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Intratumoral microbial community
profiling identifies clinicomolecular and
prognostic subtypes of colorectal cancer

liver metastasis
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Intratumoral microbiota are implicated in colorectal cancer liver metastasis (CRLM), but their
relationships with clinical characteristics and prognosis remain to be explored. Using 5R 16S rRNA
gene sequencing method, we analyzed the intratumoral microbiota of patients with colorectal cancer
with and without liver metastasis. CRLM patients were classified into three intratumoral microbial
community subtypes (IMCSs). These included IMCS1 (sugar metabolism-related liver metastasis with
T cell activation, moderate proliferation and invasion, and median disease-free survival (mDFS) of 22
months), IMCS2 (protein metabolism-related liver metastasis with natural killer cell activation, high
proliferation and invasion, and mDFS of 12 months), and IMCS3 (lipid metabolism-related liver
metastasis with a pauci-immune phenotype, the highest level of proliferation and invasion, and mDFS
of 10 months). Our study establishes intratumoral microbiome subtypes as a novel risk stratification
strategy for CRLM, facilitating microbiota-directed therapeutic strategies with potential survival

benefits.

The incidence of colorectal cancer (CRC) has been increasing annually,
making it the third most common cancer worldwide and the second leading
cause of cancer-related mortality, thereby posing a significant socio-
economic burden'”. Distant metastasis is a major factor contributing to the
high mortality rate of colorectal cancer, with liver metastasis being the most
frequent and strongly associated with poor prognosis and a low five-year
survival rate™. Therefore, early identification of colorectal cancer liver
metastasis is crucial. However, current methods for early detection of col-
orectal cancer liver metastasis are limited by insufficient sensitivity and
specificity, and the direct monitoring of liver metastasis is challenging due to
the difficulty in obtaining continuous liver tissue samples. Consequently,
there is a pressing need to investigate novel strategies for the early detection
of colorectal cancer liver metastasis.

Numerous studies have demonstrated that dysbiosis of the gut
microbiota influences the occurrence and development of colorectal cancer.
Specific oncogenic bacteria, such as Fusobacterium nucleatum, Bacteroides
fragilis, Parvimonas micra, and Helicobacter pylori, have shown

56

significantly altered abundances in the gut of colorectal cancer patients™.
The traditional view considered tumors to be sterile environments. How-
ever, the concept of intratumoral microbiota has since challenged this
perspective. Research has revealed that various cancer tissues harbor
microorganisms whose abundance in colorectal cancer changes along the
adenoma-carcinoma sequence’. The distribution of microorganisms within
colorectal cancer is not random but highly organized within specific eco-
logical niches, where they can promote cancer progression by modulating
immune and epithelial cell functions®. Furthermore, studies have shown that
Fusobacterium nucleatum is strongly present in the superficial regions of
stage III/IV colorectal cancer, and its presence is also increased in the deep
areas of adjacent normal mucosa’. These findings provide additional
insights into the role of intratumoral microbiota in the occurrence and
development of colorectal cancer. Intratumoral microbiota in colorectal
cancer can originate from microorganisms crossing the mucosal barrier,
microorganisms present in normal adjacent tissues, and hematogenous
spread. Intratumoral microbiota can contribute to tumor initiation and
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Table 1 | Comparisons of parameter between the patients of
colorectal cancer of liver metastases and non-liver
metastases

Table 1 (continued) | Comparisons of parameter between the
patients of colorectal cancer of liver metastases and non-liver
metastases

Parameter Liver metastases Non-liver metastases Parameter Liver metastases Non-liver metastases
N=44 N =85 (Means + SEM) N=44 N =85 (Means + SEM)
(Means + SEM) or (%) or (%) (Means + SEM) or (%) or (%)
Age 50.16 + 1.908 51.51+1.411 S100
CEA 112.2 +55.7414 5.011 +0.7863" Positive 23 (52.27) 33(38.82)
CA199 195.6 +54.9012"" 27.24 +15.3226™ Negative 221 (47.73) 52 (61.18)
AFP 3.694 +0.7851 2.748 +0.1904 Location of primary tumor
CA125 22.39+4.241 15.62 +£1.827 Colon 31(70.45) 67 (78.82)
CA153 10.44 £0.7517 9.792 +0.7644 Rectal 13(29.55) 18 (21.18)
Kl67 55.88 +5.311" 41.03 +4.338" Differentiation type
P53 37.77 +6.470" 19.08 +3.518™ Well differentiation 3(6.82) 4(4.71)
WBC 6.468 +0.4077 6.333 +0.2831 Moderately 37(84.09) 69 (81.18)
RBC 4.029 +0.1061 4.157 +0.06744 differentiation
Poorly 4(9.09) 12 (14.11)
Hb 112.0 +4.308 111.3£3.071 differentiation
PLT 26119+ 14.40 287.5+13.65 'p < 0.05 between liver metastases and non-liver metastases.
BG 5.165 + 0.3554" 4529 +0.0191" “p <0.01 between liver metastases and non-liver metastases.
""p <0.001 between liver metastases and non-liver metastases.
TBIL 10.98 £ 0.7580 11.19£0.6271
ALB 38.66 + 0.7452" 35.66 +0.4587
GLB 35.66 + 0.5748" 32.66 +0.9874"
ALT 17161179 14.54+1.007 progression by inducing genomic instability and mutations, influencing
AST 26.16+1.510° 22.14+0.8496' epigenetic modifications, promoting inflammatory responses, evading
Cr 73.00 £3.7510 69.90 +2.106 immune surveillance, modulating metabolic processes, and activating
Urea 5949 + 0.5648 5.031 201697 invasion and metastasis'*"'. Moreover, intratumoral microbiota can affect
the spatial and cellular heterogeneity of colorectal cancer liver metastasis by
UA 322.5+16.754 302.0+8.402 0 . . . . . . . . .
stimulating the production of specific metabolites, disrupting the integrity of
S0 GHETS 0210 o2 0NI000 the intestinal vascular barrier, and remodeling the microenvironment of
TG 1.341+0.0931° 1.163 +0.1060° distant organs, thereby indirectly promoting the distant metastasis of col-
HDL 1.054 + 0.0586 1.058:+0.0514 orectal cancer'”"”.
LDL 3151201770 280501535 Th.e biological 1.rnphcapons of intratumoral mlgroblota on colorectal
- - cancer liver metastasis remain largely unknown. Previous large-scale cohort
T cell 71.89 +1.241 66.66 +1.790 . T .
studies have focused on individual pathogens, and our understanding of
Thcell 41.92+1.1610 398.97+1.232 intratumoral microbial community subtypes (IMCSs) remains limited.
Ts cell 25.73+1.1980" 21.63+0.8768" Therefore, we explored the changes in intratumoral microbiota in patients
NK cell 12.05 = 0.8056" 10.73 + 0.8529" with colorectal cancer with and without liver metastasis. This is the first
B cel 11.76 2 0.8621 10.95 £ 0.5427 study tg identify the.: 1ntra.tumora.l mlcr(.)b1.0ta in .patlents with c.olore.ctal
- cancer liver metastasis. By integrating variations in intratumoral microbiota
Tumor diameter 4.730£0.2982 4.816+0.3090 with host metabolic and immune status, we aimed to elucidate the
Number of lymph node  2.628 +0.6538 1.646 +0.4089 mechanisms driving liver metastasis and identify intratumoral micro-
metastases organisms that may serve as predictors of liver metastasis. By doing so, we
Gender identified three IMCSs associated with colorectal cancer liver metastasis,
Male 16 (36.36) 38 (44.70) namely IMCS1, IMCS2, and IMCS3. We investigated the metabolic and
Eamale 28 (63.64) 47 (55.30) immunological implications of these IMCSs and highlighted the associa-
e tions of the OCS group with the risk stratification and prognosis of color-
= ectal cancer. This detailed subtyping of intratumoral microbiota provides a
SIS Al i) novel approach for risk stratification of colorectal cancer liver metastasis.
Negative 39 (988.64) 77 (90.59) This approach may facilitate the development of microbiota-targeted cancer
CK20 therapies and inform precise clinical decision-making for patients with
Positive 27 (61.36) 33 (38.82) colorectal cancer liver metastasis.
Negati 17 (38.54, 52 (61.18
bl ) el Results
Villin Baseline characteristics of patients with colorectal cancer
Positive 22 (50.00) 29 (34.11) Based on the inclusion and exclusion criteria, we initially enrolled a total
Negative 22 (50.00) 56 (65.89) of 256 patients in the study. Following a rigorous screening process, the
B-catenin final study cohort consisted of 44 patients in the colorectal cancer with
liver metastasis (metastasis) group and 85 patients in the colorectal
Positive 11 (25.00) 24 (28.24) . . . . .
cancer without liver metastasis (non-liver metastasis) group. We ret-
Negative 33 (75.00) 61(71.76) rospectively collected data on tumor markers, immunohistochemical

indicators, maximum tumor diameter, number of metastatic lymph
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Fig. 1 | Inter group species diversity analysis in colorectal cancer liver metastasis
and non-liver metastasis groups. A-C Analysis of a-diversity between colorectal
cancer liver metastasis and non liver metastasis groups (Chaol, Shannon, and

PCoA1 (18.8%)

Simpson indices). D, E Analysis of B-diversity between colorectal cancer liver
metastasis and non liver metastasis groups (NMDS and PCoA analysis). (*p < 0.05,
**p <0.01, ¥*¥*p < 0.001, ****p < 0.0001, indicating statistical significance).

nodes, and lymphocytes in serum, as well as follow-up data. We ana-
lyzed the colorectal cancer tissue samples from these patients for
intratumoral microbiota (Table 1). Comparative analysis of the clinical
characteristics between the two groups revealed significantly higher
levels of carcinoembryonic antigen (CEA) and cancer antigen 19-9
(CA19-9) in the metastasis group compared with the non-metastasis
group. The metastasis group also exhibited enhanced proliferation,
invasion, and malignancy, as evidenced by the significantly increased
expression of Ki-67 and p53 in the tumor tissue (p < 0.05). Analysis of
the serum metabolic markers related to liver and renal function showed
that the metastasis group had significantly higher levels of fasting blood
glucose, albumin, triglyceride, and creatinine compared with the non-
metastasis group, suggesting active metabolism in colorectal cancer
with liver metastasis. Additionally, immune cell profiling in patient sera
showed increased proportions of T cells and natural killer (NK) cells,
indicating co-activation of the metabolic and immune systems in col-
orectal cancer with liver metastasis.

As microorganisms play a crucial role in the onset and progression of
colorectal cancer, being closely associated with host immunity and meta-
bolism, we measured the intratumoral microbiota of the patients. Alpha
diversity analysis indicated that the colorectal cancer patients with and
without liver metastasis had significantly different intratumoral microbial
compositions, specifically significantly different Chaol and Shannon indi-
ces (p <0.05; Fig. 1A-C). Beta diversity analysis using nonmetric multi-
dimensional scaling and principal coordinate analysis did not reveal any
significant differences between samples (Fig. 1D, E), likely due to the
similarity in intratumoral microbiota across colorectal cancer tissue sam-
ples. These results suggest that the sources of intratumoral microbiota are
generally consistent among patients with colorectal cancer. Nevertheless,

the significant differences in intratumoral microbiota and survival outcomes
between the metastasis and non-metastasis groups indicate that variations
in intratumoral microbiota may play an important role, warranting further
investigation. Despite the differences, the small number of microbial com-
munities that are similar among the different samples can be further
analyzed.

Intratumoral microbiota composition in colorectal cancer
patients with liver metastasis and non-liver metastasis

To analyze the differences of intratumoral microbiota composition between
colorectal cancer patients with liver metastasis and those without liver
metastasis, we performed differential abundance analysis of microbial taxa.
We focused on the top ten microbial taxa with significant relative abundance
(Fig. 2A-F). As expected, we observed significant changes in the phylum-
level abundance between tumor and normal states. Specifically, in the liver
metastasis group, the relative abundance of Actinobacteria, Thermi, and
Firmicutes increased, while Fusobacteria, Proteobacteria, and Bacteroidetes
decreased. At the genus level, Deinococcus, Bacillus, and Corynebacterium
showed increased abundance in the metastasis group, whereas Pseudo-
monas, Burkholderia, and Enterobacter were less abundant. At the species
level, in the non-liver metastasis group, the relative abundance of Iso-
ptericola variabilis, Bacillus flexus, Pseudomonas aeruginosa, and Enter-
obacter cancerogenus increased, whereas in the liver metastasis group,
Enterococcus casseliflavus, Bacillus niabensis, and Deinococcus murrayi
exhibited higher abundance, indicating some structural differences. We
further explored differential bacteria between the liver metastasis and non-
liver metastasis groups. Using library size-normalized counts and non-
parametric significance tests, we identified bacterial taxa that differed sig-
nificantly between groups. At the genus level, Odoribacter, Leptothrix,
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Fig. 2 | Differential species analysis between colorectal cancer liver metastasis and
non-liver metastasis groups. A-F The proportion of dominant intratumoral
microbiota communities at the phylum, class, order, family, genus, and species
between colorectal cancer liver metastasis and non-liver metastasis groups.
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G, H Differentiating the genus and species of intratumoral microbiota between
colorectal cancer liver metastasis and non-liver metastasis groups. (*p < 0.05,
*¥p <0.01, ¥**p < 0.001, ****p < 0.0001, indicating statistical significance).

Clavibacter, and Caulobacter were significantly more abundant in the liver
metastasis group (p < 0.05), with Odoribacter and Leptothrix showing the
most significant differences. In contrast, Agrobacterium, Fusobacterium,
Methylobacterium, and Faecalibacterium were more abundant in the non-
liver metastasis group (p <0.05), with Fusobacterium showing the most
notable decrease (Fig. 2G). At the species level, common bacteria such as
Faecalibacterium prausnitzii were significantly more abundant in the non-
liver metastasis group, while in the liver metastasis group, it was significantly
reduced (p < 0.05) (Fig. 2H). These differences provide important evidence
for further investigation into the role of intratumoral microbiota in the
development of liver metastasis in colorectal cancer.

Functional prediction analysis of intratumoral microbiota in
colorectal cancer patients with liver metastasis and non-liver
metastasis

We used PICRUSt2 (Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States 2) to further analyze sequencing
data and predict the functional potential of the microbiota. By asso-
ciating the microbiota with functional information, we can better
understand the functional composition of the microbiome, elucidating
the potential mechanisms of interaction between the microbiota, host,
and environment. This approach provides valuable insights for sub-
sequent, deeper investigations. Using gene function annotation from
databases such as COG, KO, PFAM, and TIGRFAM, we conducted

differential analysis with the STAMP (STatistical Analysis of Metage-
nomic Profiles) software to identify the top 10 significantly different gene
functions between the liver metastasis and non-liver metastasis groups.
KO analysis revealed differences between the two groups in pathways
related to Fatty Acid Biosynthesis, Secondary Bile Acid Biosynthesis, and
other carbohydrate synthesis metabolic pathways, with statistically sig-
nificant differences (Fig. 3A). In COG database analysis, we identified
significant differences in enzymes related to pyruvate kinase, alpha-
amylase/alpha-mannosidase, and amino acid synthesis between the two
groups (Fig. 3B). Additionally, we predicted protein families and
domains in the liver metastasis group (Fig. 3C, D). In the PEFAM database,
we found that Oxaloacetate Decarboxylase and Immunity Protein 17
were significantly more abundant in the liver metastasis group compared
to the non-metastasis group, suggesting their roles as important pro-
teases. These enzymes are potentially linked to the tricarboxylic acid
cycle and immune responses. In the TIGRFAM database, we observed an
increase in Pyruvate Kinase in the liver metastasis group, which may be
related to carbohydrate metabolism. In summary, by performing func-
tional predictions on the intratumoral microbiota in both liver metastasis
and non-liver metastasis colorectal cancer groups, we found that the
microbiota is associated with the host’s metabolic and immune systems,
showing significant statistical differences. These findings provide
important direction for further research and lay the groundwork for
future studies.
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Identification of intratumoral microbiota with predictive value in
colorectal cancer patients with liver metastasis and non-liver
metastasis

We further explored the intratumoral microbiota in colorectal cancer
patients with liver metastasis and non-liver metastasis to identify
microbiota with predictive potential. Through clustering and correla-
tion analysis of the microbiota between the two groups (Fig. 4A), we
identified several genera with significant correlations. Methylobacter-
ium, Agrobacterium, Faecalibacterium, and Fusobacterium were more
highly expressed in the non-metastasis group and showed lower
expression in the metastasis group. Conversely, Caulobacter, Odor-
ibacter, Leptothrix, and Clavibacter exhibited the opposite pattern, with
higher expression in the metastasis group and lower expression in the
non-metastasis group. At the species level (Fig. 4B), the clustering of
microbial populations was not as pronounced. The Faecalibacterium
prausnitzii cluster was less prominent, and the 16S RNA analysis at the
genus level was more precise. Therefore, we chose to focus on genus-
level analysis for further investigation. We then analyzed the diagnostic
potential of the two intratumoral microbiota clusters using ROC
(Receiver Operating Characteristic) curve analysis. When analyzing the
four genera (Caulobacter, Odoribacter, Leptothrix, and Clavibacter)
with high expression in colorectal cancer, individual ROC analysis
showed that the diagnostic ability of these four bacteria for liver
metastasis vs. non-liver metastasis was poor (p>0.05) (Fig. 4C and
Table 2), with AUC values all below 0.7. Moreover, when performing a

combined diagnostic ROC analysis of these four clustered bacteria (Fig.
4D), we found the AUC to be 0.67 (p = 0.05263), with a sensitivity of
52.27% and specificity of 83.53%. However, this combination of
microbiota was not an ideal diagnostic model for distinguishing
between liver metastasis and non-liver metastasis.

On the other hand, when analyzing the combined genera
Methylobacterium, Agrobacterium, Faecalibacterium, and Fuso-
bacterium, we found a significant correlation, with these genera being
less expressed in the liver metastasis group. Individual ROC analysis of
each genus showed a better diagnostic ability in the liver metastasis
group compared to the non-metastasis group (p < 0.05). Specifically,
Methylobacterium (AUC=0.63, sensitivity 81.82%, specificity
44.71%), Agrobacterium (AUC = 0.63, sensitivity 72.73%, specificity
55.29%), Faecalibacterium (AUC = 0.61, sensitivity 52.27%, specifi-
city 64.71%), and Fusobacterium (AUC =0.62, sensitivity 93.18%,
specificity 31.76%) (Fig. 4E and Table 3). Furthermore, when we
performed a combined diagnostic ROC analysis for these four genera,
the AUC increased to 0.78 (p < 0.0001), with sensitivity of 68.18% and
specificity of 74.12% (Fig. 4F). Additionally, correlation analysis of
Methylobacterium, Agrobacterium, Faecalibacterium, and Fuso-
bacterium (Fig. 4G) revealed significant positive correlations between
these genera (p <0.05), suggesting that these four intratumoral
microbiota have a strong positive correlation. Therefore, these genera
could be used as a panel for predicting liver metastasis in colorectal
cancer.
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Fig. 4 | Identify the differential intratumoral microbiota communities within the
tumor between liver metastasis and non-liver metastasis of colorectal cancer.
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Leptothrix, Clavibacter, and Clavibacter between two groups. E Individual ROC

survival curve analysis of Agrobacterium, Fusobacterium, Methylobacterium, and
Faecalibacterium in colorectal cancer liver metastasis and non-liver metastasis
groups. F Combined ROC survival curve analysis of Agrobacterium, Fusobacterium,
Methylobacterium, and Faecalibacterium between two groups. G Correlation ana-
lysis between Agrobacterium, Fusobacterium, Methylobacterium, and Faecali-
bacterium. (*p < 0.05, **p <0.01, ¥**p < 0.001, ****p <0.0001, indicating

statistical significance).
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Table 2 | Comparison of ROC curves among Odoribacter, Leptothrix, Clavibacter and Clavibacter

Variables AUC(Area under curve) p value Cut-off Sensitivity Specificity Variables

Upper limit Lower limit
g__Odoribacter 0.56 0.2421 0.01 15.91 96.47 0.45 0.67
g__Leptothrix 0.55 0.2923 0.01 13.64 97.65 0.44 0.66
g__Clavibacter 0.53 0.4622 0.02 9.091 98.82 0.43 0.64
g__Caulobacter 0.60 0.06217 0.02 68.18 7412 0.70 0.85
Combined indicators 0.67 ’ - 52.27 83.53 0.56 0.78

“p <0.05 between liver metastases and non-liver metastases.

Table 3 | Comparison of ROC curves among Agrobacterium, Fusobacterium, Methylobacterium and Faecalibacterium

Variables AUC(Area under curve) p value Cut-off Sensitivity Specificity Variables

Upper limit Lower limit
g__Agrobacterium 0.63 ) 0.01 81.82 44.71 0.53 0.72
g__Fusobacterium 0.63 - 0.01 72.73 55.29 0.53 0.73
g__Methylobacterium 0.61 ) 0.42 52.27 64.71 0.51 0.71
g__Faecalibacterium 0.62 : 0.02 93.18 31.76 0.52 0.71
Combined indicators 0.78 o - 68.18 74.12 0.70 0.85

“p <0.05 between liver metastases and non-liver metastases.
“p < 0.01 between liver metastases and non-liver metastases.
“"p <0.0001 between liver metastases and non-liver metastases.

Identification of microbial community subtypes in colorectal
cancer patients with liver metastasis

Next, we investigated the changes in intratumoral microbiota between
colorectal cancer patients with liver metastasis and those without liver
metastasis. By combining host and tumor microbiota data, we hypothesized
whether the intratumoral microbiota composition in liver metastasis
patients could be classified into distinct community subtypes. Based on
previous analyses, we identified four microbiota most likely associated with
liver metastasis: Methylobacterium, Agrobacterium, Faecalibacterium, and
Fusobacterium. We analyzed the intratumoral microbiota expression pro-
files of each liver metastasis patient and performed dimensionality reduction
clustering via Principal Component Analysis (PCA). As a result, colorectal
cancer liver metastasis samples were broadly classified into three intratu-
moral microbial community subtypes (IMCSs), namely IMCS1, IMCS2,
and IMCS3 (Fig. 5A, B).

IMCSI subtype accounted for 57.0% of the total tumor samples. This
subtype is characterized by either the absence of the four identified patho-
gens or the predominance of a single intratumoral pathogen. It includes
samples where none of the four bacteria were detectable or where only
Methylobacterium was present, labeled as “Methylobacterium™ or “All
negative.”

IMCS?2 subtype represented 32.0% of the tumor samples. This subtype
is defined by the presence of two intratumoral pathogens. It includes profiles
such as Methylobacterium® + Agrobacterium®, Methylobacterium® +
Fusobacterium™, and Methylobacterium® + Faecalibacterium®.

IMCS3 subtype comprised 11.0% of the tumor samples. This subtype is
characterized by the presence of three or all four of the identified intratu-
moral pathogens, including Methylobacterium™ + Fusobacterium™ +
Faecalibacterium®, ~ Methylobacterium®™ +  Agrobacterium®  +
Fusobacterium™, and “All positive” (all four pathogens present).

Correlations between IMCSs and clinical characteristics in
patients with colorectal cancer liver metastasis

We conducted a comprehensive retrospective analysis to further elucidate
the associations between intratumoral microbiota and the clinicomolecular
characteristics of patients with colorectal cancer liver metastasis. Building

upon the previous functional enrichment analysis, which suggested the
involvement of intratumoral microbiota in colorectal cancer liver metas-
tasis, we collected the tumor markers, immunohistochemical indicators,
and lymphocytes in serum as well as follow-up information from patients
with IMCS1, IMCS2, and IMCS3 (Table 4). We focused on clinical indi-
cators reflecting the metabolism of three major nutrients: sugars (fasting
blood glucose), lipids (triglyceride, cholesterol, low-density lipoprotein,
high-density lipoprotein), and proteins (albumin and globulin). Addition-
ally, we examined the immunohistochemical markers Ki-67 and p53
associated with tumor proliferation and invasion and the relationships
between intratumoral microbiota and host immune cells, including T cells,
B cells, T helper cells, T suppressor cells, and NK cells.

To examine the relationships between the three IMCSs and metabolic
indicators, we performed correlation analysis (Fig. 6A). After excluding
patients with diabetes and potential measurement errors in the metastasis
group, IMCSI exhibited a strong positive correlation with fasting blood
glucose (r=0.85, p<0.0001) and a negative correlation with albumin
(r=-0.39, p<0.05). IMCS2 demonstrated positive correlations with
albumin (r=0.70, p <0.0001) and globulin (r=0.61, p <0.0001) but a
negative correlation with fasting blood glucose (r=—0.64, p <0.0001).
IMCS3 showed positive correlations with triglyceride (r=0.36, p <0.05),
cholesterol  (r=0.37, p<0.05), and low-density lipoprotein
(r=0.52, p<0.001).

We also performed RAD analysis based on a linear model to investigate
the associations of IMCSs with environmental and metabolic factors and
further examine the relationships among environmental/metabolic factors,
samples, and intratumoral microbiota, as well as their pairwise interactions.
This analysis demonstrated that IMCS1, IMCS2, and IMCS3 were related to
sugar, protein, and lipid metabolism, respectively, and correlated with
corresponding environmental factors. These three subtypes were effectively
distinguishable in the dimensionality reduction analysis (Fig. 6B). When we
next compared the metabolic profiles of patients with different IMCSs, we
observed a progressive decrease in fasting blood glucose levels from IMCS1
to IMCS2 to IMCS3. Moreover, IMCS2 showed significantly elevated
albumin and globulin levels, while IMCS3 exhibited markedly increased
triglyceride and cholesterol concentrations (Fig. 6C-G). These findings
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Fig. 5 | Define three intratumoral microbial community subtypes (IMCSs) associated with liver metastasis in colorectal cancer. A Principal Component Analysis among

IMCS1, IMCS2, and IMCS3. B Classification features of IMCS1, IMCS2, and IMCS3.

indicate that the three IMCSs in patients with colorectal cancer liver
metastasis are associated with distinct host metabolic states, and the patients
with IMCS1 and IMCS?2 display distinct metabolic profiles.

Regarding the host immune responses (Fig. 6H), IMCS1 was positively
correlated with T cell activation (r = 0.19, p < 0.05) and was thus designated
the T cell-activated immunity subtype. IMCS2 was positively correlated
with NK cell activation (r=0.33, p < 0.01) and was thus designated the NK
cell activated-immunity subtype. In contrast, IMCS3 was neither positively
nor negatively correlated with T cells, B cells, T helper cells, T suppressor
cells, or NK cells and was therefore classified as the pauci-immune subtype.
To investigate the proliferation and invasion of colorectal cancer, we
compared the immunohistochemical markers p53 and Ki-67 across the
three IMCSs (Fig. 6I-K). We found that their expression progressively
increased in IMCS1, IMCS2, and IMCS3. This finding indicates that IMCS3
has increased invasion and proliferation rates compared with IMCS1 and
IMCS2; IMCS3 may be associated with high malignancy and poor prog-
nosis. In contrast, IMCS1 appears to be associated with a more favorable
prognosis.

Moreover, we tracked the occurrence of liver metastasis in col-
orectal cancer patients, including those without initial liver metastasis
who achieved clinical remission after initial treatment. We continued
to follow up with the patients without liver metastasis to record any
development of liver metastasis using pathological analysis, computed
tomography, or positron emission tomography-computed tomo-
graphy, the standard methods of metastasis monitoring. When we
collected follow-up data and performed a stratified log-rank test to
evaluate disease-free survival (DFS), we found significant differences in
DFS among IMCS1, IMCS2, and IMCS3 (log-rank P=0.0176). The
median DFS (mDFS) was 22 months for IMCS1, 12 months for IMCS?2,
and 10 months for IMCS3. These findings suggest a progressive decline
in prognosis from IMCS1 to IMCS3, as indicated by decreasing survival
durations. IMCS3 exhibited a higher degree of malignancy in colorectal

cancer liver metastasis compared with IMCS1. The mDFS between
IMCS2 and IMCS3 differed by only two months, indicating a similarly
poor prognosis for both subtypes. In contrast, IMCS1 demonstrated
the most favorable prognosis in terms of malignancy and survival,
indicating greater therapeutic benefits. Building on these findings, we
propose a clinicomolecular and prognostic subtyping system based on
intratumoral microbiota for patients with colorectal cancer liver
metastasis.

Discussion

Liver metastasis represents a significant challenge in the management of
colorectal cancer, highlighting the importance of early detection of color-
ectal cancer liver metastases in clinical practice. By detecting the abundance
of intratumoral microbiota in colorectal cancer patients with and without
liver metastasis, we identified differential intratumoral microorganisms.
Based on a retrospective analysis of patient systemic metabolism and
immune regulation, we established clinically stratified subtypes of patients
with colorectal cancer liver metastasis based on intratumoral microbiota, a
stratification that holds significant prognostic value.

We identified four intratumoral bacteria at the genus level, Fuso-
bacterium, Faecalibacterium, Methylobacterium, and Agrobacterium,
which are associated with early detection of liver metastasis. Previous studies
have reported that multi-species microbiota from the genera Fusobacter-
ium, Bacteroides, Proteus, and Faecalibacterium serve as potential bio-
markers for colorectal cancer diagnosis. Furthermore, both fecal and tissue
microbiota have shown significant correlations with tumor immune cell
infiltration, metastasis, and survival prognosis in colorectal cancer®".

Fusobacterium, as an oral anaerobic opportunistic pathogen, is sig-
nificantly enriched in both fecal and tumor tissues of colorectal cancer
patients''°. Fusobacterium has a sustained positive correlation with regional
lymph node and distant metastasis. The presence of invasive Fusobacterium
has been detected in both liver metastasis and lymphatic metastasis of
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Table 4 | Comparisons of parameter between the patients of

colorectal cancer of IMCS1, IMCS2 and IMCS3

Parameter IMCS 1 IMCS 2 IMCS 3

(Means + SEM) (Means + SEM) (Means + SEM)
CEA 190.7 + 89.8900 4.430 +0.6971 5.429 +1.3630
CA199 222.4 +80.6400 198.6 + 87.5900 17.98 +4.4890
AFP 4.713+1.3160 198.6 + 87.5900 2.405 +0.2855
CA125 21.14 £5.4640 23.35 £ 8.4620 26.78 +£10.8700
CA153 10.80 + 1.1540 10.39 £ 0.9663 8.400 £ 1.6310
Ki67 48.40 £ 7.6580 52.36 +9.5790 67.50 + 8.5390
P53 32.36 +8.3640 42.50 +£12.0600 55.00 £ 20.2100
WBC 5.988 +0.4837 6.354 +0.7662 9.868 +0.2643
RBC 3.965 + 0.1405 4.118 +0.1697 4.115+0.5012
Hb 108.0 +5.7390 116.0+7.6160 123.5 +13.0300
PLT 264.1 +16.8400 256.9 +27.9000 265.5+72.1300
BG 5.742 £ 0.3144 4.721£0.2072 4.360+0.2146
TBIL 10.29 +1.1530 11.61+0.9232 13.10 +2.0400
ALB 25.13 £1.5220 35.07 +£0.9226 30.00 + 3.3420
GLB 24.93 +1.4630 31.52 £1.5720 25.00 +1.0800
ALT 17.68+1.7710 15.36 + 1.4360 20.25 + 3.6830
AST 26.28 £2.310 24.86 +1.9610 30.00 + 3.3420
Cr 71.48 +5.5290 73.79 +5.7900 79.75 £ 7.7500
Urea 5.720+0.8815 4.907 +0.6821 3.500 + 0.6952
UA 320.0 +21.3600 323.4 +31.5600 334.8 +65.2400
CHOL 5.446 +0.8745 4.479 £ 0.4397 5.030 + 0.3988
TG 1.304 +0.1110 1.345+£0.1762 1.560 + 0.2430
HDL 1.063 + 0.06970 1.059 +0.09754 0.9750+0.1759
LDL 3.098 + 0.2190 3.132+0.3814 3.550 +0.2300
T cell 72.47 £1.7930 71.76 £2.0960 68.68 + 0.6237
Th cell 42.65+1.7270 41.51£1.7260 38.80+2.0170
Ts cell 25.66 +1.605 26.18 £2.282 24.60+2.716
NK cell 10.50 + 1.105 11.07 +1.609 10.98 +2.978
B cell 11.54+£1.107 11.91+£1.583 12.63 +3.499

colorectal cancer, demonstrating the stability of the microbiome between
paired primary and metastatic tumors"”. Its product, Fap2, can resist the
acidic environment of the gastrointestinal tract. Fap2 binds to the Gal-
GalNAc expressed on tumors, which further facilitates the gastrointestinal
translocation and colonization of Fusobacterium during metastasis'*".
Fusobacterium targets the long non-coding RNA (IncRNA) ENOI1-IT1,
promoting glycolysis and tumorigenesis in colorectal cancer”. Additionally,
Fusobacterium recruits tumor-infiltrating immune cells, activates the NF-kB
pathway, upregulates the expression of pro-inflammatory cytokines, and
selectively recruits immune cells such as myeloid-derived suppressor cells
(MDSCs) and dendritic cells. This contributes to the establishment of an
immune microenvironment that promotes tumor progression. Fusobacter-
ium creates a pro-inflammatory microenvironment that favors colorectal
tumor formation and progression, while also remodeling the tumor micro-
environment through immune evasion, leading to tumor immune
suppression”'. Faecalibacterium is one of the most important bacteria in the
human gut microbiota and a major producer of butyrate, which has anti-
inflammatory effects, maintains bacterial enzyme activity, and protects the
digestive system from intestinal pathogens™. The production of its metabolic
product, butyrate, can shape the gut microbiota and maintain intestinal
homeostasis by releasing anti-inflammatory molecules such as IgA, B vita-
mins, and microbial anti-inflammatory molecules™**. Faecalibacterium
inhibits the proliferation of HCT116 colorectal cancer cells and significantly

reduces the frequency and formation of abnormal crypt foci in AOM-
induced colorectal cancer in rats™. A decrease in Faecalibacterium abundance
is significantly associated with a reduction in the circulating DP8a Treg cell
population, suggesting that reduced DP8a T cell activity may contribute to
colorectal cancer development by affecting the immune microenvironment.
Methylobacterium is a Gram-negative rod bacterium, belonging to the family
Methylobacteriaceae (Alpha-Proteobacteria). Previous studies have sug-
gested that it can cause varying degrees of colonization and infection in
immunocompromised patients, including those with solid or hematologic
malignancies, organ transplants, renal failure, HIV infection, and
tuberculosis’”’. Analysis of the microbiota from tumor sites, adjacent tumor
regions, and non-tumor tissue from colorectal cancer patients, as well as from
healthy controls, revealed that Methylobacterium is one of the bacteria
driving cancer development and is associated with a higher risk of colorectal
cancer”. High enrichment of Methylobacterium was also observed in the
gastric mucosa microbiota of gastric cancer patients, where its presence was
significantly correlated with poor prognosis. Furthermore, Methylobacter-
ium was shown to decrease the expression of TGFp and CD8 + TRM cells in
the gastric cancer immune microenvironment”. Agrobacterium, a Gram-
negative bacterium, is commonly associated with infections in tumors and
elderly patients®. One of its products, succinoglycan, is an extracellular
polysaccharide produced by most Agrobacterium strains. It promotes lym-
phocyte proliferation in peripheral blood, spleen, and lymph nodes in sar-
coma mouse models, and reduces the expression of Blc-2 family proteins and
Caspase-3 proteins, thereby promoting tumor apoptosis”’. These four
intratumoral bacteria, by regulating host metabolism and immune modula-
tion, influence the occurrence and progression of cancer, providing impor-
tant evidence for further exploration in this study.

In this study on intratumoral microbiota associated with colorectal
cancer liver metastasis, and through the analysis of differential intratumoral
microbiota correlations and diagnostic capabilities, we explored the com-
bined analysis of the four aforementioned intratumoral bacteria with
patients” clinical characteristics to further predict microbiota that may
influence colorectal cancer liver metastasis. These four bacteria overall drive
liver metastasis through complex mechanisms. By performing cross-linkage
analysis with metabolism-related and immune-related indicators, we
identified three distinct intratumoral microbiota subtypes: IMCS1, IMCS2,
and IMCS3. Among these, IMCSI subtype accounted for the highest pro-
portion (57%) of liver metastasis patients. In this group, the tumor tissue
expressed little to no Fusobacterium, Faecalibacterium, Methylobacterium,
and Agrobacterium, or only Methylobacterium was detected. IMCS1
patients showed low expression of Ki67 and p53, with relatively low levels of
proliferation and malignancy. This suggests that tumors in the IMCS] liver
metastasis subtype grow slowly, and the lack of high abundance expression
of these bacteria may indicate that their high expression could, to some
extent, promote the onset of colorectal cancer. IMCS1 liver metastasis is also
associated with glucose metabolism, with increased glucose content detected
in the body, and correlated with T-cell immune activation. IMCS2, which
accounts for one-third of liver metastasis patients, is characterized by high
expression of two out of the four bacteria. Ki67 and p53 are moderately
expressed in this group, and the subtype is related to protein metabolism,
with elevated NK cell expression observed in these patients. IMCS3, which
represents 11% of liver metastasis patients, often shows an increased
abundance of three or all four of the intratumoral bacteria. These patients
exhibit high expression of Ki67 and p53, which are associated with lipid
metabolism, and present an immune-suppressed profile. Each intratumoral
microbiota subtype, IMCS1, IMCS2, and IMCS3, has its own characteristics,
including distinct host metabolic profiles and varying degrees of immune
cell activation or suppression. Therefore, the interplay between the micro-
biota, microbial metabolites, and the immune system constitutes a triad of
complex regulatory systems in the colorectal cancer microenvironment,
participating in the process of colorectal cancer development and
progression™.

When we examined the correlations between intratumoral microbiota
and the expression of p53 and Ki67, we observed a progressive increase in
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differential expression of p53 and Ki-67 in IMCS1, IMCS2, and IMCS3.

K Immunohistochemical staining of differential expression of p53 and Ki-67 in
IMCS1, IMCS2, and IMCS3. L Survival curve analysis between IMCS1, IMCS2, and
IMCS3. (*p < 0.05, **p < 0.01, ¥*¥*p < 0.001, ****p < 0.0001, indicating statistical
significance).

malignancy across patients with IMCSI, IMCS2, and IMCS3, with
IMCS3 showing high expression levels and the greatest degree of malig-
nancy. A significant number of observations also indicated that immuno-
histochemical positivity for p53 and Ki-67 was associated with early relapse
and distant metastasis in colorectal cancer patients. p53 and Ki-67 have
been suggested as independent predictors of survival and may serve as

reliable indicators for colorectal cancer liver metastasis, independent of
factors such as gender, age, or prior treatments™. In this study, the
combination of host intratumoral microbiota and immunohistochemical
protein markers suggests that the more intratumoral bacteria associated
with liver metastasis are detected as positive, the higher the degree of
malignancy. This indicates that malignancy and the presence of liver
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metastasis-related intratumoral microbiota may be linked and serve as
potential markers for prognosis.

Metabolic regulation plays a critical role in the development and
progression of colorectal cancer. Cellular metabolism of glucose, amino
acids, and lipids is reprogrammed, altering the tumor microenvironment
and modulating the composition and activity of the microbiome™. Addi-
tionally, studies have shown that metabolites are strongly associated with
microbial pairs, suggesting a strong coupling between the microbiome and
metabolomics, and indicating that part of the metabolic characteristics in
CRC can be attributed to microbial interactions, ultimately promoting the
development of CRC™. In this study, we innovatively combine host meta-
bolism and intratumoral microbiota in patients with colorectal liver
metastasis, and observe that the three microbiome subtypes (IMCSI,
IMCS2, and IMCS3) exhibit strong positive correlations with glucose
metabolism, protein metabolism, and lipid metabolism, respectively. After
excluding diabetes and detection errors from the blood glucose measure-
ments, we found that IMCSI liver metastasis patients have higher baseline
blood glucose levels compared to IMCS2 and IMCS3 subtypes, which are
positively correlated with serum glucose metabolism. IMCS2-type liver
metastasis patients showed a strong positive correlation with albumin and
globulin levels, indicating a link to protein metabolism. Furthermore, we
observed a negative correlation between albumin and IMCS1, and a negative
correlation between IMCS2 and glucose metabolism, suggesting an antag-
onistic relationship between these two subtypes. IMCS3, on the other hand,
was found to be associated with lipid metabolism. This indicates that the
positive or negative expression of different intratumoral bacteria in these
microbiome subtypes may lead to distinct metabolic profiles, influencing
the degree of invasiveness, malignancy, and survival prognosis. Jie Hong
et al. demonstrated that Fusobacterium nucleatum activates IncRNA
ENOI1-IT1 transcription through upregulation of the transcription factor
SP1, promoting glycolysis and tumorigenesis in CRC™. The increased risk of
CRC has been shown to be associated with alterations in the gut microbiome
and reduced production of short-chain fatty acids (SCFAs). CRC cells
primarily rely on aerobic glycolysis for energy, and targeting SCFA trans-
porters to modulate lactate production and butyrate synthesis has been
implicated in CRC development”. Butyrate, through the GPR109a-AKT
signaling pathway, significantly inhibits glucose transport and glycolysis in
CRC cells by reducing the abundance of membrane GLUTI and cyto-
plasmic G6PD*. We also found that IMCS3 was associated with lipid
metabolism markers such as cholesterol, triglycerides, and low-density
lipoprotein (LDL). CRC risk is mainly driven by environmental factors,
particularly diet. A high dietary fat intake is considered a risk factor for the
formation of premalignant lesions or exacerbating colon tumorigenesis. The
pro-tumor activity of high-fat diets is attributed to their impact on gut
microbiota composition and bile acid metabolism™*. Additionally,
Aguirre-Portolés C et al. have demonstrated that lipid regulation in CRC
participates in ATP synthesis and the activation of essential cellular sig-
naling pathways, influencing processes such as membrane tissue and plas-
ticity. In both primary tumors and distant metastases, lipid metabolism
affects a wide range of tumorigenic processes*’. Targeting lipid metabolism
is of significant importance in the diagnosis, treatment, and prognostic
evaluation of CRC.

The development of colorectal cancer is accompanied by immune cells
that collaboratively create an immunosuppressive tumor microenviron-
ment, which plays a crucial role in CRC progression, immune evasion, and
responses to immunotherapy. The microbiome shapes the immune
microenvironment in CRC through diverse mechanisms. Research has
shown that microbiome-derived short-chain fatty acids (SCFAs), such as
butyrate, promote cellular metabolism and enhance the memory potential
of activated T cells”. Fusobacterium nucleatum-derived succinate inhibits
the cGAS-interferon-p pathway, thus suppressing the anti-tumor response
by limiting CD8 T cell trafficking into the tumor microenvironment”. The
resident microbiota in CRC tissues can promote liver metastasis through
lactylation and immune modulation. Retinoic acid-inducible gene 1 (RIG-I)
lactylation inhibits NF-kB recruitment to the Nlrp3 promoter in

macrophages, reducing its transcription. This deficiency in Nlrp3 impacts
the immunosuppressive activity of regulatory T cells (Tregs) and the anti-
tumor activity of T cells*. Microsatellite instability (MSI) is associated with
higher tumor immunity and mutational burden, and there is evidence
suggesting that the intratumoral microbiota may vary depending on MSI
status. The intratumoral microbiota in CRC is strongly correlated with MSI
and genes related to MSI-associated tumor molecular characteristics,
including Dialister and Casatella**’. The tumor-associated microbiome
plays an important role in cytotoxic T lymphocyte-associated antigen 4
(CTLA-4) blockade, programmed cell death protein 1 (PD-L1) mediation,
and T cell stimulation””. Our research revealed that IMCS1 and IMCS2 were
associated with the activation of T cells and NK cells, respectively, whereas
IMCS3 did not result in immune cell activation. These findings suggest that
patients with IMCS]1, characterized by significant T cell activation, may
exhibit improved response to systemic immunotherapy, potentially result-
ing in enhanced therapeutic benefits. Patients with IMCS2, characterized by
NK cell activation, may benefit from the natural anti-tumor properties of
NK cells, which are capable of recognizing and killing tumor and infected
cells, as well as modulating the functions of T cells and B cells. In contrast,
patients with IMCS3 showed a suppressed immune response and poten-
tially limited benefits from immunotherapy. These findings indicate that
specific activation of immune cells by intratumoral microbiota can shape the
immune microenvironment, with therapeutic choices potentially leading to
different benefits and survival outcomes.

Among them, we found significant differences in the mDFS, which
were 22, 12, and 10 months for IMCS1, IMCS2, and IMCS3, respectively.
The fact that the mDFS of IMCS1 was approximately twice as long as that of
IMCS2 and IMCS3 may be explained by the relatively low detection rate of
liver metastasis-associated intratumoral microorganisms such as Fuso-
bacterium, Faecalibacterium, Methylobacterium, and Agrobacterium. Only
one or none of these genera was detected in patients with IMCS1. Fur-
thermore, patients with IMCS1 demonstrated low expression of p53 and Ki-
67, indicating minimal proliferation and invasion. Notably, patients with
IMCSI showed T cell activation, indicating improved immune activation
and inherent anti-tumor potential. Therefore, intratumoral microbiota may
have contributed to the better prognosis observed in patients with IMCSI.
IMCS2 and IMCS3 colorectal cancers exhibited malignant proliferation,
and immune cell activation was absent in IMCS3, resulting in poor response
to immunotherapy. These properties contributed to the rapid disease pro-
gression in these two subtypes. The significant differences between normal
and tumor tissues are associated with prognosis, with tumor tissues from
patients with shorter survival showing greater disparities compared with
normal tissues*. Mouradov et al. characterized and classified colorectal
cancer patients based on fecal microbiota profiles and clinical features,
revealing significantly different five-year survival outcomes among patients
with distinct microbial compositions”. These findings suggest the potential
utility of microbiota in studying colorectal cancer prognosis. Dysbiosis,
metabolomic changes, and microbial variation have potential for non-
invasive early diagnosis or prognostic assessment of colorectal cancer with
and without metastasis™”'".

In conclusion, the intratumoral microbiota plays a crucial role in the
development, progression, and treatment of colorectal cancer. For the first
time, we investigated the correlations among the intratumoral microbiota,
host metabolism, and immune microenvironment in patients with color-
ectal cancer with liver metastasis. Our research identified IMCSs dis-
tinguished by unique microbial profiles and clinical characteristics. Given
the heterogeneity of colorectal cancer, incorporating IMCSs into its sub-
typing offers a novel approach to the diagnosis and management of the
disease. Investigating the biological properties of intratumoral microbiota
and the host facilitates the early detection of liver metastasis, potentially
leading to reduced mortality rates. Our findings highlight the importance of
developing innovative therapeutic strategies targeting intratumoral micro-
biota in colorectal cancer, in particular, microbiota-based tumor therapies
that offer promise in improving survival outcomes in patients with color-
ectal cancer with liver metastasis.
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Methods

Study design and retrospective data collection

This study is a retrospective analysis conducted from January 2019 to
December 2023, which included a total of 256 patients diagnosed with
colorectal cancer. Strict screening was performed during their first visit. The
inclusion criteria for this study were: (1) newly diagnosed colorectal cancer
or colorectal cancer with liver metastasis; (2) histological diagnosis of col-
orectal cancer confirmed by electronic colonoscopy biopsy; (3) clear
detection of liver metastatic lesions by enhanced CT or PET-CT in patients
with colorectal cancer liver metastasis. The exclusion criteria were: (1)
patients who had undergone colorectal resection; (2) patients who had
received chemotherapy, targeted therapy, or immunotherapy; (3) colorectal
cancer patients with metastasis to multiple other organs in addition to the
liver; (4) patients diagnosed with other cancers invading the colon or rec-
tum. Ultimately, 85 non-liver metastatic colorectal cancer patients and 44
colorectal cancer patients with liver metastasis were included in the study
cohort.

Simultaneously, we conducted timely follow-up of the non-liver
metastatic colorectal cancer patients included in the study. After patients
underwent standard surgery and first-line standardized chemotherapy,
clinical remission was achieved (considering that each patient may have
received a different chemotherapy regimen, we aimed to select che-
motherapy protocols according to the NCCN guidelines to achieve com-
plete remission whenever possible). In addition to investigating various
clinical and serological data (such as tumor markers, immunohistochem-
istry indices, and immune lymphocytes), we focused on indicators related to
the three major metabolic pathways, including glucose metabolism (fasting
blood glucose), lipid metabolism (triglycerides, cholesterol, low-density
lipoprotein, high-density lipoprotein), and protein metabolism (albumin,
globulin). Immunohistochemical markers, including Ki-67 and p53, were
also examined, as these are associated with tumor proliferation and inva-
siveness. Furthermore, we explored the correlation between host immune
cell types and the intratumoral microbiota, including T cells, B cells, Th cells,
Ts cells, NK cells, etc., to better explain the biological behavior of colorectal
cancer liver metastasis patients.

The follow-up endpoint was the occurrence of liver metastasis during
the follow-up period. Patients were followed up every three months, with the
most important aspect being long-term imaging assessments (enhanced CT
or PET-CT). Ifliver metastasis signs or hepatic hypermetabolic lesions were
detected, a diagnosis of liver metastasis was made by a radiology expert. All
treatments, sample collection, and the research procedure for the patients
included in this study were conducted in accordance with the regulations
issued by the National Health Commission of China and the ethical stan-
dards established by the Declaration of Helsinki. Written informed consent
was obtained from all patients. The retrospective study was approved by the
Institutional Review Board of the Affiliated Cancer Hospital of Guangxi
Medical University (KY2021279).

16S rRNA microbiome detection in colorectal cancer tumors
We selected tumor tissue samples from patients with colorectal cancer (CRC),
both with liver metastasis and without, according to the inclusion criteria for
this study. Microbial community DNA was extracted from these various
sources using commercially available extraction kits suited to the sample type.
DNA quantification was performed using Qubit (Invitrogen, USA).

PCR amplification was conducted in two rounds using specific primers
for the five variable regions (V2, V3, V5, V6, and V8) of the 16S rRNA gene.
The PCR products were purified using AMPure XT beads (Beckman
Coulter Genomics, Danvers, MA, USA) and quantified again using Qubit
(Invitrogen, USA). The purified PCR products were assessed using the
Agilent 2100 Bioanalyzer (Agilent, USA) and the Illumina library quanti-
fication kit (Kapa Biosciences, Woburn, MA, USA). The libraries that met
the quality standard, with concentrations 0.3 ng/uL, were prepared. The
qualified sequencing libraries (with non-repeating index sequences) were
diluted, and the samples were mixed in the required proportions for
sequencing. Following denaturation with NaOH to single-strand DNA, the

libraries were subjected to sequencing on the Illumina NovaSeq 6000
platform using the PE150 sequencing mode, with the NovaSeq 6000 SP
Reagent Kit (500 cycles). The sequencing data from the five amplified
regions were integrated to perform bacterial taxonomic identification.
Contaminant bacteria introduced during sample collection, DNA extrac-
tion, and PCR amplification were removed using negative control data.
Alpha diversity and beta diversity analyses were performed based on the
obtained species-level abundance tables.

Alpha diversity analysis was evaluated using five indices: observed
species, Shannon, Simpson, Chaol, and goods_coverage, to assess the
diversity within each habitat. Beta diversity analysis was primarily car-
ried out by calculating the Bray-Curtis distance matrix, followed by six
major analytical methods to assess diversity between habitats (samples/
groups). The species and their relative abundance in each sample were
determined using the SMUREF algorithm and abundance tables. Statis-
tical analyses were performed to compare the abundance of species
between different groups. Depending on the sample characteristics,
different statistical methods were applied. Fisher’s exact test for com-
parisons without biological replicates. Mann-Whitney U test for com-
parisons between two groups with biological replicates. Kruskal-Wallis
test for comparisons between multiple groups with biological replicates.
The significance threshold was set at p < 0.05. To predict the functional
information of the microbiota, we used PICRUSt2 software, and func-
tional differences were analyzed using STAMP (STatistical Analysis of
Metagenomic Profiles).

Statistical analysis

Differences between colorectal cancer patients with liver metastasis
and those without were analyzed using non-parametric tests, with a
significance level set at p < 0.05. Both groups consisted of continuous
numerical variables, and data were expressed as mean + standard error
of the mean (SEM). The diagnostic ability of relevant biomarkers for
identifying colorectal cancer patients with and without liver metastasis
was assessed using receiver operating characteristic (ROC) curves. The
diagnostic performance was quantified by the area under the curve
(AUC). The optimal cutoff values were determined using the Youden
index (sensitivity + specificity — 100%). This method allows for the
calculation of sensitivity and specificity at known comparable
threshold values. Follow-up data were collected from the patients
included in the study, and the median disease-free survival (mDFS) was
evaluated using the stratified Logrank test. All statistical analyses were
conducted using SPSS software (SPSS 17.0, Chicago, Illinois, USA) and
GraphPad Prism Version 7.0 software (La Jolla, CA, USA).

Data availability

Additional data are made available in supplementary materials of this
article. Sequence data that support the findings of this study have been
deposited in the National Center for Biotechnology Information with the
primary accession code SRP567364, and can be accessed through the fol-
lowing link: https://dataview.ncbi.nlm.nih.gov/object/PRINA1230556?
reviewer=d5uofl5taOhakbl4qbvr8qc52.

Code availability

The underlying code for this study is available in the National Center for
Biotechnology Information with the primary accession code SRP567364
after July 30, 2027, and can be accessed via this link https://dataview.ncbi.
nlm.nih.gov/object/PRINA1230556¢reviewer=d5uofl5taOhakbl4qbvr8qc52.
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