy. Bioorg Chem.
2023;133:106425.

85. Achen MG, Williams RA, Baldwin ME, et al. The angio-
genic and lymphangiogenic factor vascular endothelial growth
factor-D exhibits a paracrine mode of action in cancer. Growth
Factors. 2002;20(2):99-107.

86. Yokoyama Y, Charnock-Jones DS, Licence D, et al., Expres-
sion of vascular endothelial growth factor (VEGF)-D and its
receptor, VEGF receptor 3, as a prognostic factor in endometrial
carcinoma. Clin Cancer Res. 2003;9(4):1361-1369.

87. Yu H, Zhang S, Zhang R, Zhang L, The role of VEGF-C/D and
Flt-4 in the lymphaticmetastasis of early-stage invasive cervical
carcinoma. J Exp Clin Cancer Res. 2009;28(1):98.



24 of 24 ZHAO et al.

88. Kong X, Zhang Y, Xiang L, et al. Fusobacterium nucleatum-
triggered neutrophil extracellular traps facilitate colorectal
carcinoma progression. J Exp Clin Cancer Res. 2023;42(1):
236.

89. GuoY, PanWW, Liu SB, Shen ZF, XuY, ERK/MAPK signalling
pathway and tumorigenesis. Exp Ther Med. 2020;19(3):1997-
2007.

90. Bagheri-Yarmand R, Vadlamudi RK, Wang R, Mendelsohn J,
Kumar R, Vascular endothelial growth factor up-regulation
via p21-activated kinase-1 signaling regulates heregulin-beta1-
mediated angiogenesis. J Biol Chem. 2000;275(50):39451-39457.

91. Chau CH, Chen K, Deng H, et al. Coordinating Etk/Bmx acti-
vation and VEGF upregulation to promote cell survival and
proliferation. Oncogene. 2002;21(57):8817-8829.

92. Kumar R, Gururaj A, Barnes C, p21-activated kinases in cancer.
Nat Rev Cancer. 2006;6(6):459-471.

93. Ong CC, Jubb AM, Haverty PM, et al. Targeting p21-activated
kinase 1 (PAK1) to induce apoptosis of tumor cells. Proc Natl
Acad Sci U S A. 2011;108(17):7177-7182.

94. RaduM, SemenovaG,Kosoff R, Chernoff J, PAK signalling dur-
ing the development and progression of cancer.Nat Rev Cancer.
2014;14(1):13-25.

95. Manser E, Leung T, Salihuddin H, Zhao Z, Lim L, A brain
serine/threonine protein kinase activated by Cdc42 and Rac1.
Nature. 1994;367(6458):40-46.

96. Vadlamudi RK, Adam L, Wang R, et al. Regulatable expression
of p21-activated kinase-1 promotes anchorage-independent
growth and abnormal organization of mitotic spindles
in human epithelial breast cancer cells. J Biol Chem.
2000;275(46):36238-36244.

97. Wang Z, Fu M, Wang L, et al. p21-activated kinase 1 (PAK1)
can promote ERK activation in a kinase-independent manner.
J Biol Chem. 2013;288(27):20093-20099.

98. Slack-Davis JK, Eblen ST, Zecevic M, et al. PAK1 phos-
phorylation of MEK1 regulates fibronectin-stimulated MAPK
activation. J Cell Biol. 2003;162(2):281-291.

99. Shrestha Y, Schafer EJ, Boehm JS, et al. PAK1 is a breast
cancer oncogene that coordinately activates MAPK and MET
signaling. Oncogene. 2012;31(29):3397-3408.

100. Fuks G, Elgart M, Amir A, et al. Combining 16S rRNA gene
variable regions enables high-resolution microbial community
profiling.Microbiome. 2018;6(1):17.

101. Chong J, Liu P, Zhou G, Xia J, Using Microbiome analyst
for comprehensive statistical, functional, and meta-analysis of
microbiome data. Nat Protoc. 2020;15(3):799-821.

102. Wang Y, Zeng J, Wu W, et al. Nicotinamide N-
methyltransferase enhances chemoresistance in breast
cancer through SIRT1 protein stabilization. Breast Cancer Res.
2019;21(1):64.

SUPPORT ING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Zhao F, An R, Ma Y,
et al. Integrated spatial multi-omics profiling of
Fusobacterium nucleatum in breast cancer unveils
its role in tumour microenvironment modulation
and cancer progression. Clin Transl Med.
2025;15:e70273. https://doi.org/10.1002/ctm2.70273

https://doi.org/10.1002/ctm2.70273

	Integrated spatial multi-omics profiling of Fusobacterium nucleatum in breast cancer unveils its role in tumour microenvironment modulation and cancer progression
	Abstract
	1 | INTRODUCTION
	2 | RESULTS
	2.1 | Spatial heterogeneity and distribution patterns of intratumoral microbiota in breast cancer
	2.2 | Spatial multi-omics profiling reveals distinct molecular pattern between F. nucleatum-positive and F. nucleatum-negative breast tumour regions
	2.3 | Pathway and network analyses identify VEGFD and PAK1 as key mediators of F. nucleatum’s modulation of the tumour microenvironment
	2.4 | F. nucleatum promotes proliferation and migration of breast cancer cells
	2.5 | VEGFD and PAK1 play crucial roles in F. nucleatum-promoted proliferation and migration of breast cancer cells

	3 | DISCUSSION
	4 | CONCLUSION
	4.1 | Limitations of the study

	5 | MATERIALS AND METHODS
	5.1 | Human sample collection
	5.2 | 5R 16S sequencing and data analysis
	5.3 | RNAscope FISH
	5.4 | RNAscope CISH
	5.5 | GeoMx digital spatial profiling
	5.6 | Library preparation and sequencing
	5.7 | GeoMx DSP data processing and analysis
	5.8 | Cell line culture conditions
	5.9 | Bacterial strains and culture conditions
	5.10 | Cell transcriptome sequencing and data analysis
	5.11 | Confocal scanning microscopy
	5.12 | siRNAs transfection
	5.13 | Protein extraction and western blotting
	5.14 | Cell viability assay
	5.15 | Cell migration assays
	5.16 | Cell scratch assay
	5.17 | Statistical analyses

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


