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Abstract

Background Enterococcus faecalis (Efa) has been shown to be a‘driver bacteria”in the occurrence and development
of colorectal cancer (CRC). This study aims to explore the effect of specific metabolites of Efa on CRC.

Methods The pro-tumor effects of Efa were assessed in colonic epithelial cells. The tumor-stimulating molecule
produced by Efa was identified using liquid chromatography mass spectrometry (LC-MS). The proliferative effect

of metabolites on CRC cells in vitro was assayed as well. The concentration of vascular endothelial growth factor A
(VEGFA) and interleukin-8 (IL-8) was determined using enzyme-linked immunosorbent assay (ELISA). Tubular forma-
tion assay of human umbilical vein endothelial cells (HUVEC) and cell migration assay were applied to study angio-
genesis. Additionally, western blot analysis was used to investigate key regulatory proteins involved in the angiogene-
sis pathway. Tumor growth was assessed using mouse models with two CRC cells and human colon cancer organoid.

Results Co-incubation with the conditioned medium of Efa increased the proliferation of cultured CRC cells. Biliver-
din (BV) was determined as the key metabolite produced by Efa using LC-MS screening. BV promoted colony forma-
tion and cell proliferation and inhibited cell cycle arrest of cultured CRC cells. BV significantly increased the expression
level of IL-8 and VEGFA by regulating the PI3K/AKT/mTOR signaling pathway, leading to the acceleration of angiogen-
esis in CRC. The up-regulation of proliferation and angiogenesis by BV were also confirmed in mice.

Conclusion In conclusion, BV, as the tumor-stimulating metabolite of Efa, generates proliferative and angiogenic
effects on CRC, which is mainly mediated by the activation of PI3K/AKT/mTOR.
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Background

Colorectal cancer (CRC) is the fourth leading cause of
cancer death and the third most common cancer glob-
ally [1]. Despite certain improvements in screening
and therapy [2, 3], the incidence and mortality of CRC
remain high even in high-income countries. The 5 year
survival rate of patients with advanced CRC is still less
than 10% [4]. Therefore, novel therapeutic targets and
molecular pathogenesis of CRC are highly warranted.

The correlation between microbiome and CRC occur-
rence and development is increasingly appreciated.
Microbial dysbiosis plays an important role in CRC
aetiology and modulates the pathological functions of
CRC, such as cell proliferation, apoptosis and immune
response [5, 6]. Current studies have shown that intes-
tinal microbiota, such as Clostridium, Bacteroides,
Enterococcus, and Escherichia genera [7], can facilitate
colorectal carcinogenesis by directly interacting with
host cancer cells, generating carcinogenic microbial
metabolites, and secreting oncogenic virulence factors
[8-10]. The gut microbiota can generate various metab-
olites and other small molecules, including secondary
bile acids, short-chain fatty acids (SCFAs), indole and
some amino acid metabolites. Therefore, the gut micro-
bial metabolome is associated with the occurrence and
development of CRC.

Enterococcus faecalis (Efa) is a gram-positive, faculta-
tive anaerobic symbiotic bacterium in the gastrointesti-
nal tract and oral cavity. Current study has showed that
the abundance of Efa increased in the stool and adja-
cent tissues of CRC patients [11]. In addition, Efa as a
“driver bacteria” in the occurrence and development of
CRC, can promote CRC by inducing inflammation and
facilitate the accumulation of additional mutations and
epigenetic changes [12—-14]. However, the role of Efa in
promoting the occurrence and development of CRC
through its metabolites has not been clarified. Therefore,
the functional role of Efa metabolites in driving intestinal
tumorigenesis in vivo and in vitro was investigated in the
present study.

Materials and methods

Bacterial strain and culture condition

Efa ATCC 29212 and E. coli ATCC 25922 were used in
this study. The isolates were inoculated on Mueller-Hin-
ton II agar (MHA) for 24 h at 37 “C and then suspended
at the multiplicity of infection (MOI) 100:1 in RPMI 1640
medium (Gibco, Carlsbad, CA, USA). The isolates and
cells were co-incubated and cultured continuously for 6 h
at 37 C. Finally, the conditioned medium was obtained
by centrifuging the bacteria culture medium at 6000 x g
for 10 min and filtering with a 0.2 mm pore-size filter.
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Cell culture

Four commonly used CRC cell lines (HT29, HCT116,
SW480, SW620) and one human normal colonic epi-
thelial cell line NCM460 were obtained from ATCC.
HT29 was highly differentiated, HCT116 and SW480
were CRC cell lines in situ, while SW620 was advanced
lymph node metastatic CRC cell. HT29 was routinely
cultured in McCOy’s 5A medium (Gibco, Carlsbad, CA,
USA), HCT116 was cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (ibid.), while the other three
cell lines were cultured in RPMI 1640 medium (ibid.),
added with 10% (vol/vol) fetal bovine serum (FBS), and
1% penicillin/streptomycin in a humid atmosphere of
5% CO,.

The human umbilical vein endothelial cells (HUVECs)
were bought from ATCC and cultured in DMEM,
added with 1% penicillin/streptomycin and 10% FBS in
a humid incubator containing 5% CO, at 37 °C.

Reagent

Biliverdin (BV) was purchased from J&K Scientific
(B386400, Germany), which was dissolved in 0.1%
DMSO (sigma-aldrich, USA) to 200 mM and then
diluted to different concentrations with cell culture
medium or phosphate-buffered saline (PBS) (Gibco,
Carlsbad, CA, USA). To ensure appropriate control
conditions, a reasonable quantity of DMSO was added
to the medium in all the experiments using BV. All
experiments were performed in a controlled way to
avoid direct light exposure.

Inhibitors including PI3K inhibitor LY294002 (Med-
ChemExpress, Monmouth Junction, NJ), and mTOR
inhibitor Rapamycin (ibid.) were added to CRC cells at
10 uM and 100 pM for 48 h, respectively.

Untargeted metabolomics by liquid chromatography mass
spectrometry (LC-MS)

The untargeted metabolomics sequencing was con-
ducted by Novogene Co., Ltd. (Beijing, China) to
explore the changes in the relative abundance of
metabolites of the conditioned medium after 6 h co-
culture of NCM 460 with or without Efa (MOI 100:1).
The sample (1 mL) was freeze-dried and resuspended
by well vortex with prechilled 80% methanol, followed
by incubation on ice for 5 min and centrifugation for
15 min at 4 °C and 15,000 xg. The supernatant was
diluted with LC-MS grade water to a final concentra-
tion of 53% methanol. Subsequently, the sample was
transferred to a fresh Eppendorf tube, followed by cen-
trifugation for 15 min at 4 °C and 15,000 xg. Eventu-
ally, the supernatant was injected into the LC-MS/MS
system (ThermoFisher, Germany). Then the metabolites
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were annotated using the KEGG database (https://
www.genome.jp/kegg/pathway.html), HMDB database
(https://hmdb.ca/metabolites) and LIPID Maps data-
base (http://www.lipidmaps.org/).

Principal components analysis (PCA) was performed at
the software metaX [15]. We applied univariate analysis
(t-test) to calculate the statistical significance (P-value).
The metabolites with variable important in projection
(VIP)>1 and P-value<0.05 and fold change (FC)>2 or
FC <0.5 were considered to be differential metabolites.
For clustering heat maps, the data were normalized using
z-scores of the intensity areas of differential metabo-
lites and were ploted by Pheatmap package in R lan-
guage. The functions of these metabolites and metabolic
pathways were studied using the KEGG database. The
metabolic pathways enrichment of differential metabo-
lites was performed using the R package clusterProfiler
(https://github.com/YuLab-SMU/clusterProfiler), when
ratio were satisfied by x/n>y/N, metabolic pathway were
considered as enrichment, when P-value of metabolic
pathway <0.05, metabolic pathway were considered as
statistically significant enrichment.

Cell growth assay

Cell viability was evaluated using the Cell Counting Kit-8
(MedChemExpress, Monmouth Junction, NJ). For the
96-well plate, 3000 cells were seeded in each well and
directly treated with different concentrations of BV or
bacterial conditioned medium. HCT116 and SW480 cells
were treated with the bacterial conditioned medium for
4 consecutive days at the concentration of 20% (vol/vol).
After each well was added with 10 pL. CCK8 solution, the
absorbance at 450 nm was determined per day at 37 °C
after incubation for 2 h.

A colony formation assay was then performed. 500 cells
were seeded in the 6-well plate, followed by changing the
treatment medium every 2 days. After 10-14 days of cul-
ture, cells were stained with 0.1% crystal violet solution
and fixed with 4% paraformaldehyde (Sigma, St. Louis,
MO). Over 50 cells were counted in the colony. All exper-
iments were conducted in triplicate three times.

Cell cycle analysis

The treated cells were fixed with 70% ethanol for cell
cycle analysis. After centrifugation (5 min, 1000 xg) and
resuspension, the cells were kept out of light and incu-
bated with propidium iodide (PI) (Beyotime, Shanghai,
China) for 30 min at room temperature. 10,000 cells were
counted using CytoFlex LX (Beckman Coulter, USA),
and the cell cycle profile was studied using FlowJo V10
software.
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Enzyme-linked immunosorbent assay (ELISA)

The protein levels of IL-8 and VEGFA in the treated cell
culture supernatant, plasma and intracellular protein
of nude mice were measured with sandwich ELISA kits
(Proteintech Group, Wuhan, China, #KE00006 for IL-8;
RayBiotech, Inc. Georgia, GA, USA, #ELH-VEGEF-1 for
VEGFA) according to the manufacturer’s instructions.

Real-time quantitative PCR

Total RNA was extracted from cells by commercial kits
(ES-RNO01, Yishan Biotech, Shanghai, China). RNA con-
centration was measured with NanoDrop One Spectro-
photometer (Thermo Scientific, USA). Complementary
DNA (cDNA) was synthesized by reverse transcription of
1 pg total RNA from each sample using cDNA Synthe-
sis kits (RR047A, Takara Bio Inc., Japan). Subsequently,
the resultant cDNA was applied in real-time PCR on
StepOnePlus " real-time PCR instrument (Applied Bio-
systems, Foster, CA, USA) to evaluate the gene expres-
sion of IL-8 and VEGFA. The reactions were incubated in
a 96-well plate at 95 °C for 1 min, followed by 40 cycles of
95 °C for 5 s and 60 °C for 30 s. GAPDH was used as an
internal control. The following are the primer sequences:
IL-8 forward, 5-ACATACTCCAAACCTTTCCACC-3'
and reverse, 5-AAAACTTCTCCACAACCCTCTG-3/;
GAPDH forward, 5-CTGGGCTACACTGAGCACC-3'
and reverse, 5-AAGTGGTCGTTGAGGGCAATG-3/;
VEGFA forward, 5-ATGAACTTTCTGCTGTCTTGG-
3" and reverse 5-TCACCGCCTCGGCTTGTCACA-3.
All experiments were conducted independently three
times. The gene expression of IL-8 and VEGFA was nor-
malized to GAPDH and calculated based on the 27AACT
method.

Western blot analysis

Total protein was extracted using RIPA lysis buffer con-
taining phosphatase and protease inhibitors. Proteins
were quantified using bicinchoninic acid (BCA) assay,
and then separated with 10% SDS-PAGE gel and trans-
ferred to the PVDF membrane (Beyotime Institute of
Biotechnology, Shanghai, China). The membrane was
blocked with 5% BSA for 1 h and incubated overnight
using rabbit antibodies to mTOR (1:1000, 2972S, Cell
Signaling Technology), P-PI3K (1:1000, AF3242, Affin-
ity Biosciences), P-mTOR (1:1000, 5536 T, Cell signaling
Technology), PCNA (1:2000, 10205-2-AP, Proteintech
Group), mouse antibodies to Actin (1:5000, 66009—1-
Ig, Proteintech Group), PI3K (1:5000, 60225-1-Ig, Pro-
teintech Group), AKT (1:2000, 60203-2-Ig, Proteintech
Group), P-AKT (1:2000, 66444—1-Ig, Proteintech Group).
Subsequently, HRP-conjugated secondary antibod-
ies were treated, and the signal was measured using the
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enhanced chemiluminescence detection system (SH-523,
Hangzhou, China). The intensity was analyzed by Image |
software.

Conditioned medium (CM)

CRC cells (1 x 10°) were cultured overnight in the 6-well
plate, followed by changing the medium to fresh medium
with or without BV and inhibitors in each well. The con-
ditioned medium was gathered after 48 h, which was
applied for tube formation assay of HUVEC, migration,
and ELISA.

Cell migration assay

HUVEC migration was evaluated using Cell Migration
Assay Kit (BD Biosciences, NJ, USA). In the 24-well plate,
the 8 pm pore upper chamber was added with 250 pl
serum-free medium containing 2.5 x 10* HUVEC, and
the lower chamber was added with 750 ul conditioned
supernatant. Cells were subsequently incubated at 37 C
for 24 h within the system. The migrated cells were
stained with 0.1% crystal violet and fixed with 4% para-
formaldehyde (Sigma, St. Louis, MO) after non-invading
cells were removed with cotton swabs. Eventually, the
bias was minimized using a microscope with 100X mag-
nification to count the stained cells in at least three fields
selected randomly.

Endothelial tube formation assay

HUVEC (2 x 10%) was plated in the 96-well plate contain-
ing 50 ul Matrigel (BD Biosciences, Bedford, MA) and
cultured at 37 °C for 4 h in the conditioned medium of
5% CO,. A microscope was used to photograph tubules
and Image-Pro Plus software was used for assessment.

CRC organoid model

The human tumor microenvironment was simulated
by the culture of CRC organoids [16]. The appropri-
ate concentrations of BV were added directly to the
medium. Change the treatment medium every 3 days. A

(See figure on next page.)
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microscope was used to observe the growth of CRC orga-
noids per day.

In vivo xenograft model

Male nude mice (4-5 weeks, BALB/C) were obtained
from Hangzhou Ziyuan Laboratory Animal Technology
Company. All animal experiments received the approval
of the Institutional Animal Care and Use Commit-
tee at the First Affiliated Hospital of Zhejiang Univer-
sity. 5x 10° HCT116 and SW480 were subcutaneously
injected into the right side of mice. After 7 days of tumor
injection, mice in the treatment group received 100 pl
50 uM BV once a day via peritumoral injection, while
the control group received an equal amount of PBS with
DMSO. Tumor volume was determined every 2 days and
tumor weight was measured at the end, to detect the
effect of BV on tumor growth.

Immunohistochemistry (IHC)

All xenograft tumor specimens were fixed in 4% para-
formaldehyde at 4 °C for 48 h and serially sectioned into
5 um-thick sections. Then paraffin-embedded tissue
chips were dried at 90 °C for 4 h, dewaxed in xylene, and
then rehydrated in a series of graded ethanol solutions.
Sodium citrate buffer (10 mM, pH 6.0) was used for anti-
gen retrieval. 3% hydrogen peroxide solution was used to
block endogenous peroxidase activity for the tissue sec-
tions which followed by rinsing with PBS for 15 min, and
blocking with 3% BSA solution for 30 min. The sections
were then incubated with the mouse anti-CD31 anti-
body (GB113151, Servicebio, 1:300) at 4 °C overnight,
followed by incubation with HRP-labeled rabbit second-
ary antibody (GB23303, Servicebio, 1:200) at 37 °C for
50 min. Diaminobenzene was used as the chromogen,
and hematoxylin was used as the nuclear counterstain.
Sections were then dehydrated, cleared, and mounted.
The grade of microvessel growth in tumor was assessed
by the relative percentage of CD31-positive areas that
was expressed as the microvessel density (MVD) in each
high-power field.

Fig. 1 The conditioned medium and the metabolite of Efa promote the viability of CRC cells in vitro. A CCK-8 assay in CRC cells treated with the
conditioned medium of EFa or E. coli ATCC 25922. B-D Metabolomics analysis of the conditioned medium (CM) with or without Efa. B: Principal
Component Analysis (PCA) score plot of metabolomics. The orange dots represent the conditioned medium (CM) with Efa, and the blue dots
represent the CM without Efa. C: Heatmap of differentially metabolites. The p-values were represented by a color scale from blue (relatively lower
expression) to red (relatively higher expression). Each column represented individual sample, and each row represented a single metabolite. D:
KEGG analysis for the various differentially expressed signal pathway. The dots represented various pathways. Pathways impact was represented by
the area of each dots. The p-value was represented by a color scale from blue (relatively lower significance) to orange (relatively higher significance).
E, F Proliferation ability of BV was determined by CCK8 and colony formation assay in CRC cells. G Proliferating cell nuclear antigen (PCNA) levels

in CRC cells treated with or without BV was detected by western blot. H Flow cytometry showing the percentages of BV treated cells and control
cells at different cell cycle phase. The histogram on the left is the control group, and the right is the BV treatment group. *, P <0.05; **, P < 0.01; ***,

P <0.001; and ****, P <0.0001
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Immunofluorescence staining

The slices were fixed with 10% formalin and embedded
in paraffin for immunofluorescence staining. Tissue slices
from tumor areas were then deparaffinized and subjected
to antigen retrieval using citrate buffer three times for
10 min each in a microwave oven, followed by sequential
incubation in 30% hydrogen peroxide in methanol and
blocking with 0.5% BSA for 30 min. Tissue slices were
then incubated with the following primary antibodies:
anti-CD31 (1:300, GB113151, Servicebio) and anti-ki67
(1:300, GB121141, Servicebio). The secondary antibod-
ies used were Alexa Fluor CY3-conjugated anti-mouse
(1:300, GB21301, Servicebio) and Alexa Fluor 488-conju-
gated anti-rabbit (1:400, GB25303, Servicebio). A micro-
scope was used for imaging.

Statistical analysis

Data were represented by mean=+SD. The differ-
ence between the two groups was compared using the
Mann-Whitney U test or Student’s t test. The difference
between multiple groups was compared by one-way vari-
ance analysis, and two-way variance analysis was used to
determine the difference in cell viability. Results of sta-
tistical significance were indicated as follows: *P <0.05;
**P<0.01; ***P <0.001; ****P <0.0001. All tests were con-
ducted through Graph-Pad Prism 7.0 software (Graph-
Pad Software, San Diego, CA).

Results

Efa conditioned medium promotes the viability of colon
cancer cells

Colon cancer cells HCT116, SW480, and SW620 were
co-cultured in the conditioned medium of Efa for 4 con-
secutive days. E. coli ATCC 25922 was used as bacterial
control. The CCK8 assay indicated that compared to E.
coli, the conditioned medium from Efa could accelerate
the proliferation of colon cancer cells (Fig. 1A), indicating
that Efa promotes colorectal carcinogenesis by bacteria-
secreted molecules.

Metabolite profiling of Efa

Changes in the relative abundance of metabolites were
explored in the conditioned medium with or with-
out Efa. Notably, principal component analysis (PCA)

(See figure on next page.)
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demonstrated excellent isolation between the two groups
(Fig. 1B). Heatmap analysis showed that the expression
level of BV and the biosynthesis of secondary metabo-
lites were remarkably up-regulated in the conditioned
medium of Efa compared to the normal control (Fig. 1C—
D). The separate metabolomic analysis of Efa also found
that BV was still a higher differential metabolite in Efa
between different MOI (Additional file 4). And with the
increase of Efa, more BV was metabolized (Additional
file 5: Table S1).

BV promotes the growth of CRC cells

As shown in Fig. 1E, CRC cells were cultured with BV
at different concentrations (0, 12.5, 25, 50, 100 uM) at a
certain time gradient (0, 24, 48, 72 h). The CCK-8 assay
indicated that for both HCT116 and SW480, all concen-
trations of BV promoted cell proliferation. For SW620,
except 100 pM, all the other concentrations of BV had
a significant effect to elevate the viability of cells. BV at
a concentration of 50 pM showed a stimulative effect
on all CRC cell lines. The action time for 48 h and the
working concentration of 50 pM were chosen for subse-
quent experiments. The colony formation assay and the
boosted cell nuclear antigen protein levels further con-
firmed this growth-promoting effect (Fig. 1F-G). Moreo-
ver, treatment with BV increased the proportion of cells
in the synthesis (S) and decreased GO/G1-phase cells in
HCT116 and SW480 (Fig. 1H).

BV promotes the progression of CRC cells by stimulating
angiogenesis

The mRNA expression of VEGFA was significantly up-
regulated in a concentration-dependent manner in the
three CRC cells cultured with BV (Fig. 2A). The ELISA
assay showed that BV increased the protein concentra-
tion of VEGFA compared to the normal control (Fig. 2B).
Interestingly, RT-qPCR and ELISA assay revealed that BV
increased the expression of IL-8 in HCT116 and HT-29,
but not in SW480 and SW620 (Additional file 1).

The migration of endothelial cells plays an impor-
tant role in angiogenesis. Therefore, the effect of BV on
the migration of HUVECs was assessed using the tran-
swell cell assay, and the potential role of BV in angio-
genesis was further elucidated by the tubular formation
of HUVECs. CM of BV-treated CRC cells promoted

Fig. 2 BV stimulates CRC angiogenesis by secreting VEGFA. A, B The expression of VEGFA was detected by RT-gPCR and ELISA in HCT116, SW480
and SW620 cells cultured with BV. C Cell migration in HUVECs were examined by transwell assays after HUVECs were plated and cocultured with the
CM from HCT116 and SW480 treated with BV. One representative image from three reproducible experiments is shown. Scale bar, 50 um. Migrated
HUVEC numbers are shown in the bar graph. D Tubule formation of HUVECs was shown in representative images after co-incubating with the CM
from BV treated HCT116 and SW480. Scale bar, 100 um. The increasing folds of tube formation is shown in the bar graph. **P <0.01, ***P <0.001,

**xx P <0.0001
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the migration (Fig. 2C) and tube formation (Fig. 2D) of
HUVECs. These findings demonstrated the important
role of BV on the angiogenesis of HUVECs in CRC.

BV promotes VEGFA expression and angiogenesis
dependent on the PI3K/AKT/mTOR signaling pathway

in CRC

The changing trend of signal molecules including
t-mTOR, p-mTOR, t-AKT, p-AKT, t-PI3K, p-PI3K indi-
cated that the PI3K/AKT/mTOR signal pathway was
activated in HCT116 and SW480 cells treated with BV
(Fig. 3A). At the same time, the downstream signaling
pathway activated by BV was prevented by treatment
with mTOR inhibitor Rapamycin and PI3K inhibitor
LY294002 in the two cell lines respectively (Fig. 3B and
Additional file 2A). After treatment with Rapamycin and
LY294002 by ELISA, the concentrations of VEGFA and
IL-8 were examined in the culture medium. The secre-
tion of VEGFA (Fig. 3C) and IL-8 (Additional file 2B) was
reduced by both Rapamycin and LY294002. Thus, BV
could positively promote VEGFA expression by the PI3K/
AKT/mTOR pathway.

The migration and tube formation of HUVECs treated
with CM of BV-treated CRC cells (HCT116 and SW480)
with or without inhibitors were examined to further
investigate the role of the PI3BK/AKT/mTOR signaling
pathway in the tumor angiogenesis mediated by BV. As
expected, the addition of LY294002 and Rapamycin sig-
nificantly reversed the increased proangiogenic capac-
ity of HUVECs treated with CM of BV-treated HCT116
(Fig. 3D) and SW480 (Additional file 2C).

BV promotes proliferation and angiogenesis in vivo

and human colon cancer organoid

Xenograft models of HCT116 and SW480 were devel-
oped in nude mice to verify the mechanism in vivo.
After peritumoral administration of BV, the growth rate
of xenograft was higher than the control (Fig. 4A and
Additional file 3A), which was also validated in the orga-
noid model (Fig. 4D). Western blot analysis showed that
the PI3BK/AKT/mTOR signaling pathway was activated
in subcutaneous tumors of nude mice treated with BV
(Fig. 4B and Additional file 3B). More importantly, BV

(See figure on next page.)
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treatment elevated the expression of VEGFA (Fig. 4C)
and IL-8 (Additional file 3C) in tumors (Fig. 5).

The expression of Ki67 and CD31 proteins was
detected using immunofluorescence and immunohisto-
chemical staining in subcutaneous tumors and organoid
models. Results indicated that microvascular density
shown by CD31 expression and Ki67 protein were higher
in BV-treated models (Fig. 4E-G and Additional file 3D—
E). Taken together, BV could promote the progression of
CRC by by promoting proliferation and stimulating angi-
ogenesis in vivo.

Discussion

Colonic bacteria release specific metabolites into the
colonic lumen through multiple metabolic pathways [10].
Metabolites may be a more robust clinical endpoint than
microbial taxonomy, as they are the output of all com-
bined microbial functions. Given that Efa up-regulates
the expression of IL-8 and VEGFA in CRC cells, and that
the conditioned medium of Efa promotes the viability of
CRC cells, it can be hypothesized that Efa may perform
this function through its metabolites. In this study, an
untargeted metabolomic analysis was used to investigate
the specific metabolites of Efa. Then, BV was screened
according to the enriched metabolic pathways and differ-
ential metabolites with a statistical difference. In eukar-
yotes, BV is a product of the heme catabolic pathway,
eukaryotic heme oxygenases (HOs) transfer heme to BV,
iron and CO via three continuous oxygenation steps [17].
Similarly, heme oxygenase are also widespread found in
prokaryotes and has a similar effect. The major function
of bacterial heme oxygenase is to obtain iron in prokary-
otic pathogens [18]. Iron is essential for bacterial growth
and successful colonization of the host [19, 20]. Due to
the absence of genes encoding homologues of mamma-
lian biliverdin reductase (BVR) in bacteria, BV seems
unlikely to be further metabolized to bilirubin (BR).
Therefore, the production of BV in pathogens may be just
a waste and then transported out of the cell [17]. But in
human, BV have previously been considered to act as a
natural antioxidant [21], protecting lipids from reactive
oxygen species (ROS) as part of the biliverdin-bilirubin
cycle [22]. At present, some studies have reported the

Fig. 3 BV enhances VEGFA secretion and angiogenesis via activating PI3K/AKT/mTOR pathway. A The expression of PI3K/AKT/mTOR pathway
members were detected by western blot in HCT116 and SW480 treated with or without BV. B Western blot analysis of PI3K/AKT/mTOR pathway
members with or without the treatment of BV, LY294002 and Rapamycin in HCT116. C The concentration of VEGFA in the culture medium of control
and BV treated HCT116 and SW480 cells with or without the absence of LY294002 and Rapamycin. D HUVEC migration and tube formation in
representative images in the CM of HCT116 cocultured with BV with or without the absence of LY294002 and Rapamycin. Scale bar, 50 um and

100 pum respectively. The migrated HUVEC numbers and increasing folds of tube formation are shown in the bar graph. *, P <0.05; **, P <0.01; ***,

P <0.001; and ****, P <0.0001
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beneficial effects of BV in biomedicine, such as reducing
ischemia reperfusion injury of multiple organs [23, 24],
inhibiting endotoxin-induced inflammatory response
[25], and suppressing Porcine reproductive and respira-
tory syndrome (PRRSV) infection [26]. However, BV has
also been investigated as a specific plasma metabolite
biomarker in male patients with major depressive disor-
der [27]. Thus, the potential mechanism for the impact
of BV on CRC cells was identified in this study, focus-
ing on the impact of BV on angiogenesis, cell cycle, and
proliferation.

In this study, BV, as the metabolite of Efa, promoted the
progression of CRC. The viability of CRC cells was up-
regulated by the conditioned medium from Efa and BV.
Moreover, BV significantly increased tumor weight and
tumor volume. This is the first study to characterize BV,
the metabolite of Efa, as a tumor-promoting molecule.
Further mechanism research indicated the critical par-
ticipation of its angiogenesis, which was regulated by the
PISK/AKT/mTOR/VEGFA signaling pathways in CRC
cells.

IL-8 is a pro-inflammatory chemokine that binds to
two G-protein coupled receptors, CXCR1 and CXCR2,
which is responsible for attracting neutrophils to sites
of injury and inflammation [28]. IL-8 has multiple pro-
tumorigenic functions in the context of tumors, such as
modifying the composition of the tumor microenviron-
ment (TME), affecting tumor cells themselves, exciting
the transformation or proliferation of tumor cells into a
mesenchymal or migratory phenotype, recruiting more
immunosuppressive cells to tumors, and increasing
tumor angiogenesis [29]. In addition, it has been reported
that an increased level of IL-8 is related to the develop-
ment of resistance to treatment and poor prognosis in
many cancers [30, 31]. Interestingly, this study found that
although the expression of IL-8 was elevated in HCT116
and HT29, but not in SW480 and SW620. Considering
that HT29 and HCT116 are early CRC cells, it is assumed
that BV may simultaneously play an important pro-
inflammatory role in early CRC.

Angiogenesis activation is a fundamental mark of can-
cer, which is necessary for the growth and metastasis of
invasive tumors [32]. Early in the development of inva-
sive cancer, the switch of angiogenesis turns on through

(See figure on next page.)
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the domination of proangiogenic factors [33]. Tumor
angiogenesis is mainly regulated by growth factors and
cytokines generated from multiple cell types [34]. Previ-
ous studies have shown that VEGFA expression is related
to poor clinical prognosis and is increased in CRC clini-
cal tissues [35]. VEGFA, as an endothelial cell-specific
mitogen, induces pathological and physiological angio-
genesis through the activation of various signaling path-
ways that enhance vascular permeability and improve the
growth, migration, and differentiation of endothelial cells
[36, 37]. Thus, VEGFA has become a major target for
anti-angiogenic drugs, which play a key role in CRC angi-
ogenesis [38]. Consistent with the fact that VEGF pro-
duction through dependent and independent pathways
of hypoxia-inducible factor 1 (HIF-1) is promoted by
stimulating the PI3BK/AKT pathway in tumor cells [39],
the PI3K/AKT pathway also contributes to the produc-
tion of other angiogenic factors, including angiopoietin
and nitric oxide. The cell proliferation and angiogenesis
mediated by VEGF can be prevented through inhibition
of the mTOR pathway by reducing the production and
secretion of VEGF [40, 41]. Results of this study found
that the expression of VEGFA was up-regulated through
BV treatment on CRC cells, with a positive influence of
the conditioned medium from BV-treated CRC cells on
the angiogenesis of HUVECsS, suggesting that BV facili-
tates the formation of nascent blood vessels by increasing
the production and secretion of VEGFA. Furthermore,
the results demonstrated that PI3K/AKT/mTOR could
play a key role in inducing the angiogenesis of CRC. The
administration of LY294002 and Rapamycin reversed
the effect of the conditioned medium from BV-treated
CRC cells on the angiogenesis of HUVECs. For an in vivo
CRC tumor model, it was found that BV showed a sig-
nificant increase in tumor growth as early as day 2 after
treatment. Moreover, the expression of CD31, a specific
and sensitive endothelial marker of microvessel density
(MVD), was found to have a positive association with BV
treatment. At the same time, this study also verified that
BV facilitated the increase of IL8 and VEGF secretion by
activating the PI3BK/AKT/mTOR signaling pathway in
tumor. Taken together, these results explicitly illustrate
the important role of BV in the angiogenesis of CRC.

Fig. 4 BV promotes proliferation and angiogenesis in vivo. A Representative images of subcutaneous tumors in nude mice injected HCT116 cells
treated with or without BV. Both the volume and weight of subcutaneous tumor were shown in the right panel. B PI3K/AKT/mTOR pathway was
activated in mice tumor by western blot analysis. C The concentration of IL.-8 and VEGFA in mice tumors were detected by ELISA. D The growth

of human colon cancer organoids was assessed after 10 days of BV treatment or not. E IHC analysis demonstrated the expression of CD31 in
subcutaneous tumors of nude mice. Bars of the right panel represent the microvascular density. Scale bar represents 100 um. F, G The expression of
Ki67 and CD31 in subcutaneous tumors of nude mice and organoid models were assessed by immunofluorescence staining. Representative images
were shown. Scale bar represents 50 um and 20 um, respectively. *, P <0.05; **, P <0.01; ***, P <0.001
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Fig.5 Schematic model of Efa/BV/PI3K/AKT/mTOR/VEGFA axis in CRC. Efa promotes colon tumorigenesis by the secretion of BV. BV promotes
growth and angiogenesis in CRC by regulating PI3K/AKT/mTOR/VEGFA pathways

Although this study was performed with cell lines, CRC
organoid, and mouse models of CRC, further additional
interventional studies are needed in humans to validate
these findings.

Conclusion

In summary, Efa can promote colonic tumorigenesis
by secretion of BV. BV is able to up-regulate IL-8 and
VEGFA by the PI3K/AKT/mTOR signaling pathway, ulti-
mately forming an angiogenic phenotype that stimulates
the progression of CRC. Therefore, BV could be used as a
novel biomarker for CRC tumorigenesis.
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CRC Colorectal cancer

Efa Enterococcus faecalis

SCFAs Short-chain fatty acids

MOl Multiplicity of infection
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VEGFA Vascular endothelial growth factor A
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(@] Conditioned medium
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Additional file 1: BV promotes IL-8 secretion in HCT116 and HT-29. The
expression of IL-8 was detected by RT-qPCR and ELISA in HCT116, HT-29,
SW480 and SW620 cells cultured with BV.

Additional file 2: BV enhances IL-8 secretion and angiogenesis via activat-
ing PI3K/AKT/mTOR pathway. (A) Western blot analysis of PI3K/AKT/mTOR
pathway with or without the treatment of BV, LY294002 andRapamycin in
SW480. (B) The concentration of IL-8 in the culture medium of control and
BV treated HCT116, HT-29, SW480 and SW620 cells with or without the
absence of LY294002 and Rapamycin. (C) HUVEC migration and tube for-
mation in representative images in the CM of SW480 cocultured with BV
with or without the absence of LY294002 and Rapamycin. Scale bar, 50um
and 100um respectively. The migrated HUVEC numbers and increasing
folds of tube formation are shown in the bar graph. *, P < 0.05; **, P < 0.01;
¥ P <0.001; and **** P < 0.0001.

Additional file 3: BV promotes proliferation and angiogenesis in
xenograft models of SW480. (A) Representative images of subcutane-
ous tumors in nude mice injected SW480 cells treated with or without
BV. Both the volume and weight of subcutaneous tumor were shown

in the right panel. (B) PI3K/AKT/mTOR pathway was detected in mice
tumor by western blot analysis. (C) The concentration of IL.-8 and VEGFA
in mice tumors were detected by ELISA. (D) The expression of Ki67 and
CD31 in subcutaneous tumors of nude mice were assessed by immu-
nofluorescence staining. Representative images were shown. Scale bar
represents 50um. (E) IHC analysis demonstrated the expression of CD31 in
subcutaneous tumors of nude mice. Bars of the right panel represent the
microvascular density. Scale bar represents 100um. **, P < 0.01.

Additional file 4: Metabolomics analysis of Efa with two different MOI
(100:1 and 1:1). A: PCA score plot of metabolomics. The orange dots repre-
sent Efa in MOI 100:1, and the blue dots represent Efa in MOI 1:1. B: KEGG
analysis for the various differentially expressed signal pathway. The dots
represented various pathways. Pathways impact was represented by the
area of each dots. The p-value was represented by a color scale from blue
(relatively lower significance) to orange (relatively higher significance). C:
Heatmap of differentially metabolites. The p-values were represented by a
color scale from blue (relatively lower expression) to red (relatively higher
expression). Each column represented individual sample, and each row
represented a single metabolite. The left panel is Efa with MOI 1:1, and the
right part is Efa with MOI 100:1.
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Additional file 5: Table S1. The relative quantitative differences of BV in
Efa with two different MOI (100:1 and 1:1).
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