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The proximal and distal subsites of colorectal cancer (CRC) have distinct differences in
their embryonic origin, epidemiology, and prognosis. Therefore, they are not considered
as the same disease. However, the possible difference in microbial characterization of
the two subsites of CRC is still unclear. In this study, we explored tumor microbiota
diversity and composition difference in patients with proximal (N = 187) and distal CRCs
(N = 142). This was carried out on cancer tissues and adjacent tissues using bacterial
16S rBNA sequencing. The Kaplan-Meier method was used to analyze the correlation
between differential flora and overall survival rate of the patients. It was found that there
were significant differences in tumor microbial characteristics between the proximal and
distal CRC tissues. The microbiota communities were distinctly richer in the proximal
colon tumor tissues than in the distal CRC tissues. Microbial diversity and structure
were relatively constant in the paracancerous normal tissues of the proximal and distal
colorectum. Generally, microbial communities of CRC tumor tissues were composed
of Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes. Alpha diversity in
the proximal and distal CRC tumor tissues was closely related to specific microflora.
The abundance of Fusobacteria was associated with age of patient, tumor diameter,
and tumor microsatellite instability (MSI) status of the patients. Moreover, Fusobacteria
enrichment was associated with poor prognosis especially in patients with proximal
colon cancers, but not in patients with distal CRC. In conclusion, proximal and distal
subsites of the CRC present distinct microbiota diversity and community structures.
The differences indicate that there are different risk factors across anatomical subsites
of CRC, which may provide a new strategy for precise prevention and treatment of CRC
in the future.
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INTRODUCTION

Despite improvements in screening, prevention, and treatment
strategies over the past decade, colorectal cancer (CRC) is the
third leading malignant cancer and the fourth cause of cancer-
related deaths. It is estimated that 1,849,518 new cases of CRC
and 880,792 CRC-related deaths occur per year (Bray et al., 2018).
This is despite notable improvements in the disease screening,
prevention, and treatment strategies over the past decade.
CRC originating proximally (right) or distally (left) exhibits
differences in embryonic origin, age-specific and sex-specific
morbidity, clinical manifestation, pathological characteristics,
and development (Petrelli et al., 2017; Cannon and Buechler,
2019). At the molecular level, BRAF mutation, microsatellite
instability (MSI), the CpG island methylator phenotype (CIMP)-
high, or the consensus molecular subtype (CMS) CMS1 is more
likely to occur in proximal CRC (Missiaglia et al., 2014; Guinney
etal, 2015; Lee et al., 2017), while chromosome instability, TP53
or APC mutation, or CMS2 is more likely to occur in distal CRC
(Missiaglia et al., 2014; Guinney et al., 2015; Loree et al., 2018).
Moreover, proximal CRC commonly has a poorer prognosis
than distal CRC (Petrelli et al., 2017; Cannon and Buechler,
2019). These differences between anatomical segments reflect a
complex interaction between different environmental exposures
of colorectal epithelial cells to carcinogenic or protective factors
and the different inherent biological features affecting the risk of
anatomical subsite carcinogenesis.

Overwhelming evidence indicates that gut microbiota play
a critical role in the development of colorectal malignancies
(Brennan and Garrett, 2016; Thomas et al., 2019). It has been
found that more than 100 trillion (10*) microorganisms inhabit
the host gastrointestinal tract and maintain tissue homeostasis
(Eckburg et al., 2005; Ley et al., 2006). In addition to influencing
gut nutrition and metabolism, the intestinal microbiota can play
both beneficial and harmful roles via either their metabolites
or interaction with their host intestinal epithelial cells (Bullman
et al,, 2017). Disruption of intestinal homeostasis can cause
a series of intestinal diseases, including inflammatory bowel
diseases (Larabi et al., 2019), colonic adenoma (Thomas et al.,
2019), and neoplasia. The mechanisms of bacteria contributing
to colorectal tumors are complex and may involve chronic
inflammation, direct and indirect effects on host cells, and
interactions with tumor microenvironments.

Recently, several studies have identified a series of special
bacterial species involved in the colorectal carcinogenesis, and
some bacteria derived the carcinogenesis via a dubbed “driver—
passenger” model (Tjalsma et al., 2012). Streptococcus gallolyticus
was the first reported bacterium associated with CRC presenting
approximately 18-62% of CRC and less than 5% in the normal
colon. Abdulamir et al. (2009) reported that NF-«kB and IL-8 act
as key mediators for the S. gallolyticus-associated carcinogenesis
of adenoma to carcinoma. Helicobacter pylori is closely associated
with gastric cancer (Sokic-Milutinovic et al., 2015) and has
recently been listed as a gastrointestinal carcinogen by the
International Agency for Research on Cancer (IARC). Zumkeller
et al. (2006) showed a 1.4-fold increased risk of CRC in patients
infected with H. pylori. Additionally, Fusobacterium nucleatum

is an anaerobic Gram-negative pathogen, and its enrichment
in CRC tissues is associated with shorter survival and may
serve as an adverse prognostic biomarker (Hussan et al., 2017).
With the technology of the microbiome development, a large
number of significant bacteria have been increasingly discovered.
These include Proteobacteria, Bacteroidetes, Staphylococcaceae,
Alistipes, Coriobacteriaceae, and Methanobacteriales. However,
some bacteria showed diminished prevalence in CRC, including
Firmicutes, Lactobacillus, Faecalibacterium, Rumen Bacterium,
and Bifidobacterium (Borges-Canha et al., 2015; Gagniere et al.,
2016; Hussan et al., 2017). Despite extensive research on intestinal
bacteria in patients with CRC, previous investigations have
not rigorously addressed possible differences in the intestinal
microflora between anatomical sites. To date, little is known
about the characteristics of gut microbiota alterations between
proximal and distal CRCs.

In this study, we hypothesized that there would be differences
in the compositions of the gut microbiome between patients
with proximal colon cancer and those with distal CRC. To that
end, we utilized 16S rRNA gene sequencing to compare tissue
microbiota communities from patients with proximal CRC and
distal CRC in a clinical cohort and to examine whether the
gut microbiome differences were related with clinical features
and survival outcomes. Elucidating such potential differences is
important in finding new potential therapeutic strategies and
advancing personalized therapies for CRC in the future.

MATERIALS AND METHODS
Study Population and Samples

The participants enrolled in this study were Chinese patients
from Wuhan Union Hospital of Tongji Medical College,
Huazhong University of Science and Technology, Central China.
Samples and data (demographics and clinicopathological) of
the participants were collected from hospital electronic medical
records. The inclusion criteria for tissue sample selection
were the following: (1) patients diagnosed with primary CRC
and had undergone surgical treatment; and (2) availability of
tumor and adjacent normal tissues. Considering the colorectal
continuum model (Papagiorgis, 2013), colon and rectal cancer
cases were both included. Proximal CRC was defined as tumors
from the cecum to the splenic flexure, while distal CRC was
defined as tumors from the descending colon to the rectum
(Lee et al, 2015; Tejpar et al, 2017). Patients treated with
chemotherapy, radiotherapy, or antibiotics before surgery were
excluded from this study.

A total of 329 matched samples (329 tumor tissue samples
and 329 adjacent non-tumor tissue samples) were collected.
Samples of paired tumor and normal mucosa tissue were fixed
in formalin and embedded in paraffin (FFPE). Five serial cuts
of 5 wm per sample were placed in sterile microtubes and
then stored at room temperature until use for 16S rRNA MiSeq
sequencing. All subjects provided written informed consent
before they participated in the study. Approval of this study
was obtained from the Ethics Committee of Tongji Medical
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College of Huazhong University of Science and Technology
(Approval No. 2014-041).

DNA Extraction, Polymerase Chain
Reaction Amplification, and MiSeq

Sequencing

Genomic DNA was extracted from CRC tissue and matched
normal tissue samples using the Omega Mag-Bind Soil DNA
Kit (Omega Bio-Tek, Norcross, GA, United States). NanoDrop
(Thermo Fisher Scientific, Waltham, MA, United States) was
performed for DNA quantification. The size of DNA was checked
by 0.8 agarose gel electrophoresis. All extracted DNA samples
were immediately stored at —80°C until further processing.

The extracted DNA was amplified by employing a series of
primers targeting the V3-V4 variable region of 16S rRNA gene.
The forward primer was 5-ACTCCTACGGGAGGCAGCA-3/,
and the reverse primer was 5'-GGACTACHVGGGTWTCTAAT-
3’. The specific DNA barcode sequences for species identification
were attached immediately after the adapter. Polymerase chain
reaction (PCR) amplification was performed in a 25-pl reaction
system containing 5 pl of 5 x reaction buffer, 5 ul of 5 x GC
buffer, 2 il of ANTP (2.5 mM), 1 pl of forward primer (10 pM),
1 wl of reverse primer (10 wM), 8.75 pl of ddH,0, 0.25 pl
of Q5 DNA polymerase (NEB, M0491L), and 2 pl of DNA
template. PCR was conducted in an Applied Biosystems® 2720
PCR amplification instrument (Applied Biosystems Instruments,
Thermo Fisher Scientific, Waltham, MA, United States) under
the following conditions: initial denaturation for 2 min at 98°C;
30 cycles of 15 s at 98°C, 30 s at 55°C, and 30 s at 72°C; and final
extension for 5 min at 72°C.

The PCR products were detected using two agarose gel
electrophoresis. Amplicons were purified again and quantified
using the Quant-iT PicoGreen dsDNA Assay Kit (Microplate
reader, BioTek, FLx800, Winooski, VT, United States). All
purified amplicons for each sample were mixed. The DNA
library was constructed according to the TruSeq Nano DNA
LT Library Prep Kit, and sequencing was performed on the
Mumina MiSeqPE250.

Sequencing Data Processing

Raw sequencing data were filtered and quality assessed; and
subsequently, the query sequence was removed. The data
processing then proceeded as follows: (1) raw sequencing data
performed on the [llumina MiSeq platform were saved in FASTQ
format, and paired-end sequencing data were filtered in a sliding
window method: (a) the window size was 10 bp, and the step
size was 1 bp; (b) moving from the first base position at the 5
end; (c) the average sequencing accuracy of bases was >99; (d)
the truncated sequence length was >150 bp; and (e) ambiguous
base (N) was not allowed. (2) Paired-end sequenced reads of
each library were overlapped by FLASH version 1.2.7'(Magoé
and Salzberg, 2011): (a) the overlapping base length of the two
sequences Read 1 and Read 2 >10 bp; and (b) the mismatch base
number was less than 10 of the length of the overlapping base.

1http://ccb.jhu.edu/software/FLASH/

(3) Incorrect sequences were identified using QIIME software
(Quantitative Insights Into Microbial Ecology, v1.8.0%) (Caporaso
et al., 2010): (a) sequence length >160 bp; (b) no ambiguous
base (N); (c) sequences with 5 primer mismatch base numbers
>1 were not allowed; and (d) sequences containing consecutive
identical base numbers >8 were not allowed. (4) Chimeric
sequences were detected and removed through USEARCH
(v5.2.236%) and QIIME software (v1.8.0, see text footnote 2).

Operational Taxonomic Unit Clustering

and Taxonomy Annotation

The high-quality sequences were clustered into operational
taxonomic units (OTUs) at 97 sequence similarity using
USEARCH software and by the UPARSE-OTU algorithm. The
sequences with the highest abundance in each OTU were selected
as the representative sequences of each OTU. The representative
sequence was assigned taxonomically using QIIME software
by searching against the Greengenes database (Release 13.8*)
(DeSantis et al., 2006) with default parameters. Later, an
original OTU composition table was created to record the OTU
abundance for each sample and the taxonomic classification for
each OTU. OTUs with abundance <0.001 of the total sequences
in all samples were discarded (Bokulich et al., 2013).

Statistical Analysis

Chi-square tests and ¢-tests were used to compare demographics
and tumor characteristics between patients with proximal
and distal CRCs. The richness and evenness of the species
were performed by R software and were represented on a
rank abundance curve. Microbial alpha diversity was analyzed
by sampling-based OTU table. Microbial alpha diversity was
presented by Chaol, ACE, Shannon, and Simpson diversity
indices (Paul et al, 2015), which were calculated using the
Wilcoxon rank sum test. t-Test was used to compare alpha
diversity and tumor characteristics in patients with proximal
and distal CRCs. For beta diversity, permutational multivariate
analysis of variance (PERMANOVA) was used to assess
microbial community structure differences between two groups.
The principal coordinates analysis (PCoA) was conducted
by weighted UniFrac and unweighted UniFrac distances. For
microbial taxonomic composition, we performed Metastats
method to compare microbial differences between the proximal
and distal tumor tissues (White et al., 2009).> The expression level
of Fusobacteria was categorized into “high” and “low” using the
median value as cut-off point, while samples with undetectable
Fusobacteria expression were categorized as negative. Chi-square
tests, Fisher’s exact test, and f-test were used to compare the
relationship between Fusobacteria and tumor characteristics.
The Kaplan-Meier method was used to analyze the relationship
between differential flora and OS in the patients with proximal
and distal CRCs.

Zhttp://qiime.org/
3http://www.drive5.com/usearch/
*http://greengenes.secondgenome.com/
“http://metastats.cbcb.umd.edu/
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RESULTS

Demographic Characteristics of Patients
With Proximal and Distal Colorectal

Cancer

A total of 329 CRC matched tumor tissues and adjacent non-
tumor tissues from Chinese patients were collected. After a strict
pathological diagnosis, 187 paired proximal colon cancer samples
and 142 paired distal CRC tissue samples were included in this
study. These samples consisted of tumor tissues and adjacent
non-tumor tissues. The microbial diversity of all tissue samples
collected was detected by 16S rRNA Illumina MiSeq sequencing.
Microbial community analysis was performed between the
proximal and distal tumor tissues as well as between the proximal
and distal non-tumor tissues (Figure 1).

The clinical characteristics of patients with proximal and distal
CRCs are as shown in Table 1. There were significant differences
in tumor diameter between patients with proximal colon cancer
and patients with distal CRC (p < 0.001). The tumor diameters
from patients with proximal and those with distal CRC were
5.4 cm (SD, 2.3 cm) and 3.9 cm (SD, 1.7 cm), respectively. It was
found that there were no significant differences in other variables,

such as age, gender, or tumor differentiation between the two
groups (all p > 0.05).

Estimation of Sequencing Depth

A dataset of 23,220,738 high-quality sequences was obtained
from 329 pairs of tissue samples. It was found that each of
these samples had an average length of 430 bp and 35,389 reads.
Rarefaction curves showed that the sequencing depth basically
approached saturation in all samples (Figure 2A). Moreover, a
Venn diagram illustrating the relationship between the groups
showed that 100 of 799 OTUs were unique for proximal tumor
tissues compared with distal tumor tissues (Figure 2B). On the
other hand, the Venn diagram also show that only 16 of 778
OTUs were unique for proximal non-tumor tissues compared
with distal non-tumor tissues (Figure 2C).

Increased Gut Microbial Alpha Diversity
in the Proximal Colorectal Cancer Group

To estimate microbial community richness and diversity within
the samples, the alpha diversity indices, including ACE, Chaol,
Shannon, and Simpson, were analyzed in different tissues. It
was found that there were significant differences between the
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TABLE 1 | Clinical characteristics of patients with proximal and distal CRCs.

Characteristics Totaln =329 Proximal CRC Distal CRC p-Value

(%) n=187(%)  n=142(%)

Age (years) 57.16 £ 13.14 57.65+13.85 56.53 +£12.12 0.446
Gender 0.058
Female 140 (43) 88 (47) 52 (37)

Male 189 (57) 99 (53) 90 (63)

Tumor diameter 48+22 54+23 39+17 <0.001
(cm)

Tumor location

Cecum 42 (13) 42 (23) -

Ascending colon 66 (20) 66 (35) -

Hepatic flexure 41 (12) 41 (22) -

Transverse colon 30 (9) 30 (16) -

Splenic flexure 8(2) 8 (4) -

Descending colon 36 (11) - 36 (25)

Sigmoid colon 51 (16) - 51 (36)

Rectum 55 (17) - 55 (39)
Differentiation 0.620
Well to moderate 244 (83) 135 (82) 109 (84)

Poor 49 (17) 29 (18) 20 (16)

There were 42 cases of proximal colon cancer in the cecum, 66 in the ascending
colon, 41 in hepatic flexure, 30 in transverse colon, and 8 in splenic flexure. There
were 36 cases of distal CRC in the descending colon, 51 in the sigmoid colon,
and 55 in the rectum. The categorical and continuous variables were analyzed by
Chi-square tests and two independent samples t-tests.

CRC, colorectal cancer.

proximal and distal tumor tissues in ACE, Chaol, Shannon,
and Simpson indices (p = 0.0062, 0.0058, 0.0074, and 0.0331,
respectively) (Figures 2D-G). However, there were no significant
differences in ACE, Chaol, and Shannon indices between the
proximal and distal non-tumor tissues (p = 0.4764, 0.4852, and
0.1218, respectively) (Figures 2H-J) except in the Simpson index
(p = 0.0125) (Figure 2K). The Simpson index indicated that the
proximal colorectal tumor samples showed a larger variation in
a-diversity values than distal CRC, whereas the non-colorectal
samples had more constant values.

Microbial Diversity Association With
Tumor Clinical Parameters and Specific

Microflora

A correlation analysis was performed to determine whether
microbial alpha diversity was associated with clinical parameters
in the proximal and distal CRC tumor tissues. It indicated that the
association between the alpha diversity of the Shannon index and
clinical characteristic (tumor clinical parameters tumor diameter,
tumor pT stage, depth of tumor invasion, lymph node metastasis,
and distant metastasis) was not statistically significant in both
the proximal and distal tumor tissues (p > 0.05, Table 2). This
study also assessed the relationship between microbial alpha
diversity with the Shannon index and median overall survival
of patients with CRC. However, we did not find a significant
association between the alpha diversity and survival of patients
with CRC (Supplementary Figure 1A). It was found that these
relationships did not achieve statistical significance when analysis

was performed within proximal and distal CRCs separately
(Supplementary Figures 1B,C).

The association between microbial alpha diversity and specific
microflora was further investigated in correlation analysis
(Table 2). In proximal tumor tissues, the abundance of
Fusobacteria showed an inverse correlation with alpha diversity,
while the enrichment of Firmicutes showed a positive correlation
with alpha diversity (both p < 0.0001). On the other hand,
in distal tumor tissues, the abundance of Proteobacteria was
inversely correlated with alpha diversity, while the abundance
of Bacteroidetes was associated with higher alpha diversity
(both p < 0.0001).

Microbial Communities in Composition

in Proximal and Distal Colorectal Cancer
Beta diversity was assessed using PERMANOVA to determine the
differences in microbial compositions between sub-anatomical
samples. Both unweighted and weighted UniFrac distance
indicated that the proximal and distal CRC samples had a
statistically significant difference on microbial compositions
(p = 0.002, Table 3). For non-tumor tissues, unweighted UniFrac
distance showed a significant difference (p = 0.033, Table 3)
between the normal proximal and distal intestinal tissues.
However, the weighted UniFrac analysis indicated that there
was no significant difference between the two normal groups
(p =0.209, Table 3).

At the phylum level, the four most relatively abundant
phyla in the 329 CRC tissues were Proteobacteria, Firmicutes,
Actinobacteria, and Bacteroidetes, accounting for 92% of the
total community (Figure 3A). At the genus level, the four
dominant genera in the 329 CRC tissues were Acinetobacter,
Cupriavidus, Sphingobium, and Sphingomonas (Figure 3B). To
further compare microbial community differences between the
proximal and distal tumor tissues, we conducted the Metastats
comparison. As shown in Figure 3C, 16 phyla including
Acidobacteria, Bacteroidetes, Chloroflexi, ~Cyanobacteria,
Deferribacteres, Elusimicrobia, Firmicutes, and Fusobacteria
were enriched in proximal tumor tissues compared with
distal tumor tissues (p < 0.05). Correspondingly, the genera
Actinomyces, AlistiPes, and Helicobacter were increased in
proximal tumor tissues compared with distal tumor tissues
(p < 0.05, Figure 3D). In addition, Proteobacteria were enriched
in distal tumor tissues compared with proximal tumor tissues
(p < 0.05, Figure 3E). These results show that the composition
of microbial community differs in proximal and distal CRCs, but
a nearly constant community is maintained in normal proximal
and distal colorectal tissues.

Association of Fusobacteria Status With

Clinical Characteristics and Outcomes

This study also tested the association of the status of Fusobacteria
with the clinical characteristics of the 329 CRC patients. This was
because Fusobacterium species are important in the development
of CRC. It was revealed that the status of Fusobacteria was
associated with the age of the patients (p = 0.019, Table 4) and
tumor diameter (p = 0.046, Table 4). In addition, the results
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of this study also indicated that Fusobacteria was positivity
associated with MSI status (p < 0.0001, Table 4). However, there
was no association was found for the genetic mutations in KRAS,
NRAS, BRAF, and PIK3CA (all p > 0.05, Table 4).

Furthermore, the correlation between Fusobacterium
status and survival outcomes in the patients with CRC was
tested through the Kaplan-Meier analysis. It was revealed
that the median survival time of Fusobacteria-high CRC
patients was shorter than that of Fusobacteria-negative
patients (Figure 4A). However, this difference was not

statistically significant (p = 0.173). Stratification analyses of
the association of Fusobacterium status with overall survival time
in 329 CRC showed that high Fusobacteria in proximal CRC
tissues was associated with significantly shorter survival time
(p = 0.037, Figure 4B) than Fusobacteria-negative populations.
However, the trend was not obvious in patients with distal CRC
(p = 0.835, Figure 4C).

Meanwhile, the association of other enriched microbial
communities in proximal tumor tissues with the survival time
was also analyzed in this study. However, it was found that

Frontiers in Microbiology | www.frontiersin.org

September 2021 | Volume 12 | Article 727937


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Jin et al.

Tumor Microbial in Colorectal Cancer

TABLE 2 | Associations of alpha diversity in proximal and distal CRC tumor
tissues with tumor characteristics.

TABLE 3 | Beta diversity assessed by weighted and unweighted
UniFrac distances.

Characteristics Alpha diversity (Shannon index)

Proximal p-Value Distal tumor p-Value
tumor (n =142)
(n =187)

Tumor diameter 0.519 0.906
(cm)

<2 3.25 3.09

2-5 3.36 2.30

>5 3.24 2.99

pT stage 0.150 0.569
™ 2.91 2.90

T2 3.75 2.82

T3 3.33 3.06

T4 3.1 2.90

pN stage 0.401 0.065
NO 3.27 3.11

N1-2 3.29 291

Distant metastasis 0.674 0.580
MO 3.33 3.01

M1 3.13 2.96

Fusobacteria 0.000*** 0.120
High 3.11 2.98

Low/negative 4.66 3.28
Acidobacteria 0.564 0.206
High 3.19 2.98

Low/negative 3.32 3.01

Firmicutes 0.000*** 0.843
High 4.05 3.06

Low/negative 2.97 2.99

Bacteroidetes 0.071 0.000***
High 3.08 3.78

Low/negative 3.34 2.86
Proteobacteria 0.856 0.007**
High 3.29 2.84

Low/negative 3.26 3.68

We defined the level of microfiora (high and low/negative) based on the average
abundance of microbiota in tumor tissues.

pT, depth of tumor invasion; M, distant metastasis of primary tumor.

**p < 0.01;, ™p < 0.001.

there was no significant association of these microbes with the
survival time of patients with CRC except for Fusobacteria
(p > 0.05) (Table 5).

DISCUSSION

This study tested the hypothesis that microbial communities
for proximal and distal CRCs was heterogeneous and related
to clinical features and survival outcomes. The 16S rRNA
high-throughput sequencing in 329 pairs of tumor tissues and
extratumoral paracancerous tissues (187 pairs of proximal CRC
and 142 pairs of distal CRC) revealed different microbial alpha
and beta diversities between the proximal and distal CRC tissues.

Metric Model F R? p-Value
UniFrac distances
(unweighted)
Proximal vs. distal 4.833 0.015 0.002**
(tumor)
Proximal vs. distal 2.021  0.006 0.033"
(non-tumor)
UniFrac distances
(weighted)
Proximal vs. distal 6.302 0.019  0.002**
(tumor)
Proximal vs. distal 1.454  0.004 0.209

(non-tumor)

Weighted and unweighted UniFrac distances between different samples.
P < 0.05; *p < 0.01;, **p < 0.001.

However the 16S rRNA high-throughput sequencing shows
relatively constant microbial diversity in the paracancerous
non-cancer tissues of the proximal and distal colorectum.
A comparative study of subanatomical tumor microbiota showed
that proximal CRC was rich in Acidobacteria, Bacteroidetes,
Chloroflexi, Cyanobacteria, Deferribacteres, Elusimicrobia,
Firmicutes, and Fusobacteria, while distal CRC was rich in
Proteobacteria at the phylum level. Additionally, we found that
the status of Fusobacteria was associated with the age of the
patients, tumor diameter, and MSI status, but not with genetic
mutations in KRAS, NRAS, BRAE and PIK3CA. Notably,
Fusobacteria-high individuals had weak prognosis in proximal
colon cancers, but Fusobacteria was not significantly associated
with survival time in distal CRC. The results of this study
suggest that significant heterogeneity in microbial diversity
and composition exists in proximal colon cancers and distal
CRCs. Furthermore, it is evident that Fusobacteria is an adverse
prognostic factor especially in proximal colon cancer. To the best
of our knowledge, this is the first study to explore the difference
of the tumor microbiome on clinical outcomes between proximal
colon cancers and distal CRCs.

Anatomically, CRC is divided into the splenic curvature into
distal CRC (including the descending colon, sigmoid colon, and
rectum) and proximal CRC (which include the cecum, and
ascending and transverse colon). Epidemiological analysis shows
that the incidence of proximal CRC is increasing while that
of distal CRC is decreasing worldwide (Benedix et al., 2010a;
Brenner et al., 2010). The differences in biological behavior
of proximal and distal CRCs have been the focus of several
clinical studies. Bufill (1990) first systematically expounded the
differences of proximal and distal CRCs from the aspects of
epidemiology, pathology, cytogenetics, molecular characteristics,
and carcinogenesis mechanism and proposed that proximal and
distal CRCs were two status of diseases. In recent years, more
scientific data have further validated this view (Lanza et al.,
1994; Iacopetta, 2002; Benedix et al., 2010b; Yang et al., 2018).
However, the gut microbiota heterogeneity in CRC has not been
fully delineated. Our study elucidated that proximal and distal
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FIGURE 3 | Profiles of the microbial compositions and differential communities at the phylum and genus levels. Microbiota compositions at the phylum level (A) and
genus level (B) between proximal and distal tumor tissues. The enriched microbial communities in proximal tumor tissues vs. distal tumor tissues, at the phylum level
(C) and genus level (D). The enriched microbial community in distal tumor tissues vs. proximal tumor tissues at the phylum level (E). *p < 0.05; **p < 0.01;
**p < 0.001.

CRCs also have intestinal microbial differences in the tumor
microenvironment, and these results offered a complementary
perspective to CRC heterogeneity studies. Recently, Riquelme
et al. (2019) first reported that the level of alpha diversity of
tumor tissue in patients with pancreatic cancer correlated with
the prognosis and survival rate of the patients. Our study suggests
that microbial diversity and composition are relatively constant
in adjacent non-tumor tissues between the proximal and distal
colorectum. However, it was suggested that for tumor tissues, the
species diversity in proximal colon cancers is more abundant than
distal CRCs. Additionally, further analysis did not find a potential
relationship between the alpha diversity and the survival time.
The most abundant phyla in the CRC tissues were Proteobacteria,
Firmicutes, Actinobacteria, and Bacteroidetes. This finding is
partly consistent with reports by Xu et al. (2020), who scrutinized
the previous data on intestinal bacteria from patients with
CRC. Interestingly, in the proximal tumor tissue, the relatively
abundant phyla were Acidobacteria, Bacteroidetes, Chloroflexi,
Cyanobacteria, Deferribacteres, Elusimicrobia, Firmicutes, and
Fusobacteria. Only Proteobacteria was found enriched in
distal tumor tissues. Although the underlying mechanism of

microbial enrichment in the right colon cancer is not clear,
the microenvironmental or biological factors specifically found
in the proximal colon region were likely important potential
influencing factors. For instance, Dejea et al. (2014) found that
the bacterial biofilms in the right colon tumor were more dense
as compared with those in the left colon tumor. Moreover,
the present study found that the abundance of the Firmicutes
had a negative correlation with the alpha diversity level, which
collaborates the findings of Flemer et al. (2017). Meanwhile, it
was also detected that Fusobacteria in proximal colon cancer and
Proteobacteria in distal CRC were negatively correlated with the
microbiota alpha diversity level.

Several studies have shown that CRC with Fusobacteria-high
induced a series of specific tumor molecular events, including
CIMP, MSI, and genetic mutations in KRAS, BRAFE, TP53, etc.
(Tahara et al., 2014; Mima et al., 2015, 2016; Yamaoka et al., 2018).
Our study indicates that the abundance of Fusobacteria in CRC
tumor tissues was closely related to tumor diameter, which was
consistent with the report by Yamaoka et al. (2018). Additionally,
it was found that the abundance of Fusobacteria in CRC tumor
tissues was associated with MSI status, but not KRAS, NRAS,
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TABLE 4 | Characteristics according to the relative abundance of
Fusobacteria in CRC tissue.

Characteristics Fusobacteria - Fusobacteria- p-Value
high low/negative

Age (years) 62.42 £ 13.2 56.62 + 13.01 0.019*

Gender 0.403

Female 11 (35) 129 (42)

Male 20 (65) 169 (58)

Tumor diameter (cm) 55+26 47 +1.4 0.046*

Differentiation 0.165

Well to moderate 21 (75) 223 (84)

Poor 7 (25) 42 (16)

pT stage 0.398

T +T2 3(10) 14 (5)

T3+ T4 27 (90) 248 (95)

Lymph node metastasis 0.133

NO 20 (65) 150 (50)

N1 + N2 11 (35) 148 (50)

Distant metastasis 0.247

MO 27 (90) 234 (82)

M1 3(10) 53 (18)

AJCC disease stage 0.057

-1l 17 (59) 112 (40)

-1V 12 (41) 166 (60)

Liver metastasis 0.249

Absent 30 (97) 270 (91)

Present 1) 28 (9)

MSI status 0.000***

MSI-high 9 (43) 20 (10)

Non-MSI high 12 (57) 185 (90)

KRAS mutation 0.268

Wild-type 8 (40) 74 (53)

Mutant 12 (60) 65 (47)

NRAS mutation 0.585

Wild-type 19 (95) 129 (93)

Mutant 1(5 10 (7)

BRAF mutation 0.366

Wild-type 18 (90) 131 (94)

Mutant 2 (10) 8(6)

PIK3CA mutation 0.228

Wild-type 1(50) 14 (93)

Mutant 1(50) 1(7)

The p-values for categorical and continuous variables were analyzed by Chi-
square test and Fisher's exact test, and continuous variables were analyzed by
two independent-samples t-test.

AJCC, American Joint Committee on Cancer; MSI, microsatellite instability; CRC,
colorectal cancer.

*n < 0.05; **p < 0.001.

BRAEF and PIK3CA gene status. These results are in agreement
with the findings of a United States population-based cohort
study that showed that Fusobacteria was associated with MSI
status independent of BRAF and CIMP mutation status (Mima
etal, 2016). Tahara et al. (2014) also reported that the abundance
of Fusobacteria was associated with MSI, CIMP, TP53, CHD7,
and CHD8 mutation status but not KRAS and BRAF. However, a
Japanese study reported that higher abundance of Fusobacteria

in CRC tumor tissues was associated with KRAS mutation
(Yamaoka et al., 2018). These discordant results could be due to
different geographical or racial/ethnic cross study populations.

Fusobacterium is a non-spore-forming Gram-negative rod
belonging to the family of Fusobacteriaceae (Olsen, 2014). There
is emerging evidence implicating the potential involvement
of Fusobacterium in CRC (Kostic et al., 2013; Rubinstein
et al., 2013). Previous studies suggested that the abundance of
Fusobacterium in CRC is higher than that of healthy individuals.
Furthermore, the high level of Fusobacterium in CRC usually
predicts poor prognosis. Consistently, the present study found
that the CRC tissues had more abundant Fusobacteria than the
paired non-tumor tissues. Two other interesting findings are
also highlighted in this study. First, in CRC, the abundance of
Fusobacteria in proximal tumor tissues was higher than that of
the distal CRC tissues. These results corroborate the findings
of Mima et al. (2016), who suggested that the proportion of
Fusobacterium-high CRC gradually increased from the rectum
to cecum, with a statistically significant linear trend along
all subsites. Second, the higher abundance of Fusobacteria in
proximal colon cancer is associated with shorter overall survival
of patients by the Kaplan-Meier survival analysis. In distal
CRC tissues, though Fusobacteria-high individuals had the least
survival time than the Fusobacteria-low/negative individuals,
the difference was not statistically significant. This finding has
important implications in that because proximal colon cancer
usually has a worse prognosis and is prone to peritoneal
metastasis (Petrelli et al., 2017; Cannon and Buechler, 2019), this
highly aggressive microorganism of Fusobacteria may act as one
of accomplices behind the scenes. Some scholars discovered that
Fusobacterium adhered to human epithelial cells (Han et al., 2000;
Han et al., 2004), activated WNT signals (Rubinstein et al., 2013),
and promoted oncogene expression (Rubinstein et al., 2013). In
CRC, Fusobacterium facilitated carcinogenesis mainly through
two toxic factors, Fap2 (Gur et al.,, 2015) and Fad A (Rubinstein
et al., 2013). It was recently found that Fusobacterium promotes
CRC chemoresistance by regulating autophagy and the Toll-like
receptor (Yu et al., 2017). This suggests that Fusobacteria plays
an important role in the development of proximal colon cancer,
which may be an important focus for future prevention and
treatment of proximal CRC.

The strengths of this study include that it used a relatively large
sample size, integrated tumor, and patient basic information.
The study also used the follow-up survival data to analyze
microbial differences in distal, proximal CRC tissues, and
distal and proximal paracancerous normal tissues as well as to
explore the relationship of the differences in the clinical features
and survival rates.

This study had some several limitations. First, routine
histopathological procedures may have affected the ability of
16S rRNA sequencing to uncover the microorganisms in FFPE
tissue specimens, and potential DNA contamination may exist.
Although there was a possibility that the measurement errors
in FFPE tissue specimens may have pushed the results to
the null hypothesis, the unmeasured confounders cannot be
ruled out. However, our validation study showed differences in
Fusobacteria using FFPE tissue specimens, which is consistent
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TABLE 5 | Association of microbial communities with overall survival of proximal and distal CRCs.

Microbial communities

OS in proximal CRC patients (months)

OS in distal CRC patients (months)

High Low/negative p-Value High Low/negative p-Value
Firmicutes 44.7 48.3 0.185 42.8 39.5 0.356
Bacteroidetes 43.7 47.5 0.305 42.8 37.4 0.639
Proteobacteria 48.3 45.0 0.347 37.0 38.2 0.473
Cyanobacteria 46.6 45.8 0.847 38.6 37.2 0.552
Acidobacteria 46.4 471 0.596 37.8 41.9 0.063
Deferribacteres 46.8 46.6 0.673 45.3 45.8 0.129
Elusimicrobia 44.8 46.9 0.467 46.1 40.5 0.238
Nitrospirae 44.2 47.5 0.618 37.8 42.7 0.237
OD1 51.8 45.6 0.068 40.6 411 0.855
Planctomycetes 46.7 46.4 0.678 41.5 32.3 0.830
Tenericutes 45.7 46.8 0.881 43.4 41.3 0.789
™7 46.9 46.1 0.947 46.8 40.9 0.136
Verrucomicrobia 45.3 46.6 0.791 39.8 41.3 0.991
WPS2 471 46.5 0.985 45.5 40.4 0.269
Fusobacteria 26.6 38.5 0.005** 29.5 34.7 0.789

We define the level of microfiora (high and low/negative) based on the median abundance of microbiota in tumor tissues.

OS, overall survival; CRC, colorectal cancer. *p < 0.05; **p < 0.01.

with the previous study by Mima et al. (2016). In addition,
our data on the Fusobacteria relationship with the tumor
molecular characteristics of MSI and KRAS/NRAS/BRAF status
were consistent with studies using frozen tissue specimens
(Tahara et al, 2014) and another study with FFPE tissue
specimens (Mima et al., 2016). Second, the patients who
had received radiotherapy, chemotherapy, targeted therapy, or
immunotherapy prior to surgery were excluded from the study
because these systematic treatments may affect the detection
of microorganism in surgical specimens. Third, we did not
synchronously examine other specimen of microbes, such as
using saliva and feces in CRC individuals. Fourth, the patients
were enrolled from only a single large-scale general institution,
and their data were analyzed retrospectively. Recently, a small
population-based study in the United Kingdom analyzed the

microbial difference in 24 anemic CRC patients receiving
intravenous iron therapy (Phipps et al., 2021). It showed that the
microbial diversity between the right and left subsites of CRC
tumor tissues was not obvious. In fact, very few CRC patients
would undergo intravenous iron therapy before surgery, and such
cases are not representative of the full gamut of the disease.
But whether the sample type and size, population race, or iron
supplements leads to the different results is worthy of further
exploration. Nevertheless, given the complicated interaction of
microbiota with the host in human CRC, this retrospective
study provides new data with an important reference value.
However, there is a need for future prospectively designed
investigations with a large sample on the gut microbiota
using fresh tissue and fecal microbiota to be validated for the
heterogeneity of CRC.
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CONCLUSION

This study demonstrates the differences in the composition
and diversity of the intestinal microbial communities between
the proximal and distal tumor tissues. The abundance of
Fusobacteria in CRC tissue was specifically associated with age,
tumor diameter, and MSI status. Moreover, Fusobacteria was
a potential microbial biomarker predicting the prognosis of
proximal colon cancers but not distal CRCs. The findings of
this study provide a theoretical reference for more accurate
understanding of intestinal microbial diversity and differences
between proximal and distal CRCs. Given the potentially
profound implication of the Fusobacteria on proximal colon
cancers, further studies to predict the occurrence of lesions,
to assess the risk of recurrence via Fusobacteria changes, and
to design appropriate combination therapy strategies in CRC
precise treatment are warranted.
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