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Abstract
Background: The interplay between gut microbiota and tumor microenvi-
ronment (TME) in the pathogenesis of colorectal cancer (CRC) is not well
explored. Here, we elucidated the functional role of Bifidobacterium adolescentis
(B.a) on CRC and investigated its possible mechanism on the manipulation of
cancer-associated fibroblasts (CAFs) in CRC.
Methods: Different CRC animal models and various cell line models were
established to explore the function of B.a on CRC. The single-cell RNA sequenc-
ing (scRNA-seq) or flow cytometry was used to detect the cell subsets in the
TME of CRC. Western blot, quantitative real-time polymerase chain reaction
(qRT-PCR), or immunofluorescence staining were performed to examine the
activation ofWnt signaling and growth arrest specific 1 (GAS1) on CD143+ CAFs.
Chromatin immunoprecipitation quantitative real-time PCR (CHIP-qPCR) was
performed to investigate the regulation of transcription factor 4 (TCF4) on GAS1.

Abbreviations: CRC, colorectal cancer; TME, tumor microenvironment; B.a, Bifidobacterium adolescentis; E.coli, Escherichia coli; CAF,
cancer-associated fibroblast; AOM/DSS, azoxymethane/dextran sulfate sodium salt; scRNA-seq, sing-cell RNA sequencing; GAS1, growth arrest
specific 1; MDSC, myeloid-derived suppressor cell; CFU, colony forming unit; MOI, multiplicity of infection; qRT-PCR, quantitative real-time PCR;
FBS, fetal bovine serum; RCM, reinforced clostridial medium; BSA, bovine serum albumin; CM, conditional medium; H&E, hematoxylin and eosin;
PCNA, proliferating cell nuclear antigen; GO, gene ontology; NAF, normal cancer-adjacent fibroblast; FAP, fibroblast activation protein; SD, standard
deviation; EPCAM, epithelial cell adhesion molecule; TCF4, transcription factor 4; TGF-β, transforming growth factor beta; CHIP-qPCR, chromatin
immunoprecipitation quantitative real-time PCR; LiCl, lithium chloride; siRNA, small interfering RNA; TCGA, the cancer genome atlas; FISH,
fluorescence in situ hybridization; Treg, regulatory T cell.
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Multi-immunofluorescence assay examined the expression level of CD143 and
GAS1 on tissue microarray.
Results:We found thatB.a abundancewas significantly reduced inCRCpatients
from two independent cohorts and the bacteria database of GMrepo. Supple-
mentation with B.a suppressed ApcMin/+ spontaneous or AOM/DSS-induced
tumorigenesis in mice. scRNA-seq revealed that B.a facilitated a subset of
CD143+ CAFs by inhibiting the infiltration of Th2 cells, while promoting the
TNF-alpha+ B cells in TME. CD143+ CAFs highly expressed GAS1 and exhibited
tumor suppressive effect. Mechanistically, GAS1 was 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
better survival outcome in CRC patients.
Conclusions:These results highlighted thatB.a induced a new subset of CD143+

CAFs by Wnt signaling-regulated GAS1 to suppress tumorigenesis and provided
a novel therapeutic target for probiotic-based modulation of TME in CRC.

KEYWORDS
Bifidobacterium adolescentis, cancer-associated fibroblast, colorectal cancer, GAS1, microbiota,
single-cell RNA sequencing, Wnt/β-catenin signaling

1 BACKGROUND

Colorectal cancer (CRC) is the third most common
cancer and has ranked the third leading cause in cancer-
associated death globally [1, 2]. The initiation and
progression of CRC was related with multiple factors
including genetic or epigenetic changes, environmental
factors and intestinal microbiota [3–5]. Microbiota disor-
der leads to intestinal homeostasis imbalance, and thereby
induces epithelial dysplasia and carcinogenesis. Some
“CRC-promoting” bacteria have been studied in CRC,
such as Fusobacterium nucleatum [6–8], Peptostreptococ-
cus anaerobius [9], and Bacteroides fragile [10, 11]. Previous
studies demonstrated that “Cancer-suppressing” bacteria
could inhibit cell proliferation [12], inducing cancer cell
apoptosis [13], and produce anti-cancer compounds [14].
Bifidobacterium adolescentis (B. adolescentis, B.a) is

a gram-positive anaerobic bacterium belonging to Acti-
nobacteriaphylum. Studies showed thatB.aprotectedmice
from Yersinia and toxigenic Escherichia coli (E.coli) infec-
tion, and antagonized harmful bacteria growth [15, 16].
Tze et al. [17] found that B.a could induce Th17 cells
without inflammation in the murine intestine. Our pre-
vious study showed that B.a improves health span and
lifespan in multiple species [18]. Low Bifidobacterium
abundance in the lower gut microbiota was associated
with Helicobacter Pylori-related gastric cancer [19]. B.a
carried with endostatin gene was the selective inhibitor
of angiogenesis and hypoxic tumor growth [20]. Trans-

plantation with Bifidobacteria could improve the effect
of melanoma immunotherapy [21]. But the role and the
molecular mechanism of B.a on CRC progression have not
been investigated.
Microbiota-host tumor microenvironment (TME) inter-

action plays a crucial role in the pathogenesis of CRC.
Some “harmful bacteria” recruited myeloid-derived sup-
pressor cells (MDSCs) or regulatory T cells (Treg) in the
tumor [22, 23]. Some “beneficial bacteria” can enhance the
anti-tumor immune response. Bifidobacterium increased
the antigen presentation ability of dendritic cells [24].
Cancer-associated fibroblasts (CAFs) are the main cellu-
lar components of the TME [25]. Studies suggested that
CAFs canmodulate tumor stromamicroenvironment, and
their functional heterogeneity are the potential therapeu-
tic targets for cancer. However, the role of B.a in the CRC
microenvironment has not been well explored. In this
investigation, we sought to identify the function and clin-
ical relevance of B.a and CD143+ CAFs in CRC and to
clarify themolecular processes underlyingWnt/β-catenin-
mediated growth arrest specific 1 (GAS1) regulation.

2 MATERIALS ANDMETHODS

2.1 Human sample collection

Fresh stool samples were obtained from 71 patients with
CRC and 40 healthy subjects at the Sir Run Run Shaw
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Hospital of ZhejiangUniversity School ofMedicine (cohort
1; Hangzhou, Zhejiang, China). 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 liq-
uid nitrogen until use. Fresh CRC tissues and their paired
normal tissues were obtained from 27 patients with CRC
who underwent surgical resection at Sir Run Run Shaw
Hospital (cohort 3). Paraffined tumor and paired normal
tissues of microarray came from 77 patients with CRCwho
underwent surgical resection at the Second Affiliated Hos-
pital of Zhejiang University School of Medicine (cohort
4; Hangzhou, Zhejiang, China). The clinicopathological
characters, including gender, age, tumor size, pathological
type, differentiation grade and TNM stage, were selected
and shown in Supplementary Table S1-S5. All population
withCRChadnohistory of immunotherapy, laxatives, pro-
biotics, and antibiotics intake in recent one month. All
sampleswere coded in accordancewith local ethical guide-
lines.Written informed consent was obtained, andClinical
Research Ethics Committee of the Sir Run Run Shaw Hos-
pital and the Second Affiliated Hospital, Zhejiang Univer-
sity School of Medicine approved the protocol (20211103-
35). All aspects of the study were conducted in accordance
with the principles of the Declaration of Helsinki.

2.2 GMrepo database analysis

The GMrepo revealed the relative abundance of human
gut microbiota in the populations with different diseases
(https://gmrepo.humangut.info/home; Shanghai and
Hubei, China) [26]. The abundance data of B.a in the
patients with CRC and the healthy people were down-
loaded from the GMrepo database using GMrepo RESTful
APIs for R (version 3.6.1; https://www.r-project.org; Auck-
land, New Zealand) and the RStudio software (version
1.1.442; https://www.rstudio.com; Boston, MA,USA). We
assessed data quality and removed the part with missed
clinical information. Then, the relative abundance of B.a
for the healthy and CRC patients was analyzed.

2.3 Bacteria strain and culture

B.a (ATCC15703) was purchased from the American Type
Culture Collection (ATCC, Rockville, Maryland, USA).
The bacteria genome was extracted, and V4 of 16S
ribosomal RNA sequencing was performed by Tsingke
Biotechnology (Beijing, China), followed by comparing the
sequence results with the strain sequence in the PubMed
Nucleotide BLAST database (https://blast.ncbi.nlm.nih.
gov) to confirm bacterial strain at the species level. The

bacteria were cultured in anaerobic modified Reinforced
Clostridium Medium (BD Difco, Sparks, MD, USA) under
an atmosphere of 10%H2, 10%CO2, and 80%N2 (AW500SG
anaerobic workstations; ELECTROTEK, Keighley, West
Yorkshire, United Kingdom) for 48 h. The non-pathogenic
commensal intestinal bacteria, Escherichia coli (E.coli)
strain DH5a (Code No.9057, Takara, Dalian, Liaoning,
China), whichwas used as a negative control, was cultured
in Luria-Bertanimedium (Cat. #A507002, Sangon Biotech,
Shanghai, China) at 37◦C. When the optical density (OD)
at 600nm of B.a reached 1.0, the cultures were centrifuged
at 1000 × g for 5 min at 4◦C and then washed twice with
sterile anaerobic phosphate-buffered saline (PBS), then
resuspended at a final concentration of 1 × 109 CFU/300
μL under strictly anaerobic conditions.

2.4 Animal use and care

All animal studies were approved by the Institutional Ani-
malCare andUseCommittee (IACUC) of ZhejiangUniver-
sity (IACUC-02102214; Hangzhou, Zhejiang, China). All
animal experiments strictly adhered to protocols, poli-
cies, and ethical guidelines formulated by our IACUC.
ApcMin/+ mice were purchased from Nanjing Biomedical
Research Institute of Nanjing University (NBRI; Nanjing,
Jiangsu, China). BALB/C nude mice and C57BL/6 mice
were purchased from Shanghai SLAC Laboratory Animal
(Shanghai, China). All mice weremaintained in ventilated
cages with 12-hour light/dark cycles, constant tempera-
ture and humidity, enriched water and ad libitum feeding
under specific pathogen-free (SPF) conditions.

2.5 Carcinogen-induced cancer model

Six-week-oldmale C57BL/6 wildtypemice were purchased
from Shanghai SLAC Laboratory Animal. Before bacte-
rial intragastric administration, the mice were fed with 2
mg/mL streptomycin (Cat. #MB1275, Meilunbio, Dalian,
Liaoning, China) in the drinking water for 7 days to ensure
the consistency of microbiata level between the mice and
facilitate B.a colonization as previous studies reported [27].
Mice were given a cycle of one single intraperitoneal injec-
tion of azoxymethane (AOM,Cat. #A5486, Sigma, St Louis,
MO, USA, 10 mg/kg body weight) at the first week, then
followed by three cycles of 5 days of 2.5% Dextran Sulfate
Sodium Salt (DSS, Cat. #160110, MP Biomedicals, Santa
Ana, California, USA) administration. After streptomycin
treatment, mice were administrated of 1× 109 colony form-
ing 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.
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2.6 Spontaneous adenomatous mice

Prior to intragastric bacteria administration, male
C57BL/6J ApcMin/+ mice (6-8 week of age, 20 g) 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 300 μL sterile anaerobic PBS, respectively, every 2 days
for 3 months. The control group was administrated with
PBS. Two cycles of 10-day 1% DSS were given to accelerate
tumorigenesis. The body weight of mice was measured
every week and mice anus prolapse was observed at the
last month.
After four months, colon and spleen tissues were har-

vested after fasting. Colon tissues were photographed, and
the number and size of tumors were measured. Tumor
sizes (diameter) were quantified 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.

2.7 Genomics library and single-cell
RNA sequencing (scRNA-seq)

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 amplification and library construction steps were
performed according to the standard protocol (10 ×

Genomics). Sequencing libraries were sequenced on an
Illumina NovaSeq 6,000 sequencing system (paired-end
multiplexing run,150 bp) by LC-Bio Technology Co., Ltd
(Hangzhou, Zhejiang, China) at a minimum depth of
20,000 reads per cell.
We excluded contaminating lineage cells and low-

quality cells and finally obtained 14,736 cells.Unsupervised
graph clustering divided infiltrating cells into 24 groups
based on gene expression patterns. Cells were divided into
6 groups according to their top expression markers, as pre-
vious studies reported [28–30]. T cells were marked by
Cd3e, Cd3d, Cd3g, Trbc1, Trbc2, and Icos. Myeloid cells
were marked by Cd14, Csf1r, Fogr3, and Adgre1. Fibroblast
cells were marked by Col1a2, Col1a1, Dcn, and Sparc. Can-
cer cells were marked by Epcam, Cdh1, Krt8, and Krt18.
Endothelial cells were marked by Pecam1, Cdh5, Ramp2,
and Eng. B cells were marked by Cd79a, Cd79b, Cd19,
and Ms4a1. According to the fibroblast cell group, unsu-
pervised graph clustering divided infiltrating cells into 12
groups based on gene expression. Cell types finally iden-

tified were plotted in t-Distributed Stochastic Neighbor
Embedding (t-SNE).

2.8 DNA extraction and bacteria DNA
quantification

Bacterial DNA from human fecal contents were extracted
using QIAGEN stool kits (Cat. #51604, QIAGEN,
Bodenseeallee, Stockach, Germany), and bacterial
genomic DNA (gDNA) from human tissues were extracted
using QIAGEN DNA mini kits (Cat. #56304, QIAGEN)
according to the manufacturer’s protocol. Quantitative
real-time PCR (qRT-PCR) was performed to assess the B.a
gene, Universal Eubacteria 16S and PGT using a Roche
LightCycler R©480 System (Rotor gene 6000 Software,
Sydney, Australia). Each reaction was performed in tripli-
cate with SYBR Premix Ex Taq (Cat. #RR820A, Takara),
primers and 100ng template gDNA. Relative abundance
was calculated by -ΔCt method. Universal Eubacteria 16s
was used as the internal reference gene for stool samples.
The PGT gene was used as the internal control for tissue
samples. Primers used are listed in the Supplementary
Table S6.

2.9 Subcutaneous tumor models

Female BALB/C nude mice (3-4 weeks of age, 15 g) were
kept in SPF conditions. CAFs from CRC patients were
incubated with B.a (multiplicity of infection [MOI]= 10:1)
for 48 hours, then HCT-116 cells and CAFs were washed
twicewith PBS andharvested using trypsin-EDTA solution
(Cat. #GNM25200, Genom, Hangzhou, Zhejiang, China).
A total of 3 × 106 HCT-116 cells were mixed with B.a
treated-CAFs (MOI= 10:1) or PBS treated-CAFswith 25 μL
matrigel matrix (Cat. #354234, Corning Biocoat, NY, USA),
and then injected (100 μL per mouse) subcutaneously into
the right flank of nude mice. After 7 days since implan-
tation, tumor volume was monitored every two days and
calculated as follows: Volume = 0.54 × L ×W2, where L is
the longest diameter andW is the shortest diameter. At the
terminal time, the tumor weights were recorded.

2.10 Histopathological analysis

Colorectal or subcutaneous tumors were fixed overnight
with 10% formalin at room temperature and then embed-
ded in paraffin. Sections of 5 μm were stained with
hematoxylin and eosin (H&E) for pathological analysis.
For immunohistochemistry, Xylene and ethanol were used
to deparaffinize and rehydrate the paraffin-embedded
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tissues. For antigen retrieval, slides were steamed for 15
min in Tris-Ethylene Diamine Tetraacetie Acid (EDTA)
buffer (pH9.0; Servicebio, Wuhan, Hubei, China). Then,
slides were incubated in 0.3% H2O2-methanol (Aladdin,
Shanghai, China) in the jar for25 min. Slides were blocked
with 3% bovine serum albumin (BSA) and Tween 20
(TBST) for 30 min. Afterwards, slides were incubated in
the primary antibody overnight at 4◦C followed by incuba-
tion with the biotinylated secondary antibody for 50 min.
Slides were reacted with peroxidase substrate solution 3,
3′-diaminobenzidine (DAB, Servicebio) until desired stain
intensity develops. Slides were nucleus counterstained
with hematoxylin stain solution for 3 minutes. The dehy-
drated (70% ethanol-xylene substitute) slides were airdried
and thenmounted with neutral tree gum (Servicebio). The
TBST buffer without primary antibodies as the negative
control was set, while the slides of colorectal tumor tissue
as the positive control were observed. Primary antibodies
were listed as: PCNA-specific antibody (Cat. #GB11010-1,
dilution1:1000, Servicebio), α-SMA-specific antibody (Cat.
#GB13044, dilution 1:1000, Servicebio), CD31-specific
antibody (Cat. #GB11063-2, dilution 1:1000, Servicebio)
and Ki67-specific antibody (Cat. #GB111141, dilution
1:1000, Servicebio).

2.11 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, Waltham, MA,
USA), Collagenase IV (200 U/mL, Cat. #A005318, Sangon
Biotech) and DNase I (120 U/mL, Cat. #B300065, Sangon
Biotech), as previous studies reported. Samples were
typically fully dissociated at this step and filtered through
a 40 mmol/L cell strainer. Cells were centrifuged down at
500 g for 10min and resuspended in 1mLofACK lysis (Cat.
#R1010, Solarbio, Beijing, China) 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, Miltenyibiotec,
Bergisch Gladbach, Germany) and Miltenyi R© Dead Cell
Removal Kit (Cat. #MACS 130-090-101). 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,
finally subsequently adjusted the cell concentration to
700-1200 cells/μL.

2.12 Cell culture

HCT-116 human colon cancer cells were obtained from
the ATCC at the beginning of this project. Cells were
maintained at 37◦C 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 amaximum of 2months or 10 passages. Murine
embryonic fibroblast NIH/3T3were 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
fingerprinting before use.

2.13 Fibroblast isolation and culture

The fresh tumor or normal colon tissues were cut into
small blocks with a diameter of 2 mm and subse-
quently seeded on the surface of culture flask containing
DMEM supplemented with 20% FBS (Gibco) and 1%
penicillin/streptomycin (Solarbio). The culture flask was
inverted and maintained at 37◦C under 5% CO2 for 1 hour
until the culture flask 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 fibroblasts (mor-
phologically spindle-shaped cells) became apparent after
2 weeks and they were validated by western blot and
immunofluorescence staining.

2.14 Cell culture in the presence of B.a

CAF cells were digested by trypsin-EDTA solution (Cat.
#GNM25200, Genom) slightly, then seeded at a density
of 2 × 105 cells per well in 6-well plate and cultured in
antibiotic-free DMEM with 10% (vol/vol) FBS (Gibco)
overnight. Then they were incubated with B.a at a MOI
of 100:1 for 48 hours. Finally, CAF cells were digested
by trypsin-EDTA solution (Cat. #GNM25200, Genom)
for further analysis. We examined the proliferation of
CAFs by CCK-8 assay and the apoptosis of CAFs by
Annexin V-FITC/PI apoptosis kit as previous study
reported [31].
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
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Counting Kit (CCK-8; Cat. #CK04, Dojindo, Kumamoto
Prefecture, Japan) according to themanufacturer’s instruc-
tions at different time points. Briefly, after removing the
medium, cells were incubated with CCK-8 for 2 hours and
the absorbance was determined at 450 nm, each test was
repeated 5 times.
For lithium chloride (LiCl) stimulation assay, CAFs

were incubated with Wnt signaling agonist lithium chlo-
ride (LiCl; 20 mmol/L) for 24 hours, then the expression of
c-Myc, Cyclin D1, and GAS1 were analyzed.
For composition investigation, CAFs were co-cultured

with live-B.a, heated-B.a (in an incubator at 100◦C for
1 hour), pasteurized-B.a (in an incubator at 70◦C for 30
minutes), B.a-CM (B.a-conditional medium), RCM (Rein-
forced Clostridial Medium)or PBS controls for 24 hours. A
total of 1 × 106 spleen single cell from C57BL/6 mice were
co-cultured with 1 × 104 B.a or PBS-treated CAFs for 48
hours, then the percentage of TNF-α+ B cells was tested by
flow cytometry.

2.15 Small interfering RNA (siRNA)
silencing assay

siRNA-mediated gene silencing assay in CAFs was
performed with validated control or TCF4-specific
siRNAs according to the manufacturer’s instructions
(Genepharma, Shanghai, China). The siRNA specific for
human TCF4 and control siRNA were synthesized by
Genepharma. Transfection of siRNA was conducted in 6-
well plates with Lipofectamine 3000 (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) as described in the
manufacturer’s instructions. After 48 hours of transfec-
tion, the CAF cells were collected to perform qRT-PCR
analysis to confirm the knockdown efficiency. The CAF
cells were also incubated with B.a at a MOI of 100:1 for 48
hours then the molecules of Wnt pathway were tested by
western blot.

2.16 Plasmids and cell transfection

The full-length ofGAS1was cloned intomurine expression
vector PLVX-puro (Tsingke Biotechnology, Beijing, China)
with Amp+ selection gene. Cells were transfected with
FuGENEHD (Promega,Madison,WI, USA) in accordance
with the manufacturer’s protocol. To generate cell lines
with stably overexpression of GAS1, NIH/3T3 cells were
transduced with PLVX-puro encoding GAS1 with Ampi-
cillin selection cassette (CAS69-52-3, Sigma-Aldrich). The
expression level of GAS1 was confirmed by qRT-PCR and
western blot.

2.17 Immunofluorescence staining

For cell immunofluorescence staining, cells were fixed by
10% paraformaldehyde for 15 min at room temperature.
After fixing, the samples were washed by PBS and per-
meabilized with 0.5% Triton X-100 (Cat. #T8200, Solarbio)
for 15 min. The cells were treated with 3% BSA/PBS for
blocking for 1 hour at room temperature, then cells were
incubated by α-SMA-specific antibody (Cat. #A2547, dilu-
tion 1:200, Sigma), FAP-specific antibody (Cat. #ab207178,
dilution 1:200, Abcam, Cambridge, MA, USA), β-catenin
(Cat. #8480S, dilution1:200, CST, Danvers, MA, USA), and
CD143 (Cat. #ab254222, dilution 1:30, Abcam) overnight
at 4◦C. Furthermore, sections were incubated with Alexa
Fluor 488/594-conjugated secondary antibody (Fdbio sci-
ence, Hangzhou, Zhejiang, China) for 1 hour at room
temperature. Finally, sections were counterstained with
40,6-diamidino-2-phenylindole (DAPI; G1012, Servicebio).
Sections were imaged with NIKON digital sight DS-FI2
(NIKON Eclipse ci, Konan, Minato-ku, Tokyo, Japan).
Cells were analyzed in at least 5 randomly selected high-
power fields.
For tissue staining, paraffin-embedded tissues were

stained by CD31-specific antibody (Cat. #GB11063-2, dilu-
tion 1:1000, Servicebio), α-SMA-specific antibody (Cat.
#GB13044, dilution 1:500, Servicebio), GAS1-specific anti-
body (Cat. #17903-1-AP, dilution 1:2000, Proteintech,
Wuhan, Hubei, China) and CD143-specific antibody (Cat.
#ab254222, dilution 1:1000, Abcam). Two investigators
blinded to the nature of the samples independently eval-
uated the slides.

2.18 RNA extraction and qRT-PCR

RNA was extracted from CAFs using 1 mL RNAiso Plus
reagent (Cat. #9108, Takara). Total RNAwas reversely tran-
scribed using Prime-Script RT reagent Kit (Cat. #RR047A,
Takara). qRT-PCR was performed using SYBR Premix
Ex Taq (RR820A, Takara) in the Light Cycler480 Real-
Time PCR System (Roche) using cDNA. Each reaction
was performed in triplicate in 10 μL reactions containing
SYBR Premix Ex Taq (Cat. #RR820A, Takara), primers and
200 ng template cDNA. Three replicates were performed.
cDNA was amplified by PCR under the following condi-
tion: 95◦C for 2 min, followed by 40 cycles of 95◦C for
15 seconds and 60◦C for 30 seconds. The human primers
of CD143, GAS1, Tcf4, Axin2, Cyclin D1, and c-Myc used
are listed in Supplementary Table S6. Relative mRNA
expressionwas calculated using comparative cyclemethod
(2−ΔΔCt). Β-ACTIN was used as an internal control for
human tissues.
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CHEN et al. 7

2.19 Western blot

CAFs were homogenized in RIPA buffer (R0010, Solar-
bio). The homogenate was centrifuged at 4◦C for 15
min at 15,000 g and then the supernatant was collected.
Protein concentration was quantified with BCA protein
assay kits (PC0020, Solarbio). Proteins were separated by
10% SDS polyacrylamide gels, and then transferred onto
PVDF membranes. The membranes were blocked with
5% skimmed milk for 1 hour and then immunoblotted
with CD143-specific antibody (Cat. #ab254222, dilution
1:1000, Abcam), GAS1-specific antibody (Cat. #17903-1-AP,
dilution 1:1000, Proteintech), Cyclin D1 (Cat. #2978T, dilu-
tion 1:1000, CST), c-Myc (Cat. #5605S, dilution 1:1000,
CST) and β-catenin (Cat. #8480S, dilution 1:1000, CST) at
4◦C overnight. Membranes were then incubated with sec-
ondary antibodies conjugated with HRP (dilution1:10000,
Abcam) at room temperature for 1 hour and bands were
visualized using an ECL kit (FD8000, Fdbio science,
Hangzhou, Zhejiang, China). β-actin, GAPDH, or lamin B
was used as loading control.

2.20 Flow cytometry analysis

Tumor or normal colon tissue cells were digested into
single cell as the method mentioned above, cells were
subsequently counted, and the surface of the cells were
stained for 30 min at room temperature using Fixable via-
bility stain 510 (564406, 2 μg/mL, BD Biosciences, Franklin
Lake, New Jersey, USA), FITC-EPCAM (Cat. #324203,
9C4, 1 μg/mL, Biolegend, San Diego, CA, USA), PERCP-
CY5.5-CD31(Cat. #303131, WM59, 1 μg/mL, Biolegend),
APC-hFAP (Cat. #FAB3715A-025, R&D, Emeryville, CA,
USA) were used for surface staining. Subsequent analysis
was performed with FlowJo software (Tree Star Inc., San
Carlos, CA, USA).

2.21 Chromatin immunoprecipitation-
quantitative PCR (CHIP-qPCR)

CHIP-qPCR assay in CAFs was performed with Pierce
ChIP Kit, Agarose (Cat. #26156, Thermo Fisher Scien-
tific, Waltham, MA, USA) according to the manufacturer’s
instructions. Briefly, crosslinking was performed by 1%
formalin, and Micrococcal Nuclease (ChIP Grade) was
used to fragment the DNA. ChIP for TCF4 was per-
formed using a TCF4 antibody (Cat. #2565, dilution 1:50,
CST). Eluted DNA fragments were analyzed by qPCR.
We Predicted TCF binding sites in the promoter region
of GAS1 in online translatory predictor datasets JASPAR
(http://jaspar.genereg.net/) and the primers are listed in
Supplementary Table S6.

2.22 Transcription factor analysis on
UCSC and JASPAR database

To explore the regulatory mechanism of GAS1 expres-
sion, we analyzed the GAS1 promoter using the UCSC
genome website [32] and JASPAR database [33]. UCSC
genome website is referred to http://genome.ucsc.edu/,
while JASPARdatabase is referred to http://jaspar.genereg.
net/.

2.23 The Cancer Genome Atlas (TCGA)
and GTEx analysis

RNA sequencing (RNA-seq) data level of 355 normal tis-
sues from GTEx dataset and 380 colon carcinomas from
The Cancer Genome Atlas (TCGA) were accessed from
the UCSC Xena public data hub (University of Califor-
nia, https://xena.ucsc.edu). The RNA-seq gene expression
was normalized as RSEM norm_count. Inclusion criteria
from TCGA TARGET GTE cohort was set as sample type
(normal tissue, solid tissue normal, and primary tumor)
and primary site (colon and rectum). Data were analyzed
with the GraphPad Prism 7.0 (GraphPad Software, San
Diego, CA, USA), R (version 3.6.1) and R Bioconductor
packages. Mann-Whitney test was conducted to compare
normal tissues and colon carcinomas groups.

2.24 Fluorescence in situ hybridization
(FISH) assay

Detection of B.awas performed by FISH on formalin-fixed
paraffin-embedded (FFPE) section of CRC tumor tissue
as described previously [34]. The sequence of B.a targeted
probe is5’-CCGATAGAATCTTTCCCAGAAGG-3’was syn-
thesized by Guangzhou EXON Biological Technology Co.
China.

2.25 Statistical analysis

Paired or unpaired Student’s t test was used to com-
pare data from two groups while Mann Whitney test
for two groups with non-normal distribution. One-way
ANOVA test was calculated to compare data from three
groups while Kruskal-Wallis test for three groups with
non-normal distribution. Survival analysis was performed
using the Kaplan-Meier method. All experiments were
repeated three times, unless specified otherwise. A P value
< 0.05 was considered statistically significant. Statistical
analyses were performed using GraphPad Prism 5.04 soft-
ware (GraphPad Software, Inc., La Jolla, CA, USA) and
SPSS 19.0 for Windows (SPSS Inc., Chicago, IL, USA).
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8 CHEN et al.

3 RESULTS

3.1 B.awas decreased in CRC patients
and suppressed tumorigenesis in mice

We examined the fecal B.a abundance in healthy pop-
ulations and patients with CRC (cohort 1). qRT-PCR
showed fecal B.a abundance was significantly lower in
CRC patients than that in the healthy controls (Figure 1A).
In addition, we found that B.a abundancewas decreased in
tumor tissues compared to their adjacent normal mucosa
(cohort 2) (Figure 1B, Supplementary Figure S1A). Con-
sistently, the GMrepo database indicated that fecal B.a
abundance inCRCpatientswas significantly lower as com-
pared to healthy individuals (Figure 1C). These results
suggested that the abundance of B.awas decreased in CRC
patients.
We then evaluated the effect of B.a in CRC. AOM/DSS-

induced carcinogenesis model mimics colonic tumor pro-
gression caused by chronic colitis as seen in inflammatory
bowel disease (IBD). Six-week-old C57BL/6 mice were
injected with AOM (10 mg/kg) at the first week, fol-
lowed by three cycles of 2.5% DSS and oral administration
with B.a or E.coli for 120 consecutive days. B.a supple-
mented mice had an obvious reduction in tumor number
and load as compared with that gavage with E.coli or
PBS (Figure 1D,E). The lower expression of proliferative
marker (proliferative cell nuclear antigen, PCNA) and
tumor angiogenesis marker (CD31) was observed in B.a
group (Figure 1F-H). Immunohistochemistry staining of
the fibroblast marker (α-SMA) was highly expressed in the
tumor from B.a-gavagemice (Figure 1I). The spleenweight
showed an obvious decrease in B.a group (Figure 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 (Figure 1K-N, Supplementary Figure S1B,C). Col-
lectively, our results indicated that B.a could suppress
ApcMin/+ spontaneous and AOM/DSS-induced tumorige-
nesis in mice.

3.2 B.a recruited fibroblasts to suppress
colonic tumorigenesis

To explore the tumor infiltrating cells during CRC
progression, we analyzed cell populations identified
from AOM/DSS-induced colon tumors by scRNA-seq
(Figure 2A). We obtained 14,736 cells and unsupervised
graph clustering divided infiltrating cells into 24 groups
based on gene expression pattern (Figure 2B,C). Further-
more, we labeled cell subsets with canonical markers and

divided them into 6 groups including B cells, endothe-
lial cells, cancer cells, fibroblast cells, myeloid cells, and
T cells, which were plotted in t-SNE (Figure 2D-F, Supple-
mentary Figure S2). A total of 4,898 cells were classified
intomyeloid populations, accounting for 33.23%of the total
cells. B.a supplement obviously increased fibroblast cells
(72.14%) while decreased B cells (30.22%; Figure 2G). Bio-
logical function and cell-cell interaction network in the
main 6 cell types were shown in Supplementary Figure S3
by iTALK R packages, which demonstrated the microbiota
might regulate the TME in CRC by regulating cell-cell
interaction. These results indicated that fibroblast cells
were involved in the effect of B.a in CRC.
To confirm whether fibroblasts mediate the tumor

suppressive effect of B.a in vitro, we identified CAFs
separated from CRC patients by western blot, immunoflu-
orescence, and flow cytometry (Supplementary Figure
S4). CAFs were then incubated with B.a or E.coli for
48 h, and co-cultured with HCT-116 cells. We examined
that the proliferation and apoptosis of CAFs was not
influenced after co-culturing with B.a (Supplementary
Figure S1D,E). We found that B.a-treated CAFs signifi-
cantly inhibited CRC cell proliferation compared with
the E.coli or PBS control groups (Figure 2H). To confirm
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. The reduction of cell
proliferative and angiogenesis ability was verified by the
immunohistochemistry staining with Ki67 and CD31
(Figure 2I-K). Collectively, these data demonstrated that
B.a-treated CAFs suppressed tumorigenesis in vivo and
in vitro.

3.3 CD143+ CAFs was activated by B.a
and then reshaped TME

As B.a treatment induced more functional CAFs in CRC
progression, we proposed that these distinctive CAFs
might present with specific molecular signatures. We fur-
ther analyzed the CAFs subsets by scRNA-seq and found
that unsupervised graph clustering divided CAFs into
12 groups (Figure 3A,B). Furthermore, we used conven-
tional fibroblast markers and other surface markers to
distinguish them and acquired 5 CAF subsets includ-
ing C1 (PDGFRβ+ CAFs), C2 (collagen I+ CAFs), C3
(MYH11+ CAFs), C4 (CD143+ CAFs), and C5 (CD36+
CAFs) (Figure 3C, Supplementary Figure S5). Combining
with the t-SNE result, we found that the subset C4 (CD143+
CAFs) was mainly located in the B.a-treated group while
other subsets failed to distinguish them (Figure 3D,E).
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CHEN et al. 9

F IGURE 1 B.a was decreased in CRC patients and suppressed tumorigenesis in mice. (A) Fecal bacterial genomic DNA was extracted
from healthy individuals (n = 40) and patients with CRC (n = 71) in cohort 1. The expression of B.a 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.a was tested by qRT-PCR.
(C) The relative fecal abundance of B.a in healthy individuals (n = 7,836) and patients with CRC (n = 265) in the GMrepo database.
(D) Representative colon images of AOM/DSS mice treated with B.a (n = 8), E.coli (n = 6) or PBS (n = 8). The red arrows indicate the tumor
locations. (E) Tumor number and tumor load in the colorectum of D were measured. (F) Representative images of H&E staining,
immunostaining for PCNA or α-SMA, and immunofluorescence staining for CD31 in CRC tissues collected from AOM/DSS mice treated with
B.a (n = 8), E.coli (n = 6) or PBS (n = 8). White scale bar, 500 μm; black scale bar, 100 μm. (G-I) The qualitative expression of PCNA (G),
α-SMA(H), and CD31(I) in CRC tissues of F were analyzed. (J) Spleen weights of AOM/DSS mice treated with B.a, E.coli or PBS were
measured. (K) Experimental model in ApcMin/+ mice. (L) Representative colon images of ApcMin/+ mice treated with B.a (n = 6), E.coli (n = 6)
or PBS (n = 9). (M) Tumor number, size, and load in the colorectum of ApcMin/+ mice treated with B.a, E.coli or PBS were measured.
(N) Spleen weights of ApcMin/+ mice in L were measured. Data are presented as mean ± SD.*, P <0.05; **, P <0.01; ***, P <0.001;
Mann-Whitney test (A, C), Wilcoxon matched-pairs signed-rank test (B) and ANOVA test (E-J). Abbreviations: B.a, Bifidobacterium
adolescentis; E.coli, Escherichia coli; Ctrl, control; AOM, azoxymethane; DSS, dextran sulfate sodium salt; H&E, hematoxylin and eosin;
PCNA, proliferating cell nuclear antigen; qRT-PCR, quantitative real-time PCR; SD, standard deviation.
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CHEN et al. 11

These results suggested that B.a could induce the func-
tional CD143+ CAFs in vivo.
To confirm the existence of CD143+ CAFs, the dual

positive of α-SMA and CD143 cells were stained by
immunofluorescence assay in the tumor tissues from
AOM/DSS model. We observed an increase of CD143+
CAFs in the B.a treated group compared to the E.coli or
PBS control group (Figure 3F). We further explored the
percentage of total CAFs (Epcam− CD31− FAP+) and
CD143+ CAFs (Epcam− CD31− FAP+ CD143+) by flow
cytometry. CRC tissues had more CAFs while less CD143+
CAFs than their paired normal tissues (Supplementary
Figure S6A,B). In addition, the B.a-treated CAFs induced
more CD143+ CAF cells in the tumor tissues from nude
mice (Supplementary Figure 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 immunofluorescence,
western blot, and qRT-PCR assays (Figure 3G-I). Taken
together, these results revealed that B.a could recruit the
subset CD143+ CAFs in vivo and in vitro.
There was crosstalk between CD143+ CAFs and T cells

or B cells by scRNA-seq (Supplementary Figure S7). Fur-
thermore, we found B.a inhibited the infiltration of Th2
cells in the tumor tissue of AMO/DSS model by flow
cytometry in vivo, and promoted the proportion of TNF-
α+ B cells compared to the E.coli or PBS-treated CAFs in
vitro. These data indicated that B.a or CD143+ CAFsmight
reshape the tumor immunemicroenvironment to suppress
CRC (Figure 3J,K).

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

To explore how CD143+CAFs inhibit CRC progression, we
performed differential gene analysis between the PBS and
B.a groups in AOM/DSS-treatedmice.We found that GAS1
increased in the B.a supplement group, and GAS1 mainly

expressed in the CD143+CAFs subset (Figure 4A,B). The
expression of GAS1 in CD143+ CAFs had 8-fold increase
compared to the CD143−CAFs (Figure 4C, Supplementary
Figure S7C-D).We also found the cytokines of Ccl2, Cxcl12,
and Cxcl13 increased, while Il6, Il11, Ccl7, Ccl11, Cxcl1,
and Cxcl14 decreased in the CD143+ CAFs (Supplemen-
tary Figure S7C). Furthermore, we observedmore α-SMA+
GAS1+ cells in the B.a-treated group (Figure 4D).
To confirm 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 GAS1both in the CAFs and NIH/3T3 cells
(Figure 4E,F). These data suggested 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
(Supplementary Figure S8A). We found that overexpres-
sion of GAS1 in NIH/3T3 cells efficiently inhibited the
growth of MC38 cells in the nude mice (Figure 4G-I),
which suggest that GAS1+ CAFs existed a suppressive
effect in CRC.

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

To explore the regulatory mechanism of GAS1 expression,
we analyzed the online transcription factor predictor
datasets of UCSC and JASPAR. Fourteen transcription
factors were collected according to these 2 datasets merged
files (Figure 5A). We narrowly analyzed the transcription
factors of the 5 CAFs subsets and found the expression of
TCF4 and NFKB1wassignificantly increased in the group
C4 (CD143+ CAFs) (Figure 5B). We found that the protein
level of NF-κB pathwaymolecule p-p65 was not changed in
B.a-treated CAFs but decreased in the AOM/DSS-induced
tumor tissues treated by B.a (Supplementary Figure
S8B,C). To investigatewhether TCF4-binding domainswas
in GAS1 promoter regions, we performed the CHIP-qPCR

F IGURE 2 B.a recruited fibroblasts to suppress colonic tumorigenesis. (A) The pattern diagram for the single cell preparation and
scRNA-seq. (B-C) Unsupervised graph clustering divided infiltrating 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 cell percentage of 6 groups in PBS
and B.a groups respectively. (H-J) Primary CAFs were isolated from the CRC tumor and incubated with B.a 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 bar, 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). Abbreviations: scRNA-seq, single-cell RNA sequencing;
AOM, azoxymethane; DSS, dextran sulfate sodium salt; B.a, Bifidobacterium adolescentis; E.coli, Escherichia coli; Ctrl, control; CRC,
colorectal cancer; CAFs, cancer-associated fibroblasts; FACS, fluorescence activating cell sorter; H&E, hematoxylin and eosin; MOI,
multiplicity of infection; CCK-8, cell counting kit-8; SD, standard deviation.
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CHEN et al. 13

in B.a-treated CAFs. GAS1signal was upregulated to 8-fold
change compared to the IgG control (Figure 5C), which
suggesting the enrichment of TCF4 binding to the GAS1
promoter regions in B.a-treated CAFs. The predictor of C4
subset byKEGGpathway also confirmed thatWnt pathway
was activated in the CD143+ CAFs (Figure 5D). As the
KEGG analyses indicating the transforming growth
factor (TGF) pathway, we detected TGF-β pathway and
found the expression of TGF-βhad no significant differ-
ence in the tumor tissues between PBS group and B.a
group or between PBS and B.a-treated CAFs (Figure 5E,
Supplementary Figure S8D).
We found that the Wnt/β-catenin downstream genes

of Tcf4, Axin2, Cyclin D1, and c-Myc increased in the
B.a-treated CAFs (Figure 5F). The increased expression
level of c-Myc and CyclinD1 was confirmed by western
blot analysis in the B.a group (Figure 5G). In contrast, B.a
did not influence the expression of cyclin D1 and AXIN2
on the HCT-116 CRC cells (Supplementary Figure S8E).
The induction of nuclear β-catenin translocation indi-

cated that Wnt/β-catenin pathway was activated by B.a
in the CAFs (Figure 5H). We proposed that GAS1 and
CD143 are the downstream of theWnt/β-catenin signaling.
We found that LiCl (20 mmol/L), the Wnt signaling ago-
nist, increased the expression level of GAS1, CD143, and
Wnt downstream targets c-Myc and CyclinD1 (Figure 5I).
To investigate whether Wnt/β-catenin signaling pathway
was activated by TCF4 in B.a-treated CAFs, we performed
the TCF4 deficient assay (Supplementary Figure S8F). 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 (Figure 5J,K). These data indicated that Wnt/β-
catenin signaling was involved in CD143+ CAFs induction
by B.a in vitro.
To investigate the mechanism of how B.a regulate the

CAFs, we co-cultured the live-B.a, heated-B.a (H-B.a)
or pasteurized-B.a (P-B.a) with CAFs. We found that

both live and pasteurized-B.a co-culture enhanced the
expression of CD143, GAS1, and Wnt pathway protein
of c-Myc, Cyclin D1 compared to the PBS control group.
Meanwhile, administration with B.a CM did not affect
the expression of above-mentioned proteins compared to
the RCM control (Supplementary Figure S8G,H). These
results suggested that the effect protein from B.a was
the most likely composition responsible for the activated
Wnt/β-catenin.

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

We further evaluated clinical association between B.a,
CD143, and GAS1. We defined 2 groups with low or high
abundance of B.a in the CRC tissues of cohort 3 by the
genome DNA level and found the abundance of B.a was
related to themRNAexpression level of CD143 (Figure 6A).
The high B.a abundance group enriched more percentage
of CD143+ CAFs by flow cytometry assay (Figure 6B).
CD143 level was decreased in the late-stage tumors of
cohort 2 (Figure 6C). The relative expression of GAS1
was reduced in cancer tissues compared with the normal
tissue (cohort 2 and TCGA dataset; Figure 6D,E). The high
B.a abundance group had a relative high level of GAS1
mRNA expression (cohort 2 and cohort 3; Figure 6F,G).
The abundance of B.awas associated with higher α-SMA+
CD143+ or α-SMA+ GAS1+ cells in cancer tissues, as
determined by immunofluorescence staining (cohort 2;
Figure 6H).
We examined the number of α-SMA+ CD143+ cells in 77

patientswithCRC (cohort 4). Results showed that the over-
all survival percentage was increased in the high number
of α-SMA+ CD143+ cells group (Figure 6I-K), which sug-
gested the subset of CD143+ CAFs could be a promising

F IGURE 3 CD143+ CAFs was activated by B.a in vivo and in vitro. (A-B) Unsupervised graph clustering divided the fibroblasts group
into 12 groups based on gene expression pattern (A). The groups were plotted in t-SNE (B). (C) Five CAFs groups of C1(PDGFRβ+ CAFs),
C2(collagen I+ CAFs), C3(MYH11+ CAFs), C4(CD143+ CAFs), and C5(CD36+ CAFs) 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 immunofluorescence staining for the dual α-SMA and CD143 positive cells in the tumor tissue from AOM/DSS model treated with
PBS, B.a, or E.coli. Scale bar, 100 μm. The yellow arrows indicate the positively stained cells. (G-I) Primary CAFs were isolated from the CRC
tumor and incubated with B.a or E.coli for 48 h, then the protein expression of CD143 were shown by immunofluorescence staining (G) and
western blot (I), the mRNA expression was shown by qRT-PCR (H). Scale bar, 50 μm. (J) The percentage of Th2 cells in the tumor tissue from
AOM/DSS mice treated with or without B.a was tested by the flow cytometry assay. (K) The percentage of TNF-α+ B cells when spleen cells
co-cultured with B.a-treated CAFs or PBS-treated CAFs by the flow cytometry assay, n = 3. The independent experiment was repeated for
three times. Data are presented as mean ± SD. *, P <0.05; **, P < 0.01; ANOVA test (H, I), student t test (J-K). Abbreviations: PBS,
phosphate-buffered saline; AOM, azoxymethane; DSS, dextran sulfate sodium salt; B.a, Bifidobacterium adolescentis; E.coli, Escherichia coli;
Ctrl, control; FSC, forward scatter; GATA3, GATA Binding Protein 3; CAF, cancer-associated fibroblast; SD, standard deviation.
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marker to predicate a better survival outcome. Based on the
collective data, we concluded that a new subset CD143+
CAFs induced by B.a highly expressed GAS1 to suppress
CRC tumorigenesis in the TME, which was regulated by
Wnt/β-catenin signaling (Figure 7).

4 DISCUSSION

Studies demonstrated that some specific bacteria regulated
the TME in the progression of CRC and exerted a promis-
ing therapeutic function [35]. Herein, we identified that
B.a suppressed colonic tumorigenesis and inducedCD143+
CAFs with highly expressed GAS1 through Wnt/β-catenin
pathway. scRNA-seq revealed that B.a treatment recruited
more CAFs in the tumor tissues. Studies suggested that
different fibroblast subsets exerted opposite functions in
cancer progression [36]. CAFs can promote tumor progres-
sion through a variety of mechanisms, such as secreting
cytokines and exosomes to mediate intercellular com-
munication, inducing tumor cell epithelial-mesenchymal
transition, promoting blood vessel formation, and immune
escape [25]. However, certain CAFs subgroups inhibit
tumorigenesis. Non-selective CAFs deletion in pancreatic
tumor could promote cancer angiogenesis [37]. Meflin+
CAFs surrounded the pancreatic tumor inhibited the can-
cer progression [38]. The decreased CD68+ CAFs were
related with the infiltration of regulatory T cells in oral
carcinoma with poor prognosis [39].
Recent studies suggest that CAFs are heterogeneous and

contain different subpopulations with distinct phenotypes
and functions [40, 41]. The heterogeneity of CAF subsets is
tumor-type dependent. Oral squamous cell carcinoma can
be divided into normal fibroblasts (CAF-N) and divergent
fibroblasts (CAF-D) [42]. The CAFs of breast cancer were
divided into matrix CAFs (mCAF), developmental CAFs
(dCAF), vascular CAFs (vCAF), and cycling CAFs (cCAF)
by scRNA-seq [43]. The definition of CAFs is generally
based on the markers of α-SMA, fibroblast activation
protein (FAP), platelet-derived growth factor (PDGFRβ)

and so on [25]. Cancer-restraining CAFs in CRC, such
as Gli1+ and Islr+ CAFs, had been reported [44–46].
Recently, studies discovered new tumor defenders CAFs
like Axin2+ CAFs, CD146+ CAFs, and CAV1+ CAFs [47,
48]. Our study discovered 5 subsets of CAFs, including
C1(PDGFRβ+ CAFs), C2(collagen I+ CAFs), C3(MYH11+
CAFs), C4(CD143+ CAFs), C5(CD36+ CAFs). The new
subset CAFs expressing CD143 was specifically activated
by B.a in vivo and in vitro. CD143 is the angiotensinase,
which is expressed in endothelial cells [49] and dendritic
cells [50]. Whether CD143+ CAFs is similar with the
traditional CAFs needs to be further explored.
GAS1 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 epithe-
lial cells and fibroblasts [51]. 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 [52]. However, the role of GAS1 on CAFs
is still unclear. Our study demonstrated that the CD143+
CAF subset highly expressed GAS1 compared with the
CD143− CAF subset. Therefore, the GAS1 highly expressed
CD143+ CAF subset might be a new predictive marker or a
therapeutic target for CRC. The expression level of GAS1
was increased in the CD143+ CAFs compared to in the
CD143− CAFs. The cytokines of Ccl2, Cxcl12, and Cxcl13
increased, while Il6, Il11, Ccl7, Ccl11, Cxcl1, and Cxcl14
decreased in the CD143+ CAFs (Supplementary Figure
S7C). Whether these changed cytokines and chemokines
mediated the suppressed effect of CD143+ CAFs on CRC
need more experiment exploration. GAS1 was thought
to be expressed on the cell membrane and released into
the intercellular space. We supposed that GAS1+ CD143+
CAFs might directly contact CRC cells, thus inducing
cancer cell growth arrest.
Recent studies have revealed a variety of upstream sig-

nals that regulate the CAFs differentiation [47]. Blocking
the TGF-β signal in the breast cancer microenviron-
ment could promote the formation of immunoregulatory

F IGURE 4 CD143+ CAFs was highly expressed with GAS1 in response to B.a treatment. (A) Different gene expression 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)
scRNA-seq showed the relative expression of GAS1 in CD143− CAFs and CD143+ CAFs. (D) The immunofluorescence staining for α-SMA+

GAS1+ cells in the tumor tissue from AOM/DSS mice. Scale bar, 100 μm. The arrows indicate the α-SMA+ GAS1+ cells. (E-F) Primary CAFs
were isolated from the CRC tumor or NIH/3T3 and were incubated with B.a 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 (10:1) or OE-con NIH/3T3 and then injected subcutaneously into the nude mice. The representative tumor
images (G) were shown and the tumor volume and weight were recorded (H). n = 6. (I) The immunohistochemical stanning for Ki67 and
CD31 were analyzed from G. The independent experiment was repeated for three times. Data are presented as mean ± SD. **, P <0.01; student
t test (C, D, G, and H); ANOVA test (E). Abbreviations: PBS, phosphate-buffered saline; AOM, azoxymethane; DSS, dextran sulfate sodium
salt; B.a, Bifidobacterium adolescentis; E.coli, Escherichia coli; Ctrl, control; CAFs, cancer-associated fibroblasts; Gas1,growth arrest specific
1; OE-mGAS1, overexpression-murine GAS1; SD, standard deviation.
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16 CHEN et al.

F IGURE 5 Wnt/β-catenin signaling involved in the induction of CD143+ CAFs by B.a. (A) The online transcription factor predictor
datasets of UCSC and JASPAR predicted the merged transcription factor genes of GAS1. (B) The different gene expression of the transcription
factors between the 5 CAF subsets. (C) CHIP-qPCR for B.a-treated CAFs and GAS1 signal intensity compared to the IgG control. (D)
Representative significant Kyoto Encyclopedia of Genes and Genomes terms were shown in the subset of C4 (CD143+ CAFs). (E) The mRNA
expression level of TGF-β in the tumor tissues from the AOM/DSS mice was confirmed by qRT-PCR. (F) The CAFs were co-cultured with B.a
or E.coli for 48 h, then the relative expression of Tcf4, Axin2, Cyclin D1, and c-Myc were examined by qRT-PCR. (G) The relative protein
expression of c-Myc and Cyclin D1 in CAFs after co-cultured with B.a or E.coli for 48 h were tested by western blot. (H) 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 of CAFs after co-cultured with B.a. (I) CAFs were incubated with Wnt signaling agonist LiCl (20
mmol/L) for 48 h, then the expression of c-Myc, Cyclin D1, and GAS1 were analyzed by western blot. (J) TCF4 deficiency in CAFs was
performed by siRNA assay, then the expression of c-myc, Cyclin D1, and GAS1 were examined by western blot. (K) TCF4 deficient CAFs or
wildtype CAFs were co-cultured with B.a 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;
student t test (C), ANOVA test (E). Abbreviations: UCSC, University of California Santa Cruz gene database; Gas1,growth arrest specific 1;
TCF4, Transcription Factor 4; PBS, phosphate-buffered saline; B.a, Bifidobacterium adolescentis; E.coli, Escherichia coli; Ctrl, control; NC,
negative control; TGF-β, transforming growth factor beta; si, siRNA; CHIP, Chromatin Immunoprecipitation; KEGG, Kyoto Encyclopedia of
Genes and Genomes; SD, standard deviation.
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18 CHEN et al.

F IGURE 6 CD143+ CAFs predicated better survival in CRC patients and B.a abundance was associated with the expression of CD143
and GAS1. (A) Cohort 3 (CRC tissue, n = 27) was divided into 2 groups with low and high abundance of B.a in tissues by the DNA level
(−ΔCt = −15), then the mRNA expression level of CD143 in low and high B.a groups was tested by qRT-PCR. (B) The percentage of CD143+

CAFs (CD143+ FAP+ Epcam− CD31− cell) in the low or high B.a abundance was analyzed by flow cytometry. (C) The expression level of
CD143 in stage I (n = 4), stage II (n = 7), stage III (n = 43) and stage IV (n = 6) of CRC in the cohort 2 was tested by qRT-PCR. (D) The relative
expression of GAS1 in cancer tissue and its normal tissue (n = 60) from the cohort 2 were explored by qRT-PCR. (E) Expression of GAS1 in
CRC tissues and normal tissues in TCGA TARGET GTEx datasets. (F-G) The relative abundance of GAS1 in low or high B.a groups from the
cohort 2 (n = 25, 35 respectively) and cohort 3 (n = 14, 13 respectively) were tested by qRT-PCR. (H) The immunofluorescence staining for
α-SMA+ GAS1+ cells or α-SMA+ CD143+ cells in the tumor tissue from cohort 2. Scale bar, 100 μm. (I) CRC tissue sections of 77 samples from
the tissue array cohort 4 were stained with antibodies for α-SMA and CD143. Arrows indicate the target cells. Scale bar were shown in the
pictures. (J-K) The Kaplan-Meier survival curves/log-rank tests were used to compare overall survival (J) and disease-free survival (K) 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 (C),
Mann-Whitney test (A, E, F, and G), Wilcoxon matched-pairs signed-rank test (D), log-rank tests (J and K). Abbreviations: CRC, colorectal
cancer; B.a, Bifidobacterium adolescentis; CAFs, cancer-associated fibroblasts; Gas1, growth arrest specific 1; TCGA, The Cancer Genome
Atlas; SD, standard deviation.

F IGURE 7 The pattern model of B.a
regulating CRC progression. Abbreviations:
B.a, Bifidobacterium adolescentis; CRC,
colorectal cancer; CAF, cancer-associated
fibroblast; Gas1, growth arrest specific 1;
TCF4, Transcription Factor 4.

fibroblast subpopulations [53]. The granular protein from
liver macrophages activated liver fibroblasts [54]. A previ-
ous study showed that GAS1 is induced byWNTs [55]. Our
study revealed that TCF4 might be the transcription factor
to activate GAS1. Wnt/β-catenin signaling involves in the
induction of CD143+ CAFs by B.a in vitro. Wnt signal in
different cells plays completely different roles. Mutation-
induced activation ofWnt/β-catenin signaling is a frequent
driver event in human cancer [56]. Wnt signal activation
in CAFs of colon cancer can promote the contact of CAFs
with cancer cells and inhibit epithelial-mesenchymal
transition [47]. Previous studies reported Wnt/β-catenin
signaling could be regulated by different bacteria stim-
uli, such as Annexin A1, produced by Fusobacterium
nucleatum [6] or TcdB secreted by Clostridium difficile
[57]. Butyrate from bacteria were found suppressing CRC
cells proliferation by autophagy-mediated degradation of

β-catenin [58]. We observed that live-B.a and pasteurized-
B.a groups increased the expression of CD143, GAS1, and
Wnt pathway proteins compared to heated-B.a groups
(Supplementary Figure S8G,H), indicated that the effect
protein from B.a was the most likely composition respon-
sible for the activated Wnt/β-catenin.
This study has some limitations. Firstly, we analyzed

the different gene expression between CD143+ CAFs and
CD143− CAFs and the efficient cytokines released by
CD143+ CAFs were not well explored in the study. These
two cell subsets were not well isolated by flow cytome-
try in vivo or in vitro. Thus, further studies are required
to obtain a more comprehensive understanding. Secondly,
we proposed the effect protein from B.a was the most
likely composition responsible for the activated Wnt/β-
catenin. However, the exact functionalmoleculewhichB.a
activating Wnt/β-catenin need further exploration.

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12469 by C

ochraneC
hina, W

iley O
nline L

ibrary on [15/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



CHEN et al. 19

5 CONCLUSIONS

We found a new subset CD143+ CAFs with highly
expressed GAS1in the TME induced by B.a, which was
regulated by Wnt/β-catenin signaling. Our work provided
evidence for a probiotic role of B.a in CRC, which could be
harnessed to regulate TME homeostasis for CRC.
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