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cancer (CRC). As >90% of CRC develop from adenoma, we aimed to investigate the crucial role of imbal-
anced gut microbiota on the progression of intestinal adenoma.
Methods: The Apc ™™* mice gavage with phosphate-buffered saline (PBS), feces from healthy controls
or CRC patients after antibiotic cocktails. The intestinal tissues were isolated for histopathology, western
blotting, and RNA-seq. The microbiota of feces and short-chain fatty acids (SCFAs) were analysed by 16S
rDNA Amplicon Sequencing and gas chromatography.
Findings: The Apc ™"*mice gavaged by feces from CRC patients had more intestinal tumours compared
with those fed with feces from healthy controls or PBS. Administration of feces from CRC patients in-
creased tumour proliferation and decreased apoptosis in tumour cells, accompanied by impairment of
gut barrier function and up-regulation the pro-inflammatory cytokines profile. The up-regulated the ex-
pression of B-catenin and cyclinD1 further indicating the activation of Wnt signalling pathway. The abun-
dance of pathogenic bacteria was increased after FMT, while producing SCFAs bacteria and SCFAs produc-
tion were decreased.
Interpretation: Gut microbiota of CRC patients disrupted intestinal barrier, induced low-grade inflamma-
tion and dysbiosis. The altered gut microbiota enhanced the progression of intestinal adenomas in Apc
minf*mijce, suggesting that a new strategy to target gut microbiota against CRC could be noted.
Fund: The study was supported by the National Natural Science Foundation of China, Tianjin Research
Programme of Application Foundation and Advanced Technology of China, and China Postdoctoral Science
Foundation.
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Research in context

Evidence before this study

Colorectal cancer (CRC) is the third most common can-
cer caused by genetic predisposition and environment factors.
Recent studies have suggested that CRC corelated gut micro-
biota dysbiosis, but the mechanisms need to be further in-
vestigated.

Added value of this study

We firstly investigated the role of gut microbiota in the
progression of intestinal adenoma using the mouse model
with adenomatous polyposis coli (Apc) gene mutation through
fecal microbiota transplantation (FMT). In our study, gut mi-
crobiota from CRC patients accelerated the sequence of in-
testinal adenoma-adenocarcinoma in Apc ™"* mice. At the
same time, intestinal barrier disruption, chronic low-grade
inflammation, activation of Wnt signalling pathway, and im-
balance of gut microbiota were accompanied.

Implications of all the available evidence
Our study provides the direct evidence for the promotion

of adenoma progression reduced by gut microbiota from CRC
patients, and offers a translational perspective against CRC.

1. Introduction

Colorectal cancer (CRC), which ranks third in morbidity and sec-
ond highest mortality, is one of the most common malignancies
both in China and elsewhere [1]. Risk factors of CRC including ge-
netic predisposition and environmental factors such as age, gender,
obesity, chronic inflammation, lifestyle, physical activity, sedentary
behaviour, and diet [2-4]. The pathogenesis of CRC, either intrin-
sic or acquired, is multifactorial and multistep [5,6]. Accumulating
evidence suggests that the gut microbiota, chronic inflammation,
host genetic predisposition, and environmental factors have been
linked with the progression of CRC [7]. About 95% of intestinal tu-
mours develop from adenomas [8], however its mechanisms have
not been fully elucidated.

A large number of microorganisms, including bacteria, fungi,
and viruses, colonize the gut and maintain a dynamic balance.
Intestinal microorganisms are involved in the digestion and ab-
sorption of food, which can also enhance the intestinal defence
function and promote the maturation of the immune system [9-
11]. When the balance is broken, the disturbed intestinal micro-
bial community will cause a variety of diseases, including CRC
[12,13]. Emerging studies have found significant differences in in-
testinal microbial communities between CRC patients and healthy
individuals [14]. CRC is closely related to intestinal dysbiosis [15-
17]. Fusobacterium nucleatum, Enterococcus faecalis, Bacteroides frag-
ilis, and Escherichia coli, etc were found to be enriched in the feces
of CRC patients and to promote the occurrence of CRC [18]. Current
studies suggest that imbalanced intestinal microbial communities
contribute to the development of CRC partly due to by inducing
chronic inflammation, activating regulatory T cells to trigger the
immune response, releasing cytotoxins, and synthesizing and se-
creting metabolite products [19-21]. Interestingly, the fecal sam-
ples of CRC patients can induce intestinal tumorigenesis and colon
cell proliferation in colon tumour model mice induced by chemical
carcinogen azomethane oxide (AOM), as well as increase the ex-
pression of inflammatory genes and carcinogenic factors and infil-

tration of immune cells in AOM-induced mice and Germ-free mice
[22]. However, the role of gut microbiota on adenoma progression
in the APC gene knockout (Apc Mi"*) model has not been investi-
gated.

It is worth exploring the relationship between dysbiosis and
adenoma progression. Therefore, we proposed the hypothesis that
gut microbiota from CRC patients promoted the progression of in-
testinal adenomas in Apc ™"*mice. The Apc ™™*mice can spon-
taneously develop multiple intestinal adenomas with or without
low-grade dysplasia. Therefore, it is an appropriate animal model
for the study of intestinal tumours. Adenomatous polyposis coli
(Apc) is a recognized key tumour suppressor gene in CRC, and
its mutation is an early event of adenoma formation [23]. In our
study, gut microbiota of CRC patients was transplanted into Apc
min/* mijce to explore the role of gut microbiota imbalance in the
progression of intestinal adenoma under the background of genetic
factors. We found the gut microbiota from CRC patients promoted
adenoma progression, impaired function of the intestinal barrier,
induced chronic low-grade inflammation, and activated Wnt sig-
nalling pathway. Thus, microbial targeted therapy may be a novel
therapeutic strategy for CRC patients.

2. Materials and methods
2.1. Participants

Eligible patients diagnosed as CRC by colonoscopy at the En-
doscopy Centre at the Department of Gastroenterology and Hep-
atology, General Hospital, Tianjin Medical University, China were
enrolled in the study. The exclusion criteria of patient were as fol-
lows [22,24]: A history of antibiotic or probiotics treatment dur-
ing the 3 months preceding fecal samples collected; A history of
other types of gastrointestinal cancer or colitis-associated diseases;
Diverticulosis or diverticulitis; A history of atopic or autoimmune
diseases or ongoing immunomodulatory therapy; A history of neu-
rological or neurodevelopmental disorders or of chronic pain syn-
dromes; Obesity (BMI >30kg/m?), metabolic syndrome or moder-
ate to severe malnutrition; A history of malignant diseases or on-
going oncologic therapy; Vegetarian; A history of fecal microbiota
transplantation.

Healthy controls were recruited from asymptomatic volunteers
who underwent colonoscopy with no significant abnormalities. The
exclusion criteria were consistent with CRC patients. All Subjects
information was provided in the Table 1. All donors have un-
dergone rigorous screening and underwent informed consent for
stool donation. The human study conformed “International ethi-
cal guidelines for biomedical research involving human subjects
(2002)” developed by Council For International Organizations Of
Medical Sciences (CIOMS) in collaboration with World Health Or-
ganization (WHO), which was approved by the ethics committee
of General Hospital of Tianjin Medical University.

2.2. Animals and study design

The twenty conventional female C57BL/6] mice (4 weeks of age)
were obtained from Beijing Animal Study Centre, and thirty Apc
min/* mice aged 4weeks on C57BL/6] background were purchased
from Animal Model Institution of Nanjing University, P. R. China.
All mice were maintained in specific pathogen free (SPF) condition
of experimental animal centre of Tianjin Medical University, and
kept in strict accordance with the operating procedures. AIN-93M
rodent diet and sterilized water were provided ad libitum through-
out the experiment. Mice were acclimatized a 12:12 light-dark cy-
cle.

After receiving antibiotic cocktails mixed by 200 mg/L ampi-
cillin, metronidazole, neomycin and 100mg/L of vancomycin in



Table 1

Clinical characteristics of the human donors for stool gavage to mice.

Drinking  Dietary preference

Smoking

Family history of CRC

BMI (kg/m?)  CRC stage = TNM stage  Site of tumour

Sex

Age (years)

Group

Normal diet

22.37

53 Male

54

Healthy control

Normal diet
Sweet food

18.59
19.47
20.07
23.12

Female

Normal diet
Normal diet
Normal diet
Normal diet

21.56
20.57

Female
Female
Male
Male
Male

22.09
22.25

Female
Male

67

diet

diet

diet

diet
diet
diet

Norma

70

Norma

23.84

Female

72

Norma

Sigmoid

T3N1MO

Norma
Norma
Norma
Sweet food

Sigmoid
Rectum
Rectum

T3NOMO
T3N1MO
T3N1MO
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Normal diet
Spicy food

Sweet food
Sweet food
Sweet food

Rectum
gmo
gmo
gmo
gmo
gmo

T2N1MO

49

CRC cases

19.86

Male

19.38

Male

82

CRC: Colorectal cancer, BMI: Body Mass Index; Y, Yes; N, NO.

drinking water for three days according to the previous studies
[22], all mice were randomly divided into five groups with 10 mice
each. The C57BL/6] mice were divided into two groups: One group
was gavaged fecal samples from healthy controls (FMT-CH), while
the other group was gavaged fecal samples from patients with CRC
(FMT-CC). The Apc ™i"* mice were divided into three groups: PBS
group (gavage of phosphate-buffered saline), FMT-AH group (gav-
age of fecal samples from healthy controls) and FMT-AC group
(gavage of fecal samples from patients with CRC). The animal use
protocol has been reviewed and approved by the Animal Ethical
and Welfare Committee (AEWC) of Tianjin Medical University.

2.3. Fecal microbiota transplantation (FMT)

After two weeks of colonoscopy, participants were informed to
collect fecal samples with sterile containers and the samples were
stored at —80°C as soon as processed. Fecal samples from 10 pa-
tients with CRC(CRC) and 10 healthy controls (Control) were mixed
at equal weight, respectively. One gram of the mixed feces was
diluted in 5mL sterile PBS solution, then initial filtered, concen-
trated, homogenized, step by step filtered, centrifuged. The super-
natant was collected, isolated, purified and equally repackaged be-
fore kept in —80°C refrigerator [25-27].

The fecal microbiota transplantation (FMT) was repeated 16
times during the experimental period of 8weeks after pre-
treatment with antibiotics, the mice were gavaged once a day dur-
ing the first week, and three times a week in the second week.
For the next 6weeks, the mice were administered once a week
(Fig. 1a). A volume of 200 uL suspension was gavaged to each
mouse each time [28-30]. Each group of mice used a separate set
of intragastric apparatus.

2.4. Tissue collection and histopathology

The mice were sacrificed under anaesthesia after FMT. The
whole intestine was isolated and rinsed with ice-cold sterile PBS
solution. The small intestine was divided into proximal, middle and
distal segments on average, with the colorectum as the fourth seg-
ment. Intestinal tumour burden was recorded according to its in-
testinal site and maximum diameter by an Olympus SZX7 stereo
dissecting microscope. The tumour burden was based on gross
counts. The proximal tissue of each intestinal segment was snap
frozen in liquid nitrogen and kept at —80°C later and the distal
tissue was fixed with 4% paraformaldehyde.

Paraffin-embedded intestinal tissue was cut into 5 um slices for
H&E staining. Pathological types of specimens were diagnosed by
two experienced pathologists who were unaware of the treatment
allocation of the mice.

2.5. Immunohistochemistry staining

Paraffin-embedded intestinal tissue cut into 5-pum slices by a
microtome were also subjected to immunostaining for detecting
the expressions of Ki-67 (Abcam Cat# ab16667, RRID: AB_302459),
lysozyme (Abcam Cat# ab108508, RRID:AB_10861277), B-catenin
(Abcam Cat# ab32572, RRID:AB_725966), and cyclin D1 (Abcam
Cat# ab16663, RRID:AB_443423). Intestinal tissues were dewaxed
with xylene, rehydrated in graded ethanol, and treated with 3% hy-
drogen peroxide to abolish endogenous peroxidase activity. Slices
were thermally repaired with sodium citrate buffer and incu-
bated with corresponding primary antibody at 4°C overnight. The
Slices were restored to room temperature the next day and incu-
bated with second antibody for 30 min at 37 °C. Then, Slices went
through DAB reaction, washing, haematoxylin red dyeing, dehydra-
tion and drying sequentially.
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Fig. 1. Gut Microbiota from colorectal cancer patients increased intestinal tumours in Apc™™* mice. (a) The treatment process of fecal microbiota transplantation (FMT)
during 8 weeks. (b) Body weight of each group was recorded weekly. (c) Comparison of liver and spleen weight between FMT-AH group and FMT-AC group. (d) Total number
of tumours in each group. (e) The number of tumours in the small intestine and colon between the FMT-AH group and the FMT-AC group. (f) The total number of tumours,
small intestinal, and colon tumours were calculated according to the diameter. Data are expressed as means & SEM. FMT-AH, gavage of fecal samples from healthy controls
(n=10). FMT-AC, gavage of fecal samples from colorectal cancer patients (n=10). * p <.05, ** p <.01, *** p <.001.

Under normal conditions, B-catenin expression was localized in
the cell membrane, with continuous brown-yellow staining along
the cell membrane. Ectopic expression occurs when the cytoplasm
and nucleus appear brownish yellow, and cells with ectopic ex-
pression are defined as positive cells. The normal expression of cy-
clin D1 was in the nucleus, and the brown-yellow colour of the
stained nucleus was the positive cell [31]. Five areas randomly se-
lected from each section were viewed at the tumour tissue. The
percentage of positive cells in each field was calculated by Image J.

2.6. Immunofluorescence and TUNEL assay

Paraffin sections were immersed in xylene and gradient concen-
tration ethanol for dewaxing, incubated at room temperature for
10 min with 3% hydrogen peroxide, followed by citrate for antigen
thermal repair, sealed with 5% goat serum for 20 min, and incu-

bated with primary antibody IgA (ab223410, Abcam, rabbit, anti-
mouse, 1:100) at 4°C overnight. The slices were restored to room
temperature the next day and incubated with goat anti-rabbit con-
taining FITC for 1h at 37°C. Then, Slices went through DAPI reac-
tion, sealed, observed under fluorescence microscope.

Terminal deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) was used to detect tumour cellular apoptosis. The instruc-
tions for in situ cell apoptosis detection kit were followed, and the
treated sections were photographed by fluorescence microscope.
The FITC- labelled green areas were considered positive cells and
were analysed using the Image ].

2.7. Periodic acid-Schiff (PAS) staining

Colon sections were incubated with 1% periodic acid solution
(Sigma-Aldrich) for 10 min, and with Schiff reagent (Sigma-Aldrich)
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Table 2
The Oligonucleotide primers used in Realtime-PCR analysis.

Murine gene

GAPDH

Primer sequences

Forward primer: 5-TGTGTCCGTCGTGGATCTGA-3’
Reverse primer: 5'-CCTGCTTCACCACCTTCTTGA-3'
Z0-1 Forward primer: 5'-GGGCCATCTCAACTCCTGTA-3’
Reverse primer: 5'-AGAAGGGCTGACGGGTAAAT-3'

Claudin 3 Forward primer: 5-CCTGTGGATGAACTGCGTG-3'
Reverse primer: 5'-GTAGTCCTTGCGGTCGTAG-3'
Occludin Forward primer:5'-ACTATGCGGAAAGAGTTGACAG-3'

Reverse primer: 5'-GTCATCCACACTCAAGGTCAG-3’
Muc2 Forward primer:5’-TCGCCCAAGTCGACACTCA-3’
Reverse primer: 5'-GCAAATAGCCATAGTACAGTTACACAGC-3’

Cryptdin Forward primer:5’-CAGCCGGAGAAGAGGACCAG-3’
Reverse primer: 5'-TAGCATACCAGATCTCTCAACGATTC-3’

Reg3y Forward primer:5’-TTCCTGTCCTCCATGATCAAAA-3'
Reverse primer: 5'-CATCCACCTCTGTTGGGTTCA-3'

NLRP3 Forward primer: 5’-CTCCAACCATTCTCTGACCAG-3’

Reverse primer: 5'-ACAGATTGAAGTAAGGCCGG-3'
IL-18 Forward primer: 5-GTGGCTGTGGAGAAGCTGTG-3’
Reverse primer: 5'-GAAGGTCCACGGGAAAGACAC-3’
Forward primer: 5'-ACTCCAGGCGGTGCCTATG-3’
Reverse primer: 5'-GAGCGTGGTGGCCCCT-3'

TNF-«

for 40 min subsequently, and followed by haematoxylin dye for
5 min.

2.8. RNA extraction and Realtime-PCR

Total RNA was extracted using the RNeasy mini kit, and cDNA
reverse transcription was carried out using the TIAN Script RT Kit
according to the manufacturer’s instructions. The oligonucleotide
primers for target genes were shown in Table 2. The relative mRNA
expression was performed using a standard A ACT method to cal-
culate fold-changes normalized to housekeeping genes for each
sample.

2.9. RNA-seq

After the RNA sample from small intestinal tumour tissues of
FMT-AH and FMT-AC groups were qualified, mRNA was enriched
with magnetic beads with Oligo (dT). cDNA was synthesized using
mRNA fragmented into short fragments by fragmentation buffer.
Qubit 2.0 was used for preliminary quantification. The qualified
libraries were sequenced on a HiSeq X-Ten (Illumina). NGS QC
Toolkit (v2.3.3) was used to filter data, and the TopHat (v2.0.13)
was used to perform the alignment.

In order to make the gene expression levels between different
treatment comparable, expected number of fragments per kilobase
of transcript sequence per million base pairs sequenced (FPKM)
was used to standardize the gene expression quantity. Analysis
of differentially expressed genes was performed using the Noiseq
package. Genes with folding changes >2 and probability >.8 were
defined as differentially expressed genes. Then, GO function was
used to analysed the functional classification annotation and func-
tional significance enrichment of differentially expressed genes. GO
analysis were performed used the software of Clue GO, plugin of
CytoScape. Blast2GO (v2.5.0) was used to obtain the Gene Ontol-
ogy (GO) annotation information of Unigene.

2.10. Western blotting

Intestinal tumour tissue was adequately homogenized on ice
in a mixture of RIPA, PMSF, and protease inhibitors. Centrifu-
gation was spun at 13000rpm to collect the supernatant con-
taining total protein. The instructions of Nuclear and Cytoplas-
mic Protein Extraction Kit were strictly performed in order to ex-
tract nuclear protein. The protein concentration was determined

using the Bicinchoninic acid protein assay kit (Thermo Scientific
Inc) to achieve equal loading in the subsequent experiments. Af-
ter adding a certain volume of loading buffer, the protein sam-
ples were boiled for 10min, loaded and resolved on 12% SDS-
PAGE gels, transferred to a nitrocellulose filter membrane, blocked
with 5% milk or bovine serum albumin, and incubated in pri-
mary antibodies at 4°C overnight followed by secondary antibod-
ies for 2h at room temperature. The primary anti-8-catenin (rab-
bit, anti-mouse, ab32572, Abcam,1:5000), anti-cyclin D1 (rabbit,
anti-mouse, ab16663, Abcam, 1:10000), anti-c-myc (rabbit, anti-
mouse, Cat#ab32072, Abcam, 1:1000, RRID:AB_731658), anti-$-
actin(mouse, Cat#mAb3700, CST, 1:1000, RRID:AB_2128511), anti-
histone 2A (rabbit, anti-mouse, Cat# ab124781, Abcam, 1:1000,
RRID:AB_10971675) antibody were applied. Secondary antibodies
were horseradish peroxidase conjugated anti-rabbit or anti-mouse.
Chemiluminescence signals were detected by the ECL detection kit.
The intensity of Western blotting images was determined by Image

]
2.11. 16S rDNA amplicon sequencing

Fresh feces of Apc ™Min* mice after FMT were collected for
16S rDNA Amplicon sequencing which was performed by the Re-
albio Genomics Institute (Shanghai, China). After genomic DNA
extraction by QIlAamp® Fast DNA Stool Mini Kit (QIAamp, Ger-
many), Thermo Nano Drop 2000 uv microspectrophotometer and
1% agarose gel electrophoresis were used for quality control. Spe-
cific primers (341F: 5'-ACTCCTACGGGRSGCAGCAG-3’, 806 R: 5'-
GGACTACVVGGGTATCTAATC-3") were used for PCR amplification
and product purification using the KAPA HiFi Hotstart Ready Mix
PCR kit. Qubit was used for quantitative and homogenization af-
ter the library was constructed and passed the quality inspection.
The libraries were sequenced using Illumina HiSeq PE250. After
the removal of chimeric sequences by Userach (v7.0.1090), Oper-
ational Taxonomic Units (OTUg) were picked at a standard cluster-
ing with 97% similarity using UPARSE. Each representative tag was
assigned to a taxa by RDP Classifer against the RDP database using
confidence threshold of 0.8. According to the number of sequences
in each OTU, OTUs abundance tables are obtained for subsequent
analysis. OTU profiling table, alpha/beta diversity and rank abun-
dance curve analyses were implemented by QIIME1 (v1.9.1). Lefse
(v1.0) and rank sum test (R version 3.5.1) were used to screen dif-
ferent species and different functions.

2.12. Determination of short-chain fatty acids in cecal contents

The concentrations of SCFAs (acetate, propionate and butyrate)
in cecal contents were measured by gas chromatography (GC).
Briefly after the appropriate sample was shaken with 3 mL HCL
(1mol/L), ultrasound was performed for 10min in an ice bath.
The supernatant was centrifuged at 12000rpm for 15min. A vol-
ume of 1mL supernatant was added to 1 mL ethyl acetate for ex-
traction. Then the supernatant was centrifuged at 12000 rpm for
15min again. After pre-treatment, the samples were equipped to
a HP-INNOWAX capillary column for chromatographic separation.
Column flow rate was maintained at 2 mL/min. The temperature
was first increased at a rate of 20°C/min to 150°C. Then, the tem-
perature was increased to 180°C at a rate of 5°C/min for 1 min.

2.13. Statistical analysis and Data accession

Data were expressed as mean +standard deviation. Statistical
analysis between two groups was performed using the Student’s
t-test. Differences among more than two groups were tested by
one-way ANOVA. The pathological characteristics of both cohorts
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were performed by chi-squared tests. P < .05 was considered signif-
icant. Statistical analysis was performed on SPSS 22.0. The RNA-seq
data was stored in Gene Expression Omnibus (GEO) database: GSE
136682. The 16S rDNA Amplicon Sequencing data was deposited in
Sequence Read Archive (SRA) database: PRJNA563239.

3. Results
3.1. FMT tolerance

The body weight of mice in each group increased slowly
(Fig. 1b), but it did not differ significantly among groups (P> .05).
Over the eight weeks period, all mice were well tolerated and sur-
vive after FMT. After FMT for eight weeks, two mice in the FMT-
AH group, and six mice in the FMT-AC group presented diarrhoea
and bloody stools (P>.05). No significant gross bloody stool was
observed in the PBS group. In addition, the weight of the liver and
spleen was similar in the FMT-AC group compared to the FMT-AH
group (Fig. 1c).

3.2. Gut microbiota from CRC patients aggravated the progression of
intestinal adenoma

The impact of FMT on intestinal adenoma was evaluated at
week eight. No tumour was found in FMT-CH group or FMT-CC
group. The burden of intestinal adenomas in PBS group and FMT-
AH group did not differ significantly. The total number of adeno-
mas in mice receiving fecal samples from CRC patients was in-
creased compared with the PBS group, and the mice receiving fecal
samples from healthy controls (F (2.27) =28.67, P <.01) (Fig. 1d).
The number of adenomas were increased mainly in the proximal
and middle of the small intestine than that in the FMT-AH group.
However, there was no significant difference in the distal small in-
testine (Fig. 1le).

The number of intestinal adenomas in mice was calculated ac-
cording to the maximum diameter <1 mm, 1-2mm, and >2 mm,
respectively. The total number of adenomas with diameter of 1-
2mm and >2mm in the FMT-AC group was increased than that
in the FMT-AH group (1-2 mm:7.50+0.45 vs 4.20+0.63, P <.001;
>2mm: 4304059 vs 2.804+0.39, P=.04). The number of small
intestinal adenomas with the diameter of 1-2mm in the FMT-
AC group was significantly increased (6.404+0.54 vs 3.404 0.45,
P <.001). The number of colorectal adenomas in the FMT-AC group
was (0.90 +0.23). However, there were no adenomas with a maxi-
mum diameter of >2 mm in the FMT-AH group (P=.0012) (Fig. 1f).

In the PBS group and FMT-AH group, a few scattered small
polyps were observed, while more tumours were observed in the
FMT-AC group, especially the large polyps protruding into the lu-
men appeared in the colon (Fig. 2a). A total of 7 mice harboured
high-grade dysplasia in the FMT-AC group (7/10=70.0%), while
only 1 mouse showed high-grade dysplasia (1/10=10.0%) (P=.02)
(Fig. 2b). Gut Microbiota from CRC patients promoted the progres-
sion of intestinal adenoma in Apc ™"* mice.

To explore the effect of gut microbiota from CRC on tumour
cells, we detected the proliferation and apoptosis in intestinal tu-
mour tissues. The rate of Ki-67 positive cells in FMT-AC group was
significantly increased than that in FMT-AH group (75.40+3.16
vs 43.40+3.52, P<.001). Compared with the FMT-AH group, the
number of apoptotic cells decreased in the FMT-AC group (Fig. 2c).
Therefore, the results suggested that gut microbiota from CRC pa-
tients promoted proliferation and inhibited apoptosis in intestinal
tumours cells.

3.3. Gut microbiota from CRC patients impaired intestinal barrier
function

Next, we evaluated the intestinal barrier function which an
important defence system against pathogens in mice after FMT.
The mRNA expression of tight junction proteins, including ZO-1,
Occludin, and Claudin3 decreased after FMT from CRC patients
(Fig. 3a).

PAS staining of colon tissues revealed that the average number
of goblet cells in each crypt was lower in the FMT-AC group. Im-
munohistochemical showed that lysozyme positive cells were sig-
nificantly reduced in the FMT-AC group (Fig. 3b). The gut micro-
biota from CRC patients down-regulated the mRNA expression of
Muc2 which is the main component of the mucus layer indicat-
ing the secretory function was impaired. Cryptdin and regenerat-
ing islet-derived protein (Reg3y ) are the antimicrobial peptides se-
creted by Paneth cells, which protects the intestine from infection
by enteropathogenic bacteria. The mRNA expression of Cryptdin
and Reg3y also decreased (Fig. 3c). These data showed gut micro-
biota from CRC patients impaired Goblet cells and Paneth cells.

Intestinal secretory immunoglobulin A (sIgA) is a major im-
mune effector molecule on the gastrointestinal mucosa, which is
an important defence line against pathogenic mucosal adhesion
and colonization. The expression of sIgA were decreased in the
mice receiving fecal samples from CRC patients (Fig. 3d). These re-
sults indicated that not limited to mechanical barriers, chemical
and immune barriers were also impaired.

3.4. Gut microbiota from CRC patients induced chronic low-grade
inflammation

Chronic inflammation is a recognized risk factor for CRC [32].
In our study, no significant inflammatory cell infiltration was ob-
served under the microscope in the intestinal tissues of mice in
all groups by HE staining. However, Realtime-PCR showed the ex-
pression of pro-inflammatory cytokines including NOD-like recep-
tor family, pyrin domain containing 3 (NLRP3), Interleukin-18 (IL-
18), and Tumour necrosis factor-a (TNF-«) were up-regulated in
FMT-AC group (Fig. 3a). It suggested the gut microbiota from CRC
patients induced chronic low-grade inflammation in Apc ™"* mice.

3.5. Differentially expressed genes in intestinal tumour tissues after
FMT

We performed RNA-Seq analysis to obtain global transcriptomic
profiles of tumour tissues. RNA sequencing revealed genes differ-
entially expressed after FMT. Hierarchical clustering analysis was
carried out according to FPKM of each sample, and the mice of
FMT-AH group clustered with FMT-AH group and the mice of FMT-
AC group clustered with FMT-AC group (Fig. 4a). Compared with
the FMT-AH group, we obtained 228 up-regulated and 50 down-
regulated genes in the FMT-AC group (Fig. 4b). GO analyses of
up-regulated genes showed enriched “Wnt-protein binding”, “Lipid
metabolic process” and “T-helper 17 type immune response” path-
ways, respectively. Activation of the Wnt signalling pathway, ab-
normal lipid metabolism, and the immune system play critical
roles in the progression of adenomas (Fig. 4c and d). The RNA-seq
transcriptome study was contributed to illustrate gene pathways
relevant to Wnt signalling pathway, and provided us with clues to
further study.

3.6. Gut microbiota from CRC patients activated Wnt signalling
pathway

The expression of B-catenin in the FMT-AH group was mainly
located in the cell membrane. However, the gut microbiota from
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CRC patients altered localization of B-catenin which promotes
the transformation of cell membrane into cytoplasm and nu-
cleus. Compared with the FMT-AH group, the percentage of
cyclinD1 positive cells in the FMT-AC group significantly in-
creased (Fig. 5a). Although there was no difference in total

B-catenin protein expression, the protein level of active f-
catenin, cyclinD1, and c-myc was increased in FMT-AC group
(Fig. 5b). Taken together, the results suggest that the gut micro-
biota from CRC patients promoted activation of Wnt signalling
pathway.
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3.7. Gut microbiota transmission after FMT mixed fecal supernatant from CRC patients decreased at the genus
level. Meanwhile, the relative abundance of Akkermansia increased

The components of the supernatant from different donors were (Fig. 6a).
detected. Compared with mixed fecal supernatant from healthy Fresh fecal from mice were collected for detecting after the last
controls, the relative abundance of Roseburia and Clostridium in the FMT. The bacterial abundance was also different between the two
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groups at the genus level (Fig. 6b). There was no difference in «-
diversity between the two groups, the Simpson index and Shan-
non index shown in Fig. 6¢ and d. The MDS2 and ANOSIM’s anal-
ysis representing the 8 diversity between the two groups showed
significant differences (Fig. 6e and f). More importantly, the abun-
dance of Akkermansia and Pseudoflavonifractor increased in FMT-AC
group, which were significantly increased compared to the FMT-
AH group. The levels of opportunistic pathogens, including Pre-
votella, Escherichia coli and Helicobacter increased in FMT-AC group.
In contrast, the abundance of short-chain fatty acids (SCFAs) pro-
ducing bacteria, such as Ruminococcus, Roseburia and Clostridium
XIVa, were significantly lower (Fig. 7a and b). Next, we explored the

interactions between the communities. It suggests a negative rela-
tionship between Roseburia and Eubacterium. Similarly, Flavonifrac-
tor has an inverse relationship with Bifidobacterium. There ex-
ists an obvious positive relationship between Anaerotruncus and
Flavonifractor, while a positive relationship between Akkermansia
and Phascolarctobacterium was established (Fig. 7c).

We performed the correlation analysis between differentially
expressed genes and bacterial abundance. The mice which gav-
aged by the fecal samples from healthy controls (FMT-AH) had
enrichment of Roseburia, Anaerotruncus, Flavonifractor, and Eisen-
bergiella, while the mice which gavaged by the fecal samples from
CRC patients (FMT-AC) had enrichment of Eubacterium; Rikenella,
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Alistipes, Helicobacter and Bifidobacterium. Interestingly, it is note-
worthy that Eubacterium and Roseburia have significant correlation
with the up-regulated differential genes. Eubacterium was nega-
tively correlated with the expression of Fzd10 and Cptic, while
Roseburia was positively relevant with Apod, Scd3, Tns4, Tdgf1, etc.
Others enriched bacteria, including Anaerotruncus, Flavonifractor,
Eisenbergiella, Rikenella, Alistipes, showed no significant correlations
with the up-regulated differential genes (Fig. 7d).

3.8. Gut microbiota from CRC patients decreased caecal
concentrations of SCFAs

Gut microbiota-derived SCFAs have been certified to maintain
intestinal homeostasis by protecting the integrity of epithelial bar-

rier [33] and regulating T-cell differentiation [34]. Microbial analy-
sis of mice feces above revealed a decrease in the bacterial abun-
dance in the FMT-AC group. Accordingly, we detected the content
of acetate, propionate, and butyrate in cecum, which were reduced
in the FMT-AC group compared to the FMT-AH group (Fig. 7e).

4. Discussion

In recent years, studies have revealed that gut microbiota dys-
biosis is a crucial factor in the occurrence and development of
CRC [35,36]. It seems to be accepted that CRC may be a bac-
terial related disease with a multistep from intestinal adenoma-
adenocarcinoma sequence [5,37]. The present study demonstrated
the effect and underlying mechanisms of the gut microbiota from
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CRC on the progression of intestinal adenomas. We found that
Apc Min/* mice transplanted with gut microbiota from CRC patients
showed intestinal mucosal barrier damage, low grade intestinal in-
flammation, activation of Wnt pathway and progression of adeno-
mas (Fig. 8).

A balanced intestinal environment requires the cooperation of
the host mucosal barrier and the immune system [38]. Transmem-

brane barrier proteins including claudins, occludin, JAM-A, which
are closely linked with surrounding scaffold proteins such as ZO-
1 and afadin are significant components of the intercellular bar-
rier [39]. In addition to the physical barrier, intestinal epithelial
cells also secrete mucus (goblet cells) and antimicrobial peptides
(Paneth cells) that promote intestinal health [38]. Studies have
shown that impaired intestinal barrier is conducive to bacterial
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ectopic and colonization, aggravating the inflammation and pro-
moting the development of CRC [21]. Similarly, gut microbiota from
CRC may effectively reduce the number and secretory products of
Goblet and Paneth cells, and break the integrity of the intestinal
barrier in our study.

It has been reported that APC is a canonical tumour suppres-
sor gene in the development of colorectal cancer. The Apc Min/*
mice can spontaneously develop benign adenomatous polyps from

dysplastic crypts which surrounded by proliferative villi and crypts
[40]. The burden of intestinal adenoma in Apc ™"* mice increased
with age. At the same time, along with low-grade intestinal in-
flammation, the disruption of intestinal barrier and the increased
pathogenic bacteria also contributed to diarrhoea and gross bloody
stool in Apc ™Mn* mice, especially in the group which gavage of
fecal samples from patients with CRC. Some research found that
chronic inflammation was closely related to CRC. Current studies
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suggest that inflammatory cytokines may directly act on epithe-
lial cells, promote tumour progression and accelerate invasion and
metastasis by inducing oxidative stress, producing nitric oxide, col-
onization of pathogenic bacteria [13,41]. In particular, Tseng et al
found that the IL-6 signalling pathway could alter the localiza-
tion of the mismatched repair protein hMSH3, leading to DNA mis-
match repair defects and promoting genetic changes in cancer cells
[42].

Studies have revealed that some bacterial strains such as Bac-
teroides fragilis, Clostridium difficile and Peptostreptococcus were en-
riched in the gut microbiota of CRC patients [43-46]. Moreover,
HoTsoi et al found that Peptostreptococcus interacted with TLR2 and
TLR4 on colon cells, induced cholesterol biosynthesis, promoted
cell proliferation, and caused dysplasia in mice [47]. In our study,
gut microbiota from CRC increased the abundance of Akkerman-
sia and Pseudoflavonifractor. The abundance of bacteria producing
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short-chain fatty acids such as Ruminococcus, Roseburia and
Clostridium XIVa was reduced. The combined action of specific bac-
teria promotes intestinal inflammation and cancer, and the biofilm
formed by bacteria provides shelter for cancer cells [48]. Clostrid-
ium nucleosa is closely related to CRC and plays a vital role in
the occurrence, development, metastasis and prognosis of colorec-
tal cancer. FadA adhesins produced in clostridium nucleosa bind to
E-cadherin, enhanced the heterotopic expression of S-catenin, and
activated Wnt signal pathway to promoted the occurrence of CRC
[49]. Recent studies have found that microRNA activated Wnt/8-
catenin signalling to promote CRC by inducing tumour cell prolif-
eration, angiogenesis, invasion, and metastasis [31]. In our study,
gut microbiota from CRC patients activated Wnt signalling pathway
was found by RNA-seq. Our data also showed heterotopic expres-
sion of B-catenin, and increased expression of downstream tar-
geted genes in tumour cells, suggesting that gut microbiota of CRC
patients could activate Wnt pathway and lead to the progression
of adenoma.

The gut microbiota dysbiosis occurs in patients with kinds of
bowel diseases such as CRC, Diverticulitis /| Diverticulosis, Inflam-
matory Bowel Disease (IBD), Irritable Bowel Syndrome (IBS), con-
stipation, etc. However, this is not consistent in various diseases
of gut microbiota disorder in terms of type, composition, diversity
and so on. For example, compared with asymptomatic subjects,
the reduction of Clostridium cluster 1V, Clostridium cluster IX, Fu-
sobacterium and Lactobacillaceae in fecal microbiota was observed
in diverticulosis patients. Reduced bacterial diversity and higher
instability were observed in IBD patients. The abundance of Desul-
fovibrio and Bilophila were increased. Moreover, previously we also
reported that fecal microbiota from constipation patients could
make intestinal peristalsis slowed down in the antibiotic deple-
tion mice, and the defecation parameters were abnormal. In this
study, fecal microbiota. transplantation was used to explore the ef-
fect of gut microbiota on the progression of adenoma on an over-
all level.However, whether fecal microbiota from non-CRC patients
(such as diverticulitis | diverticulosis) could also induce malignant
transformation of intestinal adenoma needs to be further explored.
Moreover, specific strains and their metabolites are still unknown
and need to be investigated. To sum up, this study found that gut
microbiota of CRC patients caused chronic low-grade inflamma-
tion, promoted tumour cell proliferation, and inhibited apoptosis,
moreover, the disturbed gut microbiota promoted the progression
of intestinal adenomas in Apc ™"* mice. Thus, targeted treatment
of gut microbiota may become a promising treatment strategy for
CRC.
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