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� In vivo, Fn OMVs promoted lung
metastasis in tumour-bearing mice,
while chloroquine (CHQ; an
autophagy inhibitor) reduced the
number of pulmonary metastases
resulting from intratumoral Fn OMV
injection.

� Fn OMVs promoted cancer cell
invasion and migration in vivo,
leading to changes in the expression
of EMT related proteins.

� RNA-seq showed that Fn OMVs
activate intracellular autophagy
pathways. Blocking autophagic flux
with CHQ not only reduced Fn OMV-
induced cancer cell migration in vitro
and in vivo but also reversed the
expression changes in EMT-related
proteins.
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Introduction: Metastasis is an important cause of high mortality and lethality of oral cancer.
Fusobacterium nucleatum (Fn) can promote tumour metastasis. Outer membrane vesicles (OMVs) are
secreted by Fn. However, the effects of Fn-derived extracellular vesicles on oral cancer metastasis and
the underlying mechanisms are unclear.
Objectives: We aimed to determine whether and how Fn OMVs mediate oral cancer metastasis.
Methods: OMVs were isolated from brain heart infusion (BHI) broth supernatant of Fn by ultracentrifu-
gation. Tumour-bearing mice were treated with Fn OMVs to evaluate the effect of OMVs on cancer metas-
tasis. Transwell assays were performed to determine how Fn OMVs affect cancer cell migration and
atology
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Outer membrane vesicles
Epithelial-mesenchymal transition
invasion. The differentially expressed genes in Fn OMV-treated/untreated cancer cells were identified by
RNA-seq. Transmission electron microscopy, laser confocal microscopy, and lentiviral transduction were
used to detect changes in autophagic flux in cancer cells stimulated with Fn OMVs. Western blotting
assay was performed to determine changes in EMT-related marker protein levels in cancer cells. Fn
OMVs’ effects on migration after blocking autophagic flux by autophagy inhibitors were determined by
in vitro and in vivo experiments.
Results: Fn OMVs were structurally similar to vesicles. In the in vivo experiment, Fn OMVs promoted lung
metastasis in tumour-bearing mice, while chloroquine (CHQ, an autophagy inhibitor) treatment reduced
the number of pulmonary metastases resulting from the intratumoral Fn OMV injection. Fn OMVs pro-
moted the migration and invasion of cancer cells in vivo, leading to altered expression levels of EMT-
related proteins (E-cadherin downregulation; Vimentin/N-cadherin upregulation). RNA-seq showed that
Fn OMVs activate intracellular autophagy pathways. Blocking autophagic flux with CHQ reduced in vitro
and in vivomigration of cancer cells induced by Fn OMVs as well as reversed changes in EMT-related pro-
tein expression.
Conclusion: Fn OMVs not only induced cancer metastasis but also activated autophagic flux. Blocking
autophagic flux weakened Fn OMV-stimulated cancer metastasis.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Head and neck squamous cell carcinoma (HNSCC) is a highly
malignant cancer of the head and neck region. It ranks seventh
among the most commonly occurring cancers worldwide and
causes a large financial burden for both families and society.
Metastasis remains an important cause of death in patients with
HNSCC; however, there are limited effective treatment strategies
for preventing metastasis [1,2]. Recent studies have revealed the
role of bacteria in various tumours [3–5]. In breast cancer, bacteria
enhance cancer cell resistance to shear stress of fluids, thereby
causing lung metastasis [6]. In oral cancer patients, the structure
of the oral flora is remarkably different from that of normal indi-
viduals, and transplantation of this abnormal flora was found to
promote oral tumour development in an oral cancer mouse model
[7–9]. Thus, researchers are presently investigating specific
tumorigenic bacteria and the precise mechanisms by which they
influence oral cancer development [10–13].

Fusobacterium nucleatum (Fn), a gram-negative anaerobe, is an
abundant species in the oral cavity [14,15]. According to several
epidemiological investigations, Fn is highly associated with the
development, occurrence, prognosis and treatment of colorectal
cancer (CRC) [16–18]. Fn uses various mechanisms to promote
CRC development and occurrence [19–21]. Fn also enhances the
development and occurrence of other tumours [22,23]. Metage-
nomic sequencing revealed a positive correlation between Fn
abundance and oral carcinogenesis [24]. However, the mechanisms
by which Fn promotes oral cancer progression remain
undetermined.

Bacterial extracellular vesicles (bEVs) bounded by a protein
lipid bilayer enclose the contents from parental bacterial cells
[25]. Outer membrane vesicles (OMVs) are bEVs derived from
gram-negative bacterial species. These vesicles develop from the
outer membrane and contain cytoplasmic and periplasmic compo-
nents [26]. OMVs are released by bacteria into the extracellular
space. OMVs elicit intracellular signals through ligand-receptor
interactions; furthermore, target cells internalize them through
the processes of phagocytosis, endocytosis, membrane fusion, or
micropinocytosis [27,28]. OMVs release their contents into target
cells to generate the corresponding biological activity. For example,
OMVs from Escherichia coli induce proinflammatory responses in
receptor cells [29]. However, it remains unclear whether Fn OMVs
are associated with oral cancer metastasis.

Autophagy, a conserved catabolic process, has key functions in
every step of metastasis, including local invasion, intravasation,
vasodilation, extravasation, and colonization [30–33]. Crosstalk
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between autophagy and bacteria can affect cancer progression in
many ways [34]. According to recent studies, Fn enhances CRC
metastasis by promoting autophagy signalling [35]. However, it
remains to be determined whether autophagy is associated with
the mechanisms by which Fn OMVs promote oral cancer
metastasis.

The present study aimed to address the following three
questions:

(1) can Fn OMVs cause metastasis of oral tumours?
(2) can Fn OMVs induce autophagic flux in tumour cells?
(3) is autophagy involved in Fn OMV-mediated changes in bio-

logical functions of oral tumours?

We found that Fn OMVs can cause lung metastasis of tumours,
an effect that may be related to the phenotype of epithelial-
mesenchymal transition (EMT) in cancer cells induced by Fn OMVs.
Autophagy inhibition can block the stimulating effect of Fn OMVs
on cancer cells, thus indicating that the regulatory effects of Fn
OMVs on cancer cells involve autophagy.
Materials and methods

Culture and preparation of Fn OMVs

The Fn ATCC 25586 strain was provided by the microecology
laboratory of Zhujiang Hospital. The strain was cultured at 37 �C
under anaerobic conditions (10% H2, 80% N2, and 10% CO2) in BHI
(brain heart infusion) broth containing hemin (1 lg/mL; Hopebio,
China) and menadione (1 lg/mL; Hopebio).

Streptococcus salivarius (134928) and Lactobacillus rhamnosus
(134266) were provided by BeNa Culture Collection (BNCC; Beijing,
China). S. salivarius was cultured at 37 �C in BHI broth for 24 h
under 5% CO2 condition. L. rhamnosus was propagated
microaerophilically at 37 �C in MRS (de Man, Rogosa, and Sharpe)
broth. The E. coli strain was obtained from the microecology labo-
ratory of Zhujiang Hospital. These bacterial strains were used as
controls.

The bacterial culture medium was centrifuged after the cell cul-
tures reached an OD600 (optical density at 600 nm) reading of 0.5.
The obtained supernatant was filtered through a 0.22-lm filter
(Merck Millipore) to exclude debris of the parental bacterial strain
and other contaminants after subjecting the bacterial cultures to
pelleting (30 min, 5,000 � g). Ultracentrifugation of the obtained
supernatant was performed for 120 min at 100,000 � g at 4 �C.
Crude OMVs were obtained by washing the supernatant twice with
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phosphate-buffered saline (PBS). Subsequently, refiltration of the
purified OMVs was performed using a 0.22-lm filter (Merck Milli-
pore). The OMVs were then subjected to density gradient ultracen-
trifugation under the following conditions: 45 Ti rotor,
100,000 � g, 2 h, and 4 �C. The obtained final pellets were again
suspended in PBS and stored at �80 �C. A BCA protein assay kit
(Beyotime, China) was used to determine the concentration of
the obtained OMVs.

Cell culture

CAL27 and HSC3 human HNSCC cell lines were provided by
ATCC. CAL27-luc cells were constructed by Genechem Co., Ltd.
These cells were routinely cultured at 37 �C in DMEM (Thermo
Fisher Scientific) containing 10% foetal bovine serum (FBS) and
1% antibiotics (100 U/mL penicillin and 100 U/mL streptomycin)
under 5% CO2 condition. A Mycoplasma PCR detection kit (Bey-
otime, China) was used to detect Mycoplasma contamination in
the cultured cells.

Migration and invasion assays

Cells were cocultured for 24 h with Fn OMVs (5 lg/mL). Treated
and untreated cells were harvested, resuspended and plated in
serum-free DMEM at the density of 5 � 104 cells/well. Next,
200 lL of the suspension was placed in the upper compartment
of a Transwell insert (Corning, 3422), while 600 lL of complete
DMEM with 10% FBS was placed in the lower compartment. Cells
that migrated through the insert’s microporous membrane were
fixed and stained with a crystal violet solution (0.5%) after incuba-
tion for 24 h. Five visual fields for each insert were randomly
selected and viewed through a microscope at
200 � magnification. After images were acquired, the number of
cells in each visual field was determined.

Serum-free DMEMwas used to dilute Matrigel (354234, BD Bio-
sciences). Fifty microlitres of the mixture was then coated on the
membrane of a Transwell insert for 2 h at 37 �C. The remaining
steps were the same as described above for the migration assay.

Immunoblot analysis

RIPA buffer with a protease and phosphatase inhibitor cocktail
(Keygen, Nanjing, China) were used for cell lysis. The protein
extracts were separated by SDS-PAGE, and the separated proteins
were transferred onto PVDF membranes. After blocking with 5%
skimmed milk at room temperature (RT) for 1 h, the membranes
were then incubated at 4 �C with the primary antibodies for
24 h. The membranes were washed with TBST and incubated with
the secondary antibodies at RT for 1 h. An electrochemilumines-
cence detection kit (Merck Millipore, USA) was used to visualize
the protein signals. Supplementary Table 1 lists the antibodies
used in the present study.

Animal experiments

CAL27-Luc cells (5 � 106 cells/100 lL) were subcutaneously
injected into the axillae of BALB/c nude mice (nu/nu, weighing
approximately 20 g, 4 weeks of age) on day 0. After the average
diameter of the xenografts reached 5 mm on day 7, the animals
were randomly divided into groups and received the following
treatments: (1) PBS; (2) Fn OMVs; (3) chloroquine (CHQ); and (4)
Fn OMVs + CHQ.

Fn OMVs were administered intratumourally at the dose of
1 mg/kg once a week. CHQ was administered at 25 mg/kg dose
intraperitoneally twice a week. Tumour size and animal weight
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were monitored once a week and calculated as follows: volume
(mm3) = length � width2 � 0.5.

Small animal imaging

Mice were first anaesthetized after 8 weeks. Next, D-luciferin
from Promega at the dose of 150 mg/kg was administered
intraperitoneally into mice at 10 min before imaging. Bruker
molecular imaging software was used to monitor lung metastasis
progression. Following the appearance of metastatic foci in the
lungs, the mice were killed, and their lung tissues were extracted.
Haematoxylin and eosin (H&E) staining was used to evaluate lung
metastasis. Supplementary Figure 6 shows the flowchart of the
experimental scheme.

H&E staining

Five-micrometre-thick paraffin-embedded mouse lung tissue
sections were stained with H&E for visualizing metastatic foci in
mouse lungs and oral cancer tissues. An Olympus microscope
(Tokyo, Japan) was used to acquire the images.

Transmission electron microscopy

Autophagosomes/autolysosomes were evaluated by transmis-
sion electron microscopy (TEM). Cultured cells were fixed over-
night at 4 �C with 4% glutaraldehyde; subsequently, after
washing with PBS, the cells were fixed with 1% osmium tetroxide
(OsO4) buffer for 1.5 h at 4 �C. The cells were washed with PBS,
dehydrated using graded ethanol series, and embedded in an
Epon812 epoxy resin. Ultrathin sections (80 nm thickness) were
mounted on a copper grid and subjected to double staining with
0.2% lead citrate and 1% uranium acetate. An HT7800 transmission
electron microscope was used to observe the sections.

Confocal microscopy

To detect autophagic flux in cells stimulated with Fn OMVs,
CAL27 cells were transfected with GFP-LC3B and mRFP-GFP-LC3
adenoviruses (purchased from Hanbio, Shanghai, China). The trans-
fection process was performed based on the instructions provided
by Hanbio. After transfection with GFP-LC3B or mRFP-GFP-LC3, the
cells were first stimulated with Fn OMVs for 12 h and then fixed
with 4% paraformaldehyde for 30 min. Nuclei were re-stained with
DAPI for 5 min. All procedures were conducted at RT in the dark.
Finally, the cells in confocal dishes were imaged by a confocal laser
scanning microscope.

This determination method is based on varying pH stability of
green and red fluorescent proteins. Under acidic conditions
(pH < 5), GFP fluorescence signals can be quenched, while mRFP
fluorescence signals do not change significantly. In the merged
green and red images, autophagosomes are visualized as yellow
dots (i.e., RFP+GFP+). An increase in the signals of both yellow dots
and red dots in the cell indicates an increase in autophagic flux. In
contrast, autophagic flux is considered to be blocked when only
yellow dot signal increases with no change in red dot signal or
when the cell shows a decrease in both yellow dot and red dot
signals.

High-Throughput sequencing

CAL27 cells were incubated with Fn OMVs for 12 h and then
lysed with control cells. This experiment was repeated three times.
In brief, following the manufacturer’s instructions, TRIzol reagent
(Invitrogen, USA) was used to extract total RNA. Subsequently, an
ABclonal mRNA-seq Lib prep kit (ABclonal, China) was used to pre-
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pare paired-end libraries in accordance with the manufacturer’s
instructions. The sequencing of the library preparations was per-
formed on the MGISEQ-T7 platform, followed by the generation
of 150 bp paired-end reads. Mapped reads were obtained by sepa-
rately aligning the clean reads with the reference genome under
the orientation mode by using HISAT2 software. The reads mapped
to each gene were counted by FeatureCounts. Gene expression
levels, represented by fragments per kilobase transcript per million
mapped reads (FPKM), were determined by the gene length and
read count mapped to this gene. The DESeq2 algorithm was used
to identify the differentially expressed genes between the two
groups. By using the KEGG pathway database, KEGG pathway anal-
ysis was performed to determine the biological functions of differ-
ent pathways.

Extraction of RNA and qRT-Pcr

As described earlier, TRIzol was used to extract total RNA from
cells [36]. The extracted total RNA was reverse transcribed into
cDNA by using Reverse Transcriptase Premix. In keeping with the
manufacturer’s protocol, qRT-PCR was conducted on an ABI vii7
system by using SYBR Green Master Mix and primers specific for
the indicator genes. By using GAPDH as an internal reference, the
relative quantitative expression level of each gene was calculated
using the 2–DDCt method. The primers used (Shanghai Sangen
Biotechnology Co., Ltd., China) are shown in Supplementary
Table 2.

Fluorescence in situ hybridization

Five-micrometre-thick sections fixed in formalin and embedded
in paraffin were used to localize Fn in HNSCC and adjacent normal
tissues by fluorescence in situ hybridization (FISH). The
digoxigenin-labelled Fn probe (digoxigenin-5ʹ-CGCAATACAGAGTT
GAGCCCTGC-3ʹ-digoxigenin; dilution 1:100) and the universal bac-
terial probe (digoxigenin-5ʹ-GCTGCCTCCCGTAGGAGT-3ʹ-digoxi
Fig. 1. Extraction and identification of F. nucleatum OMVs.(A) Extraction of F. nucleatu
observed by TEM and exhibited a similar tray structure. (C) NTA showed that the OMVs
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genin) synthesized by Sangon Biotech Company (Shanghai, China)
were used to detect Fn.
Statistical analysis

Prism version v8.4.0.671 (GraphPad software) was used for sta-
tistical analysis. An unpaired t test or analysis of variance (ANOVA)
was data comparison, as required. The description is provided in
figure legends. All data are expressed as mean ± standard deviation
(SD). Statistical significance was indicated by *p < 0.05 and
**p < 0.01, and ***p < 0.001,was set as the statistical significance
threshold.
Ethics statement

The animal care and study protocols were approved by the
Experimental Animal Ethics Committee of Southern Medical
University (Approval Number: LAEC-2020-224FS).
Results

Characterization of Fn OMVs

OMVs were isolated from the culture broth supernatant of Fn by
gradient centrifugation; the bacterial concentration was 1 � 109

colony-forming units/mL (Fig. 1A). A transmission electron micro-
scope was used to determine the morphology and size of OMVs
(Fig. 1B). Based on NTA (nanoparticle tracking analysis), the size
range of OMVs was 62–310 nm (peak: 131 ± 25 nm) (Fig. 1C).
TEM and NTA revealed that the particle size and morphology of
Fn OMVs were identical to those previously described. OMVs
derived from S. salivarius, L. rhamnosus, and E. coli (used as con-
trols) were also isolated using a similar method (Supplementary
Fig. 1). These purified OMVs were used in the subsequent
experiments.
m OMVs by ultracentrifugation followed these steps. (B) F. nucleatum OMVs were
ranged in size from 62 to 310 nm, with a peak at 131 ± 25 nm.
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Fn OMVs induce EMT phenotype in cancer cells to promote lung
metastasis of oral squamous cell carcinoma xenografts

An in vivo assessment of the effect of Fn OMVs on tumour
metastasis was performed. The axillae of nude mice were subcuta-
neously injected with OSCC cells. Following the establishment of
the tumour-bearing mouse model, Fn OMVs were injected into
the tumour tissue for 7 weeks. The fluorescence imaging results
showed that 75% of the mice treated with Fn OMVs exhibited mul-
tiple fluorescence signals in their lungs and that the lungs of the
control group mice did not show fluorescence signals; this finding
indicated that Fn OMVs promoted lung metastasis of oral cancer
(Fig. 2A). After mouse lung tissue was removed and fixed with
paraformaldehyde, metastatic nodules were found on the lung sur-
faces of all mice treated with Fn OMVs (Fig. 2B). H&E staining
showed that following treatment with Fn OMVs, the lungs of mice
showed several cancer nests (Fig. 2C). Transwell assays showed
that migration and invasion of CAL27 and HSC3 cells were
enhanced after treatment with Fn OMVs for 24 h (Fig. 2D). How-
ever, enhancement of invasion and migration was not observed
after the treatment of cancer cells with other bacterial OMVs (Sup-
plementary Fig. 2).

EMT is closely associated with metastasis. We further investi-
gated whether Fn OMVs can increase oral cancer cells’ metastatic
Fig. 2. Fn OMVs induce EMT phenotype of cancer cells to promote cancer Metastasis.(A
into the armpit of mice, the mice lungs could detect fluorescent signals after 7 weeks o
metastatic foci were seen on the lung surface. The arrow shows lots of metastatic nodule
nests could be seen in the lung sections of Fn OMVs group mice. Pulmonary metastatic
metastatic nodules. Data are presented as mean ± SD (two-way ANOVA). Each dot indica
OMVs/CHQ group, **p < 0.01. (D) After treatment with Fn OMVs for 24 h, the number of C
that the invasion and migration of cancer cells were enhanced. The migrated and invaded
groups, ***p < 0.001. Scale bar, 100 lm. (E) The expression of EMT markers (E-Cadherin, N
concentration of Fn OMVs. Right: Relative band intensities analyzed by ImageJ. Data ar
**p < 0.01, ***p < 0.001, ns, no significant difference. (F) The expression of EMT mark
stimulation time and concentration of Fn OMVs. Right: Relative band intensities analyze
groups, *p < 0.05, **p < 0.01,***p < 0.001, ns, no significant difference.
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potential by regulating EMT. For this purpose, CAL27 and HSC3
cells were cocultured with Fn OMVs. As shown in Fig. 2E-2F, the
results of western blotting (WB) assay revealed that Fn OMV expo-
sure decreased E-cadherin expression and increased Vimentin
expression in CAL27 and HSC3 cells in a time/concentration-
dependent manner. Thus, Fn OMVs can promote lung metastasis
of OSCC xenografts, probably because they can induce the EMT
phenotype in cancer cells.
Fn OMVs promote Cancer-Related autophagy activation

To determine the mechanism of action, we cocultured CAL27
cells with Fn OMVs. The cocultured were then subjected to RNA-
seq analysis, and the gene expression profiles of CAL27 cells cocul-
tured with and without Fn OMVs were compared. Coculture with
Fn OMVs downregulated 2814 genes and upregulated 1454 genes
in CAL27 cells. According to the results of the pathway analysis,
Fn OMV infection of CAL27 cells stimulated the autophagy path-
way (Supplementary Fig. 3A). Heatmap analysis showed that
autophagy-related gene expression was upregulated in cancer cells
cocultured with Fn OMVs. qRT-PCR confirmed that Fn OMV expo-
sure affected the mRNA levels of Beclin-1, ATG3, and ATG7 in can-
cer cells (Supplementary Fig. 3B). WB assay demonstrated that Fn
OMVs altered P62 and LC3B expression levels in cancer cells (Fig. 3-
) After the cal27- luc cells expressing luciferase gene were subcutaneously injected
f Fn OMVs treatment.(B) Lung specimens of mice. After Fn OMVs treatment, white
s on the surface of the lung. (C) H&E staining showed that a large number of cancer
nodules from slices of lung specimens per mice were quantified. Arrows indicated
tes an individual mouse. The significant difference between Fn OMVs group and Fn
AL27 and HSC3 cells passing through the transwell membrane increased, indicating
cells were quantified by counting in five fields. The significant difference among the
-Cadherin, Vimentin, Claudin-1) in cal27 was regulated by the stimulation time and
e presented as mean ± SD. The significant difference among the groups, *p < 0.05,
ers (E-Cadherin, N-Cadherin, Vimentin, Claudin-1) in hsc3 was regulated by the
d by ImageJ. Data are presented as mean ± SD. The significant difference among the
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A-3B). CAL27/HSC3 cells showed a low level of LC3 cleavage under
basic conditions. After stimulation with Fn OMVs, LC3B-II expres-
sion level increased significantly. TEM showed that higher autop-
hagic vesicle formation in CAL27 cells stimulated with Fn OMVs
(Fig. 3C). After coculture of CAL27 cells stably expressing the
GFP-LC3B fusion protein with Fn OMVs for 24 h, confocal imaging
revealed increased LC3B expression in the cells, thus indicating the
production of a large number of autophagosomes (Fig. 3D).
Autolysosomes are formed by the fusion of autophagic vesicles
and lysosomes. Cancer cells with stable expression of the mRFP-
EGFP-LC3 fusion protein were generated and cocultured with Fn
OMVs for 24 h. Confocal imaging showed partial disappearance
of green fluorescence; this finding indicated that exposure to Fn
OMVs enhanced autophagic flux in cancer cells (Fig. 3E). In general,
the study results show that Fn OMVs induce activation of autop-
hagy pathways in oral cancer cells.
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Fn induces metastasis of cancer cells through the autophagy
pathway

Coculture of Fn OMVs with CAL27 cells changed their biological
function. What role does autophagy play in the process by which
Fn OMVs promote cancer metastasis? To answer this question,
we treated CAL27 cells with Fn OMVs and chloroquine, an autop-
hagic lysosomal inhibitor, for 24 h. Transwell experiments showed
that CHQ addition blocked Fn OMVs’ activity in promoting cancer
cell migration and invasion (Fig. 4A). EMT has a critical function
in cancer metastasis. WB assay revealed that CHQ attenuated the
Fn OMV-mediated upregulation of claudin-1, Vimentin, and N-
Cadherin expression and downregulated P62 and E-cadherin
expression in CAL27 cells; this finding showed that CHQ can inhibit
the EMT in cancer cells induced by Fn OMVs (Fig. 4B). After block-



Fig. 3. Fn OMVs Promotes Cancer-Related Autophagy Activation (A) When CAL27 cells were cocultured with different concentrations of Fn OMVs or cocultured with the same
concentration of Fn OMVs for different times, the expression of LC-3I, LC-3II and p62 in cancer cells was time or concentration dependent. Right: Relative band intensities
analyzed by ImageJ. Data are presented as mean ± SD. The significant difference among the groups, *p < 0.05, **p < 0.01,***p < 0.001, ns, no significant difference. (B) When
HSC3 cells were cocultured with different concentrations of Fn OMVs or cocultured with the same concentration of Fn OMVs for different times, the expression of LC-3I, LC-3II
and p62 in cancer cells was time or concentration dependent. Right: Relative band intensities analyzed by ImageJ. Data are presented as mean ± SD. The significant difference
among the groups, *p < 0.05, **p < 0.01,***p < 0.001, ns, no significant difference. (C) Top: Representative transmission electron microscopy (TEM) images showed after
treatment of CAL27 with Fn OMVs, lots of membrane structures appeared in cancer cells. Arrowheads indicate autophagosomes. Scale bars: 5 lm or 1 lm. Bottom:
Quantitative analysis of the numbers of autophagic vacuoles. Data are presented as mean ± SD. The difference between the groups, **p < 0.01. (D) Top: Representative confocal
microscopic images of LC3B puncta in CAL27 transfected with GFP-LC3B cocultured with Fn OMVs. Arrowheads indicate green fluorescent proteins were LC3B. Bottom:
Quantitative analysis of green fluorescent proteins per cell. Data are presented as mean ± SD. The difference between the groups, **p < 0.01. (E) Representative confocal
microscopic images of LC3B puncta in CAL27 transfected with mRFP-GFP-LC3 cocultured with Fn OMVs. Autophagosomes are indicated by yellow dots with both GFP and RFP,
and autolysosomes by free red dots with only RFP in merged images. Scale bar: 20 lm. Right: Quantitative analysis of autophagosomes and autolysosomes per cell. Data are
presented as mean ± SD. The significant difference among the groups, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

G. Chen, C. Gao, S. Jiang et al. Journal of Advanced Research 56 (2024) 167–179
ing autophagic flux in cells by CHQ, the function of Fn OMVs in pro-
moting metastasis was affected. To eliminate interference, we
selected two other autophagy pathway inhibitors, namely bafilo-
mycin A1 (BafA1) and 3-methyladenine (3MA), to verify whether
a similar phenomenon occurred. BafA1 and 3MA inhibited the
upstream autophagy pathway. WB assay demonstrated that BafA1
and 3MA inhibited EMT caused by Fn OMVs (Fig. 4C). These conclu-
sions were verified in HSC3, another oral cancer cell line (Supple-
mentary Fig. 4A-C).

To further confirm the role of autophagy in this process, we also
evaluated the in vivo effect of CHQ combined with Fn OMVs. After
6 weeks of treatment, mice in the CHQ–Fn OMV combination
group had no metastatic lesions in their lung tissues (Fig. 2A-C).
E-cadherin expression was lower in the Fn OMVs group than in
the CHQ–Fn OMVs combination group. Compared to those of con-
trol mice, the tumour tissues of mice treated with Fn OMVs
showed higher expression levels of LC3-II, N-Cadherin, and Vimen-
tin and lower expression levels of P62 and E-cadherin. CHQ atten-
uated the function of Fn OMVs in promoting the EMT in cancer
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cells. These findings indicate that Fn OMVs promote tumour
metastasis through autophagy in vivo and in vitro.

Discussion

Tumour metastasis is a critical factor associated with mortality
due to HNSCC, and effective therapeutic strategies for this cancer
remain limited. Hence, for developing effective therapeutic agents,
it is crucial to understand the underlying mechanisms regulating
tumour metastasis [37–39]. Because Fn was first reported as a
cancer-related bacterium in 2002, its related mechanism of cancer
promotion has continued to be elucidated [40]. Fn can interfere
with cancer cell proliferation, tumour immunity, chemotherapeu-
tic resistance, and other tumour biological characteristics [41–
45]. As confirmed by previous studies, Fn can promote CRC metas-
tasis. Zhuo et al. found that Fn promotes the adhesion of CRC cells
to endothelial cells and facilitates cell metastasis and extravasation
[19]. Chen et al. showed that CRC metastasis is promoted by Fn
through M2 polarization and the miR-1322/CCL20 axis [46]. Fn
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also promotes EMT by regulating noncoding RNA expression [47].
A correlation between Fn and oral tumour occurrence has also
been reported [48–50]. In previous studies, we also found a similar
correlation by using metagenomic sequencing [24]. Additionally, a
FISH assay was used to further confirm the existence of Fn in oral
tumour tissues (Supplementary Fig. 5). In conclusion, these studies
clarified the association between Fn and CRC metastasis, but did
not elucidate the role of vesicles secreted by Fn.

OMVs are the extracellular vesicles of gram-negative bacteria
and have 50–250 nm diameter. They are released during bacterial
growth and participate in various biological processes, including
intercellular communication, antibiotic resistance, and bacterio-
phage infection [51–54]. OMVs can cross cell membranes and pen-
etrate tissues to affect and change the behaviour of recipient cells.
OMVs have higher advantage than their parental bacterial strain
because of their lower malignancy risk and higher biocompatibility
[55]. Vaccines against Neisseria meningitidis OMVs have been used
clinically [56]. However, the influence of Fn OMVs on tumour
metastasis is yet to be reported. Hence, the objective of the present
study aimed to elucidate the role of Fn OMVs in HNSCC metastasis
as well as identify the corresponding mechanism.

Fn OMVs were first isolated and purified as described previ-
ously [57–59]. TEM and particle size analysis showed that Fn OMVs
had a vesicular structure. Subsequently, in in vitro tests, Fn OMVs
promoted CAL27/HSC3 cell migration and invasion and induced
the EMT phenotype in these cells time- and concentration-
dependently. EMT plays a key role in HNSCC metastasis. EMT-
related changes in the expression levels of E-cadherin, N-
cadherin, and Vimentin are linked with increased HNSCC tumour
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metastasis [60]. In addition, we also isolated OMVs from Escheri-
chia coli, Lactobacillus rhamnosus and Streptococcus salivarius,
and did not find that these OMVs can promote the migration and
invasion of oral cancer cells. In vivo experiments showed that all
mice had metastatic foci in their lungs, consistent with the
in vitro data. Metastasis is a multistep process. In addition to
EMT, the immune microenvironment, fluid shear force, and
tumour-adjacent cells can affect the metastasis of cancer cells.
We established a tumour-bearing model and observed that Fn
OMVs can also cause lung metastasis of tumours. In conclusion,
similar to Fn, Fn OMVs can promote cancer metastasis to the lungs.

What is the underlying mechanism by which Fn OMVs induce
the EMT phenotype? To answer this question, we performed
RNA-seq and found that the autophagy pathway was activated in
cancer cells. qRT-PCR also demonstrated that the expression levels
of autophagy-related genes, i.e., ATG3, ATG7, Beclin1, etc., were
significantly increased. Some bacterial OMVs can activate autop-
hagy, while others can inhibit autophagy [29,61]. The findings of
TEM and confocal microscopy further supported the conclusion
that Fn OMVs can promote autophagy. Treatment with CHQ to
block autophagic flux inhibited cancer cell migration and invasion.
H&E staining also revealed that CHQ administration in mice
reduced the number of lung metastases caused by intratumoral
injection of Fn OMVs. According to the results of WB assay, CHQ
reversed the EMT phenotype induced by Fn OMVs. To eliminate
interference, two other autophagy inhibitors were selected, and
the same result was obtained. Overall, Fn OMVs activated autop-
hagy, altered protein homoeostasis in cancer cells, and thus pro-
moted EMT induction in cancer cells. The next question is how
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Fig. 4. Fn OMVs promote tumor metastasis through autophagy in vivo and in vitro. (A) Transwell experiment showed that after treatment Cal27 with Fn OMVs, the number of
cells across the membrane increased, while after treatment with CHQ and Fn OMVs, the number of cells across the membrane decreased. Bottom: The migrated and invaded
cells were quantified by counting in five fields. Scale bar, 100 lm. Data are presented as mean ± SD. The significant difference among the groups, ***p < 0.001. (B) Western blot
showed that the expression of EMT markers (E-Cadherin, N-Cadherin, Vimentin, Claudin-1) in Cal27 was regulated by the stimulation of Fn OMVs, while after autophagy
inhibitor CHQ treated Cal27 cells, the expression of EMT related proteins was reversed. Right: Relative band intensities analyzed by ImageJ. Data are presented as mean ± SD.
The significant difference among the groups, ***p < 0.001. (C) Western blot showed that in addition to CHQ, autophagy upstream inhibitors BafA1 and 3MA could also
attenuate the changes of EMT markers induced by Fn OMVs in Cal27 cells. Right: Relative band intensities analyzed by ImageJ. Data are presented as mean ± SD. The
significant difference among the groups, ***p < 0.001.
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Fn OMVs activate autophagy. Because Fn OMVs are a bacterial
component, their protein and nucleic acid components are cur-
rently unclear, and identifying the components that play an active
role in Fn OMVs is challenging.

Limitations of this study

Although our research revealed the signalling flow of Fn OMVs
in relation to autophagy and cell migration, the oral microbiome
and immune system may work together with Fn OMVs to control
cancer metastasis. More specifically, innate immunity induced by
the intratumoral injection of Fn OMVsmay also participate in some
steps of Fn OMV-driven metastasis. Moreover, although the identi-
fication of functional components related to the transfer of Fn
OMVs is challenging, it is the key to understand the related biolog-
ical phenomena.
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