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ABSTRACT

Effect of the Tumor Microenvironment and Microbiome

on the CMS of Colorectal Cancer

Shin Young Chang

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Tae Il Kim)

CMS4, a subtype of colorectal cancer (CRC), is a mesenchymal subtype with high
stromal content and the worst survival. Its main causative factors are still unknown.
Since the gut microbiome is an essential part of the tumor microenvironment (TME)
of CRC, | hypothesized that gut bacteria played a significant role in inducing this
cancer subtype. RNA sequencing and CMScaller were used on patient tumor tissues
(n=115) and patient-derived organoids (PDOs, n=115) for gene expression data and
to identify their CMS. 16S-rRNA Microbiome Taxonomic Profiling (MTP) was used
to find CMS4-specific bacteria in the tissues of the same patient group. Single-cell and

coculture experiments were performed using CRC CMS2 cell line (LS1034) and PDOs.

Vi



For coculture, 18Co and THP1 were used to represent TME cells. Bacteria treatment
was done in two combinations for coculture experiment: bacteria treatment of 1) both
TME cells and PDO/cell line, 2) only the TME cells. PDOs were treated with bacteria
for 1.5 hours, and cell lines (LS1034, TME) were treated for 2 hours in anaerobic
conditions before they were cultured in aerobic conditions. Gene Set Enrichment
Analysis (GSEA) was used for CMS4-specific gene expression analysis. MTP analysis
revealed that Bacteroides fragilis had a large LDA effect size of 4.38 (p-value = 0.008)
in CMS4 tissue microbiome relative to other subtypes (CMS2 and CMS3). CRC
patients with CMS4 tissues and non-consensus subtype PDOs were selected and used
for in vitro experiments. CMScaller results showed that LS1034 cultured without
TME cells had constant subtype after both 24 hours and 7 days although for PDOs it
changed to CMS3. TME-cocultured PDOs subtype did not change after 24 hours from
seeding, but it changed to CMS4 after 7 days only in B. fragilis-treated conditions.
GSEA analysis displayed significant upregulation of CMS4 genes in B. fragilis-treated
TME-cocultured PDOs compared to when bacteria is treated to both PDO and TME
cells and in untreated samples (Enrichment Score = 0.294, p-value<0.001).
Furthermore, KEGG pathway enrichment analysis showed significant upregulation of
cancer-associated pathways in bacteria-treated PDOs. We found that B. fragilis is

highly enriched in CRC CMS4 tissues and demonstrated that B. fragilis induced

vii



CMS4 genes significantly in cocultured PDO model.

Key words: colorectal cancer, consensus molecular subtype, microenvironment,
microbiome, Bacteroides fragilis
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Effect of the Tumor Microenvironment and Microbiome

on the CMS of Colorectal Cancer

Shin Young Chang

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Tae Il Kim)

I. INTRODUCTION

Colorectal cancer (CRC) is the third most prevalent cancer worldwide, with almost 2
million cases in 2020, and it is only second to lung cancer in terms of lethality®. Although
preventative measures such as CRC screenings help to diagnose cancer in its early stages and
start prompt treatment, current diagnosis methods only have a 40 percent success rate in
detecting early CRC?. Furthermore, CRC cases can recur after treatment or surgery, which can

be attributed to the heterogeneous nature of CRC tumors.

In 2015, the CRC subtyping consortium formed the consensus molecular subtyping

(CMS) system after extensive data analysis of core subtyping patterns in the gene expression



of the heterogenous cancer®. They categorized CRC into four major molecular subtypes that
cover almost 87 percent of all cases and allow for targeted patient therapy based on their
subtype. CMS1 is characterized by hypermethylated DNA, frequent BRAF mutations and high
microsatellite instability. CMS2 is the differentiated epithelial subtype that most frequently
ails patients and has upregulated WNT and MYC signal transduction pathways. CMS3 is
signified by metabolic dysregulation and overrepresented KRAS mutations and CMS4 is a
mesenchymal subtype characterized by stromal infiltration, high TGF-b signaling, and
angiogenesis. Of the four subtypes, CMS4 has the worst survival rate in both relapse-free and
overall survival conditions. Patients with this subtype are usually diagnosed at the later stages
(I'and V) of cancer. The invasive and mesenchymal characteristics of CMS4 often lead to
metastasis and thus indicate a poor prognosis for the patient®. As CMS4 is a mesenchymal

subtype, the tumor microenvironment (TME) is undoubtedly significant to understanding it.

Since long ago, in vitro studies performed to research CRC and drug discovery widely
involved using 2D cell line culture. The recent establishment of 3D organoid culture
techniques with better clinical translation and representation of in vivo environment than 2D
cultures have made them powerful alternatives for use in research®. However, there lies a major
drawback to both as they lack the complex tumor microenvironment with multiple cell types
interacting with each other, usually present naturally in CRC patients. Numerous scientific
articles have been published that go in-depth on the significance of TME, such as cancer-

associated fibroblasts (CAFs), in cancer progression®. The lack of TME components in cell



cultures makes them a poor model for CRC studies, especially for subtypes such as CMS4 that
are stromal-rich and depend heavily on their microenvironment for tumor progression. The
TME consists of multiple non-epithelial cell types, including vasculature, CAFs, inflammatory
cells, extracellular matrix (ECM), and other molecules associated with the matrix.
Transformed epithelial cells in tumor are known to manipulate their microenvironment to

boost their growth, survival, and spread’.

There is another component that is an essential part of CRC TME: the gut microbiome.
The human gastrointestinal (GI) tract consists of trillions of microorganisms that have evolved
over thousands of years and usually live in a mutually beneficial symbiotic relationship with
their host. The microbiome comprises archaea, eukarya, and bacteria. 16S ribosomal RNA and
whole-genome shotgun metagenomic studies found that 93.5% of the gut microbiome
consisted of species belonging to the Proteobacteria, Firmicutes, Actinobacteria, and
Bacteroidetes phyla. However, it is a dynamic composition that changes depending on diet,
health, environment, and other intrinsic and extrinsic factors®°. The microorganisms living in
the GI tract have a variety of functions, including protecting from pathogenic invaders,
immune response regulation, and maintaining the intestinal epithelium. They usually affect
human health positively!'. Consequently, imbalances in the microbiota makeup can have
severe consequences, such as chronic inflammation, abnormal immune system and gut
dysbiosis which has been linked to various human diseases such as obesity, metabolic,

cardiovascular, inflammatory bowel disease (IBD), and CRC*2,



Several microbial species have been associated with being responsible for colorectal
cancer initiation and progression. In vivo studies using AOM-treated, colitis-susceptible, 1L10
deficient, germ-free mice found that +pks Escherichia coli NC101 induced invasive
adenocarcinomas in mono-colonised mice whereas other bacterial strain without the pks island
did not suggesting that bacterial strains with this gene could be carcinogenic. CRC and IBD
patients were also found to have a high abundance of +pks E. coli®*. Another study
found Fusobacterium nucleatum to be in increased quantities in adenomas and colorectal
cancer. When APC gene mutated mice were colonised with F. nucleatum, they had enhanced
colonic tumor formation, infiltration of myeloid cells and pronounced NF-«B proinflammatory
gene expression with upregulated PTGS2. The results suggested that the myeloid cell-
mediated inflammatory signaling may support early colorectal neoplasia's development into
cancer'4. Enterotoxigenic Bacteroides fragilis (ETBF) is yet another species that has been
directly associated as a promotor of colon tumorigenesis. ETBF produces a toxin (BFT) that
causes inflammatory diarrhoea, and research done in 2009 found that ETBF contributed to
colonic hyperplasia and tumorigenesis by using the STAT3/Th17 pathway and through

chronic inflammation?.

Furthermore, as the role of gut microbiota in CRC is becoming more prominent, the
microbiota composition has even been found to differ depending on the subtype and whether
it is an early or late-stage cancer. Certain species of bacteria were only significantly enriched

in one specific subtype, such as Fusobacterium hwasooki and Porphyromonas gingivalis in



CMS1 and Selenoma and Prevotella species in CMS226, The research did not include CMS4
tissues for microbiome analysis. Although research exists that comments on significant
differences in microbiome bacteria depending on the molecular subtype, thus far, there has
been no direct evidence of the effect of the tumor microbiome on the CRC CMS, especially in
the TME-dependent CMS4. Therefore, CRC tissue microbiome was investigated for species

enriched only in the CMS4 and its influence in inducing CMS4 was examined.



Table 1. Patient cohort characteristics. (n = number of patients)

Patients (n)
26-92 years
Age Mean = 63 years
Males 66
Gender Females 49
. Colonoscopy 52
Biopsy Method Surgery 53
Right 26
Site Left 47
Rectum 42
0 2
1 24
Stage 2 29
3 36
4 24
Well Differentiated 22
Moderately Differentiated 86
Histology Poorly Differentiated 3
Mucinous 2
Low Grade Dysplasia 1
other 1




Il. MATERIALS AND METHODS

1. Patient cohort and samples

Colorectal cancer tumor samples were collected from a total of 115 patients. Written
informed consent was obtained from patients prior to the beginning of the project. The study
was carried out with the approval of the Institutional Review Board of Yonsei University
College of Medicine, Severance Hospital (IRB No. 4-2012-0859) and all experiments were
performed according to the appropriate guidelines and regulations. The patients ranged
between 26-92 years (mean age, 63 years) with 66 male patients and 49 female patients.
Biopsy samples were obtained via either surgery or colonoscopy and the site of tumors
samples included 26 from the right colon, 47 from the left colon and 42 from the rectum.
Histologically, 22 tumors were described as well differentiated, 86 were moderately
differentiated and 3 were poorly differentiated. Table 1 presents detailed information

regarding patient cohort characteristics.

2. Cell culture and reagents

Human myofibroblast cell line (18Co) and monocytic myeloid cell line (THP-1) were
purchased from Korean Cell Line Bank (KCBL, Seoul, South Korea). CMS2 human
colorectal carcinoma cell line (LS1034) was purchased from the American Type Culture
Collection (ATCC, Maryland, USA). All cells were cultured in High Glucose Dulbecco's

modified Eagle's medium (DMEM) (Cytiva, Massachusetts, USA) supplemented with 10%



fetal bovine serum (FBS) (Gibco-Life Technologies, New York, USA), 100 units/ml

penicillin, and 100 mg/ml streptomycin (P/S) (Invitrogen, California, USA). All cells were

maintained in a 5% CO?2 incubator at 37°C.

For subculture, cells were seeded with a density of 1 x 10 cells/mL in 100 mm culture
plates and cultured until they reached 80% confluency. Cells were washed using 1x PBS
(GeneTech, Gyeonggi, South Korea). Adherent cells were detached from plate surface using
0.25% trypsin-EDTA (Invitrogen) and neutralized with High Glucose DMEM containing 10%
FBS, 1 %P/S. Cells density was measured using cell counter (NanoEnTek, Seoul, South

Korea).

For the monoculture experiments, 3x10° LS1034 cells were seeded in 6 well plates and
grown over 3 days. For coculture experiments, 1x10° LS1034 cells were seeded in the upper

well of 12-well transwell plate. For each coculture experiment, 1 x 10° cells of each cell line

(THP-1, 18Co) were mixed and cultured in lower well of a 12-well transwell.

3. Tumor organoid culture

Patient-derived tumor organoids (PDOs) were established from tissue samples of the
patient cohort in Table 1. Intestinal crypts were disassociated from tissue samples and
embedded in growth factor-reduced Matrigel (Corning, New York, USA), and seeded in 48-
well plates (20 pl of Matrigel per well). The Matrigel was left to polymerize for 15 min at

37°C after which 250 ul/well basal culture medium (Advanced DMEM/F12 medium



supplemented with 1% P/S, 1x Glutamax, 1x N2, B27 (Invitrogen), and 1mM N-acetyl-I-
cysteine (Sigma-Aldrich, St. Louis, MO, USA) was added with the following optimized
growth factor combinations: 2 mM Il-glutamine, 10 mM nicotinamide, 10 nM gastrin I,

500 nM A-83-01, 10 uM SB202190, 50 ng/ml EGF, 100ng/ml hNoggin and 100ng/ml Wnt3a.

All organoids were maintained in a 5% CO2 incubator at 37°C. For passaging, PDOs
were washed with PBS and disassociated using 1x TrypLE (Gibco-Life Technologies) after
which it was seeded in 20 ul Matrigel and overlaid with PDO growth media. For monoculture
experiments, 6x10° cells were seeded in 24-well culture plate and grown for 7 days in PDO
growth media. For coculture experiments, 3x10° organoid cells were grown in the upper
chambers of the transwell plates for 7 days. PDO cells in each condition were measured after

a week of growth.

4. Bacteria culture

Study was performed using Bacteroides fragilis, Fusobacterium nucleatum and
Lactobacillus Acidophilus from ATCC which were grown as suspension cultures on 5%
sheep blood (MBcell, Seoul, South Korea), Wilkins Chalgren (Oxoid, Basingstoke, UK) or
MRS Broth (MBcell) and 1g/L sodium thioglycolate (Sigma-Aldrich) in anaerobic conditions
using 2.5 L anaerobe jar (Oxoid) and CO; gas pack. Bacterial cell density was calculated
using ELISA plate reader using O.D. at 600 nm wavelength. Cell lines and PDOs were treated
with bacteria in a 1:100 cell to bacteria ratio. Cell lines in serum free media were treated with
bacteria for 2 hours in anaerobic conditions. PDOs suspended in serum free media were

9



treated with bacteria for 1.5 hours in anaerobic conditions. After bacteria treatment, growth
media supplemented with 100 ug/ml Normocure (Invitrogen) was added to the cells/PDO

and cultured in aerobic conditions.

Cell Tracker Red (CMTPX; Invitrogen) was used to label the bacteria to confirm cell
infection. The bacteria were treated with 1 uM of product and stored in anaerobic conditions
for 15 mins after which they were removed and washed with PBS before being used for cell

line or PDO treatment.

5. RNA isolation and sequencing, Quantitative RT-PCR and RNA sequencing

Total RNA was isolated using Trizol reagent (Gibco-Life Technologies) and RNeasy Plus
Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer protocol. RNA quantity
was assessed using NanoDrop ND-1000 spectrophotometer and sent for RNA sequencing to
an external company. cDNA synthesis from total RNA was performed using 5x Reverse
Transcription Master Premix (HK Genomics, Daejeon, South Korea). Real-time gPCR was
performed using SYBR Green Master mix (Enzynomics, Daejeon, South Korea) and primers

for CDX2, FRMD6, HTR2B, ZEB1 with GAPDH used for normalization.

6. Consensus Molecular Subtype classification

Read counts from RNA sequencing data were processed in CMScaller'” which is a R

package. It was used to predict a molecular subtype (CMS) of CRC for each sample based

10



on their gene expression profiles. For samples with non-classifiable subtypes, nearest CMS

prediction was used.

7. 16s rRNA MTP analysis

16s rRNA gene sequencing was used to perform comparative microbiome taxonomic
profiling (MTP) analysis using EzBioCloud!8. CMS4 16s rRNA samples were used as one
MTP set and CMS2 and CMS3 as another MTP set for all microbiome analysis. Alpha
diversity was found using Simpson Index and Alpha diversity richness was analyzed using
Chaol index. Beta diversity was calculated using Principal Coordinate Analysis (PCoA)
using Unifrac as a measure. Taxonomic biomarker discovery was performed using LEfSe

analysis to find meaningful microbiota abundances.

8. Gene-set enrichment analysis (GSEA)

GSEA software ver. 4.3.2. from Broad Institute was utilized to determine significantly
upregulated CMS4 genes in bacteria-treated samples compared to untreated samples®®. Fold
change values obtained from logCPM of RNAseq data of samples were run on GSEA pre-
ranked gene list using CMS4-specific gene set database which was obtained from
CMScaller®, Sets within the size range of 15 and 236 were analyzed and 1000 permutations
were done per analysis. The cut-off values were set to p value < 0.05 after which they were

written in red.

11



9. Statistical analysis

Statistical analysis was performed using free statistics software Jamovi (website:
https://www.jamovi.org). Wilcoxon Rank-sum test and Non-parametric, Kruskal Wallis tests
were performed as appropriate. P value threshold was set to 5% for statistical significance.
To assess similarity between tissue and PDO cocultured samples correlation matrix heatmap

was drawn using Spearman’s correlation coefficient after normalization of RNA expression

data with patient tissue’s data.

10. Bioinformatic analysis

KEGG pathway enrichment analysis was performed to discover functional roles of DEGs
in bacteria-treated samples. Database for Annotation, Visualization and Integrated Discovery
(DAVID) (website: https://david.ncifcrf.gov/home.jsp) was used for KEGG pathway
analysis using differentially expressed genes with fold change expression>2. Non-negative
matrix (NMF) clustering was performed using RNAsequencing read counts data and using

project R package.

12



1. RESULTS

1. Majority of CRC CMS4 tumor tissues change their subtype when cultured as

PDOs

The difference in CMS between CRC patient tumor tissues and PDOs was found after the
RNA of 115 colorectal cancer patients was collected and sequenced. This data was then
processed into CMScaller to identify each patient's CMS. Organoids cultured from these
patients were similarly analyzed and subtyped. The results showed that besides CMSL tissue
samples, other tissue samples all had a subset of tissues whose subtypes modified when
cultured as PDO (Fig. 1A). This was especially pronounced in the case of CMS4 as only 1.5%
of CMS4 tissues retained their subtype upon being cultured as organoids. In comparison, the

majority (89.6%) did not fit into any major molecular subtype as PDOs (Fig. 1B).
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Figure 1. CRC tissue subtypes changed when cultured as PDOs.
A. Alluvial plot shows CMS of 115 CRC patient tumor tissues compared with their subtype
post-culture as patient-derived organoids (PDO). B. Relative CMS proportions of PDOs after

being cultured from primary CMS4 CRC tumor tissue. n: number of each sample.

2. Bacteroides fragilis is substantially enriched in CMS4 tumor tissue microbiomes

The tissue microbiome of each subtype was analyzed to investigate the reason for the
subtype difference between tumor tissue and its respective organoid. 16S rRNA sequencing
data from 106 CRC patients of known subtypes (CMS2, CMS3, and CMS4) was processed in
a comparative Microbiome Taxonomic Profiling (MTP) analyzer to compare their relative
taxonomic compositions. 16s rRNA data of CMS2 and CMS3 were combined and compared
against the 16s rRNA MTP data of CMS4 to discover significant taxonomic biomarkers (Fig.
2A). Alpha diversity (Simpson) analysis displayed a considerable variety of microorganisms
in CMS4 tissue microbiome compared to CMS2 and CMS3 microbiome. However, Chaol
alpha diversity richness analysis did not show a significant difference in species richness of
the two sets (Fig. 2B-C). Additionally, microbiome beta diversity analysis using PCoA
between CMS4 and combined CMS2 and CMS3 data found meaningful difference between

the two MTP sets species communities with pseudo-F = 1.885 (Fig. 2D).

15



Averaged species taxonomic compositions of the two MTP sets uncovered a notable
difference in their B. fragilis carriage. CMS4 tissue microbiome had almost twice the
abundance of B. fragilis species community (7.99%) in contrast to CMS2, CMS3 microbiome
(4.19%) (Fig. 2E). LEfSe analysis of the 16s rRNA data also showed considerable LDA effect
size (LDA = 4.3, p value = 0.006) for B. fragilis species in CMS4 tissues compared to CMS2,
CMS3 tissues (Fig. 2F). A comparison of the taxonomic abundance of bacteria species having
LDA score > 3 in CMS4 tissues showed that B. fragilis had the most significant abundance in

CMS4 tissues (Fig. 2G).
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Figure 2. CMS4 tissue microbiome analysis compared to CMS2, CMS3 tissue
microbiomes.

A. Simple outline of the process of identifying subtype specific microbiome. (B-C) Box plots
show the alpha diversity richness (Chaol) and diversity index (Simpson) profiles of CMS4
tissue microbiome and CMS2 and CMS3 tissue microbiomes. D. Significance of beta diversity
distance and similarity at species-level was analyzed using principal coordinates analysis
(PCoA) with UniFrac set as the distance metric. E. Averaged species taxonomic compositions
of the CMS2 and CMS3, and CMS4 MTP sets. F. Linear Discriminant Analysis (LDA) Effect
Size (LEfSe) plot of differentially abundant taxonomic biomarkers identified in the gut
microbiome of CMS2 and CMS3 tissues, and CMS4 tissue. The threshold of the logarithmic
discriminant analysis (LDA) score was kept at 3. G. Relative taxonomic abundance of specific
bacteria species with LDA score > 3 in CMS4 tissues. *p value < 0.05; P: p value; F: pseudo-

F value; PC: principal coordinate.

3. CMS4 specific bacteria treatment of CMS2 CRC cell line resulted in increased

expression of CMS4 markers

To determine whether B. fragilis enrichment in CMS4 tumor microbiome carried meaning,
CMS2 colorectal carcinoma cell line, LS1034 was selected and treated with B. fragilis,
Fusobacterium nucleatum, and Lactobacillus acidophilus bacteria. F. nucleatum and L.

acidophilus were used as negative controls.
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To confirm that the bacteria could successfully infect cells, they were labeled with a
fluorescent probe and then added to the cell line for 2 hours in anaerobic conditions (Fig. 3A).
Fluorescent imaging revealed that LS1034 had successfully infected with bacteria as red
fluorescent signals could be seen from cells treated with bacteria. Cells not treated with

bacteria did not express any fluorescence (Fig. 3B).

To verify CMS specific gene expressions in cells treated with bacteria, g°PCR was carried
out using known CMS2 and CMS4 markers. Cells were treated with bacteria for 2 hours in
anaerobic conditions and then transferred to aerobic conditions, where they were cultured for
three days. Their RNA was then isolated and tested for gene expression using CMS2/3 (CDX2)
and CMS4 (FRMD6, HTR2B) markers using quantitative RT-PCR (Fig. 3C). qPCR results
showed that the CMS2 cell line, LS1034, displayed significantly increased expression of
CMS4 markers, FRMD6 and HTR2B, in B. fragilis treated cells compared to control

conditions with no bacteria treatment in cells (Fig. 3D).
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Figure 3. B. fragilis-treatment of LS1034 cells significantly increased their gene
expression of CMS4 markers HTR2B and FRMDS6.

(A-B) CMS2 cell line LS1034 was treated with fluorescent-labeled F. nucleatum, B. fragilis
and L. acidophilus and imaged live under fluorescent microscope at 40x magnification. Cells
not treated with bacteria were set as negative control. (C-D) LS1034 cells was treated with
bacteria for 2 hours in anaerobic conditions and then grown in aerobic conditions for 3 days
after which gPCR was performed using CMS2/CMS3 marker CDX2, CMS4 markers HTR2B
and FRMD6 and housekeeping gene GAPDH. The resultant 224" values were plotted on a bar
graph. Cells untreated with bacteria were set as negative control. Data is expressed as the mean

+ standard error of three different experiments. *p<0.05; **p<0.01
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4. Patient-derived organoids (PDOs) tend to have enhanced growth when treated

with B. fragilis

To see the effect of bacteria on PDOs, PDOs (nearest predicted CMS2) derived from a
CMS4 primary patient tissue were treated with B. fragilis and compared with untreated PDOs
(control). Fluorescent-labeled B. fragilis verified that bacteria successfully infected PDOs as
only fluorescent-labeled, bacteria-treated, cells showed fluorescence (Fig. 4A-B). PDOs
treated with the bacteria for 1.5 hours and grown for 7 days showed a trend of increased cell
growth and proliferation compared to untreated PDOs (Fig. 4C-E). gPCR results also showed
a trend of increased CMS4 marker, FRMDG6, and ZEB1, expression in 24-hour cultured PDOs,
which followed the LS1034 expression pattern, although the marker expression decreased on

day 7 (Fig. 4F-G)
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Figure 4. B. fragilis-treated PDOs induced change of proliferation and size of PDO.

(A-B) PDOs treated with fluorescent labeled B. fragilis and L. acidophilus were imaged live
under a fluorescent microscope at 40x. PDOs without bacteria-treatment were set as negative
control, and L. acidophilus was set as the positive control. (C-E) CMS4 tumor tissue (TT)
from a patient with mutations in APC, KRAS and P53 was cultured as tumor organoids (TO)
with a non-consensus (nearest predicted CMS2) subtype. They were treated with B. fragilis
and imaged live on the microscope on different days. F. Relative distribution of PDOs of
various sizes on day 7. G. Relative gene expression in day 7 PDOs was found using qPCR
markers CDX2, ZEB1, and FRMD6. The bar graph shows the resultant 222" values that were
plotted on a bar chart. All images were taken at 40x magnitude. NC: non-consensus subtype,

X: PDO size.
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5. CMS of B. fragilis-treated cells, compared to untreated cells, did not change in

LS1034 and PDOs

The RNA from LS1034 and PDOs that were treated with or without B. fragilis was

extracted and sequenced. The gene expression data from the RNA sequencing was used to find

their CMS using the classify function in the R package, CMScaller. The LS1034 subtype

remained constant with or without B. fragilis treatment and did not change in either the

samples cultured for 24 hours or in samples cultured over 3 days. B. fragilis-treated and

untreated PDOs cultured for 24 hours had the same subtype outcome when analyzed, although

after 7 days, the subtype converted to CMS3. This change in CMS in day 7 PDOs was present

in both bacteria-treated and control conditions. (Fig. 5).

Before Experiment After 24h

Untreated LS1034 CMS2 ey
Bacteria-Treated LS1034 CMS2  =———p
Untreated PDOs NC (2%) —
Bacteria-Treated PDOs NC (2%) —

CMS2
CMS2
NC (2%)

NC (2%)

After 3d/7d
—  CMS2
—- CMS2
—- CMS3
— CMS3

Figure 5. Change in the CMS in B. fragilis-treated cell lines and PDOs.

RNA sequencing data from LS1034 and PDOs was used to find their subtype. CMS of

bacteria-treated and untreated samples are displayed according to predicted -or *nearest
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predicted- CMS as analyzed by CMScaller. CMS was identified for all samples after 24 hours

and after 3 days (LS1034) or 7 days (PDOs). NC: non-consensus subtype.

6. B. fragilis induced CMS4 genes in LS1034 cells but not in PDOs

Knowing the CMS of the cells and the CMS marker gene expression results using gPCR,
the effect of B. fragilis on CMS4-related genes in a cell line or PDOs compared to untreated
cells was verified using gene set enrichment analysis (GSEA). Fold change values from RNA
sequencing data were input into pre-ranked GSEA, and expression levels were analyzed based
on the signature CMS4 gene set obtained from CMScaller. Although LS1034 did not show
any changes in its subtype after bacteria treatment, GSEA results indicated significant
enrichment of CMS4 genes in 3-day bacteria-treated cells with an enrichment score (ES) of
0.169 (p value = 0.028) compared to untreated cells (Fig. 6A). Although, PDO showed a
change in CMS on day 3 of culture, it was to CMS3, and this outcome was alike for both
bacteria treated and non-treated PDOs. GSEA results also revealed that both 24-hour and 7-
day cultured B. fragilis-treated PDOs were not significantly enriched in CMS4-specific genes

compared to untreated PDOs (Fig. 6B).
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Figure 6. Change of CMS and GSEA results for CMS4 specific gene set after treatment
of B. fragilis in LS1034 cells and PDOs.

Alongside CMS results that were found previously using CMScaller, pre-ranked GSEA
analysis was performed using CMS4-specific gene set obtained from CMScaller. GSEA was
performed on LS1034 and PDOs after 24 hours or 3 days (LS1034) /7 days (PDOs). The
maximum and minimum sizes for gene sets were 237 and 15 and significant threshold was p
value < 5%. The y-axis represents enrichment score (ES) and the x-axis shows CMS4-specific
genes included in the gene set. The curve connects points of ES and genes where ES is the
maximum deviation from zero and displays the degree of over-representation of a gene set at
the top or the bottom of the gene list. The coloured band shows the degree of correlation of
genes with B. fragilis-treated samples (red for positive and blue for negative correlation). Non-
significant (n.s.) p values for GSEA results are written in red; NC: non-consensus subtype;

*nearest predicted CMS
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7. Cocultured LS1034 cell line showed increased CMS4 marker expression in B.

fragilis-treated conditions

To better represent in vivo CRC tumors, LS1034 cell line was cocultured with TME cells
(18Co: fibroblastic cell line; THP1: monocytic cell line). This coculture was treated with B.
fragilis, F. nucleatum, and L. acidophilus in two conditions: bacteria-treated to only TME cells
and bacteria-treated to LS1034 and TME cells (Fig. 7A). gPCR using RNA from samples on
day 3 found that in cell cultures with bacteria-treated TME cells only, there was a significant
increase in ZEB1 (CMS4 marker) expression in the B. fragilis-treated group compared to the
control group (Fig. 7B). In the second condition, where both LS1034 and TME cells were
treated with bacteria, there was a general trend of increase in gene expression of all markers

to be seen for B. fragilis-treated cells compared to other bacteria and control. (Fig. 7C).
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Figure 7. Change of CMS4 marker expression in LS1034 cells cocultured with 18Co
and THP1 cells in B. fragilis-treated conditions.

LS1034 was cocultured with 18Co and THP1 in a transwell and treated with B. fragilis, F.
nucleatum and L. acidophilus in two combinations (Untreated LS1034, Bacteria-Treated TME
and Treated LS1034, Bacteria-Treated TME) and after 3 days, the RNA was harvested and
gPCR was performed using biomarkers CDX2, ZEB1 and FRMD®6. The results were plotted

on a bar graph was plotted using 224" values to quantify genes expressed. Data is expressed
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as the mean =+ standard error of three different experiments. TME: 18Co and THP1; C: control
(no bacteria treatment); B: Bacteroides fragilis; F: Fusobacteria nucleatum; L: Lactobacillus

acidophilus.

8. B. fragilis induced CMS4 genes in cocultured LS1034 in B. fragilis-treated

conditions

RNA sequencing data of cocultured LS1034 in the two bacteria treatment conditions
(bacteria-treated LS1034 and stromal cells, and only stromal cells bacteria-treated) at 24 hours
and on day 3 were input into the CMScaller R package to analyze their CMS. The subtype of
LS1034 remained CMS?2 after 24 hours in all conditions, but 3 days later, the subtype changed
to CMS3 in the control condition, where both LS1034 and TME were not treated with bacteria.
Cocultured LS1034 with B. fragilis-treated conditions had non-consensus subtype after 3 days

(nearest predicted subtype: CMS1). (Fig. 8A).

After subtyping the cocultured LS1034, GSEA analysis was conducted to determine
whether B. fragilis impacted CMS4 genes expressed in the cocultured system. The analysis
showed that although the CMS of 24-hour LS1034 may not have come out as CMS4 after
bacteria treatment, CMS4 genes were significantly enriched in both B. fragilis-treated
conditions in the cocultured samples. Untreated LS1034 cells cocultured with bacteria-treated

stromal cells had an ES of 0.219, and in the case of bacteria-treatment in both LS1034 and
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stromal cells, there was an ES of 0.230. When CMS4 enrichment analysis was carried out to
compare the two bacteria treatment conditions in 24-hour cocultured LS1034 cells, the results

showed no notable difference in their CMS4 gene expressions.

For 3-day cocultured samples, untreated LS1034 cocultured with bacteria-treated stromal
cells had an overrepresentation of CMS4 genes with a high ES value of 0.226. However, when
B. fragilis was used to treat both LS1034 and stromal cells, the cells did not show an
enrichment of CMS4 genes. A comparison of CMS4 gene expressions of the two B. fragilis-

treated cocultured LS1034 conditions revealed insignificant differences (Fig. 8B).
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Figure 8. Change of CMS and GSEA for CMS4 specific geneset after treatment of B.

fragilis in cocultured LS1034 cells.

A. CMS of cocultured LS1034 in the varying B. fragilis treatment conditions before
experiment, at 24h and at 3d. B. Results from pre-ranked GSEA analysis using CMS4-specific
gene set obtained from CMScaller. The maximum and minimum sizes for gene sets were 237

and 15 and significant threshold was p value < 0.05. NC: non-consensus subtype; *Nearest
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predicted CMS; N.s. p values for GSEA are marked in red.

9. PDOs treated with B. fragilis and cocultured with B. fragilis-treated 18Co and
THP1 cells showed significantly high proliferation and PDO size compared to

untreated conditions

PDOs were cocultured with stromal cells (18Co, THP1) similarly to LS1034 and treated
with CMS4-specific bacteria B. fragilis in two conditions: only stromal cells treated with
bacteria and both PDO and stromal cells treated with bacteria. PDO images at 40x and 200x
magnification showed larger and more number of organoids in coculture setting with bacteria-
treated to both stromal and cocultured PDOs on day 7. When the size and number of organoids
were manually counted on day 7, there were significantly more organoids observed in the
condition where B. fragilis was treated to both PDOs and stromal cells compared to others.
PDOs also had greater numbers for all size ranges than untreated samples (p < 0.01) and even
had more cells in the 100 um to 200 um and >200 um range than cocultured untreated PDOs
and bacteria-treated stromal cells (p < 0.05). Although the coculture condition where bacteria
was treated to only stromal cells showed slightly larger number of organoids in the 50 um to

100 um range and 100 um to 200 um range, this difference was not significant (Fig. 9).
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Figure 9. Cocultured PDOs in B. fragilis-treated conditions induced change of
proliferation and size of PDOs.

PDO was cocultured with TME cells in a transwell and treated with B. fragilis in two
combinations (Untreated PDO, Treated TME; Treated PDO, Treated TME), and after 7 days,
the organoids were harvested, its distributions per bacteria-treatment condition were plotted
after being individually counted and classified into three sizes: 50um to 100um, 100um to 200
um and greater than 200 um. Data is expressed as the mean * standard error of three different
experiments. Significance was calculated using non-parametric Kruskal Wallis test *p value

< 0.05; **p value < 0.01
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10. CMS of cocultured PDO in of B. fragilis-treated conditions changed to original

tumor tissue subtype, CMS4, on day 7

RNA sequencing data of cocultured PDOs in the two bacteria treatment conditions (both
PDO and stromal cells treated, only stromal cells treated) at 24 hours and 7 days were utilized
to find their subtype at various time stages. PDOs initially of nearest predicted subtype CMS2,
were cocultured with TME cells, and in the control condition with both PDO and TME cells
untreated with bacteria, the CMS after 24h was unchanged. However, in B. fragilis-treated
conditions, the subtype changed to the nearest predicted CMS4 after 24h. After 7 days of
culture, control cocultured PDOs that had a subtype of CMS3, whereas cocultured PDOs in
bacteria-treated conditions had CMS4 - the same subtype as the original patient tumor tissue

(Fig. 10).
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Figure 10. Change of CMS in B. fragilis-treated cocultured PDOs.

CMS analysis of B. fragilis-treated and untreated cocultured PDOs before the experiment, after

24 hours and after 7 days. NC: non-consensus subtype; *Nearest predicted CMS.

11. B. fragilis induced CMS4 genes in cocultured PDOs in B. fragilis-treated

conditions

After obtaining the CMS subtyping of stromal cocultured PDOs at various time intervals,
the expression of CMS4 genes in B. fragilis-treated coculture PDOs were examined via pre-
ranked GSEA. All B. fragilis-treated conditions exhibited a clear overrepresentation of CMS4
genes compared to control cocultured PDOs. B. fragilis-treated to both PDOs and stromal cells
had a higher CMS4 ES score of 0.419 than when only the stromal cells were treated with
bacteria in coculture settings (ES = 0.321). In 7-day cocultured PDO samples, though, bacteria

treatment of only stromal cells and not the PDOs produced a better enrichment score (ES =
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0.441) of CMS4 genes than when both stromal and PDOs were treated with B. fragilis (ES =
0.322). When the two bacteria-treated conditions were compared against each other for CMS4
gene expression at 24 hours, the condition with bacteria-treated PDO and bacteria-treated
stromal cells induced significantly more CMS4 genes. However, for 7-day cocultured samples,

CMS4 enrichment was not significantly different between the two conditions (Fig. 11).
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Figure 11. Gene set enrichment analysis using CMS4 specific gene set in PDOs after
treatment of B. fragilis.

Pre-ranked GSEA analysis performed using CMS4-specific gene set on stromal cocultured
PDOs at 24h and on the 7" day after bacteria treatment. Left to right: bacteria treated to only
stromal cells compared to control (no bacteria treatment); bacteria treated to both PDOs and

stromal cells compared to control; bacteria treated to both PDOs and stromal cells compared

39



to bacteria treated to only stromal cells. The maximum and minimum sizes for gene sets were

237 and 15 and significant threshold was p value < 5%.

12. Cocultured PDOs with B. fragilis treatment conditions are more alike original

tumor tissue than untreated or mono-cultured PDOs

NMF clustering analysis that clusters samples based on their similar gene expression
pattens showed that only the B. fragilis-treated 7-day stromal cocultured samples were in the
same cluster as the original patient tissue. The heatmap made using spearman’s correlation
matrix and coefficient values also exhibited similarity between the 7-day B. fragilis-treated
cocultured conditions and the original tumor tissue. 7-day cocultured PDOs with bacteria-
treated stromal cells had the highest coefficient value to the original patient tumor tissue and
bacteria treated to both PDO and cocultured stromal cells had the second highest coefficient

value (Fig. 12).
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Figure 12. NMF clustering and Spearman correlation matrix heatmap of gene
expression in original patient tumor tissue, monocultured and cocultured PDOs in B.
fragilis-treated conditions.

The heat map shows Spearman’s correlation matrix to visualize the correlation between the

gene expression of original tumor tissue, organoids derived from this tumor before the
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experiment, and after culture in various bacteria-treated conditions. The coloured bands above
the heatmap show the NMF clusters (k=5) that were formed based on the sample’s gene
expression patterns. C: untreated PDOs, untreated stromal cells; B1: untreated PDOs, B.

fragilis-treated stromal cells; B2: B. fragilis-treated PDOs, B. fragilis-treated stromal cells.

13. Pathways related to colorectal cancer progression are upregulated in cocultured

PDO in B. fragilis-treated conditions

KEGG pathway analysis on PDO cocultured in the two bacteria-treated conditions showed
that colorectal cancer-associated pathways such as IL-17 signaling pathway, TNF pathway,
and NF-kB signaling pathways were all upregulated in the B. fragilis-treated conditions (Fig.
13A). Some of the top differentially expressed genes (DEGS) in B. fragilis-treated conditions
included complement component C3, interleukinl7C (IL17C) and solute carrier family 6

member 14 (SLC6A14) (Fig. 13B-C).
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Figure 13. Pathways and genes significantly upregulated in B. fragilis-treated
cocultured PDOs.

A. KEGG pathway enrichment analysis of top six pathways mutually upregulated in PDO
cocultured B. fragilis-treated conditions pathway. B. KEGG pathway enrichment analysis of
top six pathways upregulated in individual B. fragilis-treated conditions in cocultured PDOs.
Upregulated pathways were found using DAVID database and plotted using -log (p value). C.
Chief differentially expressed genes (DEGs) commonly expressed in B. fragilis-treated
cocultured samples plotted using log2 fold change values. (C: untreated PDO and stromal

cells; B1: untreated PDO and treated stromal cells; B2: treated PDO and treated stromal cells).
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V. DISCUSSION

Colorectal cancer is still one of the most prevalent cancers globally. Despite increasing
research, diagnosing and treating CRC is still challenging due to its complex heterogenous
nature as it has different consensus molecular subtypes, each responding differently to therapy.
Research has come a long way in the last 20 years as we now have a better understanding of
the importance of the tumor microenvironment, which has immune and stromal cells that can
communicate with transformed epithelial colorectal cells for tumorigenesis. The gut
microbiome has also been the centre of great interest as the dichotomy of benefit versus harm
the microorganisms living in our Gl tract provide to their host is explored. However, most in
vitro studies still employ 2D cell line cultures or the slightly superior 3D patient-derived
organoid cultures for research and drug testing. These tools of research lack TME factors such
as immune cells, stromal cells and gut microbiome components and thus do not provide
accurate representations of CRC subtypes such as CMS4 mesenchymal subtype that rely

heavily on their TME partners for survival and spread*°.

Burkhardt Flemer’s research investigating the difference in tumor and non-tumor
microbiota revealed significant differences in the microbiome of healthy and colorectal cancer
patients and found that even within cancer patients, the microbiome could differ depending on
its location®. Purcell’s paper in 2017 established that specific bacteria in the human gut
microbiome have specificity for different CRC subtypes®®. It would explain why the tumor

microbiome composition in cancer patients depends on its localization. It may be due to
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intratumor heterogeneity often present in advanced colorectal cancer, where the subtype is
site-specific. Therefore, the microbiome is also different depending on where it is situated®!22,
Multiple gut bacterial species have been associated with initiating or progressing CRC tumors,
such as F. nucleatum and B. fragilis. Yet research regarding subtype-specific bacteria and how

these bacteria contribute to CMS development has not yet been explored.

This study established the importance of CMS4-specific bacteria in colorectal cancer
by identifying Bacteroides fragilis species, which has a clear enrichment in the tumor
microbiome of CMS4 patient tissues. It further provided compelling evidence that B. fragilis
can change the CMS of cocultured PDOs from CMS2 to CMS4 by significantly inducing

CMS4-specific genes.

The patient tissue cohort used in this study consisted of similar proportions of CMS2
and CMS3, although there was a higher number of CMS4 (58%) tissues than was used in
Guinney’s published research on CMS (23%)%. CMS1 proportion in the cohort was
significantly low (7%), which led to its exclusion from the microbiome studies. Our patient
cohort was vastly small (115 patients) compared to that used in Guinney’s paper (3104
patients), which may explain the difference in proportions. Molecular subtype classification
of CRC cohort and their respective PDOs highlighted the lack of proper translation of CMS
from patient tissue to tissue-derived organoids as almost all tissue subtypes had cases of CMS
converting. Notably, there was a striking difference in the initial number of CMS4 tissues and

the final record of CMS4 in PDOs. Approximately 90% of CMS4 tissues became
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unclassifiable as a major subtype upon culture as organoids. CMS4 is a known mesenchymal
subtype with signature upregulated genes, such as EMT genes, that are only upregulated in the
tumor fibroblast cells?®. PDOs grown in the absence of such TME cells experience a loss of
signature signals vital for maintaining the CMS4 characteristics in tumor cells. This absence
of essential signals would explain the discrepancy between the CRC patient tissue and PDO
subtypes. This result also stresses the importance of TME components (immune, fibroblastic,
microbial) in the CMS4 tumor and how its absence can produce drastic effects, such as

changing the subtype entirely.

16s rRNA sequencing of CMS4, CMS2, and CMS3 tissues was used to find
differences in the tumor microbiome of each subtype. CMS4 tumor tissue microbiome had
considerably more alpha diversity than CMS2 and CMS3 microbiomes. This difference may
be due to external or internal factors such as diet and the tumor’s location, which can affect
microbiome composition?*?°, Examination of species-level taxonomic composition in the
tissue microbiome revealed distinct differences in the bacterial populations in each MTP set.
Although several bacteria were specifically enriched in CMS4 tissue microbiomes,
Bacteroides fragilis was the most significantly enriched species in CMS4 tissue microbiome

compared to CMS2/CMS3 microbiome.

Several research articles have already associated Bacteroides fragilis with cancer
initiation and progression. It is a non-spore-forming, rod-like, aerotolerant anaerobe having

two classes: non-toxigenic B. fragilis (NTBF) and enterotoxigenic B. fragilis (ETBF)%*. The
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NTBF is thought to be benign and commonly present in healthy people. On the other hand,
ETBF carries the metalloprotease bft gene in its DNA that encodes for Bacteroides fragilis
toxin (BFT). This toxin irritates the intestinal walls and causes chronic inflammation in CRC,
leading to toxin-mediated and ROS-mediated DNA damage and, eventually, tumorigenesis?’.
Another mechanism by which B. fragilis promotes CRC development involves cleavage of the
extracellular domain of E-cadherin, resulting in disruption of cell-cell adhesion, B-catenin

activation, and transcription of protooncogene c-Myc?,

Iinvestigated this bacteria’s effect on the proliferation rate, CMS, and gene expression
in CRC cells by treating LS1034 cells and PDOs with it. Although the CMS of B. fragilis-
treated LS1034 and PDO did not change to the original patient tumor subtype, CMS4, B.
fragilis-treated, 3-day cultured, LS1034 showed increased expression of CMS4 genes in qPCR
compared to untreated cells. This result was further supported by GSEA results that showed
overexpression of CMS4-related genes in bacteria-treated cells compared to untreated cells.
Although bacteria-treated PDOs showed a slight increase in growth and size compared to
untreated PDOs, they did not show CMS4 gene enrichment at any time point when analyzed
by gPCR or by GSEA. The combined results on LS1034 and PDO could be interpreted to
mean that B. fragilis needs more than 24 hours for CMS4 gene induction in cells as none of
the 24-hour treated experiments showed CMS4 enrichment, although the 3-day cultured
LS1034 cells did show an effect. The lack of change in CMS also suggested that treatment of

monoculture cells might not be sufficient to change the subtype of cells to CMS4.
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Therefore, bacteria treatment experiments using LS1034 and PDOs cocultured with
18Co and THP1 cells (TME cells) were carried out to find the effect of bacteria in a more in
vivo-like setting. 3-day cocultured LS1034 showed increased CMS4 marker ZEB1
expressions when cocultured with B. fragilis-treated TME cells. This bacteria treatment
condition also showed a higher CMS4 enrichment result in GSEA analysis than when both the
TME cells and LS1034 were treated with B. fragilis. 7-day cocultured PDOs in bacteria-treated
conditions showed enhanced proliferation rates and significantly increased cell numbers.
GSEA results of day 7 cocultured PDO samples also revealed a high CMS4 gene expression

result in bacteria-treated cocultured conditions.

Among day 7 samples, CMS4 genes were most overrepresented and had the highest
ES score in cocultured PDO condition where PDOs were cultured with B. fragilis-treated TME
cells. This result was similar to 3-day cocultured LS1034 GSEA results. The notion that
cocultured cells with bacteria-treated TME cells had greater CMS4 enrichment and were more
affected by bacteria treatment than other conditions was further supported when the GSEA
was run on upper well (cell line/PDO), bottom well (TME cells) both bacteria-treated
condition against only the bottom well bacteria treated. The ES for CMS4 specific genes was
found to be insignificant for both cocultured PDO (7 day) and cocultured LS1034 (3 day) cases.
Therefore, although there is an enrichment of CMS4 genes in bacteria-treated PDOs
cocultured with bacteria-treated stromal cells, it is not to the extent that is exhibited in

cocultured untreated PDOs and bacteria-treated stromal cells.
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Interestingly, in the 24-hour cocultured cells, bacteria-treated LS1034 or PDOs
coupled with bacteria-treated TME cells showed higher enrichment scores for CMS4 genes.
However, as there is a lack of significant CMS change after just 24 hours in both monoculture
and cocultured cells, this indicated that 24 hours might not be enough for bacteria-induced
CMS4 change in cocultured cells as well as monoculture cells. This may be because cells are
still recovering from the hypoxic effects of being in anaerobic conditions, briefly for bacteria
treatment. However, chronic inflammation that induces hypoxic conditions in vivo in CRC
patients can also lead to activation of cell survival signals such as angiogenesis that perpetuate

inflammation which needs to be kept in mind?°.

More significantly, only the 7-day cocultured PDOs treated with B. fragilis achieved
CMS4 that matched the original patient tumor subtype. These PDOs had a non-consensus
subtype (nearest predicted CMS2) when first cultured as organoids from CMS4 tumor tissues
and only in stromal coculture settings with B. fragilis treated conditions did they undergo
subtype change from NC to CMS4. Furthermore, NMF consensus clustering showed that 7-
day stromal cocultured PDOs in B. fragilis-treated conditions were in the same cluster as the
original patient tumor tissue. These conditions also had the highest correlation coefficient to
the original patient tumor tissue. PDOs that were cocultured with bacteria-treated stromal cells
specifically displayed the most similarity to the patient tissue, which also supported the earlier
statement regarding this condition having the greatest effect due to B. fragilis treatment. This

finding highlighted the importance of CMS4-specific bacteria, B. fragilis, in CMS4 tumors.
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LS1034 cocultured cells’ lack of translation to CMS4 may be due to LS1034 being a 2D cell
line and unable to represent and interact with the bacteria and stromal cells like 3D PDOs that

are more alike in vivo cells would®.

KEGG pathway enrichment analysis of cocultured B. fragilis-treated PDO found that
IL-17 signaling pathway, TNF signaling pathway, and NF-kB signaling pathway were
significantly enriched, all of which are widely implicated in colorectal cancer3®1%2, |L-17C,
one of the top upregulated DEGs, is also associated with B. fragilis and CRC development and
studies focusing on this may provide insights into the mechanism of B. fragilis’ induction of

CMS4 genes in CRC.

The tumor microbiome and tumor microenvironment’s role in tumorigenesis are well
established and are being used to study tumor progression mechanisms and paths in colorectal
cancer. Through detailed microbiome analysis of each subtype, | discovered that Bacteroides
fragilis is enriched explicitly in CMS4 tumor microbiomes. In vitro experimentations using
PDOs and cell lines demonstrated that B. fragilis induced CMS4 genes significantly in CRC
cells. Cocultured PDOs that were treated with this specific bacteria changed their subtype to
CMSA4. Research into specific molecular markers produced by B. fragilis that induce these
CMS4-specific genes can be used to further our understanding of the role and mechanism by

which this CMS4-specific tumor bacteria develops CMS4 in CRC.
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V. CONCLUSION

Bacteroides fragilis is a CMS4 specific bacteria that is significantly enriched in CRC
CMS4 tumor tissue microbiomes. This species causes CMS change to CMS4 by inducing

CMS4-specific genes in cocultured PDOs.
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