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ABSTRACT

BACKGROUND: Gut microbiota are associated with the pathological features and development of colorectal cancer (CRC); however, how
gut microbiota changes in patients with CRC is unknown. This study investigated the role of gut microbiota in the development and progres-
sion of CRC by retrospectively comparing the structural differences between the gut microbiota of patients with CRC and healthy
individuals.

METHODS: Together with clinical data, we collected fecal samples from patients with CRC (n=18) and healthy controls (n=18) and per-
formed 16S rRNA gene sequencing and alpha and beta diversity analysis to compare microbiota richness and diversity. Based on the dif-
ferences in microbiota between the CRC and control groups, we identified disease-specific microbial communities after relevant factors.
PICRUSt2 software was used to predict the differential microbial functions.

RESULTS: The CRC and control groups differed in both composition and abundance of intestinal microbiota. Firmicutes and Bacteroidetes
were the most abundant phyla in both groups, while Verrucomicrobi was significantly more abundant in the CRC group. Megamonas, Lach-
nospira, and Romboutsia were more abundant in the control group; 18 genera differed significantly in abundance between the groups, which
were found to involve 21 metabolic pathways. The distribution and abundance of gut microbiota differed significantly between patients with
CRC with and without lymph node metastasis; at the genus level, the abundance of Rothia and Streptococcus was significantly higher and
that of Bacteroides, Parabacteroides, and Oscillibacter was significantly lower in patients with lymph node metastasis.

CONCLUSIONS: The gut microbiota is altered in CRC patients compared with healthy individuals, with specific changes in the microbiota
associated with clinical and pathological features such as tumor stage, lymph node involvement, and tumor differentiation. Our findings
elaborate to some extent on the link between the gut microbiota and CRC.
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Introduction

Colorectal cancer (CRC) was rarely diagnosed a few dec-
ades ago but now accounts for 10% of all cancer cases
(approximately 1931590 new cases), ranking third in inci-
dence, and 9.4% of deaths from CRC worldwide (935173
deaths), ranking second in mortality.! By 2040, there will
likely be 3.2 million new CRC diagnoses worldwide, despite

a slow improvement in screening and awareness of the

*These authors have contributed equally to this work.

disease.? The American Cancer Society considers this
impending increase an urgent public health crisis, especially
in developing countries.’ The incidence of CRC is the high-
est in highly developed countries due to the aging popula-
tion and various risk factors, such as smoking, obesity, a
sedentary lifestyle, and unhealthy dietary habits, and is
increasing in developing countries. Notably, the incidence of
early-onset CRC (usually diagnosed at <50years of age)
has increased at an alarming rate worldwide over the past
few decades.?#
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This trend in the younger population and the continued
burden on the overall population is worrisome; although early
screening  significantly improves survival outcomes, most
patients with CRC already have advanced disease at the time of
diagnosis. Therefore, new strategies for the early detection and
prevention of cancer are crucial. With the advent of next-gen-
eration sequencing technologies, the link between the gut
microbiota and its associated diseases has become a focus of
research. It has been shown that the balance of the intestinal
microbiota and the metabolites produced during bacterial fer-
mentation in the host play an important role in regulating the
development of intestinal diseases and CRC.>¢

The human gut is colonized by trillions of microbes, includ-
ing bacteria, archaea, fungi, protozoa, viruses, and, predomi-
nantly, bacteria.” Microbiota community structure is influenced
by age, lifestyle, diet/nutrition, environmental factors, host hor-
monal changes, underlying disease conditions, and host genet-
ics.® Macrogenomic analyses suggest that each individual may
contain approximately 160 out of the nearly 1000 to 1150 dif-
terent bacterial species prevalent in the human gut microbiota.’
The intestinal bacteria are considered the “invisible organs” of
the body,!° they are involved in various biological processes,
such as metabolizing indigestible carbohydrates in food, syn-
thesizing vitamins and other nutrients, regulating immune
responses, and maintaining intestinal barrier function.!-13
Although the gut microbiota has long been considered com-
mensal, current evidence suggests that it may contribute to pre-
cancerous lesions in CRC.1 Intestinal microbiota dysbiosis has
been associated with inflaimmation, immune disorders, infec-
tious diseases, and malignancies'>1%; however, its role in CRC
remains largely unclear. Various studies have suggested that
oral or fecal microbiota profiles may serve as potential bio-
markers for CRC.17-20

In this study, we analyzed and compared the gut microbiota
composition of healthy individuals and patients with CRC
using 16S ribosomal RNA (rRNA) sequencing. Our aim was
to identify key gut microbiota associated with the development
of CRC and to provide baseline data to support the potential
use of gut microbiome analysis in clinical diagnosis and treat-
ment. Furthermore, our findings may inform the development
of new methods for prediagnosing and early treatment in CRC.

Materials and Methods
Research design

A total of 36 fecal samples from the Gastrointestinal Surgery
Sample Bank of Northern Jiangsu People’s Hospital, collected
between January 2022 and January 2023, were retrospectively
included in the study. The inclusion criteria were as follows:
CRC confirmed by electron colonoscopy and pathology, or no
obvious lesions found by electron colonoscopy. The exclusion
criteria were as follows: previous history of major gastrointesti-
nal surgery or preoperative neoadjuvant therapy; history of

antibiotic or probiotic application in the 4 weeks prior to sur-
gery; preoperative combination of serious infections.

Demographic and clinical phenotype

Demographic information collected included age, gender, body
mass index (BMI), smoking history, alcohol consumption his-
tory, long-term diseases (hypertension and type II diabetes
mellitus), as well as tumor site and postoperative pathology.

Statistical analysis

Statistical analyses were performed using SPSS (v22.0, IBM
SPSS, Chicago, 1L, USA). Continuous variables (age and
BMI) are expressed as mean * standard deviation and categor-
ical variables as frequencies and percentages. Chi-square and
Fisher’s exact tests were used to analyze categorical variables,
while Student’s #- and the Mann-Whitney U tests were used to
analyze continuous variables. The Wilcoxon test was used to
analyze discrete categorical variables. Differences between
groups were assessed using 1-way analysis of variance. All tests
were 2-sided, and P<.05 was considered significant.

Results

Clinical characteristics at baseline

A total of 36 fecal samples were collected, including 18 samples
from the CRC group (cases) and 18 from healthy individuals
(normal). The information for each group is shown in Table 1.
There were no differences in clinical or demographic charac-
teristics between groups (P>.05).

Analyzing differing bacterial flora

We filtered 1311998 reads from the 36 samples and obtained
a total of 3694 sequence features. There were 1680 and 1367
unique features in the Control and cancer groups, respectively,
and 647 shared features (Figure 1A). In the cancer group, 198
features were shared among subgroups in terms of sex, tumor
site, depth of tumor infiltration, and the presence of lymph
node metastasis (Figure 1B).

The rarefaction curve of the alpha diversity index (observed
species) presents a plateau (Figure 1C), indicating sufficient
sequencing depth and that most species in the sample were
detected, thus promoting the reliability of our study.

The hierarchical plot (Figure 2) shows 2 aspects of species
diversity, species abundance, and species evenness. The curve of
the cancer group was narrower and steeper than that of the
Control group, indicating reduced species richness and lower
species evenness, respectively.

Circos (Figure 3A) and species abundance histograms
(Figure 3C) show the main composition of gut microbiota at
the phylum level. The Wilcoxon test was used to analyze the
differences in abundance between groups for normally and
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Table 1. Demographic characteristics of the participants.

VARIABLES CONTROL GROUP, N=18
Age, average *+ standard error 57.44+2.04
Sex, n (%)

Male 13 (72)
Female 5 (28)

BMI, average * standard error 22.63+1.58
Smoking history, n (%) 4 (22)
Alcohol consumption, n (%) 5(28)
Long-term disease, n (%)

Hypertension 3(17)
Type |l diabetes 0 (0)

BMI: body mass index.
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Figure 1. (A) Venn diagram comparing the distribution of features in the healthy control group (Ctrl) and the colorectal cancer group (Cancer); (B) Petal
diagram comparing the distribution of features among subgroups in the colorectal cancer group. (C) Observed species.

non-normally distributed data. The 5 most abundant phyla in
the Cancer and Control group were Firmicutes (54.00% vs
61.69%, P=.24), Bacteroidetes (25.11% vs 27.14%, P=.95),
Proteobacteria (10.55% vs 5.96%, P=.43, Actinobacteria
(7.16% vs 4.79%, P=.33), and Fusobacteria (1.98% vs 0.29%,
P=.24). The abundance of Firmicutes and Bacteroidetes was
lower and that of Proteobacteria, Actinobacteria, and
Fusobacteria in the cancer group compared to the Control
group, although these differences were not statistically signifi-
cant. However, Verrucomicrobia was significantly more abun-
dant in the cancer group than in the Control group (1.17% vs
0.04%, P=.05).

At the genus level (Figure 3B and D), Bacteroides and
Faecalibacterium were the most abundant in the Cancer
(11.92%) and Control group (14.21%), respectively. We per-
formed a cluster analysis to study the differences between the
samples in more detail according to the species composition
distances of the genera (Figure 3E). The Wilcoxon test was
used to analyze the differences in abundance between the 2
groups for normally and nonnormally distributed data.

Escherichia-Shigella, Faecalibacterium, and Agathobacter were
differentially abundant between the 2 groups, the difference
was not statistically significant (Table 2, Figure 3F). Based on
the false discovery rate (FDR), we screened the genera poten-
tially responsible for the differences in gut microbiota compo-
sition (Table 3, Figure 3G). The top 30 genera in terms of
abundance were selected and the samples and species were
clustered according to the abundance information. We com-
puted heat maps to analyze the differences between groups
(Figure 3H).

Relationship of intestinal flora to pathology

The samples of the cancer group were analyzed in subgroups at
the genus level to compare the abundance of gut microbiota
between the different subgroups (Figure 4). When grouped by
sex, Faecalibacterium had the highest abundance in men with
CRC (12.07% vs 9.02% in men and women, respectively,
P=.42; Figure 4), while Bacteroides had the highest abundance
in women with CRC (11.22% vs 13.03% in men and women,
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Figure 3. (A, B) Composition and relative abundance of main microbe phyla and genera in CRC (Cancer group) and healthy control group (Ctrl group).
(C, D) Relative abundances of microbes between samples at the phylum and genus levels. Each bar represents a single tumor and each colored box a
bacterial taxon. The height of a colored box corresponds with relative abundance. “Other” represents lower-abundance taxa. (E) Sample clustering
analysis. Left, Bray-Curtis distance clustering tree; the closer the samples and shorter the branches, the more similar is the species composition. Right,
relative abundance distribution of phyla for each sample, with a larger proportion indicating higher abundance. (F) Subgroup analysis. The abundance in
each subgroup is the average of all the biological replicates within that group. Different colors indicate different species. The lowest color block of the bar
indicates the most abundant microbes, representing the sum of abundance in all the samples. (G) Bar graph differential analysis. Differences in
abundance among genera. (H) Heatmap of genera. The relative abundance of microorganisms in different samples; deep red and blue indicate high and
low abundance, respectively.
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Table 2. Relative abundance of gut microbial communities at the genus level.

GENUS CONTROL GROUP CANCER GROUP (MEAN) P VALUE
(MEAN)
1 g__Faecalibacterium 14.21 10.88 .33
2 g__Bacteroides 10.81 11.92 .73
3 g__Prevotella_9 9.90 7.88 .58
4 g__Agathobacter 4.47 214 .65
5 g__Megamonas 3.67 1.48 .02
6 g__Lachnospira 3.49 1.29 .02
7 g__Bifidobacterium 3.18 5.45 .53
8 g__Prevotella_2 3.08 114 .24
9 9g__Roseburia 2.50 2.31 .66
10 g__Escherichia-Shigella 2.28 7.62 15
11 g__Streptococcus 2.24 1.77 .61
12 g__Subdoligranulum 2.06 3.41 .73
13 g__Lachnospiraceae unclassified 2.00 1.36 a7
14 g__Fusicatenibacter 1.97 0.96 19
15 g__Dialister 1.91 1.1 a7
16 g__Sutterella 1.82 0.84 .08
17 g__Ruminococcus torques group 1.54 2.46 .61
18 g__Phascolarctobacterium 1.49 2.41 .61
19 g__Blautia 1.38 0.79 14
20 g__Collinsella 1.23 1.13 .63
21 9g__Eubacterium coprostanoligenes_group 1.1 1.38 .95
22 g__Lachnoclostridium 1.07 2.78 .80
23 g__Alloprevotella 0.89 0.48 .86
24 g__Erysipelotrichaceae_UCG-003 0.87 0.74 77
25 g__Eubacterium ruminantium_group 0.86 0.11 .06
26 g__Parabacteroides 0.83 1.06 45
27 g__Ruminococcus_1 0.82 0.56 .58
28 g__Eubacterium eligens group 0.81 0.33 .08
29 g__Ruminococcaceae_UCG-002 0.77 1.88 .04
30 g__Firmicutes unclassified 0.70 117 .68
31 g__Romboutsia 0.67 0.15 .01
32 Others 15.33 21.00
respectively, P=.48). In terms of tumor site, Faecalibacterium respectively, P=.83). With respect to tumor infiltration depth,
was the most abundant in patients with colonic tumors (12.77% Faecalibacterium had the highest abundance at the T1 to T2
vs 9.37% in colonic and rectal tumors, respectively, P=.46), stage (12.22% vs 10.21% in T1-T2 and T3-T'4 stages, respec-
whereas Bacteroides had the highest abundance in patients with tively, P=.44), whereas Bacteroides had the highest abundance

rectal tumors (11.65% vs 12.14% in colonic and rectal tumors, in patients at the T3 to T4 stage (10.37% vs 12.70% in T1-T2
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Table 3. Bacterial abundance at genus level.

GENUS CONTROL GROUP CANCER GROUP P*VALUE
(MEAN) (MEAN)
1 g__Parvimonas 0.00 0.07 .00
2 g__Peptostreptococcus 0.02 0.1 .00
3 g__Sphingopyxis 0.12 0.00 .00
4 g__Gordonibacter 0.00 0.01 .01
5 g__Hungatella 0.01 0.09 .01
6 g__UBA1819 0.02 0.08 .01
7 g__Brevundimonas 0.04 0.00 .01
8 g__Romboutsia 0.67 0.15 .01
9 g__Eggerthella 0.00 0.06 .01
10 g__Lachnospira 3.49 1.29 .02
11 g__Negativicoccus 0.02 0.00 .02
12 g__Peptostreptococcaceae unclassified 0.01 0.00 .02
13 g__Oscillibacter 0.12 0.23 .02
14 g__Megamonas 3.67 1.48 .02
15 g__Butyricicoccus 0.29 0.18 .02
16 g__Gemella 0.00 0.04 .02
17 g__Akkermansia 0.04 117 .03
18 g__Enterococcus 0.00 0.10 .03
19 g__Clostridium sensu stricto 1 0.44 0.09 .03
20 g__Ruminococcaceae_UCG-002 0.77 1.88 .04
21 g__Lachnoanaerobaculum 0.00 0.02 .04
22 g__Muribaculaceae unclassified 0.19 0.1 .04
23 g__Eisenbergiella 0.00 0.04 .04
24 g__Allisonella 0.11 0.02 .04
25 g__Ruminococcus gauvreauii group 0.14 0.03 .04

*P <.05 indicates a significant difference.

and T3-T4 stages, respectively, P=.55). With respect to lymph
node metastasis, Faecalibacterium was the most abundant in
patients with lymph node metastasis (12.99% vs 9.54% with
and without lymph node metastasis, respectively, P=.66),
whereas Bacteroides was the most abundant in patients without
lymph node metastasis (6.37% vs 12.46% with and without
lymph node metastasis, respectively, P=.03).

Based on the FDR, we screened the genera potentially
responsible for the differences in gut microbiota composition
(Figure 4, Table 4). As shown in Table 4, Bilophila was more
abundant in men than in women (0.38% vs 0.07%, respec-
tively, P=.02), while the abundance of Comamonas was lower
(0% vs 0.01% in men and women, respectively, P<<.001).

Compared with patients with rectal tumors, those with colonic
tumors had a significantly higher abundance of Gordonibacter
(0% vs 0.02%, respectively, P=.03) and Collinsella (0.52% vs
1.89%, respectively, P=.04), while Clostridium was less abun-
dant (0.71% vs 0.07%, respectively, P=.05). Compared with
patients with T3 to T4 CRC, patients with T1 to T2 CRC
had a significantly higher abundance of Ruminococcaceae_
UCG-005 (0.17% vs 0.90%, respectively, P=.01),
Pseudoflavonifractor (0% vs 0.01%, respectively, P=.02), and
GCA-900066225 (0% vs 0.02%, respectively, P=.03) and a
significantly lower abundance of Tyzzerella_4 (0.96% vs 0%,
respectively, P=.03) and Parvimonas (0.10% vs 0.01%, respec-
tively, P=.03). Compared with lymph node metastasis, those
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Table 4. Bacterial abundance at genus level based on sex in patients
with CRC.

GENUS MEN (MEAN) WOMEN P*VALUE
(MEAN)
1 Bilophila 0.38 0.07 .02
2 Comamonas 0.00 0.01 .03

Bacterial abundance at the genus level significantly based on tumor sites.

COLONIC RECTAL P*VALUE
TUMOR TUMOR
(MEAN) (MEAN)
1 Gordonibacter 0.02 0.00 .03
2 Collinsella 1.89 0.52 .04
3 Clostridium 0.07 0.71 .05
(Continued)

without lymph node metastasis had a higher abundance of
Streptococcus (4.01% vs 0.34%, respectively, P=.05), Rothia
(0.90% vs 0%, respectively, P=.02), and Actinomyces (0.19%
vs 0.02%, respectively, P=.03) and a lower abundance of
Parabacteroides  (0.32% vs 1.53%, respectively, P=.01),
Bacteroides (6.37% vs 15.46%, respectively, P=.03), and
Oscillibacter (0.08% vs 0.32%, respectively, P=.04).

Alpha diversity analysis

We used the Wilcoxon test to screen the alpha diversity indices
that differed significantly between the groups (Figure 5A-E).
Both the Chaol and Observed species indices were lower in
the cancer group than in the Control group (Figure 5A and B),
indicating a lower abundance of species in the cancer group. In
addition, the Shannon and Simpson indices were lower and
higher in the Cancer and Control group, respectively, the dif-
ference was not statistically significant.
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Table 4. (Continued)
Bacterial abundance at genus level based on tumor invasion depth.

GENUS
1 Ruminococcaceae_UCG.005
2 Pseudoflavonifractor
3 GCA.900066225
4 Tyzzerella_4
5 Parvimonas
6 Eubacterium oxidoreducens group
7 Bacteroidales unclassified
8 Ruminococcaceae UCG.011
9 Ruminiclostridium_6
10 Actinomycetales unclassified

Bacterial abundance at genus level based on presence or absence of lymph node metastasis.

GENUS
1 Parabacteroides
2 Allisonella
3 Atopobium
4 Odoribacter
5 Rothia
6 Bacilli_unclassified
7 Aggregatibacter
8 Bacteroides
9 Bacteroidetes_unclassified
10 Actinomyces
11 Oscillibacter
12 Streptococcus

*P <.05 indicates a significant differenc.

Beta diversity analysis

Beta diversity is a measure of the similarity of microbiota
composition between samples, thus reflecting the differ-
ences in the composition and distribution of microbiota.
Beta diversity is mainly estimated by means of principal
component analysis (PCA), principal coordinate analysis
(PCoA), and multidimensional scaling (NMDS). Principal
component analysis (Figure 6A) and PCoA (Figure 6B and
C) showed no significant differences in gut microbiota dis-
tribution between the Cancer and Control groups, while the
weighted (Figure 6D) and unweighted NMDS (Figure 6E)

showed some explanatory significance (Stress <0.2).

T1-T2 T3-T4 P*VALUE
(MEAN) (MEAN)
0.90 0.17 .01
0.01 0.00 .02
0.02 0.00 .02
0.00 0.96 .03
0.01 0.10 .03
0.01 0.00 .04
0.00 0.00 .05
0.00 0.00 .05
1.19 0.00 .05
0.01 0.00 .05
WITH WITHOUT P*VALUE
0.32 1.53 .01
0.06 0.00 .01
0.03 0.00 .01
0.01 0.16 .01
0.90 0.00 .02
0.07 0.00 .03
0.05 0.00 .03
6.37 15.46 .03
0.00 0.26 .03
0.19 0.02 .03
0.08 0.32 .04
4.01 0.34 .05

The PCoA showed that there were no significant differ-
ences in the distribution of gut microbiota among patients with
CRC based on sex, tumor site, or depth of tumor invasion,
while there were significant differences between patients with
and without lymph node metastasis (Figure 7). NMDS showed
that the differences in gut microbiota distribution based on sex,
tumor site, depth of tumor invasion, and the presence or
absence of lymph node metastasis were well explained.

We further characterize the differences in gut microbiota
abundance between the Cancer and Control group to identify
differentially abundant taxa. A discriminant analysis (LDA)
effect size (LEfSe) analysis identified 18 differentially abun-
dant taxa (LDA values>2), with the cancer group mainly
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enriched in Akkermansia, Akkermansiaceae, Verrucomicrobiales,
Akkermansia_muciniphila, Verrucomicrobia,and Verrucomicrobiae,
and the Control group mainly enriched in Megamonas_unclas-
sified, Megamonas, and Lachnospira (Figure 8A and B).

Prediction of gene function in microbiota

We predicted and compared the functions of gut microbiota
between the Cancer and Control group using Phylogenetic

Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt2) software. COG, EC, KO, PFAM, and
TIGRFAM, were employed, among other databases, and
STAMP software was used to analyze the prediction results at a
significance level of P<<.05. A total of 21 metabolic pathways
differed significantly between the Cancer and Control groups
(Figure 9). Among them, 14 metabolic pathways were signifi-
cantly more active in the cancer group, including pyruvate met-
abolic pathway, adenosine nucleotide degradation, and acetyl
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Figure 7. Beta analysis of various subgroups of patients with colorectal cancer. (A) Grouped by sex; (a) unweighted UniFrac PCoA analysis; (b) weighted
UniFrac PCoA analysis; (c) unweighted NMDS analysis; (d) weighted NMDS analysis. (B) grouped by tumor site; (a) unweighted UniFrac PCoA analysis;
(b) weighted UniFrac PCoA analysis; (c) unweighted NMDS analysis; (d) weighted NMDS analysis. (C) grouped by depth of tumor invasion; (a) unweighted
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NMDS analysis PCoA, principle coordinate analysis; NMDS, multidimensional scaling.
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coenzyme A metabolism. Seven metabolic pathways were sig-
nificantly more active in the Control group, including lipid
coenzyme A biosynthesis and acetic acid metabolism (Table 5).

Discussion

Intestinal microbiota and their metabolites are essential factors
in intestinal microecology, which plays important roles in host
health and the development of malignancies such as CRC.2122
Some studies have found that patients with CRC have a less-
diverse gut microbial community than healthy individuals,?3
though this remains debatable.?* To further validate the
changes in gut microbiota in patients with CRC, we investi-
gated the gut microbiota structure and its differences between
patients with CRC and healthy individuals. We also predict the
function of the microbes between groups based on the differ-
entially abundant microbes. Furthermore, we identify the gut
microbiota associated with patient age, sex, depth of tumor
infiltration, and lymph node metastasis—this has not been
addressed in other studies and is essential for understanding
the role of the gut microbiome in the development of CRC. At
different stages of CRC, we found that the microbiota com-
munity structure changed as CRC progressed along the polyp—
adenoma-—carcinoma axis,?2¢ suggesting that changes in gut
microbiota may contribute to CRC progression. However, little
is known of the relationship between gut microbiota structure
and the clinicopathological characteristics of patients with
CRC. Accordingly, we compared the distribution of gut micro-
biota in patients with CRC and explored the differential
microbiota associated with sex, tumor site, depth of tumor
infiltration, and lymph node metastasis.

We found that alpha diversity did not differ between
patients with CRC and healthy individuals, consistent with
recent findings.?® The 5 most abundant phyla in both groups
were Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria,

and Fusobacteria, in that order. Compared to healthy individu-
als, Firmicutes and Bacteroidetes were less abundant and
Proteobacteria, Actinobacteria, and Fusobacteria were more
abundant in patients with CRC, the difference was not statisti-
cally significant. High levels of Fusobacterium nucleatum have
been reported in the intestine of patients with CRC, where it
can contribute to the development and metastasis of CRC by
establishing a pro-inflammatory tumor microenvironment and
activating Wnt/p-catenin signaling, among other pathways. In
addition, studies have found that intestinal Fusobacteria may
originate from the oral cavity.?’?® Fusobacterium was previ-
ously observed to be enriched in the oral cavity of patients with
CRC, suggesting a role in colorectal carcinogenesis.?” Notably,
consistent with recent findings, Fusobacteria was not enriched
in the intestine of patients with CRC.3%:31 This may be due to
differences in the study population, stool collection and preser-
vation techniques, library preparation, or primer and sequenc-
ing platforms.

LEfSe analysis demonstrated that Verrucomicrobia abun-
dance was significantly increased in patients with CRC, con-
sistent with previous findings.32-3* However, little is known
about Verrucomicrobia, and research on Akkermansia muciniphila
(the only intestinal representative of Verrucomicrobia in human
feces)3> has focused mostly on its association with diseases such
as diabetes and obesity.3*%” Mucin 2 (Muc2) is highly expressed
in CRC and involved in its progression. Akkermansia mucin-
iphila encodes Amuc_1434*—a specific protein that degrades
and downregulates Muc2—which may be beneficial in con-
trolling CRC progression. Akkermansia muciniphila also reduces
CRC cell viability by upregulating tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) to activate the
death receptor pathway of apoptosis and mitochondrial path-
way.3® A recent animal study suggested that A4 muciniphila may
promote CRC formation in mice by stimulating early
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Table 5. Differential metabolic pathways between the Cancer and Ctrl groups.

DESCRIPTION
1 Acetyl-CoA fermentation to butanoate Il
2 Adenosine nucleotides degradation Il
3 Coenzyme A biosynthesis |
4 D-glucarate degradation |
5 Enterobactin biosynthesis
6 Heme biosynthesis | (aerobic)
7 L-1,2-propanediol degradation
8 L-histidine biosynthesis
9 L-ornithine biosynthesis
10 L-rhamnose degradation Il
11 L-tryptophan biosynthesis
12 Methanogenesis from acetate
13 Purine nucleotides degradation Il (aerobic)
14 Pyruvate fermentation to acetone
15 Superpathway of demethylmenaquinol-8 biosynthesis
16 Superpathway of menaquinol-11 biosynthesis
17 Superpathway of menaquinol-12 biosynthesis
18 Superpathway of menaquinol-13 biosynthesis
19 Superpathway of menaquinol-7 biosynthesis
20 Superpathway of menaquinol-8 biosynthesis |
21 Thiamin salvage Il

*P < 0.05 indicates a significant difference.

inflammation and intestinal epithelial cell proliferation.3* The
roles of Verrucomicrobia in CRC remain largely unclear and
require further investigation.

Parvimonas, a Gram-positive anaerobic coccus that colo-
nizes the oral and gastrointestinal tracts of healthy individuals,
has recently received considerable attention for its association
with CRC. Sequencing studies of stool samples from different
ethnic groups showed that the detection rate and abundance of
Parvimonas were higher in the intestine of patients with CRC
than in healthy individuals,* consistent with our findings. A
previous qPCR analysis of fecal samples from patients with
CRC concluded that Parvimonas could serve as a noninvasive
biomarker for CRC, with a similar sensitivity to that of F
nucleatum.*! Not much is known about the role of Parvimonas
in the development of CRC. One in vitro study found that
Parvimonas act synergistically in biofilm formation,* though
this requires further investigation.

We noted a higher abundance of Ruminococcaceae_ UCG-
002 in patients with CRC than in healthy individuals,

CANCER CTRL GROUP P*VALUE
GROUP (%) (%)

0.2285 0.1425 03
0.1919 0.1353 04
0.6970 0.7565 05
0.0852 0.0229 .04
0.0832 0.0270 .04
0.0630 0.0308 03
0.0535 0.0198 .02
0.6814 0.7436 .04
0.5709 0.6299 .05
0.0000 0.0004 .04
0.6087 0.6828 .03
0.0520 0.0838 .02
0.2358 0.1884 .04
0.2478 0.1198 .02
0.0919 0.0453 .05
0.0999 0.0526 04
0.0999 0.0526 04
0.0999 0.0526 04
0.1054 0.0569 04
0.1045 0.0561 04
0.5687 0.6559 .03

consistent with previous results.*3 Ruminococcus is thought to
be associated with KRAS mutations,* suggesting a potential
avenue for the prevention and treatment of CRC using gut
microbiota. Our study revealed that Megamonas, Lachnospira,
and Romboutsia were more abundant in healthy individuals
than in patients with CRC. However, the role of Romboutsia in
CRC is unclear. Consistent with our results, a previous study
reported a dramatic decrease in the relative abundance of
Romboutsia in intestinal mucosal samples of CRC, which may
be associated with mucosal damage® Megamonas and
Lachnospira are involved in the formation of short-chain fatty
acids (SCFAs) from carbohydrates,**” which not only serve as
a source of energy for colonic cells but also have a preventive
effect against CRC through multiple pathways.*3

Our alpha diversity subgroup analysis failed to reveal differ-
ences in gut microbiota structure among patients with CRC
based on sex, tumor site, depth of tumor infiltration, and the
presence or absence of lymph node metastasis. However, sig-
nificant differences in the beta diversity distribution of
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intestinal microbiota were observed between patients with and
without lymph node metastasis. Comamonas and Bilophila had
significantly different intestinal distributions between men and
women. In CRC development, the gut microbiome may be
more stable in men than in women, suggesting that gut micro-
biota composition may be sex-dependent. However, this study
failed to identify the structural differences in the gut microbi-
ota between men and women*; therefore, further experimental
validation is required. Our results emphasize the potential
importance of sex differences when predicting CRC risk based
on gut microbiota composition.

With respect to tumor infiltration depth, we identified 10
differentially abundant bacteria between stages T1 to T2 and
T3 to T'4; and among these, the abundance of Tyzzerella_4 and
Parvimonas was higher at stages T'3 to T'4, while the abundance
of the other bacteria was higher at stages T'1 to T2. The poten-
tial role of Tyzzerella_4 in CRC is unclear; nevertheless, it has
a promising discriminatory ability for the early detection of
advanced adenomas.>® Based on an LDA >4, we noted that
the abundance of Fuecalibacterium was higher at stage T1 to
T2, which may be related to the progressive depletion of
favorable intestinal microbiota with the progression of CRC.5!

With respect to lymph node metastasis, the abundance of
Bacteroides, Parabacteroides, Streptococcus, and Oscillibacter dif-
fered significantly between the 2 groups, consistent with the
findings of several previous studies?°2°3; however, these
studies failed to identify any roles for these bacteria in lymph
node metastasis in CRC.>* Some studies have also failed to
find an association between gut microbiota and lymphatic
metastasis.’> The association between gut microbiota and
lymphatic metastasis remains controversial and requires fur-
ther investigation.

Finally, we identified numerous enriched pathways associ-
ated with the differentially abundant taxa, including pyruvate
metabolism, adenosine nucleotide degradation, acetyl coen-
zyme A metabolism, and acetate metabolism. The results of
our predictive functional analysis suggest a link between micro-
bial changes CRC and metabolic pathways previously associ-
ated with dietary risk factors associated with Western diets,
though further experimental validation is required.

There are certain limitations to this study. First, owing to
the impact of the coronavirus disease (COVID-19) pandemic
and strict exclusion criteria, our sample size was relatively small.
Therefore, future studies should use larger sample sizes to fully
characterize the potential microbial biomarkers in CRC devel-
opment, identify beneficial microorganisms, and determine
their functions and interactions with the host. Second, we did
not examine mucosa-adherent gut microbes, which may be
more closely associated with colon carcinogenesis than fecal
microbes. Third, we only used 16S rRNA sequences to deter-
mine microbial distributions. Future studies should include
macrogenomic and metabolomic sequencing to improve the

accuracy of microbial community composition and function
estimation.

In conclusion, we observed differences in gut microbiota
composition between patients with CRC and healthy individ-
uals, which was associated with patient clinicopathology, sug-
gesting that gut microbiota play a role in the development and
prognosis of CRC. This is the first study to identify gut micro-
biota associated with patient age, sex, tumor infiltration depth,
and lymph node metastasis, which is essential for understand-
ing the role of the gut microbiome in CRC development. Our
findings substantiate the results of previous reports, elaborate
on the relationship between gut microbes and CRC, and high-
light the gaps in the field. In future studies, we will build on
this work to validate the role of differentially abundant gut
microbiota in CRC and explore the associated mechanisms
through cellular and animal experiments.

Conclusion

Based on this study, patients with CRC and healthy people
have different gut microbiota compositions, and some micro-
bial alterations are linked to the pathological and clinical
characteristics of CRC. Given that Verrucomicrobia are
more prevalent in CRC patients and may aid in the disease’s
progression, the results point to a possible role of the gut
microbiota in the development of CRC. A dysbiotic micro-
biome is indicated by the decreased microbial diversity and
richness in CRC patients. Although our findings lend cre-
dence to the link between the microbiota and CRC, more
extensive research using metagenomic analyses is required to
validate these first findings and investigate potential thera-
peutic applications. In conclusion, our research shows that
the gut microbiota is a promising target for the identification
of CRC biomarkers and possible therapeutic intervention.

Acknowledgements
The authors thank our colleagues for their assistance and con-
stant support.

Author Contributions

LZ and YF contributed equally to this article and participated
in writing it. JZ, CW, HJ, and JZ participated in drawing the
pictures in this article and gave guidance, DW and DT gave
constructive comments on the structure of the whole article.
All authors read and approved the final manuscript.

Consent for Publication
Written informed consent for publication was obtained from
all participants.

Data Availability Statement
Data sharing not applicable to this article as no datasets were
generated or analyzed during the current study.



14

Clinical Medicine Insights: Oncology

Ethical Approval and Consent to Participate

The study was approved by the Medical Ethics Committee of
Northern Jiangsu People’s Hospital (no. 2024ky159). This
study adhered to the STROBE guidelines, and all methods
were performed in accordance with the relevant guidelines and
regulations (eg, Declarations of Helsinki).

ORCIDiDs

Lu Zhao (2 https://orcid.org/0009-0001-7252-6875
Yongkun Fang https://orcid.org/0000-0002-6999-4459
Jiahao Zhao ([2) https://orcid.org/0009-0007-7072-2649
Dong Tang (%) https://orcid.org/0000-0001-5501-5857

REFERENCES

1. SungH, Ferlay ], Siegel RL, et al. Global Cancer Statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries.
CA Cancer J Clin. 2021;71:209-249. doi:10.3322/caac.21660
2. XiY, Xu P. Global colorectal cancer burden in 2020 and projections to 2040.
Transl Oncol. 2021;14:101174. do0i:10.1016/j.tranon.2021.101174
3. Dekker E, Tanis PJ, Vleugels JLA, Kasi PM, Wallace MB. Colorectal cancer.
Lancet. 2019;394:1467-1480. doi:10.1016/50140-6736(19)32319-0
4. Siegel RL, Torre LA, Soerjomataram I, etal. Global patterns and trends in
colorectal cancer incidence in young adults. Guz. 2019;68:2179-2185. doi:10.1136/
gutjnl-2019-319511
5. Kumar R, Harilal S, Carradori S, Mathew B. A comprehensive overview of colon
cancer: a grim reaper of the 21st century. Curr Med Chem. 2021;28:2657-2696.
d0i:10.2174/0929867327666201026143757
6. Eyvazi§, Vostakolaei MA, Dilmaghani A, et al. The oncogenic roles of bacterial
infections in development of cancer. Microb Pathog. 2020;141:104019.
doi:10.1016/j.micpath.2020.104019
7. Gill SR, Pop M, Deboy RT, et al. Metagenomic analysis of the human distal gut
microbiome. Science. 2006;312:1355-1359. doi:10.1126/science.1124234
8. LiM,ChenWD, WangYD.Therolesofthe gutmicrobiota-miRNA interactioninthe
host pathophysiology. Mo/ Med. 2020;26:101. doi:10.1186/s10020-020-00234-7
9. Qin]J, Li R, Raes J, et al. A human gut microbial gene catalogue established by
metagenomic sequencing. Nazure. 2010;464:59-65. doi:10.1038/nature08821
10. O’Hara AM, Shanahan F. The gut flora as a forgotten organ. EMBO Rep.
2006;7:688-693. doi:10.1038/sj.embor.7400731
11.  Martin R, Miquel S, Ulmer J, et al. Role of commensal and probiotic bacteria in
human health: a focus on inflammatory bowel disease. Microb Cell Fact.
2013;12:71. doi:10.1186/1475-2859-12-71
12.  Sun], Chang EB. Exploring gut microbes in human health and disease: pushing
the envelope. Genes Dis. 2014;1:132-139. doi:10.1016/j.gendis.2014.08.001
13. Yoshii K, Hosomi K, Sawane K, Kunisawa J. Metabolism of dietary and micro-
bial vitamin B family in the regulation of host immunity. Fronz Nutr. 2019;6:48.
doi:10.3389/fnut.2019.00048
14.  Ferlay J, Soerjomataram I, Dikshit R, etal. Cancer incidence and mortality
worldwide: sources, methods and major patterns in GLOBOCAN 2012. Inz ]
Cancer. 2015;136:E359-E386. doi:10.1002/ijc.29210
15.  Mizutani S, Yamada T, Yachida S. Significance of the gut microbiome in multistep
colorectal carcinogenesis. Cancer Sci. 2020;111:766-773. doi:10.1111/cas.14298
16.  Garrett WS. The gut microbiota and colon cancer. Science. 2019;364:1133-1135.
doi:10.1126/science.aaw2367
17. Zhang W, Luo ], Dong X, et al. Salivary microbial dysbiosis is associated with
systemic inflammatory markers and predicted oral metabolites in non-small cell
lung cancer patients. J Cancer. 2019;10:1651-1662. doi:10.7150/jca.28077
18.  Yachida S, Mizutani S, Shiroma H, et al. Metagenomic and metabolomic analy-
ses reveal distinct stage-specific phenotypes of the gut microbiota in colorectal
cancer. Nat Med. 2019;25:968-976. doi:10.1038/s41591-019-0458-7
19. Bornigen D, Ren B, Pickard R, et al. Alterations in oral bacterial communities
are associated with risk factors for oral and oropharyngeal cancer. Sci Rep.
2017;7:17686. doi:10.1038/s41598-017-17795-z
20. LuH, Ren Z, Li A, etal. Deep sequencing reveals microbiota dysbiosis of tongue
coat in patients with liver carcinoma. Sci Rep. 2016;6:33142. doi:10.1038/srep33142
21.  Wong SH, Yu J. Gut microbiota in colorectal cancer: mechanisms of action and
clinical applications. Nat Rev Gastroenterol Hepatol. 2019;16:690-704.
doi:10.1038/541575-019-0209-8
22. ChengY, Ling Z, Li L. The intestinal microbiota and colorectal cancer. Front
Immunol. 2020;11:615056. doi:10.3389/fimmu.2020.615056

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Ahn J, et al. Human gut microbiome and risk for colorectal cancer. J Na#/ Cancer
Inst. 2013;105:1907-1911. doi:10.1093/jnci/djt300

Thomas AM, Manghi P, Asnicar F, et al. Metagenomic analysis of colorectal can-
cer datasets identifies cross-cohort microbial diagnostic signatures and a link with
choline degradation. Naz Med. 2019;25:667-678. doi:10.1038/541591-019-0405-7
Liu W, Zhang R, Shu R, et al. Study of the relationship between microbiome and
colorectal cancer susceptibility using 16SrRNA sequencing. Biomed Res Int.
2020;2020:7828392. doi:10.1155/2020/7828392

YuYN, YuTC, Zhao HJ, et al. Berberine may rescue Fusobacterium nucleatum-
induced colorectal tumorigenesis by modulating the tumor microenvironment.
Oncotarget. 2015;6:32013-32026. doi:10.18632/oncotarget.5166

Castellarin M, Warren RL, Freeman JD, et al. Fusobacterium nucleatum infec-
tion is prevalent in human colorectal carcinoma. Genome Res. 2012;22:299-306.
doi:10.1101/gr.126516.111

Flanagan L, Schmid ], Ebert M, et al. Fusobacterium nucleatum associates with
stages of colorectal neoplasia development, colorectal cancer and disease outcome.
Eur ] Clin Microbiol Infect Dis. 2014;33:1381-1390. doi:10.1007/s10096-014-2081-3
Zhang S, Kong C, Yang Y, et al. Human oral microbiome dysbiosis as a novel
non-invasive biomarker in detection of colorectal cancer. Theranostics.
2020;10:11595-11606. doi:10.7150/thno.49515

Mori G, Rampelli S, Orena BS, etal. Shifts of faecal microbiota during sporadic
colorectal carcinogenesis. Sci Rep. 2018;8:10329. doi:10.1038/541598-018-28671-9
Wang W], Zhou YL, He ], et al. Characterizing the composition of intestinal
microflora by 16S rRNA gene sequencing. World | Gastroenterol. 2020;26:614-
626. doi:10.3748/wjg.v26.i6.614

Thomas AM, Jesus EC, Lopes A, et al. Tissue-associated bacterial alterations in
rectal carcinoma patients revealed by 16S rRNA community profiling. Front Cell
Infect Microbiol. 2016;6:179. doi:10.3389/fcimb.2016.00179

Weir TL, Manter DK, Sheflin AM, Barnett BA, Heuberger AL, Ryan EP. Stool
microbiome and metabolome differences between colorectal cancer patients and
healthy adults. PLoS ONE. 2013;8:¢70803. doi:10.1371/journal.pone.0070803
Ma 'Y, Zhang Y, Jiang H, et al. Metagenome analysis of intestinal bacteria in
healthy people, patients with inflammatory bowel disease and colorectal can-
cer. Front Cell Infect Microbiol. 2021;11:599734. d0i:10.3389/fcimb.2021.599734
de Vos WM. Microbe profile: Akkermansia muciniphila: a conserved intestinal
symbiont that acts as the gatekeeper of our mucosa. Microbiology. 2017;163:646-
648. d0i:10.1099/mic.0.000444

Depommier C, Everard A, Druart C, etal. Supplementation with Akkermansia
muciniphila in overweight and obese human volunteers: a proof-of-concept explor-
atory study. Naz Med. 2019;25:1096-1103. doi:10.1038/541591-019-0495-2
Ahmad A, Yang W, Chen G, et al. Analysis of gut microbiota of obese individu-
als with type 2 diabetes and healthy individuals. PLoS ONE. 2019;14:¢0226372.
doi:10.1371/journal.pone.0226372

Meng X, Zhang J, Wu H, Yu D, Fang X. Akkermansia muciniphila Aspartic
Protease Amuc_1434" inhibits human colorectal cancer LS174T cell viability via
TRAIL-mediated apoptosis pathway. Inz J Mol Sci. 2020;21:3385. doi:10.3390/
ijms21093385

Wang F, Cai K, Xiao Q, He L, Xie L, Liu Z. Akkermansia muciniphila admin-
istration exacerbated the development of colitis-associated colorectal cancer in
mice. J Cancer. 2022;13:124-133. doi:10.7150/jca.63578

Yu J, Feng Q, Wong SH, et al. Metagenomic analysis of faecal microbiome as a
tool towards targeted non-invasive biomarkers for colorectal cancer. Guz.
2017;66:70-78. doi:10.1136/gutjnl-2015-309800

Lowenmark T, Lofgren-Burstrém A, Zingmark C, et al. Parvimonas micra as a
putative non-invasive faecal biomarker for colorectal cancer. Sci Rep.
20203;10:15250. doi:10.1038/541598-020-72132-1

Horiuchi A, Kokubu E, Warita T, Ishihara K. Synergistic biofilm formation by
Parvimonas micra and Fusobacterium nucleatum. Anaerobe. 2020;62:102100.
doi:10.1016/j.anaerobe.2019.102100

Sheng Q, Du H, Cheng X, etal. Characteristics of fecal gut microbiota in
patients with colorectal cancer at different stages and different sites. Onco/ Lett.
2019;18:4834-4844. doi:10.3892/01.2019.10841

Hong BY, Ideta T, Lemos BS, et al. Characterization of mucosal dysbiosis of early
colonic neoplasia. NPJ Precis Oncol. 2019;3:29. doi:10.1038/541698-019-0101-6
Mangifesta M, Mancabelli L, Milani C, et al. Mucosal microbiota of intestinal
polyps reveals putative biomarkers of colorectal cancer. Sci Rep. 2018;8:13974.
doi:10.1038/541598-018-32413-2

Louis P, Flint H]. Formation of propionate and butyrate by the human colonic
microbiota. Environ Microbiol. 2017;19:29-41. d0i:10.1111/1462-2920.13589
Gongalves P, Aratjo JR, Di Santo JP. A cross-talk between microbiota-derived
short-chain fatty acids and the host mucosal immune system regulates intestinal
homeostasis and inflammatory bowel disease. Inflamm Bowel Dis. 2018;24:558-
572. d0i:10.1093/ibd/izx029

Wang G, YuY, Wang YZ, et al. Role of SCFAs in gut microbiome and glycolysis
for colorectal cancer therapy. J Cell Physiol. 2019;234:17023-17049. doi:10.1002/
jcp.28436


https://orcid.org/0009-0001-7252-6875
https://orcid.org/0000-0002-6999-4459
https://orcid.org/0009-0007-7072-2649
https://orcid.org/0000-0001-5501-5857

Zhao et al 15

49. Liao H, Li C, Ai Y, Kou Y. Gut microbiome is more stable in males than in 52. Sheng QS, He KX, Li JJ, etal. Comparison of gut microbiome in human
females during the development of colorectal cancer. [ Appl Microbiol. colorectal cancer in paired tumor and adjacent normal tissues. Onco Targets Ther.
2021;131:435-448. doi:10.1111/jam.14943 2020;13:635-646. d0i:10.2147/0tt.5218004

50. ZhangY, LuM, Lu B, et al. Leveraging fecal microbial markers to improve the diag- 53.  Loke MF, Chua EG, Gan HM, et al. Metabolomics and 16S rRNA sequencing
nostic accuracy of the fecal immunochemical test for advanced colorectal adenoma. of human colorectal cancers and adjacent mucosa. PLoS ONE. 2018;13:¢0208584.
Clin Transl Gastroenterol. 2021;12:¢00389. doi:10.14309/ctg.0000000000000389 doi:10.1371/journal.pone.0208584

51.  HeT, Cheng X, Xing C. The gut microbial diversity of colon cancer patients and 54. Wu N, Yang X, Zhang R, et al. Dysbiosis signature of fecal microbiota in

the clinical significance. Bivengineered. 2021;12:7046-7060. doi:10.1080/216559
79.2021.1972077

colorectal cancer patients. Microb Ecol. 2013;66:462-470. doi:10.1007/
s00248-013-0245-9



