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Abstract

Background
The interplay between gut microbiota and tumor microenvironment (TME) in the pathogenesis of
colorectal cancer (CRC) is largely unknown. Here, we elucidated the functional role of B. adolescentis
(B.a) and its possible mechanism on the manipulation of cancer-associated �broblasts (CAFs) in CRC.

Methods
The relative abundance of B.a in the patients with CRC or the healthy individuals was analyzed. The role
of B.a was evaluated in the CRC animal models. The single cell-RNA sequencing (scRNA-seq) was used
to investigate the cell subsets in the TME. The expression level of Wnt signaling and its downstream
GAS1 in CAFs were explored by western blot and qRT-PCR. Overexpression of GAS1 in NIH/3T3 was
performed to investigate its effect on the subcutaneous tumor formation. Multi-immuno�uorescence
assay examined the expression level of CD143 and GAS1 on the tissue array.

Results
We found that B. a abundance was signi�cantly reduced in CRC patients from two independent cohorts
and the bacteria database of GMrepo. Supplementation with B. a suppressed ApcMin/+ spontaneous or
AOM/DSS-induced tumorigenesis in mice. scRNA-seq revealed that B. a facilitated a new subset
CD143+CAFs to highly express GAS1 and GAS1+CAFs existed a suppressive effect. Mechanistically,
GAS1 were activated by the Wnt/β-catenin signaling in CD143+CAFs. B. a abundance was correlated with
the expression level of CD143 and GAS1. The level of CD143+CAFs predicted the more satis�ed survival
in CRC patients.

Conclusions
These results highlight that B. a induced a new subset CD143+CAFs and provides a novel therapeutic
target for probiotic-based modulation of TME in CRC.

Introduction
Colorectal cancer (CRC) is the third most common cancer and has ranked the third leading cause in
cancer-associated death globall[1]. The initiation and progression of CRC was related with multiple
factors including genetic or epigenetic changes, environmental factors, and intestinal microbiota[2,3].
Microbiota disorder leads to intestinal homeostasis imbalance, and thereby induces epithelial dysplasia
and carcinogenesis. Some “CRC-promoting” bacteria have been studied in CRC such as Fusobacterium
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nucleatum[4–6], Peptostreptococcus anaerobius[7] and Bacteroides fragile[8,9]. Previous studies
demonstrated that "Cancer-suppressing" bacteria could inhibit cell proliferation[10], inducing cancer cell
apoptosis[11] and produce anti-cancer compounds[12]. However, the direct evidence supporting the use
of probiotics for preventing CRC is lacking.

Bi�dobacterium adolescentis (B. adolescentis, B.a) is a gram-positive anaerobic bacterium belonging to
Actinobacteria phylum. Studies showed that B. a protected mice from Yersinia and toxigenic E. coli
infection, and antagonized harmful bacteria growth[13,14]. Tze et,al found that B. a could induce Th17
cells without in�ammation in the murine intestine[15]. Our previous study showed that B. a ameliorated
chronic colitis by regulating iTreg/Th2 response[16]. Low Bi�dobacterium abundance in the lower gut
microbiota was associated with Helicobacter Pylori-related gastric cancer[17]. Transplantation with
Bi�dobacteria could improve the effect of melanoma immunotherapy[18].

Microbiota-host tumor microenvironment (TME) interaction plays a crucial role in the pathogenesis of
CRC. Some "harmful bacteria" recruited myeloid-derived suppressor cells (MDSCs) or Treg cells in the
tumor[19,20]. Some "bene�cial bacteria" can enhance the anti-tumor immune response. Bi�dobacterium
increased the antigen presentation ability of dendritic cells[21]. Cancer-associated �broblasts (CAFs) are
the main cellular components of the TME[22]. Studies suggested that CAFs can modulate tumor stroma
microenvironment and their functional heterogeneity are the potential therapeutic targets for cancer.
However, the role of B. a in the CRC microenvironment has not been well explored.

Here, we found that the abundance of B. a was signi�cantly reduced in patients with CRC.
Supplementation with B. a suppressed colonic tumorigenesis in AOM/DSS model and ApcMin/+ mice.
Single-cell RNA sequencing (scRNA-seq) revealed that B. a facilitated a subset CD143+CAFs which highly
expressed GAS1 to suppress CRC. Mechanistically, GAS1 was activated by Wnt/β-catenin signaling in
CD143+CAFs. These results highlighted B. a induced a new subset CD143+CAFs and provided a novel
therapeutic target for probiotic-based modulation of TME in CRC.

Materials And Methods
Human sample collection

Fresh stool samples were obtained from 71 patients with CRC and 40 healthy subjects at the Sir Run Run
Shaw Hospital of Zhejiang University School of Medicine (cohort 1). Fresh tumor and paired normal
tissues were obtained from 99 patients with CRC who underwent surgical resection at Sir Run Run Shaw
Hospital (cohort 2). All samples were refrigerated at liquid nitrogen until use. Fresh CRC tissues and their
paired normal tissue were obtained from 20 patients with CRC who underwent surgical resection at Sir
Run Run Shaw Hospital (cohort 3). The tissue array tissues came from the patients with CRC at the
Second A�liated Hospital of Zhejiang University School of Medicine (cohort 4). Clinical Research Ethics
Committee of the Sir Run Shaw Hospital, Zhejiang University School of Medicine approved the protocol
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(20211103-35). All aspects of the study were conducted in accordance with the principles of the
Declaration of Helsinki.

GMrepo database analysis

The GMrepo revealed the relative abundance of human gut microbiota in the people with different
diseases. The abundance data of B. a in the patients with CRC and the healthy people were downloaded
from GMrepo database using GMrepo RESTful APIs for R (version 3.6.1 https://www.r-project.org) and
the RStudio (version 1.1.442 https://www.rstudio.com) software. We assessed data quality by consulting
the description of the samples and supplementary data of related publications. Then, the relative
abundance of B. a for the healthy and CRC patients was analyzed.

Bacteria strain and culture

B. adolescentis ATCC15703 was purchased from American type culture collection (ATCC, USA). V4 of 16S
ribosomal RNA sequencing was performed to con�rm bacterial strain at the species level. The bacteria
were cultured in anaerobic modi�ed Reinforced Clostridium Medium (BD Difco, Sparks, MD, USA) under
an atmosphere of 10% H2, 10% CO2, and 80% N2 (AW500SG anaerobic workstations, ELECTROTEK,
England) for 48 h. The non-pathogenic commensal intestinal bacteria, E. coli strain DH5a (Code No.9057,
Takara), which was used as a negative control, was cultured in Luria-Bertani medium (Cat. #A507002
Sangon Biotech) at 37℃. When the optical density (OD) at 600 nm of B. a reached 1.0, the cultures were
centrifuged at 3000 rpm for 5 min at 4℃ and then washed twice with sterile anaerobic PBS, then
resuspended at a �nal concentration of 1×109 CFU/300µl under strictly anaerobic conditions.

Animal use and care

All animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) of
Zhejiang University (ZJU) (IACUC-02102214). All animal experiments strictly adhered to protocols,
policies, and ethical guidelines formulated by our IACUC. ApcMin/+ mice were purchased from Nanjing
Biomedical Research Institute of Nanjing University (NBRI), China. BALB/C nude mice and C57L/B6 mice
were purchased from Shanghai SLAC Laboratory Animal, China. All mice were maintained in ventilated
cages with 12-hour light/dark cycles, constant temperature and humidity, enriched water and ad libitum
feeding under speci�c pathogen-free (SPF) conditions.

Carcinogen-induced cancer model

6-week-old male C57BL/6 wildtype mice were purchased from Shanghai SLAC Laboratory Animal, China.
Before bacterial intragastric administration, mice were fed with 2 mg/ml streptomycin (Cat. #MB1275,
Meilunbio) in the drinking water for 7 days to ensure the consistency of regular microbiota and facilitate
B. a colonization as previous study reported[23]. Mice were given a cycle of one single intraperitoneal
injection of azoxymethane (AOM, Cat. #A5486, sigma, 10 mg/kg body weight) at �rst week, then followed
by three cycles of 5 days of 2.5% DSS (Cat. #160110, MP Biomedicals) administration. At the intervals,
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mice were performed administration of 1×109 colony forming units (CFU) of B. a, E. coli or the same
volume of PBS three times per week for 120 days for the development of neoplastic lesions.

Spontaneous adenomatous mice

Prior to intragastric bacteria administration, Male C57BL/6J ApcMin/+ mice (6-8 week of age, 20g) were
fed with 2 mg/mL streptomycin in the drinking water for 7 days to ensure the consistency of regular
microbiota and facilitate B. a colonization. ApcMin/+ mice were randomly assigned to three groups. Mice
in B.a and E. coli groups were administrated 1×109 CFU B. a or DH5a suspended in 300µl sterile
anaerobic PBS, respectively, every 2 days for 3 months. The control group was administrated with PBS.
Two cycles of 10-day 1% DSS was given to accelerate tumorigenesis. The body weight of mice was
measured every week and mice anus prolapse were observed at the �nal month.

At the indicated time intervals, colon and spleen tissues were harvested after fasting. Colon tissues were
photographed and the number and size of tumors were measured. Tumor sizes (diameter) were
quanti�ed as <1 mm, 1-2 mm, 2-3 mm, or >3 mm. Tumor load was calculated as the sum of all tumor
diameters in a single mouse. Spleen tissues were photographed and weight measured.

Genomics library and single cell RNA sequencing

The prepared single-cell suspensions were loaded to 10× Chromium to capture enough single cell
according to the 10×Genomics Chromium Single-Cell 3’ kit (V3) manufacturer’s instructions. The reverse
transcription, cDNA ampli�cation and library construction steps were performed according to the
standard protocol (10× Genomics). Sequencing libraries were sequenced on an Illumina NovaSeq 6000
sequencing system (paired-end multiplexing run,150bp) by LC-Bio Technology co.ltd (HangZhou, China)
at a minimum depth of 20,000 reads per cell.

We excluded contaminating lineage cells and low-quality cells, and �nally obtained 14,736 cells.
Unsupervised graph clustering divided in�ltrating cells into 24 groups based on gene expression pattern.
Cells were divided into 6 groups according to their top expression markers, as previous studies
reported[24-26]. T cells were marked by Cd3e, Cd3d, Cd3g, Trbc1, Trbc2, Icos. Myeloid cells were marked
by Cd14, Csf1r, Fogr3, Adgre1. Fibroblast cells were Col1a2, Col1a1, Dcn, Sparc. Cancer cells were Epcam,
Cdh1, Krt8, Krt18. Endothelial cells were marked by Pecam1, Cdh5, Ramp2, Eng. B cells were marked by
Cd79a, Cd79b, Cd19, Ms4a1. According to the Fibroblast cell group, unsupervised graph clustering
divided in�ltrating cells into 12 groups based on gene expression. Cell types finally identified were plotted
in t-SNE.

DNA extraction and bacteria DNA quanti�cation

Bacterial DNA from human fecal contents were extracted using QIAGEN stool kits (Cat. #51604, QIAGEN,
Germany), and bacterial genomic DNA from human tissues were extracted using QIAGEN DNA mini kits
(Cat. #56304) according to the manufacturers’ protocol. Quantitative real-time PCR was performed to
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assess the B. a genes, Universal Eubacteria 16S and PGT using a ROCHE LightCycler®480 System (Rotor
gene 6000 Software, Sydney, Australia). Each reaction was performed in triplicate with SYBR Premix Ex
Taq (Cat. #RR820A, Takara, Japan), primers and 100ng template gDNA. Relative abundance was
calculated by -ΔCt method. Universal Eubacteria 16s was used as internal reference gene for stool
samples. The PGT gene was used as internal control for tissue samples. Primers used are listed in the
Supplementary Table S1.

Subcutaneous tumor models

Female BALB/C nude mice (3-4 week of age, 15 g) were kept in SPF conditions. CAFs from CRC patient
were incubated with B. a (MOI=10:1) for 48 hours, then HCT-116 cells and CAFs were washed twice with
PBS and harvested using trypsin-EDTA solution (Cat. # GNM25200, Genom). 3×106 HCT-116 cells were
mixed with B.a treated-CAFs (MOI=10:1) or PBS treated-CAFs with 25 µL matrigel matrix (Cat. #354234,
Corning Biocoat), and then injected (100 µL per mouse) subcutaneously into the right �ank of nude mice.
After 7 days implantation, tumor volume was monitored every two days and calculated as follows:
Volume=0.54×L×W2, where L is the longest diameter and W is the shortest diameter. At the terminal time,
the tumor weights were recorded.

Histopathological analysis

Colorectal tumors or subcutaneous tumors were �xed overnight with 10% formalin at room temperature
and then embedded in para�n. Sections of 5 μm were stained with hematoxylin and eosin (H&E) for
pathological analysis. For immunohistochemistry, sections of para�n-embedded tissue were stained by
PCNA-speci�c antibody (Cat. #GB11010-1, diluted 1:1000, Servicebio, China), α-SMA-speci�c antibody
(Cat. #GB13044, diluted 1:1000, Servicebio), CD31-speci�c antibody (Cat. #GB11063-2, diluted 1:1000,
Servicebio) and Ki67-speci�c antibody (Cat. #GB111141, diluted 1:1000, Servicebio), and visualized by
DAB (Cat. #G1212, Servicebio) staining according to manufacturer’s instructions.

Tumor sample dissociation and single cell suspension preparation

Mice colon tumor tissues were acquired from AOM/DSS model with or without B. a. Tumors were cut into
0.5 mm2 fragments. Tumor samples were digested for 40 min at 37 °C in Hanks buffer (Cat. #MA0041,
Meilunbio) containing 5% FBS (Cat. #10270, Gibco), Collagenase IV (200U/ml, Cat. #A005318, Sangon
Biotech) and DNase I (120 U/ml, Cat. #B300065, Sangon Biotech), as previous study reported. Samples
were typically fully dissociated at this step and �ltered through a 40 mM cell strainer. Cells were
centrifuged down at 500 g for 10 min and resuspended in 1 mL of ACK lysis (Cat. #R1010, Solarbio) and
placed on ice for 3 min. Cells were spun down at 700 g for 5 min and placed on ice. The dead cells were
removed by Dead Cell Removal MicroBeads (Cat. #MACS 130-090-101, Germany) and Miltenyi ® Dead
Cell Removal Kit (Cat. #MACS 130-090-101, Germany). In the end, the cells were resuspended in PBS
containing 0.04% BSA and centrifuged at 300 g for 3 min at 4 °C. The cell viability needed to be above
85% determined by trypan blue staining (Cat. #MA0130, Meilunbio) using an automated counter, �nally
subsequently adjusted the cell concentration to 700-1200 cells/µL.
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Cell culture

HCT-116 human colon cancer cells were obtained from the ATCC at the beginning of this project. Cells
were maintained at 37 ℃ under 5% CO2 in McCoy’s 5A (Cat. #GNM16600, Genom) with 10% (vol/vol)
FBS (Cat. #10270, Gibco) supplemented with 1% (vol/ vol) penicillin and streptomycin (Cat. #P1400,
Solarbio) and maintained in culture for a maximum of 2 months or 10 passages. Murine embryonic
�broblast NIH/3T3 were also obtained from the ATCC at the beginning of our study and maintained in
culture for a maximum of 2 months or 10 passages. All cells tested negative for Mycoplasma
contamination and were authenticated on the basis of short tandem repeats �ngerprinting before use.

Fibroblast (CAFs and normal tissue–associated �broblast) isolation

The fresh tumor or normal colon tissues were cut into small blocks with a diameter of 2 mm and
subsequently seeded on the surface of culture �ask containing DMEM supplemented with 20% FBS
(Gibco) and 1% penicillin/streptomycin (Solarbio). Culture �ask was inverted and maintained at 37 ℃
under 5% CO2 for 1 hour until the culture �ask was turned over. The adherent cells were continuously
cultured in DMEM with 20% FBS for approximately 2 weeks (tumor tissues) or 3 to 4 weeks (paired
normal colon tissues). The culture medium was replaced every three days. Large groups of �broblasts
(morphologically spindle-shaped cells became apparent after 2 weeks and they were validated by western
blot and immuno�uorescence staining.

Cell culture in the presence of B. adolescentis

CAF cells were digested by trypsin-EDTA solution (Cat. #GNM25200, Genom) slightly, then they were
seeded at a density of 2×105 cells per well in 6-well plate and cultured in DMEM with 10% (vol/vol) FBS
(Gibco) overnight. Then they were incubated with B. a at a MOI of 100:1 for 48 h. Finally, CAF cells were
digested by trypsin-EDTA solution (Cat. #GNM25200, Genom) for further analysis.

HCT-116 cells were subsequently seeded at a density of 2×103 cells per well with the B.a or PBS
incubated-CAFs(MOI=1:10) in the 96-well plate for 24, 48,72 hours, then the Cell viability was analyzed
using a Cell Counting Kit (CCK-8, Cat. #CK04, Dojindo) according to the manufacturer’s instructions at
different time points. Brie�y, after removing the medium, cells were incubated with CCK8 for 2 hours and
the absorbance was determined at 450 nm, each test was repeated �ve times.

For LiCl stimulation assay, CAFs were incubated with Wnt signaling agonist lithium chloride (LiCl) (20
mmol/L) for 24 h, then the expression of c-Myc, Cyclin D1 and GAS1 were analyzed.

Statistical analysis

Data were expressed as mean ± Standard Deviation (SD) and were analyzed by paired or unpaired
Student’s t test, one-way ANOVA test, Mann Whitney test or spearman correlation analysis. A P value <
0.05 was considered statistically signi�cant. Statistical analyses were performed using GraphPad Prism
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5.04 software (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS 19.0 for Windows (SPSS Inc.,
Chicago, IL, USA).

Results
B. adolescentis was decreased in CRC patients and suppressed tumorigenesis in mice

We examined the fecal B. a abundance in healthy populations and patients with CRC (cohort 1).
Quantitative PCR showed fecal B. a abundance was signi�cantly lower in CRC patients than that in the
healthy controls (Fig. 1a). In addition, we found that B. a abundance was decreased in tumor tissues
compared to their adjacent normal mucosa (cohort 2) (Fig. 1b). Consistently, the GMrepo database
indicated that fecal B. a abundance in CRC patients was signi�cantly lower as compared to healthy
individuals (Fig. 1c). These results suggested that the abundance of B. a was decreased in CRC patients.

We then evaluated the effect of B. a in CRC. AOM/DSS-induced carcinogenesis model mimics colonic
tumor progression caused by chronic colitis as seen in in�ammatory bowel disease (IBD). Six-week-old
C57BL/6 mice were injected with AOM (10 mg/kg) at the �rst week, followed by three cycles of 2.5%DSS
and oral administration with B.a or E. coli for 120 consecutive days. B. a supplement mice had an
obvious reduction in tumor number and load as compared with those gavage with E. coli or PBS
(Fig. 1d,e). The lower expression of proliferative marker PCNA and tumor angiogenesis marker CD31 was
observed in B. a group (Fig. 1f-h). Immunohistochemistry staining of the �broblast marker of α-SMA was
highly expressed in the tumor from B. a-gavage mice (Fig. 1i). The spleen weight showed an obvious
decrease in B. a group (Fig. 1j).

Six-week-old ApcMin/+mice were orally gavage with B. a or E. coli for 90 consecutive days including two
cycles of 1%DSS administration. We observed consistent tumor-suppressive effect of B. a in ApcMin/+

spontaneous tumor mice (Fig. 1k-n and Fig. S1a). Collectively, our results indicated that B. a could
suppress ApcMin/+ spontaneous and AOM/DSS-induced tumorigenesis in mice.

B. adolescentis recruited �broblasts to suppress colonic tumorigenesis

To explore the tumor in�ltrating cells during CRC progression, we analyzed cell populations identi�ed
from AOM/DSS-induced colon tumors by single cell RNA-sequencing (scRNA-seq) (Fig. 2a). We obtained
14,736 cells and unsupervised graph clustering divided in�ltrating cells into 24 groups based on gene
expression pattern (Fig. 2b,c). Furthermore, we labeled cell subsets with canonical markers and divided
them into six groups including B cells, endothelial cells, cancer cells, �broblast cells, myeloid cells and T
cells, which were plotted in t-SNE (Fig. 2d-f and Fig. S2). A total of 4898 cells were classi�ed into myeloid
populations, accounting for 33.23% of the total cells. Based on scRNA-seq data, B. a treatment changed
the proportion of these six de�ned cell types. B. a supplement obviously increased �broblast cells
(72.14%) while decreased the B cells (30.22%) (Fig. 2g). Biological function and cell-cell interaction
network in the main six cell types were shown in online supplementary Fig. 3 by iTALK R packages, which
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demonstrated the microbiota might regulate the TME in CRC by regulating cell-cell interaction. These
results indicated that �broblast cells were involved in the effect of B. a in CRC.

To con�rm whether �broblasts mediate the tumor suppressive effect of B. a in vitro, we separated and
identi�ed cancer associated �broblasts (CAFs) from CRC patients by western blot or immuno�uorescence
(Fig. S4). CAFs were then incubated with B. a or E. coli for 48 h, and co-cultured with HCT-116 cells. We
found that B. a-treated CAFs signi�cantly inhibited CRC cell proliferation compared with the E. coli or PBS
control groups (Fig. 2h). To con�rm whether B. a-treated CAFs suppressed the tumor growth in vivo, we
mixed the HCT-116 CRC cells and CAFs with or without B. a treatment and co-injected into the nude mice.
We observed that B. a-treated CAFs had an obvious growth inhibitory effect on HCT-116 tumors in nude
mice. The reduction of cell proliferative and angiogenesis ability was veri�ed by the staining with Ki67
and CD31 (Fig. 2i-k). Collectively, these data demonstrated that B. a-treated CAFs suppressed
tumorigenesis in vivo and in vitro.

CD143 + CAFs was activated by B. adolescentis in vivo and in vitro

As B. a treatment induced more functional CAFs in CRC progression, we proposed that these distinctive
CAFs might present with speci�c molecular signatures. We further analyzed the CAFs subsets by scRNA-
seq, and found that unsupervised graph clustering divided CAFs into 12 groups (Fig. 3a,b). Furthermore,
we used conventional �broblast markers and other surface markers to distinguish them and acquired �ve
CAF subsets including C1(PDGFRβ), C2(collagen I), C3(MYH11), C4(CD143), C5(CD36) (Fig. 3c and Fig.
S5). Combining with the t-SNE result, we found that the subset C4 (CD143) was mainly located in the B.a-
treated group while other subsets failed to distinguish them (Fig. 3d,e). These results suggested that B. a
could induce the functional CD143+ CAFs in vivo.

To con�rm the existence of CD143+ CAFs, the dual positive of SMA and CD143 cells were stained by
immuno�uorescence assay in the tumor tissues from patients with CRC (Fig. 3f). We further explored the
percentage of total CAFs (Epcam−CD31−AFP+) and CD143+ CAFs (Epcam−CD31−AFP+CD143+) by �ow
cytometry. CRC tissues had more CAFs while less CD143+ CAFs than their paired normal tissues (Fig.
S6a,b). In addition, the B. a-treated CAFs induced more CD143+ CAF cells in the tumor tissues from nude
mice (Fig. S6c). To explore whether B. a could induce the CD143+ CAFs in vitro, we co-cultured the CAFs
with B. a or E. coli for 48 h. We observed that B. a increased the expression level of CD143 in CAFs
compared with E. coli or PBS control group by immuno�uorescence, western blot and RT-qPCR assays
(Fig. 3g-h). Taken together, these results revealed that B. a could recruit the subset CD143+ CAFs in vivo
and in vitro.

CD143 + CAFs was highly expressed with GAS1 in response to B. adolescentis treatment

To explore how CD143+CAFs inhibiting CRC progression, we performed different gene expression (DGE)
between the PBS and B.a groups in AOM/DSS-treated mice. We found that growth arrest speci�c 1
(GAS1) was the signi�cantly increased gene in the B.a supplement group, and GAS1 mainly expressed in
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the CD143+CAFs subset (Fig. 4a,b). The expression of GAS1 in CD143+CAFs had 8-fold increase
compared to the CD143−CAFs (Fig. 4c). Furthermore, we observed more SMA+GAS1+ dual positive cells in
the B.a-treated group (Fig. 4d).

To con�rm that B. a increased the expression of GAS1 in CAFs in vitro, we co-cultured CAFs with B. a or E.
coli for 48 h. Results demonstrated that B. a upregulated the expression of GAS1 by western blot and RT-
qPCR (Fig. 4e,f). These data suggest that B. a treatment induced CD143+ CAFs to highly express with
GAS1. To investigate the suppressive function of GAS1 in CAFs on CRC, we acquired the GAS1-
overexpressed NIH/3T3 cells (Fig. S6d). We found that overexpression of GAS1 in NIH/3T3 cells
e�ciently inhibited the growth of MC38 cells in nude mice. The cell proliferative and angiogenesis ability
was reduced after GAS1-overexpression (Fig. 4g-i), which suggest that GAS1+CAFs existed a suppressive
effect in CRC.

Wnt/β-catenin signaling was involved in the CD143 + CAFs induction by B. adolescentis

To explore the regulatory mechanism of GAS1 expression, we analyzed the online translatory predictor
datasets of UCSC and JASPAR. 14 translator factors were collected according to these two datasets
merged �les (Fig. 5a). We narrowly analyzed the translator factors of the �ve CAFs subsets and found the
expression of TCF4 and NFKB1 were signi�cantly increased in the group C4 (CD143) (Fig. 5b). TCF4 was
the most convinced translator factor to activate GAS1. The predictor of C4 subset by KEGG pathway also
con�rmed that Wnt pathway was activated in the CD143+CAFs (Fig. 5c). Furthermore, we found that the
protein level of NF-κB pathway molecule p-p65 was not changed in B. a-treated CAFs and the AOM/DSS-
induced tumor tissues (Fig. S7a,b). The TGF-β pathway had no signi�cant difference in the tumor tissues
between PBS group and B. a group or between PBS and B. a-treated CAFs (Fig. 5d and Fig. S7c).

To further conduct whether the Wnt/β-catenin pathway was activated by B. a, we co-cultured the CAFs
with B. a or E. coli and found the Wnt/β-catenin downstream genes of Tcf4, Axin2, Cyclin D1 and c-Myc
increased in the B. a-treated CAFs (Fig. 5e). The increased expression level of c-Myc and Cyclin D1 was
con�rmed by western blot analysis in the B.a group (Fig. 5f). In contrast, B. a had no effect on the HCT-
116 CRC cells (Fig. S7d).

The induction of nuclear β-catenin translocation indicated that Wnt/β-catenin pathway was activated by
B. a in the CAFs (Fig. 5g). We proposed that GAS1 and CD143 are the downstream of the Wnt/β-catenin
signalling. We found that lithium chloride (LiCl) (20 mmol/L), the Wnt signaling agonist, increased the
expression level of GAS1, CD143 and Wnt downstream targets c-Myc and Cyclin D1 (Fig. 5h). To
investigate whether Wnt/β-catenin signaling pathway was activated by TCF4 in B. a-treated CAFs, we
performed the TCF4 de�cient assay (Fig. S7e). We observed that knockdown of TCF4 obviously inhibited
the expression of GAS1 and CD143 by western blot assay and attenuated the activation of Wnt/β-catenin
pathway by B. a in CAFs (Fig. 5i,j). These data indicated that Wnt/β-catenin signaling was involved in
CD143+ CAFs induction by B. a in vitro.



Page 12/27

CD143 + CAFs predicated better survival in CRC patients and B. adolescentis abundance was correlated
with the expression of CD143 and GAS1

We further evaluated clinical association between B. a, CD143 and GAS1 in our clinical cohorts and TCGA
dataset. We de�ned two groups with low or high abundance of B. a by the DNA level (-ΔCT =-15) and
found the abundance of B. a was related to the mRNA expression level of CD143 in cohort 3 (Fig. 6a).
The high B.a abundance group enriched more percentage of CD143+CAFs by �ow cytometry assay
(Fig. 6b,c). CD143 level was decreased in the late-stage tumors in cohort 2 (Fig. 6d). The relative
expression of GAS1 was reduced in cancer tissues compared with the normal tissue (The cohort 2 and
the TCGA dataset) (Fig. 6e,f). The high B. a abundance group had a relative high level of GAS1 mRNA
(cohort 2 and cohort 3) (Fig. 6g,h). The abundance of B. a was associated with higher SMA+CD143+ or
SMA+GAS1+ dual positive cells in cancer tissues, as determined by immuno�uorescence staining (cohort
2) (Fig. 6i).

We examined the number of CD143+α-SMA+ dual positive cells in 80 patients with CRC (cohort 4). Results
showed that the overall survival percentage was increased in the high number of α-SMA+CD143+ cells
group (Fig. 6j-l), which suggested the subset CD143+CAFs could be a promising marker to predicate a
better survival outcome.

Discussion
Studies demonstrated that some speci�c bacteria regulated the tumor microenvironment in the
progression of CRC and exerted a promising therapeutic function. Herein, we identi�ed that B. a
suppressed colonic tumorigenesis and induced CD143+ CAFs with highly expressed GAS1 through Wnt/β-
catenin pathway. scRNA-seq revealed that B. a treatment recruited more CAFs in the tumor tissues
(Fig. 2). Studies suggested that different �broblast subsets exerted opposite functions in cancer
progression[27]. CAFs can promote tumor progression through a variety of mechanisms, such as
secreting cytokines and exosomes to mediate intercellular communication, inducing tumor cell epithelial-
mesenchymal transition, promoting blood vessel formation and immune escape[22]. However, certain
CAFs subgroups inhibit tumorigenesis. Non-selective CAFs deletion in pancreatic tumor could promote
cancer angiogenesis[28]. Me�in+ CAFs surrounded the pancreatic tumor inhibited the cancer
progression[29]. The decreased CD68+ CAFs were related with the in�ltration of regulatory T cells in oral
carcinoma with poor prognosis[30].

Recent studies suggest that CAFs are heterogeneous and contain different subpopulations with distinct
phenotypes and functions[31,32]. The heterogeneity of CAF subsets is tumor-type dependent. Oral
squamous cell carcinoma can be divided into CAF-N and CAF-D[33]. The CAFs of breast cancer were
divided into mCAF, dCAF, vCAF and cCAF by single-cell sequencing[34]. Our study discovered 5 subsets of
CAFs, including C1(PDGFRβ), C2(collagen I), C3(MYH11), C4(CD143), C5(CD36). The new subset CAFs
expressing CD143 was speci�cally activated by B. a in vivo and in vitro (Fig. 3). CD143 is the
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angiotensinase, which is expressed in endothelial cells[35] and dendritic cells[36]. The de�nition of CAFs
is generally based on the markers of α-SMA, �broblast activation protein (FAP), platelet-derived growth
factor (PDGFRβ) and so on[22]. However, the above-mentioned markers are not speci�c for CAFs. For
example, FAP can be expressed in bone marrow, skeletal muscle, pancreas and other tissues.
Inadvertently removing FAP+ cells can lead to anemia and muscle atrophy[37].

GAS1, called growth arrest-speci�c 1, is located on the membrane of cells and belongs to the glial cell-
derived neurotrophic factor ligand (GDNF) family α receptor (GFRα), expressed in a variety of epithelial
cells and �broblasts[38]. GAS1 was determined as a negative regulator of oncogenesis and metastasis in
CRC. Mechanistically, GAS1 negatively regulated the aerobic glycolysis, a process that contributed to
tumor progression and metastasis[39]. However, the role of GAS1 on CAFs are still unclear. Our study
demonstrated that the CD143+ CAF subset highly expressed GAS1 compared with the CD143− CAF
subset (Fig. 4). GAS1 was as a cell marker and the effect molecule to negatively suppress the CRC tumor
proliferation. Therefore, the GAS1 highly expressed CD143+ CAF subset might be a new predictive marker
or a therapeutic target for CRC.

Recent studies have revealed a variety of upstream signals that regulate the CAFs differentiation.
Blocking the TGF-β signal in the breast cancer microenvironment could promote the formation of
immunoregulatory �broblast subpopulations[40]. The granular protein from liver macrophages activated
liver �broblasts[41]. A previous study showed that GAS1 is induced by WNTs[42]. In our study, the
datasets and the scRNA-seq together revealed that TCF4 was the most convinced translatory factor to
activate GAS1. Wnt/β-catenin signaling involves in the induction of CD143+ CAFs by B. a in vitro (Fig. 5).
Wnt signal in different cells plays a completely different role. Mutation-induced activation of WNT/β-
catenin signaling is a frequent driver event in human cancer[43]. Wnt signal activation in CAFs of colon
cancer can promote the contact of CAFs with cancer cells and inhibit epithelial-mesenchymal
transition[44].

Conclusions
Our study found supplementation with B. adolescentis suppressed ApcMin/+ spontaneous or AOM/DSS-
induced tumorigenesis in mice. Single-cell RNA sequencing (scRNA-seq) revealed that B. adolescentis
facilitated a new subset CD143+CAFs with highly expressed GAS1 in the tumor microenvironment to
suppress CRC. Wnt/β-catenin signaling was activated in CD143+CAFs induced by B. adolescentis. These
results highlight that B. adolescentis induced a new subset CD143+CAFs and it could be a promising
marker to predicate a better survival outcome, which provides a novel therapeutic target for probiotic-
based modulation of tumor microenvironment in CRC.
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Figures

Figure 1
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B. adolescentis was decreased in CRC patients and suppressed tumorigenesis in mice. a Fecal bacterial
genomic DNA was extracted from healthy individuals (Normal, n=40) and patients with CRC (Cancer,
n=71) in cohort 1. The expression of B. adolescentis was determined by qRT-PCR. b Bacterial genomic
DNA was extracted from CRC tissues and adjacent normal mucosa (n=99) (cohort 2). The expression of
B. adolescentis was tested by qRT-PCR. c The relative fecal abundance of B. adolescentis in healthy
individuals (Normal, n=7836) and patients with CRC (Cancer, n=265) in the GMrepo database. d
Representative colon images of AOM/DSS mice treated with B. adolescentis (B.a) (n=8), E.coli (n=6) or
PBS (n=8) as control. The red arrows indicate the tumor locations. e Tumor number and tumor load in the
colorectum were measured. f Representative images of H&E staining, immunostaining for PCNA or α-
SMA and immuno�uorescence staining for CD31 in CRC tissues. White scale bars, 500 µm, black scale
bars, 100 µm. The qualitative expression of (g)PCNA, (h) α-SMA and (i) CD31 were analyzed. j Spleen
weights were measured. k Experimental model in ApcMin/+ mice. l Representative colon images of
ApcMin/+ mice treated with B. adolescentis (B.a) (n=6), E.coli (n=6) or PBS (n=9) as control. m Tumor
number, size, and load in the colorectum were measured. n Spleen weights were measured. Data are
presented as mean ± SD. *, P <0.05, **, P <0.01, ***, P <0.001, Kruskal-Wallis test (a), Mann-Whitney test
(b), Wilcoxon matched-pairs signed-rank test (c) and ANOVA test (e-j). 
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Figure 2

B. adolescentis recruited �broblasts to suppress colonic tumorigenesis. a The pattern diagram for the
single cell preparation and single cell RNA-sequencing. b,c Unsupervised graph clustering divided
in�ltrating cells into 24 groups based on gene expression pattern and groups were plotted in t-SNE. d-f
Cells were divided into 6 groups according to their top expression markers. g The percentage of 6 groups
in PBS and B.a groups respectively. h Primary CAFs were isolated from the CRC tumor and incubated with
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B. adolescentis for 48 h, followed by co-cultured with HCT-116 cells, then the cell viability was evaluated
at 24, 48 and 72 h by CCK-8 assay. HCT-116 cells were mixed with B.a treated-CAFs (MOI=10:1) or PBS
treated-CAFs and then injected subcutaneously into the nude mice. The representative tumor images were
shown (i) and the tumor volume and weight were recorded (j). k The expression levels of Ki67 and CD31
in the tumor from PBS control (Ctrl) or B.a nude mice were examined by immunostaining, Scale bars, 100
µm. The independent experiment was repeated for three times. Data are presented as mean ±SD, n=6. *, P
<0.05, **, P <0.01, ANOVA test (h) or student t test (j,k).
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Figure 3

CD143+ CAFs was activated by B. adolescentis in vivo and in vitro. (a,b) Unsupervised graph clustering
divided the �broblasts group into 12 groups based on gene expression pattern and groups were plotted in
t-SNE. c 5 CAFs groups of C1(PDGFRβ), C2(collagen I), C3(MYH11), C4(CD143), C5(CD36) were analyzed
according to the surface markers. d t-SNE showed the location of all CAFs cells in the B.a and PBS
groups. e t-SNE showed the CAFs cells with the high expression of CD143. f The immuno�uorescence
staining for the dual α-SMA and CD143 positive cells in the tumor tissue from CRC patients. Scale bars,
100 µm. The yellow arrows indicate the positively stained cells. Primary CAFs were isolated from the CRC
tumor and incubated with B. adolescentis or E.coli for 48 h, then the protein expression of CD143 were
shown by immuno�uorescence staining (g) and western blot (h), the mRNA expression was shown by
qPCR (i). Scale bars, 50 µm. The independent experiment was repeated for three times. Data are
presented as mean ±SD. *, P <0.05, ANOVA test (h,i).
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Figure 4

CD143+ CAFs was highly expressed with GAS1 in response to B. adolescentis treatment. a Different gene
expression (DGE) between the colon tumors from the PBS and B.a groups with AOM/DSS treatment. b t-
SNE showed the CAFs cells with the high expression of GAS1. c RNA sequencing showed the relative
expression of GAS1 in CD143- CAFs and CD143+ CAFs. d The immuno�uorescence staining for the dual
α-SMA and GAS1 positive cells in the tumor tissue from AOM/DSS mice. Scale bars, 100 µm. The yellow
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arrows indicate the positively stained cells. Primary CAFs were isolated from the CRC tumor and
incubated with B. adolescentis or E.coli for 48 h, then the protein expression of GAS1 were shown by
western blot (e), and the mRNA expression of GAS1was shown by qPCR (f). g-h MC38 cells were mixed
with GAS1-overexpressed NIH/3T3 (MOI=10:1) or OE-con NIH/3T3 and then injected subcutaneously into
the nude mice. The representative tumor images were shown (g) and the tumor volume and weight were
recorded (h). i The expression levels of Ki67 and CD31 in the tumor from control (OE-con) or OE-mGAS1
nude mice were examined by immunostaining, Scale bars, 100 µm. The independent experiment was
repeated for three times. Data are presented as mean ±SD. **, P <0.01, student t test (c,d), ANOVA test
(e,f).

Figure 5
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Wnt/β-catenin signaling involved in the induction of CD143+ CAFs by B. adolescentis. a The online
translatory predictor datasets of UCSC and JASPAR predicted the merged translatory genes of GAS1. b
The DGE of the translator factors between the 5 CAF subsets. c The KEGG pathway was enriched in the
subset of C4 (CD143+ CAFs). d The mRNA expression level of Tgf-β in the tumor tissues from the
AOM/DSS mice was con�rmed by qPCR. e The CAFs were co-cultured with B. adolescentis or E. coli for
48 h, then the relative expression of Tcf4, Axin2, Cyclin D1 and c-Myc were examined by qPCR. f The
relative protein expression of c-Myc and Cyclin D1 were tested by western blot. g Nuclear and cytoplasmic
separation assay was performed to isolate the nuclear and cytoplasm, then western blot showed the
protein expression of β-catenin in the nuclear and cytoplasm. h CAFs were incubated with Wnt signaling
agonist lithium chloride (LiCl) (20 mmol/L) for 48 h, then the expression of c-Myc, Cyclin D1 and GAS1
were analyzed by western blot. i TCF4 de�ciency in CAFs was performed by siRNA assay, then the
expression of c-myc, Cyclin D1 and GAS1 were examined by western blot. j TCF4 de�cient CAFs or
wildtype CAFs were co-cultured with B. adolescentis for 48 h, then the Wnt/β-catenin pathway of c-Myc,
Cyclin D1 and GAS1 were tested by western blot. The independent experiment was repeated for three
times. Data are presented as mean ±SD. *, P <0.05, **, P <0.01, ***, P <0.001, ANOVA test (e).
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Figure 6

CD143+CAFs predicated better survival in CRC patients and B. adolescentis abundance was correlated
with the expression of CD143 and GAS1. a Cohort 3 was divided into two groups with low and high
abundance of B. adolescentis by the DNA level (-ΔCT =-15), then the mRNA expression level of CD143 in
low and high B. a groups was tested by qPCR. b,c The percentage of CD143+CAFs(CD143+FAP+Epcam-

CD31- cell) in the low or high B. a abundance was analyzed by �ow cytometry. d The expression level of
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CD143 in the different stage of CRC in the cohort 2 was tested by qPCR. e The relative expression of
GAS1 in cancer tissue and its normal tissue from the cohort 2 were explored by qPCR. f Expression of
GAS1 in colorectal cancer tissue and normal tissue in TCGA TARGET GTEx datasets. g,h The relative
abundance of GAS1 in low or high B. a groups from the cohort 2 and cohort 3 were tested by qPCR. i The
immuno�uorescence staining for the dual α-SMA and GAS1 positive cells or α-SMA and CD143 positive
cells in the tumor tissue from cohort 2. Scale bars, 100 µm. j CRC tissue sections of 80 samples from the
tissue array cohort 4 were stained with antibodies for α-SMA and CD143. yellow arrows indicate target
cells. Scale bars were shown in the pictures. k,l The Kaplan–Meier survival curves/log-rank tests were
used to compare overall survival (k) and disease free survival (l) in groups with high and low numbers of
CD143+CAFs. Data are presented as mean ±SD. *, P <0.05, ***, P <0.001, Kruskal-Wallis test (d), Mann-
Whitney test (a,c,f,g,h), Wilcoxon matched-pairs signed-rank test (e), log-rank tests(k,l). 

Figure 7

The pattern model of B. adolescentis regulating CRC progression.


