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Abstract

Background: Gut microbiota plays a significant role in the colorectal cancer
(CRC) process. Ectopic colonization of multiple oral bacteria is reportedly associ-
ated with CRC pathogenesis and progression, but the details remain unclear.
Methods: We enrolled a cohort of 50 CRC patients and 52 healthy controls from
an East China population. Taxonomic and functional analysis of the fecal micro-
biota were performed using 16S rDNA (50 + 52 samples) and shotgun metagen-
omic sequencing (8 + 6 samples), respectively, with particular attention paid to
gut-colonized oral bacteria.

Results and Conclusions: The results showed more detected bacterial species
but lower species evenness within the samples from CRC patients. To determine
the specific bacteria enriched in each group, we analyzed their possible protective,
carcinogenic, or opportunistic roles in the CRC process. Among the ectopic oral
bacteria, we observed a significant increase in the abundance of Fusobacterium
and decreased abundance of Prevotella and Ruminococcus in the CRC group.
Main differences in the functional composition of these two groups were re-
lated to energy metabolism and biosynthesis, especially the glycolytic pathway.
Furthermore, we validated the colonization of Fusobacterium nucleatum subsp.
animalis within CRC tissues and studied its impact on the host intestinal epithe-
lium and tumor cells. With high selectivity for cancerous tissues, this subspecies
promoted CRC cell proliferation and induced potential DNA damage.
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ZHANG ET AL.

1 | INTRODUCTION

Representing approximately one in 10 cancer cases and
deaths, colorectal cancer (CRC) ranked third in incidence
and second in mortality worldwide in 2020."* Moreover,
the incidence rates of CRC are not only particularly high in
numerous developed regions, but have also been steadily
rising in a series of Asian and South American transition-
ing countries.” The cancer incidence and mortality profiles
in China are changing from those of developing countries
to those of developed ones.* The rising incidence of CRC
in China, especially in East China, mainly reflects changes
in diet and lifestyle factors, such as an increased intake of
animal-source foods and decreased physical activity; the
rapid aging of the population also amplifies the risk.>” By
2020, CRC had replaced gastric cancer as the second most
common cancer in China.’®

The human colon harbors a highly sophisticated eco-
system of numerous bacteria, viruses, fungi, and protozoa,
involving multiple essential functions of the host immune
system and metabolism.” Taxonomic and functional
changes in the intestinal microbiota composition have
been implicated in a variety of diseases throughout the
human body, including CRC.*° Intestinal microorgan-
isms can affect the occurrence and development of CRC in
several ways,"! such as promoting sustained inflammation
and weakening host immunity.

The oral cavity is an important gateway for microor-
ganisms to enter the digestive tract. The average adult pro-
duces over 1000mL of saliva each day, containing large
amounts of oral bacteria.'>'* The human actions of eating
and swallowing give oral microorganisms a high opportu-
nity to disseminate and colonize the gut.'* Oral bacteria
may also enter the gastrointestinal tract via hematogenous
routes during the frequent transient bacteremia caused by
chewing, tooth brushing, or dental procedures.'>*® These
oral bacteria indirectly affect the composition of intestinal
microbiota and interfere with intestinal homeostasis.'* In
CRC patients, abundant bacteria of oral origin have been
detected and validated within the intestinal microbiota,
where they may play important roles in different stages of
the disease.!” ™

Gene amplicon sequencing is the primary technique
for phylogenetic and taxonomic studies of complex mi-
crobiomes, among which 16S rRNA and 16S rDNA are
the most commonly used target genes for microbial iden-
tification, also the gold standard for bacterial typing.*
However, 16S rRNA and 16S rDNA gene sequencing still
have shortcomings in revealing the function of microbial
communities. In this case, metagenomic analysis by the
genome-wide shotgun sequencing approach is becoming
increasingly popular, which helps in associating function
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to phylogeny and taxonomy besides characterizing mi-
crobial community structure.”’ Recently, modern next-
generation sequencing (NGS) has slowly replaced classical
Sanger sequencing as a more precise and preferred tool
for metagenomic shotgun sequencing.”® These microbial
sequencing technologies have already made momentous
contributions to the revelation of bacterial changes and
human diseases.?

Using NGS technology, we examined the taxonomic
and functional alterations of intestinal microbiota in
healthy adults and CRC patients in East China, with a
particular focus on bacteria of oral origin. We found the
Fusobacterium strain significantly enriched in the gut of
CRC patients and further verified its impact on host in-
testinal cells.

2 | MATERIALS AND METHODS
2.1 | Clinical samples and study
population

Fresh stool samples from both newly diagnosed CRC pa-
tients before clinical treatment and healthy volunteers
were collected in Huadong Hospital (Shanghai, China).
In accordance with the Helsinki Declaration, the study
protocol was subject to the approval of the Medical Ethics
Committee of Huadong Hospital affiliated to Fudan
University (permit AF16-20170052). All participants
were recruited with written informed consent prior to the
study. Exclusion criteria for the two cohorts were as fol-
lows: age under 18, pregnancy, infection, chronic inflam-
mation, mental disease, gastrointestinal surgery, previous
history of other colonic diseases, use of antibiotics within
the past 2 months, or refusal to participate after reading
the informed consent form. All patients were diagnosed
by colonoscopy and confirmed by pathological biopsy
with complete clinical data. Stool samples were collected
in sterile collection tubes in the hospital, snap-frozen in
liquid nitrogen, and stored at —80°C, finally treated within
1 month after collection.

2.2 | Fecal DNA extraction

According to the manufacturer's instructions, DNA extrac-
tion was performed from 200mg of fecal material with a
QIAamp DNA stool Mini Kit (Qiagen). Genomic DNA in-
tegrity was measured through 1% agarose gel electropho-
resis, while quality was estimated using a Nanodrop 2000
spectrophotometer (Nanodrop Technologies): concentra-
tion >20ng/pL, volume >500ng, A260/A280=1.8-2.0.
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2.3 | Amplification and sequencing of
16S rDNA

Specific forward (5-TCGTCGGCAGCGTCAGATGTGTA
TAAGAGACAGCCTACGG GNGGCWGCAG-3') and re-
verse  (5-GTCTCGTGGGCTCGGAGATGTGTATAAGA
GACAGGACTACHVGGGTATCTAATCC-3") primers tar-
geting 16S rDNA gene V3-V4 variable regions were used for
the amplification of the genomic DNA template. The amplicon
was sequenced at Genesky Biotechnologies Inc., and three re-
peated experiments were set for each sample. Total DNA was
purified and separated by use of Agencourt AMPure XP mag-
netic beads (Beckman Coulter). After an original library was
formed by the addition of sample-specific index sequences,
it was quantified and pooled with the Invitrogen Qubit 3.0
Spectrophotometer (Thermo Fisher Scientific) and checked
with the Agilent 2100 bioanalyzer (Agilent Technologies).
The libraries were constructed by 2x250-bp paired-end se-
quencing on the Illumina MiSeq platform.

2.4 | Shotgun metagenomic sequencing
Metagenomic sequencing was performed on stool samples
of eight CRC patients and six healthy volunteers. Read pairs
shorter than 35bp in raw sequencing data were first filtered
by Fastp 0.36; then, the adapter sequence was trimmed
from the 3’ end of the reads with a quality threshold of
20bp. To eliminate potential host DNA contamination in
the samples, reads were aligned to the human genome by
Bowtie 2.1.0. After discarding aligned reads, high-quality
reads were assembled into continuous sequences within
scaffolds (scaftigs) using Megahit 1.2.9. The clean reads of
each sample were mapped against the scaftigs by Bowtie,
while the unmapped reads were continually assembled
by SPAdes 3.13. During the assembly process, sequences
under 500 bp were filtered from the dataset.

Subsequently, the scaftigs (>500bp) were used for open
reading frame (ORF) prediction by Prodigal 2.60, among
which predicted ORFs of more than 100nt would be trans-
lated into amino acid sequences. Non-redundant gene cata-
logs (unigenes) were established and clustered by CD-HIT
(identity 95%, coverage 90%) to obtain the longest repre-
sentative sequences. Using Salmon 1.5.0, a bidirectional
reasoning algorithm and deviation model were used to
quantify gene abundance in each sample. The metagenomic
sequencing was performed at Neo-Biotechnology Co., Ltd.

2.5 | Taxonomic and functional analysis

Based on the RDP and Silva databases for the taxo-
nomic annotation, Mothur was used to cluster tags at a

similarity level of 97% to obtain operational taxonomic
units (OTU). BLASTP alignment was performed between
the unigenes and sequences on the National Center for
Biotechnology Information non-redundant (NR) database
with DIAMOND 0.8.20 (e-value <1le-5, score >60). The
unigenes were aligned to the KEGG, Carbohydrate-Active
enZYmes (CAZy), and Uniprot databases to obtain func-
tional annotations.?*

2.6 | Bacterial adherence determined
by SPRi

Surface plasmon resonance imaging (SPRi) was im-
plemented on an inverted optical microscope (IX83,
Olympus) equipped with a 60x oil immersion objective.
A superluminescent diode (SLD635B, Thorlabs) was used
to excite surface plasmons from its collimated light, and
plasmonic images were collected by a sCMOS camera
(Photometrics Prime95B) at a frame rate of 100 frames/s
with a view area of 102.4 x 102.4 um®. Sensor chips were
made with a BK-7 glass coverslip coated with 2nm
chromium and 47nm gold, to which the cells adhered
and spread out. Flexible silicone microwells (350pL;
SARSTEDT) were mounted on top of the sensor surface
through electrostatic interaction as reaction wells.

After the slow injection of F. nucleatum (5x10* per
mL of cell culture medium) under surface plasmonic
resonance microscope, image sequences were recorded
continuously for 700s. The counting of single bacterial
adherence to the cell membrane in the images was per-
formed with a modified homemade automated particle
counting algorithm as previously described.**

2.7 | Cell migration assay

Scratch wound-healing assays were conducted for ex-
amination of cell proliferation and migration. Caco-2
or CCD 841 CoN cells were placed in 6-well plates and
co-incubated with F. nucleatum (MOI=20) or mFadA
(5pg/mL). After reaching 100% confluence, wound gaps
were created by scratching the monolayer with the bot-
tom of 200 puL pipette tips. Wound closure was visualized
under an inverted phase-contrast microscope, and ImageJ
2.1.0 software was used for the quantitative evaluation of
wound healing area.

2.8 | Quantitative real-time RT-PCR

The total RNA of Caco-2 cells was purified with a RNeasy
Plus Mini Kit (Qiagen) after the preincubation with F.
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nucleatum (MOI=50) or mFadA protein (10 pg/mL). A
PrimeScript first strand cDNA Synthesis Kit (TaKaRa)
was used for reverse transcription. In accordance with
manufacturer's protocols, the synthesized cDNA was
used for qRT-PCR in a final reaction volume of 20 L on
an ABI 7500 real-time PCR system (Applied Biosystems).
With a SYBR Premix Ex Taq (TaKaRa), reactions were
performed in 96-well plates under the following thermo-
cycling conditions: 30s at 95°C, 40cycles of 5s at 95°C,
and 35s at 60°C. Expressions of the human CHK2 gene
were detected, while glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was selected as the internal refer-
ence transcript. The primers are listed in Table S1. Gene
expressions were analyzed using the 274" method.

2.9 | Flow cytometry

Caco-2 cells were preincubated with F. nucleatum
(MOI=50) or purified mFadA (10 pg/mL) for 24h. After
harvesting and washing, the cells were successively fixed
with 4% paraformaldehyde fixative (Biosharp, #BL539A)
and permeabilized with PBS containing 0.01% Triton X-
100. The cells were blocked with 5% bovine serum albumin
in PBS and incubated with Alexa Fluor® 594 anti-CHK2
antibody (BioLegend, #686603). Flow cytometry was per-
formed with a BD FACSCalibur Flow Cytometer, while
analysis was conducted using FlowJo v10.0.7 software.

2.10 | Statistical analysis

R 3.6.3 was used for statistical calculations, and GraphPad
Prism 8 (GraphPad Software, Version 8.3.0, USA) was
used for statistical analysis. The differences between
groups were examined by Student's t-test or one-way
ANOVA (two-tailed). Statistical significance was gener-
ally set at 0.05, while Bonferroni correction was applied
on the significant level of multiple testing.

3 | RESULTS
3.1 | Clinical characteristics of the study
participants

After the exclusion of off-standard samples, we formed
two study cohorts comprised of 50 CRC patients (tumor
group) and 52 healthy individuals (control group). All
study participants had lived in Shanghai for at least 2 years,
reducing the effect of different diets and lifestyles on in-
testinal microbiota. The demographic characteristics of
the two cohorts are shown in Table S2. The CRC patients
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were 65.32+10.49years of age, whereas the healthy vol-
unteers were 54.13 +10.21 years of age. No significant dif-
ferences in gender, race, or occurrence of diabetes were
found between the two groups. The rates of obesity and
hypertension were higher among CRC samples; differ-
ences also existed in alcohol and tobacco consumption.
Clinicopathological characteristics of the CRC patients are
shown in Table S3. As the most predominant pathological
type, low differentiated adenocarcinoma accounted for
80% of the patients. The distribution of early-stage dis-
ease (TNM [, IT) and advanced-stage disease (TNM III, IV)
were found to be relatively equal; the primary origins of
the tumor were also even.

3.2 | Bacterial diversity and richness in
fecal samples

A box plot of sequencing coverage (Figure S1A) and a
rarefaction curve (Figure S1B) were used to evaluate the
rationality of sequencing 102 samples. As the sequenc-
ing depth increased, the flatter curves indicated an ad-
equate sequencing depth to cover almost all strains for
subsequent analysis. The 16S rDNA sequencing showed
789 common OTUs between CRC and healthy groups
(Figure 1A). A principal component analysis (PCA) plot
showed the distinctions in f diversity of microbiota com-
munities (Figure 1B). A significantly different trend of
dispersion was observed in the two sample groups, sug-
gesting a high variability of bacterial composition.

Community richness indices (Observed/Chaol/ACE)
and community diversity indices (Shannon/Simpson)
were further calculated to estimate the « diversity of bac-
terial components (Figure 1C). Though richness compar-
ison revealed no difference between the two groups, the
significant decrease in Shannon index and corresponding
increase in Simpson index were found in CRC patients
compared to healthy controls.

3.3 | Taxonomy of gut microbiota in CRC
patients and healthy controls

The analysis of fecal bacteria distribution at the phy-
lum level indicated the predominance of Bacteroidetes,
Firmicutes, and Proteobacteria in the majority of sam-
ples (Figure S2). Other phyla such as Verrucomicrobia
and Fusobacteria were also relatively abundant in many
samples of each group. At the genus level, Bacteroides,
Prevotella, and Lachnospiracea were the most abun-
dant, while the abundance of some bacteria, such as
Succinivibrio and Fusobacterium, varied greatly among
different samples (Figure 2A).
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FIGURE 1 Alterations in bacterial richness and diversity in CRC patients. (A) The common and unique OTUs of the CRC and healthy
groups. (B) Principal component analysis showed the compositional difference between the two groups: CRC (green) and healthy (red).
(C) The differences in bacterial communities showed by various indices. The higher the observed OTUs/Chao 1/ACE value, the higher the
species richness in the sample. A higher Shannon index or a lower Simpson index indicates higher species diversity. The figure used 16S

rDNA sequencing data from 102 samples. CRC, colorectal cancer; OTU, operational taxonomic units.

From class level to family level, the LEfSe cladogram
showed all the significantly different bacteria between
the two groups (Figure 2B). The differential bacteria of
the CRC group were mainly in phyla Fusobacteria and
Proteobacteria, and the differential bacteria of the healthy
group were mainly in phyla Actinobacteria and Firmicutes.
The linear discriminant analysis (LDA) histogram showed
that CRC patients were characterized by a higher abun-
dance of Escherichia-Shigella, Megamonas, Fusobacterium,
Pyramidobacter, and Dysgonomonas, while healthy
controls exhibited higher enrichments with Prevotella,
Lachnospiracea, Bifidobacterium, Ruminococcus, and
Clostridium IV (Figure 2C).

3.4 | Different abundances of
dominant oral bacteria in the gut

At the genus level, we found a high relative abundance of
some oral bacteria, such as Prevotella and Fusobacterium,

in fecal samples (Figure 2A). The significantly different
enrichment of several oral bacteria between CRC and
healthy groups was also shown in Figure 2B,C. The rela-
tive abundance of Fusobacteriaceae was higher in CRC pa-
tients, while the relative abundance of Lachnospiraceae,
Ruminococcaceae, and Prevotellaceae was higher in
healthy controls.

We focused on six important oral bacterial genera with
high abundance in fecal samples.'**>® Under the further
classification criteria of sex, age, or weight, the abundance
of six oral bacteria genera exhibited no significant differ-
ence among several CRC and healthy groups (Figure 3A).
However, based on this analysis of 102 samples, the abun-
dance of Fusobacterium in the Control Young or Control
Obesity group was significantly lower than that in other
groups. To reduce the impact of excessively different sam-
ple characteristics on relative abundance and functional
prediction of the ectopic oral bacteria, eight CRC patients
(P3, P6, P11, P13, P16, P24, P42, and P46) and six healthy
controls (N16,N17,N19, N36, N38, and N51) were selected
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FIGURE 3 Intestinal abundance of oral bacteria in different CRC and healthy groups. (A) Intestinal abundance of the six oral bacterial
genera in each group under the classification standards of sex, age, or weight. (B) Differences in the intestinal abundance of the six oral
bacterial genera between the CRC and healthy groups. (C) Relative abundance differences of the six oral bacterial genera in the intestinal
tract between two selected sample groups. Eight CRC patients (P3, P6, P11, P13, P16, P24, P42, and P46) and six healthy volunteers (N16,
N17,N19, N36, N38, and N51) with overall similarity were selected to minimize the differences in intestinal abundance of oral bacteria

between the two groups. CRC, colorectal cancer.

for subsequent analysis according to the similarity of
their clinical features and the taxonomic composition of
their intestinal microbiota. After selection, no significant
differences in age, weight, hypertension, or alcohol/to-
bacco consumption existed (Table S4). Finally, as shown
in Figure 3B,C, the disparity in intestinal abundance of
oral bacteria between the two selected sample groups was
greatly minimized.

Shotgun metagenomic sequencing was performed on
the 14 fecal samples. In all, 3005 common OTUs were
found between CRC and healthy groups (Figure S3A).

In comparison with the corresponding results from 16S
rDNA sequencing (Figure 1A), the proportions of respec-
tive and common OTUs between the two groups were
highly identical, indicating the consistency of the two
sequencing methods. The PCA analysis exhibited a more
concentrated distribution of the 14 samples (Figure S3B),
which manifested an effective reduction in the distinc-
tions in microbial community p diversity compared with
the results from 102 samples (Figure 1B). Bacteroidetes,
Firmicutes, and Proteobacteria were still the three pre-
dominant phyla in the 14 samples (Figure S3C), but the
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composition of intestinal microbiota in each sample
showed higher similarity (compared to Figure S2). At the
genus level, the top 20 sources of differences between the
two groups were calculated by Random Forest analysis
(Figure S3D). The abundances of several oral bacterial
genera, such as Fusobacterium and Prevotella, were ini-
tially significantly different between the CRC and healthy
groups (Figure 2C), but now more similar in the 14 se-
lected samples. No oral bacteria were among the top 20
sources of differences.

3.5 | Functional prediction of the global
microbiome and dominant oral bacteria

Using DIAMOND software, the functional prediction of
metagenome analysis was implemented via comparison
with the KEGG, Uniprot, and CAZy databases. Of all
predicted genes annotated in the KEGG database, 74,909
were further annotated to 2903 KEGG Orthology Groups.
Relative abundances of the 10 most expressed orthologous
genes in the samples are shown in Figure 4A and Table S5,
mainly involving the metabolism of carbohydrate, amino
acid, and fatty acid. Similar to the PCA analysis of bac-
terial composition (Figure S3B), no significant difference
was observed at the pathway level between CRC and
healthy groups (Figure 4B). In the CRC patient group, the
expression levels of 123 genes were significantly changed
compared with those in healthy controls, among which 54
(2.12% of total) were upregulated and 69 (2.71% of total)
were downregulated (Log,FC < —1 or Log,FC>1, p<0.05
in Student's t-test) (Figure 4C).

GO enrichment analysis was implemented to deter-
mine the biological process (BP), cell component (CC), and
molecular function (MF) of differentially expressed genes.
Divided into upregulated and downregulated changes, the
top 10 significantly altered functions (Student's t-test) in
the CRC group are shown in Figure 4D,E, respectively.
The significantly upregulated functions in CRC patients,
such as metabolism, adhesion, and binding, were con-
centrated in the components of BP and MF, whereas the
significantly downregulated functions were mainly re-
lated to nucleic acid transcription. After alignment to the
CAZy database using HMMER3 software, the CRC group
exhibited a higher global activity of carbohydrate-related
enzymes compared with the healthy group (Figure S4).

We further analyzed the functional differences of the
ectopic oral bacteria. After removing the factor of dif-
ferent bacterial abundances between the two groups,
Fusobacterium (FC=3.48) and Streptococcus (FC=2.41)
exhibited higher levels of global gene expression in
CRC patients, whereas Prevotella (FC=16.45) and
Ruminococcus (FC=12.17) exhibited higher levels of
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global gene expression in healthy controls (Figure S5A).
The gene expression of Eubacterium (FC=1.01) or
Roseburia (FC=1.56) showed little difference between
the two sample groups. Ranked by the relative abun-
dance of gene expression, the top 100 orthologous genes
exhibited different expression characteristics among the
oral bacteria in the CRC group (Figure S5B). In general,
the gene expression of Fusobacterium was significantly
upregulated in CRC patients, whereas the most discrim-
inative downregulation of gene expression was found
in Ruminococcus and Prevotella. Aligned with the CAZy
database, Fusobacterium exhibited a significant upreg-
ulation of carbohydrate-related metabolism in the CRC
group, and Prevotella had the most significant downregu-
lation (Figure S5C).

3.6 | Fusobacterium in fecal and
intestinal tissue specimens

As the most enriched oral bacteria in fecal samples from
CRC patients, the upregulation of functional gene ex-
pression in Fusobacterium was also the most signifi-
cant. Among the 100 most abundant orthologous genes,
the expression of 16 ones was significantly upregulated
(Log,;(FC>1), mainly involving bacterial metabolism and
biosynthesis (Figure S5B; Table S6). Ranked by the relative
abundance of pathway expressions, the expression levels
of Fusobacterium's top 20 pathways were all increased in
the CRC group (Figure 5A). The abundance of k002024
(quorum sensing, FC =5.52) and k002060 (phosphotrans-
ferase system, FC=5.65) were altered most significantly.
Based on the metagenomic result from fecal samples,
formalin-fixed and paraffin-embedded colonic biopsy
specimens of the eight CRC patients were obtained to
verify the colonization of Fusobacterium in tumor tissues.
Compared with several of the most common clinically
infected Fusobacterium species, bacteria from the eight
specimens exhibited the closest genetic relationship to F.
nucleatum, especially to the subsp. animalis (Figure 5B).

3.7 | Selectivity of Fusobacterium
nucleatum to human intestinal cells

According to the sequencing results of intestinal tissue
specimens, F. nucleatum subsp. animalis was selected for
functional validation on host cells. To directly investigate
the adhesion and invasion of F. nucleatum in normal and
malignant colorectal cells, plasma imaging time-resolved
counting experiments were performed at the single-
bacteria-cell level on CCD 841 CoN and HCT 116 cells.
The schematic diagram of bacterial adherence to the cell
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FIGURE 4 Functional prediction of intestinal bacteria in eight CRC patients and six healthy volunteers. (A) The relative abundance

of the 10 most expressed orthologous genes in each sample. (B) Principal component analysis of intestinal bacterial KEGG pathways:
healthy (red) and CRC (green). (C) A Volcano plot of gene expression fold changes in the CRC group versus the healthy group: upregulation
(green) and downregulation (red). (D) Top 10 upregulated functions in the CRC group (Level 2) by GO enrichment analysis. (E) Top 10
downregulated functions in the CRC group (Level 2) by GO enrichment analysis. Shotgun metagenomic sequencing data were used in the
figure. CRC, colorectal cancer.

surface at different time points was shown in Figure 6A. easily confirmed. In the 700s continuous signal detection,
After the algorithm process for observing bacterial attach- ~ the average number of F. nucleatum attached to a unit
ment, the SPRi image was superimposed on the bright area of CCD 841 CoN cells was 11, while the average num-
field image to form the merged image, in which the ad-  ber on a unit area of HCT 116 cells was 34 (Figure 6B).

hesion of a single bacterium to the cell surface could be  F. nucleatum exhibited obvious selectivity for CRC cells.
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cancer.

To further determine the effect of F. nucleatum on nor-
mal and malignant cells, wound gaps were generated to
examine cell proliferation and migration. During the co-
incubation with F. nucleatum or mature FadA (mFadA)
protein, the wound healing of CCD 841 CoN cells was re-
tarded (Figure 6C), while that of Caco-2 cells was acceler-
ated (Figure 6D). On the whole, the wound-healing rate of
malignant cells was significantly higher than that of the
normal cells. Considering the significantly higher selec-
tivity and proliferation-promoting effect, the CRC cell line
(Caco-2) was selected for further investigation.

3.8 | Regulation of colorectal cancer cells
by F. nucleatum and mFadA protein

The effect of F. nucleatum or mFadA on the cyclic vol-
tammetry response of Caco-2 cells is shown in Figure 6E.
The augment in peak current was likely related to the
increased viability and proliferation of the cells.”” A cell
cycle analysis of Caco-2 cells again verified the promot-
ing effect of F. nucleatum and mFadA on cell proliferation
(Figure 6F).

As a crucial gene responsible for tumor growth and
increased DNA damage in CRC cells, the expression
of CHK2 was detected at the levels of transcription and
translation.”® In the quantitative real-time RT-PCR assay,
the transcriptional level of CHK2 was increased after a
24-h preincubation with either F. nucleatum or mFadA
(Figure 7A). Western blotting exhibited an augmentation
of CHK2 expression in the F. nucleatum incubation group,
but no significant change was observed in the cells treated
with mFadA (Figure 7B). Intracellular staining showed
a significant variation of CHK2 augmentation in F. nu-
cleatum co-incubated cells to confirm the above results
(Figure 7C). Caco-2 cells in the mFadA group also showed
the same trend of CHK2 gene translation as those in the F.
nucleatum group, although less pronounced.

4 | DISCUSSION

CRC is often considered a marker of socioeconomic de-
velopment, since its incidence tends to increase uniformly
with ascending Human Development Index (HDI).” In
relatively affluent East China, the more Westernized
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FIGURE 6 Fusobacterium nucleatum tends to adhere to colorectal cancer cells and promote their proliferation. (A) A schematic
diagram of bacterial adherence detection by SPRi. HCT 116 cells were taken as the example. Scale bar: 20 um. (B) The bacterial adherence
to CCD 841 CoN and HCT 116 cells at the single-bacteria-cell level. The adherence and deviation of F. nucleatum are shown, respectively.
(C) The electrochemical response of Caco-2 cells after in situ lysis. The cells were preincubated with F. nucleatum or mFadA protein for
24h. Scan rate: 0.1 V/s. Temperature: 37 +0.5°C. (D) Wound-healing assay and the quantification of wound area in CCD 841 CoN cells after
treatment with F. nucleatum or mFadA. (E) Wound-healing assay and the quantification of wound area in Caco-2 cells after treatment with
F. nucleatum or mFadA. (F) Cell cycle analysis of Caco-2 cells detected by flow cytometry. The cells underwent a 24 h preincubation with F.
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experiments.

lifestyles and increased lifespan have led to a particularly
rapid rise in CRC incidence rate.® Given the increasing
importance of the intestinal microbiome in CRC patho-
genesis, we performed a comparative analysis of the gut
microbiota between local healthy people and correspond-
ing cancer patients and then further investigated the
abundance and functional changes in the bacteria of oral
origin. Consistent with our results, previous reports have
shown a lower community richness in the gut microbiota
of CRC patients.29 However, we further found that though
more bacterial species were detected, the CRC patient
group exhibited lower species evenness within the single
sample, implying an excessive proliferation of some domi-
nant intestinal bacteria under tumor conditions.

On many levels, the taxonomic and functional compo-
sitions of intestinal bacteria were greatly changed in CRC
patients, showing a higher abundance of pro-inflammatory
opportunistic bacteria. We identified a series of bacte-
ria contributing to the community disparity between the
two groups, which were mainly in phyla Fusobacteria,
Proteobacteria, Actinobacteria, and Firmicutes. As a relevant
biomarker of gut dysbiosis, a higher Firmicutes/Bacteroidetes
ratio is a hallmark of obesity.*® Probably because the dysbi-
osis of intestinal bacteria was an important risk factor for
CRC, this ratio was also found to increase remarkably in

our patient group.®® At the genus level, Escherichia-Shigella,
Fusobacterium, Prevotella, and Lachnospiracea could be
potential biomarkers for CRC diagnosis. The higher abun-
dance of Escherichia, Shigella, and Fusobacterium in CRC
patients has already been confirmed by a number of previ-
ous studies.*? Meanwhile, Shigella was also reported to be
over-represented in the mucosal microbiome of colorectal
adenoma patients.®® Recognized as the causative agent of
human diarrheal disease, Shigella might increase host sus-
ceptibility to CRCvia prolonging the inflammatory response,
while the carcinogenic Escherichia could produce cytolethal
distending toxin and induce double-strand DNA breaks via
its deoxyribonuclease activity.> Comparing healthy sub-
jects with advanced adenoma and CRC patients, the relative
abundance of Fusobacterium was positively correlated with
tumor stages, also remarked as an index to indicate a poor
prognosis.** The pro-inflammatory, immunosuppressive,
and tissue-invasive properties of Fusobacterium have been
demonstrated by multiple studies.” Through the adhesion
of two outer membrane proteins FadA and Fap2, bacteria
of this genus could combine with tumor cells and immune
cells, affecting various stages of the CRC process.'***
Specific intestinal microbiomes can help regulate the
mucosal homeostasis of the host through bacterial metab-
olism.*> As the main producers of endogenous butyrate
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in the intestinal tract, Firmicutes (at the phylum level),
Clostridia (at the class and order levels), and Bifidobacteria
(at the genus, family, and order levels) were significantly
higher in our 52 healthy volunteers.*’ Produced by bacte-
rial fermentation, butyrate is an organic acid serving as
the major energy source and regulator of proliferation and
differentiation for colonic epithelial cells.*® Butyrate could
not only modulate intestinal barrier function and immune
response, but exert an anticancer effect through inhibiting
the release of various inflammatory mediators and up-
regulating P53 gene expression.”” Moreover, commensal
Bifidobacterium has been reported to mitigate intestinal
immunopathology in the case of cytotoxic T lymphocyte-
associated antigen-4 (CTLA-4) blockade, also promote an
antitumor response by the facilitation of anti-PD-L1 (pro-
grammed cell death 1 ligand 1) efficacy.” At the level of
phylum and class, the enriched Actinobacteria in healthy
controls could be a biomarker. Being a large component
of the human intestinal microbiome, some genera under
Actinobacteria and their secondary metabolites have in-
hibitory effects on tumor cell lines.”” At the genus level,
the abundance of Faecalibacterium was significantly
lower in the CRC group. CRC patients with more abun-
dant Faecalibacterium in the gut generally showed a bet-
ter chemotherapy response and prognosis.*® In summary,
these bacteria that colonize the intestinal tract of healthy
people may play a variety of beneficial roles in prevent-
ing inflammation and tumorigenesis. On the contrary, in-
testinal microbiota as a biomarker has great application
prospects for early detection, treatment, and prognosis
evaluation of tumors.

The microbial composition in the host gut is suscep-
tible to various environmental factors."* Oral cavity is a
major reservoir involved in the formation of intestinal mi-
crobiota, but the dissemination of many oral bacteria into
the gut often leads to intestinal dysbiosis.*® The ectopic in-
testinal dissemination of multiple oral bacteria, especially
pathogenic ones such as Fusobacterium, is more profound
in colonic adenoma and CRC patients.*® These members
of the oral microbiota are able to stimulate inflammation
by synergistic metabolism, also synthesize volatile sulfur
compounds, reactive oxygen species (ROS), and polyam-
ines.'* Based on the ectopic abundance in the gut and com-
positional changes of oral bacteria from previous studies,
we further performed taxonomic and functional analyses
on six important genera. Concordant with our results,
increased Fusobacterium population of oral origin was
frequently detected in CRC.** However, in the intestines
of cancer patients, due to the different trends detected
in various relevant studies, changes in the abundance of
Prevotella, Ruminococcus, Streptococcus, Roseburia, and
Eubacterium remain elusive.'*** We found a significantly
decreased abundance of Ruminococcus (55% reduction)

and Prevotella (82% reduction) in the CRC group. These
oral microbes could inhabit the colon in biofilm-like struc-
tures, forming a cooperative polymicrobial network and
interacting with tumor tissues.*' Previous studies revealed
that gender, age, and weight had a potentially strong cor-
relation with the composition of intestinal bacteria, but
we found no significant difference in the abundance of six
ectopic oral bacteria among several groups.**

Through the functional prediction of gut bacteria, our
results suggest a slightly evident downregulation of global
gene expression in CRC patients. In healthy controls, the
functions related to transcription regulation and signal
transduction were more abundant, implying defense mech-
anisms to generate effective protection. In contrast, the CRC
group featured richer adhesion, biogenesis, and metabolism
functions, especially a number of sucrose, amino sugar, and
nucleotide sugar metabolic pathways. As for the six ectopic
oral bacteria genera, Fusobacterium exhibited the most sig-
nificant increase in functional expression in CRC patients,
while distinctive function and pathway declines were ob-
served in Prevotella and Ruminococcus. Among the pre-
dicted functions, changes in these oral bacteria were mainly
involved in energy metabolism and biosynthesis, with
Fusobacterium showing a particularly significant elevation
in glycolytic pathway expression. The increased metabolism
of Fusobacterium was further confirmed by the prediction
of carbohydrate-related modules. On a diet rich in saturated
fatty acid and sugar, intestinal bacteria participate in the
production of various carcinogens, such as hydrogen sul-
fide, ROS, and polyamine.31 Produced from trimethylamine,
microbial metabolite trimethylamine-N-oxide (TMAO) pro-
motes the malignant progression of CRC.* Consistent with
our results, enhanced bacterial p-glucuronidase activity has
been detected in fecal samples of CRC patients, which could
involve the xenobiotic metabolism of the chemotherapeutic
drug irinotecan and cause serious side effects.**

In view of its significant increase in abundance
and important changes in function among CRC pa-
tients, we further validated and studied the presence of
Fusobacterium in the tumor group. Using Fusobacterium-
specific primers, bacterial colonization was detected
in the colonic biopsy specimens of the CRC patients.
Among several of the most common Fusobacterium spe-
cies clinically causing intestinal infection, F. nucleatum
subsp. animalis exhibited the closest genetic relation-
ship to our tissue samples.** Similarly, a previous study
in Shanghai, China, also found that animalis was con-
sistently the most prevalent subspecies in the intestines
of local CRC patients, showing differences from many
other regions of the world.*®

The invasiveness of F. nucleatum varies greatly among
different strains.*’ To date, few studies targeting the
pathogenicity of F. nucleatum in CRC have involved the
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animalis subspecies.”®****° Subsp. animalis could inter-
act directly with monocytes, recruiting other immuno-
regulatory cells by CCL20 signaling and then promoting
CRC progression.” Mediated by LPS, interaction of the
subspecies with Siglec-7, which is expressed by various
immune cells, was also demonstrated.”® Here, we further
verified the interaction of F. nucleatum subsp. animalis
ATCC 51191 with human intestinal epithelium and tumor
cells. Due to the presence of vacuoles and blurred edges
in Caco-2 cells during adherent growth, the HCT 116 cell
line was used instead for the bacterial adherence detec-
tion in SPRi experiments. A driver-passenger model was
established for the role of the gut microbiota in CRC, in
which directly carcinogenic bacteria (drivers) and oppor-
tunistic bacteria in the tumor-associated microenviron-
ment (passengers) play different roles in multiple stages
of the cancer.”® With its significantly higher selectivity
and proliferation-promoting effect on tumor cells, our
results reaffirmed the role of F. nucleatum as an import-
ant passenger bacterium. Interestingly, the role of this
bacterium in CRC could be intricate. F. nucleatum strains
isolated from inflamed tissues of inflammatory bowel dis-
ease (IBD) patients were found to be more invasive than
those from normal tissues, suggesting its potential as a
commensal-turned pathogen with variable virulence.*’
Since IBD has also been identified as an important risk
factor for CRC, the possible mechanism of F. nucleatum in
causing CRC deserves further elucidation.™

FadA, a vital adhesin on the surface of F. nucleatum,
was identified to confer acid tolerance and function as a
scaffold for biofilm formation, also the most character-
istic virulence factor of the bacterium.*’ FadA exists in
two forms, the intact pre-FadA (129 aa) and the secreted
mFadA (111 aa), constituting an active complex FadAc
altered. Through its function of binding and invading
host cells, FadA was reported to play a primary role in
CRC tumor growth stimulated by F. nucleatum.*’ In our
study, secreted mFadA was used to compare with the ef-
fect of F. nucleatum subsp. animalis on CRC cells. On the
whole, mFadA could enhance the viability and prolifera-
tion of tumor cells, but the effect was significantly lower
than that of the bacterium. F. nucleatum was found to
produce amyloid-like FadA only under stress and dis-
ease conditions, not in healthy tissues.* Moreover,
compared with healthy controls, the presence of FadA
gene was significantly increased in ulcerative colitis
(UC) and CRC patients.”* It is worth mentioning, that
though FadA is more likely to adhere to inflammatory
and tumor tissues, the FadA-mediated binding also exist
on normal cells. Increased colonization of F. nucleatum
in normal tissues may predisposes the host to adenoma,
and the carcinogenic effect would be accelerated when
mutations occur.
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Checkpoint kinase 2 (CHK2), an important multi-
functional enzyme associated with cell cycle arrest and
apoptosis caused by DNA damage, has been implicated in
multiple tumors such as prostate cancer and liver cancer.”
During CRC progression, CHK2 plays a significant role in
tumor growth and increased DNA damage in cancer cells,
and F. nucleatum was found to promote its gene upregu-
lation.?® Thus, we detected CHK2 expressions in Caco-2
cells stimulated by subsp. animalis and mFadA protein for
verification, suggesting a potential target for CRC treat-
ment. Probably because of the lack of the complete FadAc
composite structure, cells in the mFadA group showed an
upregulated trend of CHK2 expression, though less pro-
nounced than that in the bacteria-treated cells.*®

With the continuous changes in lifestyles, a parallel
evolutionary history for humans in different regions and
their gut bacterial lineages has developed.”® The present
study confirmed previous hypotheses that CRC is associ-
ated with many microbial composition alterations in the
human gut, also extended the knowledge of characteristic
bacterial changes and functional differences in the East
China population. However, limitations exist in this work.
For bacterial functional analysis, the clinical sample size
used in shotgun metagenomic sequencing could be in-
creased. In addition to the role of Fusobacterium that we
validated, it is still unknown whether the alterations in
other ectopic oral bacteria are a consequence of the CRC
process or somehow involved in its pathogenesis. In future
research, quantitative metagenomics analysis could be ex-
panded to include more gastrointestinal disorders such
as IBD and colon polyps for cross-disease comparisons.
The collective contribution of multiple bacteria or bacte-
ria with other intestinal microorganisms, such as viruses
and parasites, in CRC patients also needs to be clarified.
Finally, in-depth experiments should refine the biological
function of the oral-origin bacteria in the gut microbiome,
especially F. nucleatum subsp. animalis, throughout the
cancer process. Future studies could verify the presence
and distribution of amyloid-like FadA by performing im-
munoassays on colonic biopsy specimens from relevant
patients with ethical approval, and use it as a possible
intervention goal for F. nucleatum-mediated diseases. We
hope that our cohort study could offer some guidance on
the use of specific gut bacteria as biomarkers for CRC risk
prediction, and also as targets for prevention and treat-
ment of cancer, or even various intestinal diseases.
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