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The gut microbiota (GM) has been shown to be closely associated with the development
of colorectal cancer (CRC). However, the involvement of GM is CRC has mainly been
demonstrated by metagenomic profiling studies showing the compositional difference
between the GM of healthy individuals and that of CRC patients and not by directly
studying isolated gut microbes. Thus, to discover novel gut microbes involved in CRC,
we isolated the GM from the feces of healthy individuals and evaluated its anti-CRC activity
in vitro and in vivo. After GM isolation, cell-free supernatants (CFSs) were prepared from
the isolated gut microorganisms to efficiently screen a large amount of the GM for anti-
proliferative ability in vitro. Our results showed that the CFSs of 21 GM isolates had anti-
proliferative activity against human colon cancer HCT 116 cells. Of these 21 GM isolates,
GMO7 was chosen for additional study because it had the highest anti-cancer activity
against mouse colon cancer CT 26 cells in vitro and was further evaluated in a CT 26
allograft mouse model in vivo. GMO7 was identified as Odoribacter splanchnicus through
phylogenetic analysis based on 16S rRNA gene sequencing. Further investigation
determined that the CFS of O. splanchnicus (OsCFS) induced anti-proliferative activity via
apoptosis, but not cell cycle arrest. Moreover, GC/MS analysis suggested that the putative
active molecule in OsCFS is malic acid. Finally, in the CRC mouse model, peri-tumoral
injection of OsCFS significantly decreased CRC formation, compared to the control group.
Altogether, these findings will provide valuable information for the discovery of potential
probiotic candidates that inhibit CRC.

Keywords: gut microbiota, Odoribacter splanchnicus, colorectal cancer, cell-free supernatant, apoptosis, murine
model
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INTRODUCTION

Colorectal cancer (CRC), a cancer of the gastrointestinal tract,
is one of the most common forms of cancer with increasing
incidence and high mortality worldwide (Jemal et al., 2010).
Many factors, including genetic, environmental, diet, and lifestyle
factors, contribute to the risk of CRC (Marshall, 2008). In
addition, a large number of intestinal bacteria, called gut
microbiota, are closely associated with tumorigenesis in CRC
(Gagniere et al., 2016). Indeed, many reports demonstrating
changes in the diversity of gut microbiota in CRC patients
have suggested that gut dysbiosis, or an imbalanced gut
microbiome, is a major factor for colon carcinogenesis (Nakatsu
et al, 2015; Zou et al, 2018). For example, the dominant
abundance of the phyla Bacteroidetes, Proteobacteria, and
Fusobacteria was determined in CRC patients compared to
that in healthy individuals; in contrast, the phylum Firmicutes
was abundant in healthy individuals (Zackular et al, 2013;
Liu et al., 2020). However, the involvement of gut microbiota
in CRC has mostly been demonstrated through next-generation
sequencing techniques, such as 16S rRNA-based metagenomics,
showing the diversity and compositional differences of the gut
microbiome in CRC patients (Yachida et al., 2019). Despite
metagenomic studies suggesting that many different gut microbes
are related to CRC, direct evidence of the involvement of the
isolated gut microbiota in CRC is limited, except for lactic
acid bacteria (LAB). Hence, we focused on the discovery of
novel gut microbes, residing commensally in the gut of healthy
individuals and possibly suppressing CRC development, through
experimental studies using isolated gut microbes.

Probiotics are defined as live microorganisms that, when
administered in sufficient amounts, confer a health benefit to
the host, and LAB, including Lactobacillus spp. and
Bifidobacterium spp., are most commonly used as probiotics
(Pool-Zobel et al.,, 1996; Rowland et al., 1998). Over the past
few decades, probiotics have been reported to inhibit CRC
development through several mechanisms, including modulation
of the host immune response, production of short-chain fatty
acids (SCFAs) or bioactive molecules that induce apoptosis of
colon cancer cells (Konishi et al., 2016; Sanchez-Alcoholado
et al., 2020), and competition with CRC-associated pathogenic
microbiota, such as Bacteroides spp., Clostridium spp., and
Fusobacterium spp. in the intestinal environment (Rafter et al.,
2007; Lawrence et al,, 2020). Previous studies have reported
that administration of LAB, such as Lactobacillus kefiranofaciens
and Lactobacillus casei, could modulate the host immune system
response by activating immune cells to eliminate cancer cells
in the host (Galdeano and Perdigén, 2006; Vinderola et al.,
2006). In addition, co-administration of vitamin K1 and
Lactobacillus rhamnosus GG showed enhanced anti-proliferative
efficacy due to the induction of apoptosis and cell cycle arrest,
leading to the inhibition of proliferation in colon adenocarcinoma

Abbreviations: CRC, colorectal cancer; CFS, cell-free supernatant; EtOAc, ethyl
acetate; IBD, inflammatory bowel disease; LAB, lactic acid bacteria; LPS,
lipopolysaccharide; Os, Odoribacter splanchnicus; SCFA, short-chain fatty acid;
RCM, reinforced clostridial medium.

cells (Orlando et al., 2016). However, there may still be several
unidentified gut microbes that could control CRC development,
as has been suggested by metagenomic studies. Therefore, the
discovery of novel gut microbiota with the potential for use
as probiotics that enhance the protective effect against CRC
is needed for better treatment strategies.

Inflammatory bowel disease (IBD), such as ulcerative colitis
and Crohn’s disease (CD), are the main causes leading to CRC
development; they cause alterations in the composition of gut
microbiota in the host intestinal environment (Kulaylat and
Dayton, 2010; Khor et al.,, 2011). Compared to healthy individuals,
patients with IBD show a decrease in diversity, a lower proportion
of Firmicutes at the phylum level, a higher proportion of
Gammaproteobacteria at the class level, and a lower proportion
of Lachnospiraceae and Ruminococcaceae at the family level
(Joossens et al., 2011). Moreover, the proportions of the genera
Roseburia, Faecalibacterium, and Odoribacter were reduced
(Morgan et al., 2012). Roseburia spp. and Faecalibacterium spp.
have been considered to be bioindicators of human health;
the risk of CRC or IBD is increased when their abundance
levels are lower than those in healthy individuals (Ferreira-
Halder et al., 2017; Lawrence et al., 2020). Additionally, it was
shown that the abundance of genus Odoribacter was decreased
in the patients of CRC and polyps as compared with the
control group (Fang et al., 2021).

Odoribacter splanchnicus is a Gram-negative, obligately
anaerobic, non-spore-forming commensal bacteria residing in
the human intestinal tract, which produces SCFAs, such as
acetate, propionate, and butyrate (Werner et al., 1975). According
to previous reports, SCFAs produced by the gut microbiota
can induce anti-proliferation, apoptosis, and cell cycle arrest
in colon carcinoma cells (Hinnebusch et al., 2002). In addition,
outer membrane vesicles (OMVs) produced by O. splanchnicus
can improve the intestinal environment by decreasing the
pro-inflammatory cytokine interleukin-8 (IL-8) response and
inducing the anti-inflammatory cytokine IL-10 in HT-29
enterocytes (Hiippala et al., 2020). However, despite the potential
of the anti-CRC effect O. splanchnicus demonstrated by
metagenomic data and cell-based results, there have been no
relevant studies showing a direct correlation between CRC
and O. splanchnicus. Thus, whether Odoribacter spp. is a
candidate for anti-CRC activity should be verified by
experimental evidence.

Metagenomic analysis has suggested that some commensal
gut microbiota may have potential health benefits. However,
verification of these potential roles at the species level remains
unexplored. In this study, we experimentally evaluated whether
the gut microbiota isolated from healthy individuals could
control CRC development in vitro and in vivo. First, the gut
microbes were isolated from fecal samples of healthy individuals,
and cell-free supernatants (CFSs) were prepared to efliciently
screen anti-CRC activity in a cell-based system. Thereafter,
the anti-tumor effect was evaluated in vitro, and O. splanchnicus
was selected for future studies. We demonstrated that the CFS
of O. splanchnicus (OsCFS) induced apoptotic cell death in
colon cancer cells and demonstrated that the anti-CRC molecule
of OsCFS showed non-proteinaceous properties that were

Frontiers in Microbiology | www.frontiersin.org

November 2021 | Volume 12 | Article 736343


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

Ohetal.

O. splanchnicus Exhibits Anti-colorectal Cancer Activity

heat-stable and protease-insensitive. Moreover, the potential
active molecule of OsCFS was speculated to be malic acid in
the GC/MS analysis. Finally, OsCFS was found to inhibit CRC
development in vivo in a mouse allograft model of CRC.
Altogether, our study findings suggest that O. splanchnicus is
a promising new probiotics for controlling CRC development.

MATERIALS AND METHODS

Cell Culture

The colon cancer cell lines HCT 116 and CT 26 were obtained
from the Korean Collection for Type Cultures (Jeongeup,
Republic of Korea). In addition, the normal colon cell line
CCD 841 CoN was purchased from the American Type Culture
Collection (Cat #CRL-1790, VA, United States). The cells were
maintained in Dulbeccos modified Eagle’s medium (DMEM;
Gibco, NY, United States) supplemented with 10% fetal bovine
serum (FBS; Gibco, NY, United States), 200 U/ml penicillin,
and 100pg/ml streptomycin. All cells were cultured at 37°C
in a humidified atmosphere of 5% CO,.

Mice

Male BALB/c mice (aged 6-8 weeks) were obtained from KOSA
BIO Inc. (Seongnam, Republic of Korea). All mice were raised
under specific pathogen-free conditions, with a temperature
of 22+2°C, humidity of 55+5%, and a 12-h light/dark cycle.
Commercial rodent chow and water were supplied ad libitum.
All experimental procedures were approved by the Institutional
Animal Care and Use Committee of the Korea Research Institute
of Bioscience and Biotechnology (approval number:
KRIBB-AEC-18063), and all animals were cared for according
to the guidelines for animal experiments of the Korea Research
Institute of Bioscience and Biotechnology.

Fecal Gut Microbiota Isolation and
Identification

The gut microbiota was isolated from fecal samples of 100
healthy individuals who had not taken any medicine and had
a normal BMI (IRB: P01-201702-31-007). Fecal samples were
collected from the Seoul National University Bundang Hospital
(Seongnam, Republic of Korea). The isolation and culture of
bacteria from fecal samples were performed in an anaerobic
chamber (Coy Laboratory Products, Grass Lake, MI,
United States) filled with 86% N,, 7% CO,, and 7% H,. One
gram of one fecal sample was suspended in 10ml of sterilized
0.85% saline solution, followed by serial dilution up to 107
A 100pl of the diluted sample was spread and cultivated on
tryptic soy agar (BD, NJ, United States) supplemented with
5% sheep blood (TSAB). After incubation, 50-100 colonies
per plate were grown. To isolate gut microbes, 20 single colonies
per plate were randomly transferred onto new TSAB agar plates
under anaerobic conditions. To identify a total of 2,000 isolated
colonies from 100 fecal samples, 16S rRNA sequence was
amplified by polymerase chain reaction from cell suspensions
using universal 16S rRNA bacterial primers: 27F (5'-AGA GTT

TGA TCM TGG CTC AG-3') and 1492R (5-TAC GGY TAC
CTT GTT ACG ACT T-3'). Then, the amplified 16S rRNA
gene was sequenced with universal primers: 785F (5'-GGA
TTA GAT ACC CTG GTA-3') and 907R (5'-CCG TCA ATT
CMT TTR AGT TT-3") (Macrogen, Inc.). To confirm taxonomic
position of the isolate, BLAST search was performed between
the sequenced 16S rRNA gene and the sequences obtained
from the EzBioCloud database' (Yoon et al., 2017). Thereafter,
the isolate was preserved at —80°C in 10% (v/v) skim milk
solution.

CFS Preparation

To prepare CFSs of the gut microbiota, we modified a previously
described method (Ma et al., 2010; Escamilla et al., 2012).
Briefly, the isolated gut microbes were grown on each TSAB
plates in an anaerobic chamber. After cultivation, the colonies
of the gut microbe were suspended in 1 ml of PBS and adjusted
to an optical density of 0.5 at 600nm (ODgy). Thereafter,
500 pl of the gut microbe suspension was transferred into 20 ml
of reduced reinforced clostridial medium (RCM; MB cell, Seoul,
Republic of Korea) broth which was best suitable for the liquid
culture of most the isolated GMs, followed by anaerobic
incubation at 37°C for 48h. After incubation, the cells were
removed by centrifugation at 6000xg for 30min, and the
supernatant was harvested. To counter the side effects of pH,
neutralization was adjusted using 1M NaOH at pH 6.8, which
is the same as the pH value of fresh RCM broth, and the
neutralized CFSs were filtered through a syringe filter with a
0.22-pm  hydrophilic polyethersulfone membrane. The CFSs
were stored at —80°C until further use.

Anti-proliferative Activity Measurement
Using an MTT Assay

To determine the anti-proliferative activity of the CFSs, an
MTT assay was performed. HCT 116, CT 26, or CCD 841
CoN cells were seeded at 1x10% 3x10% and 2x10° cells
per well in 96-well plates, respectively. The medium was
replaced with fresh medium containing 10% (v/v) of CES,
followed by incubation at 37°C for 72h. Cells treated with
10% (v/v) of RCM were used as controls. At the end of
the experiments, the medium was replaced with 100 pl of
serum-free medium containing 10% MTT solution (5mg/
ml) in each well. After 2 h of incubation at 37°C, the medium
was gently removed, and the colored formazan product was
dissolved in 100 pl of 40 mM HCl-isopropanol. Cell viability
was measured by reading the absorbance at 595nm using
a microplate reader (Multiskan FC; Thermo Fisher Scientific,
MA, United States). Anti-proliferative activity was calculated
using the following equation: Anti-proliferative activity
(%) =100 - Ajecarment/ Acontro X 100.

Crystal Violet Staining Assay
To visualize the anti-proliferative activity of OsCFS, HCT 116
cells were seeded at 5x10* cells per well in 6-well plates and

'http://www.ezbiocloud.net
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stabilized overnight. After the removal of the medium, fresh
medium containing 10% of RCM or OsCFS was added to
duplicate plates, followed by incubation for 72h at 37°C. The
cells in one plate were gently rinsed twice in DPBS, fixed
with 500pl of 4% paraformaldehyde for 10min, and stained
with 500p] of 1% crystal violet staining solution for 20min
at room temperature. After staining, the cells were gently washed
twice in DPBS, followed by air dry. Thereafter, the colonies
were observed. The remaining plates were used for viable
cell counting.

Flow Cytometry for Apoptosis and Cell
Cycle Analysis

Apoptosis was evaluated by FITC-conjugated Annexin V and
propidium iodide (PI) flow cytometry using a commercial kit
(Thermo Fisher Scientific, MA, United States), according to
the manufacturer’s instructions. Briefly, HCT 116 cells were
seeded at 5x10° cells in 100-mm cell culture dishes and
stabilized overnight. The next day, the cells were treated with
10% (v/v) of OsCFS mixed with fresh medium for 72h. After
the OsCFS treatment, the cells were harvested, washed twice
with PBS, and centrifuged (200xg, 4°C, 5min), and the cell
pellets were resuspended in 500l of binding buffer according
to the manufacturer’s instructions. Next, the cells were labeled
with 5pl of fluorochrome-conjugated Annexin V added to
100 pl of the cell suspension and incubated for 10 min at room
temperature. After incubation, the cells were washed with
binding buffer and resuspended in 200pl of binding buffer.
Finally, the cells were stained with 5pl of PI solution and
analyzed using an Attune NxT Flow Cytometer (Thermo Fisher
Scientific, MA, United States) for the detection of Annexin
V- and PI-positive subpopulations. Cells treated with RCM
were used as negative controls.

For the cell cycle assay, HCT 116 cells were prepared using
the cell harvesting step as described above. The harvested cells
were washed once with PBS and resuspended in 300pl of
PBS. To fix the cells, 700l of 70% cold ethanol was added
to the cell suspension while vortexing gently, and the cells
were incubated on ice for 1h. After fixation, the cells were
washed once with cold PBS and resuspended with 250pl of
PBS, followed by PI staining with 10 ul of 1 mg/ml PI solution;
thereafter, the cells were analyzed using flow cytometer.

Characterization of the OsCFS Active
Molecule

To characterize the properties of the anti-proliferative agent
produced by O. splanchnicus, OsCFS and RCM (as a control)
were first heated at 100°C for 10 min. Next, the proteinaceous
property of OsCFS was confirmed by testing whether its activity
was sensitive to proteolytic enzymes. OsCFS and RCM were
treated with pepsin and trypsin (10pg/ml; Sigma, MA,
United States) and incubated for 1h at 37°C. To prepare the
protein fraction, 500ml of OsCFS or RCM was incubated with
40% ammonium sulfate for 1h at 4°C. The precipitated crude
protein was harvested by centrifugation (7,000xg, 1h, 4°C);
the crude protein was dissolved in 10ml of 20mM sodium

phosphate buffer (pH 6.8) and dialyzed twice using dialysis
tubing with a 10kDa cut-off (SpectrPor®, Astral Scientific,
NSW, AU) for 12h at 4°C. The crude protein was quantified
by BCA protein assay according to the manufacturer’s instructions
(Thermo Fisher Scientific,c, MA, United States). An anti-
proliferation assay was performed with 100 pg/ml crude protein.
To fractionate the OsCFS into an organic phase and aqueous
phase, 500ml of OsCFS or RCM was mixed with the same
volume of ethyl acetate (EtOAc) for 30 min at room temperature.
After separation, the organic phase was harvested and dried
using a rotary evaporator (EYELA, NY, United States) under
reduced pressure to obtain the crude extract. The crude extract
was dissolved in 1ml of methanol. The aqueous phase was
processed using the same procedure as described above. The
anti-proliferation assay was performed by treating the cells
with medium containing 1% organic and aqueous crude extracts.

For GC/MS analysis, the aqueous phase of the OsCFS extracts
was analyzed using an Agilent 7,890 B (Agilent Technologies,
CA, United States) gas chromatograph coupled with an Agilent
7000C (Agilent Technologies, CA, United States) mass selective
detector. Then, 1-pl aliquots of the extracts were injected into
a VE-5ms column (30mx250pm i.d., 0.5-pm film thickness;
Agilent Technologies, CA, United States) using injector tower
G4513A (Agilent Technologies, CA, United States) in the splitless
mode. The initial GC oven temperature was 70°C, and 5min
after injection, the GC oven temperature was increased at 5°C/
min to 320°C and held for 5min at 320°C. Helium was used
as a carrier gas, and the helium flow was kept constant at a
flow rate of 1.7ml/min. Detection was achieved using MS
detection in electron impact mode and full-scan monitoring
mode (m/z 15-800).

Colorectal Cancer Murine Model

CT 26 cells, a murine colon cancer cell line, were harvested
and suspended in PBS at a concentration of 4x10” cells/ml,
and 50pl of the cell suspension was injected subcutaneously
(s.c.) into the flank of 7-week-old male BALB/c mice. Mice
were monitored daily; tumor size (V) was monitored using
calipers to measure the length and width of the tumor and

determined using the following formula: Tumor size
(V) =(Width)*x (length) x 0.5.
For OsCFS treatment, OsCFS (200pl/mouse) was

peritumorally injected three times per week around the tumor,
beginning 4days after the initial inoculation of the cancer
cells into the mice. As control group, RCM was injected. At
the end of the experiment, the mice were euthanized, and the
tumors were excised and weighed.

RESULTS

OsCFS Inhibits the Proliferation of Colon
Cancer Cells

To efficiently screen a large amount of gut microbiota for
anti-CRC activity in a high-throughput manner, we decided
to use the microbiota-produced CFS, which was previously
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used to assess anti-CRC activity in colonic carcinoma cell lines
(Chen et al,, 2017; Bahmani et al., 2019). First, we sought to
isolate as many different species of gut microbes as possible
— other than Lactobacillus spp. that have mainly been studied
in probiotic research - from 100 fecal samples of healthy
individuals who did not take any medication. As a result of
isolation, we obtained 300 different species from fecal samples.
We then prepared 100 CFSs called GMO1 to 100 from different
liquid culturable species and examined the anti-proliferative
activity of the prepared CFSs in the HCT 116 cell-based system.
As shown in Supplementary Table S1, 21 CESs out of the
screened 100 samples exhibited more than 30% anti-proliferative
activity against HCT 116 cells, and some of these CFSs also
exhibited anti-proliferative activities against the mouse colon
cancer cell line, CT 26. As we intended to perform animal
experiments using the CT 26 allograft model of CRC, the
CFS showing the highest activity against CT 26 cells, GMO07,
was chosen for further investigation for the identification of
novel gut microbiota exhibiting anti-CRC activity. GM07 was
identified as O. splanchnicus by 16S rRNA gene sequencing
(99.52%, 16S rRNA gene sequence similarity) and phylogenetic
analysis (Supplementary Figure S1). We confirmed that
compared to RCM, OsCFS - the CFS of O. splanchnicus -
exhibited anti-proliferative activity against HCT 116 cells, as
evaluated through a crystal violet staining assay (Figure 1A)
and cell counting (Figure 1B). Additionally, OsCFS inhibited

the proliferation of colon cancer cells in a dose-dependent
manner (Figure 1C). To evaluate whether the anti-proliferative
activity of OsCFES was specific to cancer cells, OsCFS was
tested on a CCD 841 CoN cell line (normal colon epithelial
cells). While OsCFS exhibited 40 and 50% anti-proliferative
activity on HCT 116 and CT 26 cancer cells, respectively,
interestingly, no significant cytotoxic effect of OsCFS was
observed on the CCD 841 CoN cell line, with less than 10%
growth inhibition (Figure 1D). These results indicate that
OsCFS inhibits the proliferation of colon cancer cells but not
of normal colon epithelial cells.

OsCFS Induces Apoptosis in Colon Cancer
Cells

OsCFS exerted an anti-proliferative effect on colon cancer cell
lines. To investigate whether the OsCFS-induced anti-proliferative
activity was related to the cell cycle or apoptosis, both known
to be closely associated with cell proliferation, we performed
flow cytometric analysis (Gérard and Goldbeter, 2014). First,
we determined whether OsCFS had the potential to arrest the
cell cycle. The distribution of DNA content in HCT 116 cells
treated with OsCFS or RCM as a control was analyzed by
flow cytometry. The cell cycle DNA distribution of HCT 116
cells treated with OsCFS showed almost no change compared
to that of RCM-treated cells (Figure 2A). Next, to determine
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whether the anti-proliferative activity of OsCFS was related to
apoptosis, we evaluated apoptotic cell populations in OsCFS-
treated cells by using FITC-Annexin V and PI double staining.
Flow cytometric analysis showed that OsCFS-treated HCT 116
cells showed increases of 19.57 and 3.34% in the early- and
late-stage apoptotic cell populations, respectively, compared to
the RCM-treated cells (Figure 2B). This result suggests that
OsCFS exerts its anti-proliferative effect in HCT 116 cells
through the induction of apoptotic cell death in the early phase.

OsCFS Active Molecule May Be a
Metabolite and Not a Protein

Next, we examined the characteristics of the active molecules
with anti-proliferative activity in the OsCFS, which may be a

prerequisite for their identification. First, the effect of the
cultivation time of O. splanchnicus on the anti-proliferative
activity was evaluated from 24 to 60h. As shown in Figure 3A,
the level of anti-proliferative activity exerted by OsCFS gradually
increased over time, suggesting that the active molecules were
produced and stable during cultivation. Second, to assess whether
the anti-proliferative activity was influenced by heat, OsCFS
was heated for 10min at 100°C. Although there was a slight
decrease in the anti-proliferative activity, the heated OsCFS
still exerted an anti-proliferative activity against HCT 116 cells
(Figure 3B). Third, to test whether the anti-proliferative activity
of OsCFS was affected by proteinase treatment, OsCFS was
treated with pepsin and trypsin. As shown in Figure 3C, the
proteases did not inhibit OsCFS anti-proliferative activity. Finally,
we extracted the active molecules of OsCFS using EtOAc or

Frontiers in Microbiology | www.frontiersin.org

November 2021 | Volume 12 | Article 736343


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

Ohetal.

O. splanchnicus Exhibits Anti-colorectal Cancer Activity

60
50+
40
30+
20+
10

Anti-proliferative activity (%)

24 30 36 48 60
Cultivation time of Os (h)

60+
50
40
30+
20

Anti-proliferative activity (%)

10

0_
OsCFS - + + +

Enzymes - - Pepsin Trypsin

(Org. phase), and aqueous phase (Aqu. Phase) of the EtOAc extract.

FIGURE 3 | Characterization of active substances from Odoribacter splanchnicus cell-free supernatant (OsCFS). Data are expressed as mean + standard error of
three independent experiments. (A) The production level of active substances depending on cultivation time of O. splanchnicus. (B,C) The effect of heat-inactivation
and proteinase treatment on anti-proliferative activity. (D) The anti-proliferative activity of protein crude (precipitated proteins by ammonium sulfate), organic phase

Anti-proliferative activity (%)
w
it

OsCFS - + +
Heat inactivated

50
40+
30
20

Anti-proliferative activity (%)

10

precipitated them using ammonium sulfate. While the precipitated
crude protein and the organic phase of the extracted crude
extract did not show any anti-proliferative activity, the aqueous
phase of the extracted crude molecules did exhibit this activity
(Figure 3D). Based on these results, we assumed that the
active molecules exerting anti-proliferative activity may
be metabolites with properties of heat and protease stability.

GC/MS Analysis of the OsCFS Extract

To further investigate active compounds in the aqueous phase
of the OsCFS extract, we conducted a GC/MS analysis to
compare the metabolites in the extracts of RCM and OsCFS.
In the total chromatogram of the GC/MS analysis, five different
peaks were detected for the OsCFS extract, unlike the RCM
extract (Figure 4A). Based on the mass spectra obtained
from the National Institute of Standards and Technology
(NIST) library, peak 1 (fz 5.92min), peak 2 (fz 11.26 min),
peak 3 (fz 19.27min), peak 4 (fz 28.98 min), and peak 5 (f3
29.49 min) were identified as L-alanine, L-proline, malic acid,
DL-ornithine, and D-(+)-glucuronic acid y-lactone, respectively.
However, DL-ornithine and D-(+)-glucuronic acid y-lactone
were detected with low probability (< 70%) as a negative
match. In addition, since malic acid had the highest peak

area percentage of 21.25% (whereas L-alanine and L-proline
showed peak area percentages of 2.07 and 6.27%, respectively),
we speculated that the anti-proliferative agent produced by
O. splanchnicus might be malic acid (Figure 4B). Furthermore,
we confirmed by HPLC analysis that a main peak of the
aqueous phase of OsCFS extract was consistent with that of
malic acid (Supplementary Figure S2). Additionally, malic
acid exhibited anti-proliferative activity on HCT 116 cells in
dose-dependent manner (Supplementary Figure S3).

OsCFS Suppresses Tumor Growth in a
Murine Allograft Model of CRC

We used the CT 26 allograft model of CRC to investigate the
anti-CRC activity of OsCFS in vivo. According to the established
mouse model, CT 26 mouse colon cancer cells were
subcutaneously inoculated into the flanks of BALB/c mice.
Four days after tumor cell injection, OsCFS or RCM (control
group) was peritumorally injected every 2days until the end
of the experiment. The tumor size was measured and calculated
according to the tumor volume (Figure 5A). As time passed,
the growth of the tumors in the OsCFS-treated group was
gradually suppressed compared to that in the control group.
At the end of this experiment, the tumor volume in the
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OsCFS-treated group was 35.6% lower than that in the control
group (Figures 5B,C). To examine the tumor weight and size,
CT 26 tumors were excised from euthanized mice. The tumor
weight and volume were significantly reduced in OsCFS-treated
mice compared to those in RCM-treated mice (Figures 5D,E).
These results indicated that OsCFS exhibits anti-CRC activity
in vivo.

DISCUSSION

CRC is a major disease-causing malignancies of the
gastrointestinal tract, which threatens health worldwide. The
pathogenesis of CRC is closely linked to the intestinal
environment (Haggar and Boushey, 2009); it has been reported
using metagenomic analysis that the gut microbial environment
(diversity and population) in CRC patients is different from

that of healthy individuals (Montalban-Arques and Scharl, 2019).
The restoration of an imbalanced gut microbiota using probiotics
is considered to be a potential strategy for the prevention and
treatment of CRC (Ambalam et al., 2016). Moreover, in the
treatment of CRC-related IBD, diverse putative beneficial bacteria,
including Clostridium, Firmicutes spores, Bacteroides, Roseburia,
Prevotella, and Alistipes, isolated from healthy individuals have
been examined as novel biotherapeutic bacteria (Dziarski et al.,
2016; Cohen et al, 2019). Although the potential of gut
microbiota for CRC prevention and therapy has been reported
through metagenomic analysis, little is known about the gut
microbiota in relation to CRC treatment, with the exception
of LAB, Clostridium, and Bacillus (Pool-Zobel et al., 1996;
Chen et al,, 2015). Therefore, to discover novel gut microbiota
that can be potentially used for CRC treatment, we sought to
identify the gut microbiota with the potential for anti-CRC
activity from the gut of healthy individuals. To do this, we first
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isolated many different species of gut microbiota from the
feces of healthy individuals, except for LAB. To screen the
gut microbes for anti-CRC activity on a large scale, we prepared
CFSs from the isolated gut microbiota because CFSs were
previously reported to prevent the growth of cancer cells and
modulate the host immune system (Escamilla et al., 2012; De
Marco et al., 2018) and were the easiest material to obtain
from the microbes for in vitro assays. However, gut microbiota
have been reported to be difficult to culture (Ito et al., 2019)
as only 100 out of the 300 species of gut microbiota can
be cultured in RCM liquid medium. To discover other gut
microbiota related to CRC treatment, further experiments using
different media and culture conditions will be needed to study
the gut microbiota that could not be cultured in this study.
In addition, cell extracts, cell lysates, dead or live bacteria,
and bacteria-secreted molecules in response to a host stimulus
can be employed as alternative materials for anti-CRC activity
screening, as has been done in previous studies to treat CRC
in vitro or in vivo (Lee et al., 2008; Cipriani et al., 2011; Levy
et al., 2015; Chung et al., 2019; Zhuo et al., 2019). Moreover,
the CFSs of 20 gut microbes that showed anti-proliferative
activity against HCT 116 cells but low activity against CT 26
cells can be further examined for anti-CRC activity using the
HCT 116 xenograft mouse model. Thus, more candidates with
anti-CRC activity from our isolated gut microbiota may
be identified in future studies.

Because cancer cells are highly proliferative, anti-proliferative
activity has been investigated as one of the major targets in
the development of anti-cancer drugs (Dembic, 2020). For
instance, the anti-proliferative activities of traditional herbal
and marine derivative products were screened to assess their
potential anti-cancer effects and consequently develop anti-
cancer drugs (da Silva et al.,, 2019; Cui et al., 2020). Therefore,
to identify anti-CRC candidates from the gut microbiota,
we examined the anti-proliferative activity of these candidates
against HCT 116 cells in vitro. Our results showed that CFSs
of 21 candidates from the 100 screened gut microbiota exerted
anti-proliferative activity on HCT 116 cells. In addition, prior
to determining the anti-CRC activity of the candidates in the
CT 26 allograft model of CRC (a widely used animal model
for cancer drug development that allows for quick and cost-
effective experimental testing of potential drugs), the anti-
proliferative activity of the CFSs of 21 candidates was examined
against CT 26 cells in vitro. Previous reports have shown that
the level of anti-proliferative activity differs depending on the
cell line (Savic et al.,, 2020; Shin et al., 2021); thus, some of
the CFSs exerted no or little anti-proliferative activity against
CT 26 cells. Of the 21 candidates, the CFS of GMO07 exerted
the highest anti-proliferative effect against CT 26 cells; hence,
GMO7 was chosen for further investigation and the generative
gut microbe was identified as O. splanchnicus through
phylogenetic analysis.

Cell proliferation is closely related to apoptosis and the
regulation of the cell cycle (Alenzi, 2004). Hence, there are
many anti-cancer drugs that target the stimulation of apoptosis
or the regulation of the cell cycle (Fulda and Debatin, 2006).
In this study, we examined whether OsCFS induced apoptosis

or cell cycle arrest in vitro by using flow cytometry. Our data
indicated that OsCFS inhibited the proliferation of HCT 116
cells through the induction of apoptotic cell death in the early
phase but not through cell cycle arrest. A recent study
demonstrated that the extract of Lactobacillus plantarum strain
06CC2 induced mitochondrial-mediated apoptosis through the
activation of c-Jun N-terminal kinase (JNK)/p38 mitogen-
activated protein kinase (p38 MAPK) signaling in CRC cells
(Hiraishi et al., 2019). In addition, Bifidobacterium sp., which
has a significant anti-CRC effect in vitro and in vivo, markedly
induced apoptosis in the early phase through the downregulation
of the expression of epidermal growth factor receptor (EGFR)
and human epidermal growth factor receptor 2 (HER-2), both
of which are related to cell proliferation (Parisa et al., 2020).
The mechanism of OsCFS-induced apoptosis could be the same
as those mentioned above or different; this needs to be further
studied in the future.

Odoribacter splanchnicus is a commensal bacterium that
inhabits the human intestinal tract (Werner et al., 1975). Previous
reports have indicated that O. splanchnicus may beneficially
activate the intestinal health. First, Werner et al. demonstrated
that O. splanchnicus could produce various SCFAs, including
acetic acid, propionic acid, succinic acid, butyric acid, isovaleric
acid, and isobutyric acid. Some studies have indicated that
butyric acid induces autophagy, thereby inhibiting the
proliferation of CRC cells (Donohoe et al., 2011; Lee et al,
2012; Lee and Lee, 2012). Second, Hiippala et al. demonstrated
that OMV's produced by O. splanchnicus exert immunoregulatory
effects by reducing IL-8 production in lipopolysaccharide (LPS)-
stimulated HT-29 cells and inducing IL-10 production (Hiippala
etal.,, 2020). In addition, bacterial OMV's have been demonstrated
to be potent anti-cancer agents by effecting a significant reduction
in tumor growth in vivo (Qing et al., 2020). Third, O. splanchnicus
lacks the [pxM gene needed for endotoxic hexa-acylated LPS
and instead harbors penta-acylated LPS, which is 100-fold less
toxic than E. coli LPS (Han et al., 2013). The non-toxic penta-
acylated LPS silences toll-like receptor 4 (TLR4) signaling,
leading to lower cytokine release through the TLR4-TRAM-
TRIF pathway (Park et al., 2009; Han et al, 2013). Finally,
in case of human physiopathology, the abundance of Odoribacter
spp. was reduced in the patients with IBD or CRC as mentioned
above. Moreover, in metastatic renal cell carcinoma, most
abundant species among patients with clinical benefit were
Bifidobacterium adolescentis, Barnesiella intestinihominis, O.
splanchnicus, and Bacteroides eggerthii (Salgia et al., 2020).
Accordingly, the above studies suggest that O. splanchnicus
may have an anti-CRC effect as beneficial probiotics. In this
study, we clearly demonstrated for the first time that CFS of
O. splanchnicus had anti-CRC activity through anti-proliferative
molecules in vitro and in vivo.

Although anti-proliferative agents in the OsCFS have not
yet been completely identified, the results of our preliminary
experiments showed that the bioactive molecules in the OsCFS
are heat-stable and non-proteinaceous. In addition, the GC/
MS analysis suggested that the putative anti-proliferative molecule
in the aqueous phase of OsCFS might be malic acid. Malic
acid is an organic compound that has been reported to have
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many bioactive functions, such as antioxidant activity, capturing
free radicals, and antimicrobial activity against some pathogenic
bacteria (Eswaranandam et al., 2006; Zhang et al., 2020). In
addition, malic acid can be chemically polymerized to polymalic
acid, which has a wide range of applications in cancer therapy
because of its biochemical properties, including its
biocompatibility, biodegradability, and chemical modifiability
(Zeng et al, 2019). Moreover, this study showed that malic
acid exerted the anti-proliferative activity in vitro. However,
it has been still not conclusive that malic acid is indeed the
active agent for the anti-CRC activity of OsCFS because this
study did not show whether O. splanchnicus can produce malic
acid in vivo and active agents other than malic acid may still
be responsible for the anti-CRC activity of OsCFES, which should
also be further studied.

In the present study, we evaluated whether OsCFS was
associated with the suppression of CRC development in CT
26 tumor-bearing mice. Our results indicate that the
peritumoral injection of OsCFS significantly reduced CRC
tumorigenesis in a mouse allograft model. Anti-CRC
tumorigenesis can also be exerted by the direct interactions
between beneficial bacteria and intestinal mucosa or other
gut microflora, and previous studies showed that oral ingestion
of probiotics enhanced the intestinal mucosal barrier (Costello
et al.,, 2014; Liu et al., 2016) and improved the density and
diversity of mucosa-associated microbiota in patients with
CRC (Gao et al., 2015). However, administration of live O.
splanchnicus by oral gavage did not show an inhibitory effect
on tumor growth (data not shown). According to recent
report, the mucosal adherent ability of O. splanchnicus was
found to be below the 1% background binding level and
O. splanchnicus is thus considered to be non-adherent to
epithelial cells (Hiippala et al., 2020). Therefore, we speculate
that O. splanchnicus did not inhibit tumor growth in an
orally administered mouse model possibly due to its low
adherence or non-production of active molecules as CFS
in the gastrointestinal tract. Further study to improve the
ability of O. splanchnicus colonization to host intestine and
the productivity of its anti-CRC agents in vivo would
be required.

Although the metagenomic analysis demonstrated that CRC
was closely associated with gut microbiota, there is little direct
evidence for this association obtained using isolated gut microbes,
except LAB. In this study, we clearly showed that the CFS of
O. splanchnicus inhibited the proliferation of CRC cells and
ameliorated tumorigenesis in a mouse allograft model of CRC.
Accordingly, our study provides a useful information for the
development of potential novel probiotics for the prevention
and treatment of CRC.
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