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e Colorectal cancer (CRC) is the 3rd most common cancer
worldwide, high mortality.
* Early detection drastically improves survival.

* Intratumoral microbiome is an emerging hallmark of cancer.
e Its multi-kingdom host-microbiome ecosystem in CRC
remains poorly characterized.



Sample collection

e Para-tumor tissue (P) n = 61
e Adenoma (A) n = 62

e Colorectal cancer
o Colorectal adenoma
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Four CRC proteomic subtypes with divergent signatures
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Integrated metagenomic and proteomic profiling of 185
colorectal tissue samples. and identification of CRC-specific
multi-kingdom microbial ecosystems and four molecular

subtypes with distinct clinical features.

Discovery of 14 microbial and 8 protein markers with high
diagnostic accuracy for adenoma vs. tumor and early vs.

advanced stage classification.

Functional validation of Bacteroides fragilis and Fusobacterium
nucleatum as key microbial drivers promoting tumor growth via

Wnt/B-catenin and NF-kB signaling.

Insights into dynamic host—-microbiome interactions with

potential diagnostic and therapeutic relevance.



(A) Exclude
1. patients w/o detailed clinical information
2. patients w/ hereditary CRC disease
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1. patients w/ no previous history of CRC, IBD, etc
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(A) Study design and cohort overview. Integrated metagenomic and proteomic profiling of 185 tissue samples (Adenoma/A, Tumor/T, Para-
tumor/P) from 124 patients. Phenotypic data were collected, and analyses compared tissue-resident, gut, and oral microbiomes.



Fig 1 Multi-kingdom microbiome dysbiosis
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para-tumor (P), and tumor (T) tissues. Bubble size and color intensity represent relative abundance and prevalence, respectively.

(E-G) Differential abundance analysis of microbial species in paired comparisons: (E) T vs. A, (F) T vs. P, and (G) A vs. P. Points are colored by microbial

kingdom. Statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001.



>)> Fig 3 Multi-kingdom microbial interactions and functional associations
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(A) Microbial community clusters (M1-M4) identified by Dirichlet multinomial
mixtures (DMM) modeling. Bar plots show the proportion of oral and pathogenic
strains within each cluster.

(B) Genus-level microbial interaction networks across sample groups, inferred by
SparCC. Node color and size represent taxonomy and abundance, respectively.
Edges denote significant correlations (|SparCC| > 0.3; green for positive, red for
negative).

(C, D) Heatmaps of Spearman correlations between differential microbial species
and metabolic pathways in para-tumor (C) and tumor (D) tissues. Top 50 bacterial
and top 10 fungal/archaeal/viral species-pathway pairs are shown.



Fig 4 Proteomic landscape in CRC progression
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(A) Volcano plots of differentially expressed proteins in tumor (T) versus adenoma
(A) and T versus para-tumor (P) tissues. Red and blue points denote up- and down-
regulated proteins, respectively.

(B) Gene set enrichment analysis (KEGG and Hallmark) for T vs. P and T vs. A
comparisons. Bars indicate normalized enrichment scores (NES).

(C) Consensus clustering of tumor proteomes defines four molecular subtypes (C1-
C4). Top annotations indicate clinical and molecular features.



Fig 4 Functional validation of oncogenic pathways
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>)> Fig 5 Protein-protein interaction and pathway analysis in tumor tissues
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(A, E) Heatmaps of host protein—microbe correlations identified by LASSO regression in adenoma (A), para-tumor (P), and tumor (T) tissues (A), and in
adenoma, early-, and advanced-stage tumors (E). FDR <0.1.

(B, F) Enriched host pathways associated with microbiome composition across tissue types (B) and disease stages (F). Dot size indicates enrichment

significance.

(C, D, G, H) Shared (C, G) and group-specific (D, H) host pathway—microbe associations visualized by sparse canonical correlation analysis (CCA). Circle and
triangle sizes represent gene and microbe CCA coefficients, respectively.



‘))) Fig7 Microbiome-host interactions define CRC-associated mycotypes
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Fig7 Diagnostic models and functional validation
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(H, I) ROC curves of random
forest models wusing microbial
markers (red), protein markers
(green), or their combination (blue)
to discriminate adenoma vs. tumor
(H) and early vs. advanced stage
(I). AUROC values and p-values
for model comparisons are shown.

(J-M) Fusobacterium nucleatum

promotes tumor growth and
activates oncogenic pathways in a
murine allograft model.

Experimental scheme (J), tumor
images and growth curves (K, L),
and Western blot analysis of [-
catenin and NF-kB p65 (M). Data
are mean * SEM; two-way
ANOVA (L) or Student’s t-test
(M). Scale bar, 1 cm.
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Summary

0 We systematically delineated the dynamic evolution of the multi-kingdom microbiota in
CRC and, for the first time, defined immune- and bacteria-associated "mycotypes,”
uncovering a critical role for fungi in the tumor microenvironment.

O We constructed the first protein-level map of the intratumoral multi-kingdom microbiome-
host interaction network, identifying a combinatorial microbial-protein biomarker signature
with high diagnostic accuracy for discriminating adenoma from carcinoma and early from
late-stage disease.

O Functional validation confirmed that F. nucleatum and ETBF promote CRC progression
by activating Wnt/B-catenin and NF-kB signaling, providing a mechanistic rationale for
developing microbiota-targeted diagnostics and therapies to alleviate the CRC burden.
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