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ABSTRACT
Objective Exosomes released from tumour cells 
are packed with unique RNA and protein cargo, 
and they are emerging as an important mediator in 
the communication network that promotes tumour 
progression. The facultative intracellular bacterium 
Fusobacterium nucleatum (Fn) is an important colorectal 
cancer (CRC)- associated bacterium. To date, the function 
of exosomes from Fn- infected CRC cells has not been 
explored.
Design Exosomes were isolated by sequential 
differential centrifugation and verified by transmission 
electron microscopy, NanoSight analysis and Western 
blotting. Given that exosomes have been shown to 
transport miRNAs and proteins to alter cellular functions, 
we performed miRNA sequencing and proteome analysis 
of exosomes from Fn- infected and non- infected cells. 
The biological role and mechanism of exosomes from Fn- 
infected cells in CRC tumour growth and liver metastasis 
were determined in vitro and in vivo.
Results We demonstrated that exosomes delivered 
miR-1246/92b- 3p/27a- 3p and CXCL16/RhoA/IL-8 from 
Fn- infected cells into non- infected cells to increase cell 
migration ability in vitro and promote tumour metastasis 
in vivo. Finally, both circulating exosomal miR-1246/92b- 
3p/27a- 3p and CXCL16 levels were closely associated 
with Fn abundance and tumour stage in patients with 
CRC.
Conclusion This study suggests that Fn infection may 
stimulate tumour cells to generate miR-1246/92b- 
3p/27a- 3p- rich and CXCL16/RhoA/IL-8 exosomes 
that are delivered to uninfected cells to promote 
prometastatic behaviours.

INTRODUCTION
Exosomes are extracellular vesicles (EVs) produced 
by various cell types via endocytosis and released 
into the extracellular milieu.1 Exosomes contain a 
wide range of functional lipids, proteins, RNA and 
DNA that can be transferred horizontally to recip-
ient cells.2 Tumour- derived exosomes (TEXs) carry 
cargo reflecting the genetic or signalling alterations 
in the cancer cells of origin and they serve in the 
communication network of the tumour.3 4 TEXs 
have been recently implicated in the tumour meta-
static process via the transfer of miRNA and proteins 

to normal tissues.5 Specific proteins present in 
TEXs have been reported to be promoters of meta-
static pathways and to determine organ- specific 
metastasis.6 TEXs were also shown to target non- 
transformed cells in premetastatic organs and to 
modulate premetastatic organ cells predominantly 
through transferred miRNAs.7 These dysregulated 
miRNAs and proteins, which can be delivered to 
local and distal cells by exosomes play a critical role 
in tumour metastasis.

Chronic inflammation and infection are the 
most important epigenetic and environmental 
factors contributing to tumourigenesis and tumour 

Significance of this study

What is already known on this subject?
 ► Fusobacterium nucleatum (Fn) is the most 
important microbe- related risk factor in the 
initiation and progression of colorectal cancer 
(CRC).

 ► Fn is a facultative intracellular bacterium.
 ► Tumour- derived exosomes (TEXs) carry cargo 
reflecting genetic or signalling alterations 
in the cancer cells of origin and serve in the 
communication network of tumours.

What are the new findings?
 ► Fn infection increases the secretion of 
exosomes from CRC cells.

 ► Fn infection stimulates tumour cells to generate 
miR-1246/92b- 3p/27a- 3p- enriched and 
CXCL16/RhoA/IL-8- enriched exosomes.

 ► Exosomes secreted from Fn- infected cells 
promote CRC metastasis.

 ► Patients with CRC had significantly higher 
levels of circulating exosomal miR-1246/92b- 
3p/27a- 3p and CXCL16 than healthy subjects.

How might it impact on clinical practice in the 
foreseeable future?

 ► As exosomes from Fn- infected CRC cells 
function as an oncogenic factor promoting 
CRC development and metastasis, it may be a 
promising therapeutic strategy to eradicate Fn 
infection to treat CRC.
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progression. During viral, bacterial, parasitic and fungal infec-
tions, pathogens secrete exosomes to spread infection and avoid 
the host immune system and also stimulate exosomes production 
in host cells to regulate host immune responses.8 Host- derived 
vesicles carry specific RNA and protein from both pathogens and 
hosts. Several studies have reported that Mycobacterium- miRNA 
can repattern host metabolism machinery to favour its intracel-
lular survival.9 Exosomes derived from CagA- positive H. pylori 
infection were reported to promote macrophage- derived foam 
cell formation.10

Fusobacterium nucleatum (Fn) is an obligate anaerobic onco-
genic bacterium that is the most important microbe- related 
risk factor in the initiation and progression of colorectal 
cancer (CRC).11 12 The elucidated mechanisms of Fn involved 
in colorectal carcinogenesis include immune modulation 
(increasing myeloid- derived suppressor cells and inhibitory 
receptors of natural killer cells), virulence factors (FadA and 
Fap2), microRNAs (miR-21) and bacterial metabolism.13–15 Our 
previous study indicated that Fn is a facultative intracellular 
bacterium that can survive in macrophages.16 However, whether 
specific exosomes can be derived from Fn- infected cells and 
what affects exosome- mediated communication between Fn- in-
fected cells and recipient cells have not been investigated.

In the present study, we investigated the exosomal microRNA 
and protein profiles during Fn infection and described the role 
of exosomes secreted from Fn- infected cells on CRC progression 
and development.

MATERIALS AND METHODS
Patients and specimen collection
The serum and stool samples from 82 patients with primary 
CRC were selected from an archive of blood samples at the 
Cancer Center of Sun Yat- sen University (SYSUCC) as previously 
described.17 18 In addition, healthy blood samples were obtained 
from 102 subjects without any malignancy. Background grouping 
of the study cohorts is shown in online supplemental figure S1.

Exosome isolation, characterisation and nanoparticle tracking 
analysis
Exosomes were isolated by differential centrifugation. The 
exosome size and number were measured by a nanoparticle 
tracking analysis (NTA) using a Zetasizer Nano S90 system 
(Malvern Instruments, England) equipped with a blue laser 
(405 nm). Purified exosomes were observed with a JEM1400 
transmission electron microscope (TEM) operated at 120 kV 
(JEOL, Japan).

RNA isolation and quantitative RT-PCR
Total RNA from exosomes was extracted using a total exosome 
RNA and protein isolation kit (Thermo Fisher Scientific, USA) 
according to the instructions of the manufacturer. Quantifica-
tion of miRNA expression was performed using a Mir- X miRNA 
RT- qPCR TB Green Kit (TaKaRa, Japan) on a Light Cycler 480 
II (Roche, Applied Science). The primers were used as shown in 
online supplemental table S1.

Cell transfection with miRNA mimics or inhibitors
Cells were transfected with miR-1246/27a- 3p/92a- 3p mimics, 
inhibitors or negative control (NC) chemical synthesis oligo-
nucleotides (Gene Pharma, China) using Lipofectamine 3000 
reagent (Invitrogen, USA) at the indicated concentrations 
according to the supplier’s instructions. The sequences were 
used as shown in online supplemental table S2.

Mass spectrometry analysis of exosome proteins
Total protein from exosomes was digested by Pierce Trypsin/
Lys- C Protease Mix, MS- Grade (Thermo Fisher Scientific, 
USA) and then protein digestion was conducted by using Nano- 
LC- MS/MS analyses (Thermo Fisher Scientific, USA).

Experimental mouse techniques
To establish a human CRC xenograft model, 6- week- old BALB/c 
nude mice were subcutaneously inoculated with 2×106 HCT116 
cells. To establish a mouse CRC homograft model, 6- week- old 
BALB/c mice were inoculated with 2×106 CT26 cells by tail vein 
injection. After tumour transplantation, phosphate buffer saline 
(PBS), si- Ex, Ex or Fn- Ex was injected intratumourally or intra-
venously every other day. The mice were sacrificed 2 weeks after 
the treatment began, and the tumours were surgically removed 
and counted. All of the animal studies were conducted in accor-
dance with protocols approved by the Institutional Animal Care 
and Research Advisory Committee.

Statistical analyses
Statistical analyses were performed using GraphPad 6.0. Signifi-
cance was considered p<0.05.

The detailed methodology can be found in online supple-
mental information.

RESULTS
Fn infection increases the secretion of exosomes from CRC 
cells
To study the specific Fn- infection associated exosomes from 
CRC cells, HCT116 cells were infected with live Fn at an MOI 
of 10:1 (bacteria:cells) and then were cultured for 48 hours. 
Then, exosomes from the supernatant of Fn- infected HCT116 
cells (Fn- Ex) were isolated, and exosomes from uninfected 
HCT116 cells (Ex) and exosomes from E. coli- infected HCT116 
cells (Ec- Ex) were used as controls. TEM analysis showed that 
these purified vesicles samples were oval and globular (figure 1A, 
online supplemental figure S2A). The NTA revealed that Fn- Ex 
has a slightly bigger size and higher number than Ex (average 
117.4±35.5 vs 90.2±40.6 nm; 6.18±1.69 vs 4.59±1.52 108 
particles/107 cells, both p<0.05) (figure 1B), while Ex and Ec- Ex 
are similar in size and number (online supplemental figure S2B). 
Furthermore, the presence of exosome biomarkers (CD9 and 
CD63) were verified by Western blotting in Fn- Ex, Ex and Ec- Ex 
(figure 1C, online supplemental figure S2C). Fn infection mark-
edly increased the secretion of exosomes which were collected 
from the same volume culture supernatant by Western blotting 
analysis (figure 1D). Then, 1×105 HCT116 cells were incu-
bated with 10 µg of PKH26- stained Fn- Ex for 0, 6 and 12 hours. 
Confocal imaging showed that Fn- Ex was indeed taken up by 
HCT16 cells at 6- hour postincubation (figure 1E,F).

These data indicate that Fn infection is able to increase the 
secretion of exosomes from CRC cells and that the infected cells 
can secrete slightly larger exosomes.

Exosomes derived from Fn-infected cells promote the 
migration of CRC cells
To determine the effect of exosomes released by Fn- infected 
cells on recipient cells, we incubated Fn- Ex, Ex and Ec- Ex with 
HCT116 and SW480 cells, respectively. CCK8 assays showed 
that HCT116 and SW480 cells exhibited a significant toxicity 
following Ec- Ex treatment (p<0.05), while a slight but not 
significant toxicity following Fn- Ex or Ex treatment (figure 2A). 
Interestingly, both Fn- Ex treated HCT116 and SW480 cells 
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exhibited obvious morphological changes into spindle shapes, 
which was different from that of the Ex- treated or Ec- Ex- treated 
cells (figure 2B).

Furthermore, Transwell migration assays showed that Fn- Ex 
treatment significantly promoted HCT116 cells migration to 
levels that were not observed in the Ex and Ec- Ex treatment 
(2.9 fold, p<0.001; 3.9 fold, p<0.001). A similar trend was 
also observed when SW480 cells were recipient cells (2.3 fold, 
p<0.001; 3.4 fold, p<0.001) (figure 2C). Additionally, scratch 
wounding assays further showed that Fn- Ex treatment signifi-
cantly accelerated wound closure in both HCT116 and SW480 
cells compared with Ex and Ec- Ex treatment (average 65.8% 
vs 10.3% and 10.1%, p<0.001; 76.9% vs 16.3% and 6.7%, 
p<0.001, respectively) (figure 2D).

These results showed that exosomes derived from Fn- infected 
cells change the cell morphology and promote the migration of 
CRC cells, suggesting that recipient cells may be remodelled by 
exosomes from Fn- infected cells.

Specific miRNAs are enriched in exosomes secreted by Fn-
infected CRC cells
Next, the differential microRNA expression profile of Fn- Ex 
and Ex was investigated by miRNA- seq analysis. Online supple-
mentary table S3 shows the reads identified for the small RNA 
and unannotated RNA categories. The percentages of miRNAs 
in the total RNA isolated from Fn- Ex and Ex were 16.55% and 
13.26%, respectively (figure 3A). A total of 277 and 211 types 

Figure 1 Identification of exosomes derived from HCT116 cells (Ex) and Fn- infected HCT116 cells (Fn- Ex). (A) TEM images of purified Ex and Fn- Ex. 
Scale bar=100 nm. (B) NTA of number and size distribution in Ex and Fn- Ex (n=3). (C) Western blot analysis of markers (CD63 and CD9) in exosomal 
protein purified from HCT116 cells and Fn- infected HCT116 cells supernatants, tubulin served as an internal control in whole- cell lysates. (D) Western 
blot analysis (left) of Ex and Fn- Ex proteins (CD63 and CD9) collected from the same volume HCT116 cells culture supernatant and quantitative 
analysis (right). (E) Schematic description of the experimental design. Fn- Ex were isolated and then 1×105 HCT116 cells were incubated with 10 µg of 
PKH26- stained Fn- Ex for the indicated time. (F) Confocal microscopy image of the internalisation of fluorescently labelled exosomes in HCT116 cells 
for the indicated times. Scale bars=50 mm; Error bars, SD: *p<0.05; ***p<0.001. CRC, colorectal cancer; NTA, nanoparticle tracking analysis.
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of known miRNAs in Fn- Ex and Ex, respectively, were identified 
(online supplemental table S4). In addition, 282 miRNAs were 
simultaneously identified in both groups. The number of over-
lapping and unique miRNAs between the two groups is shown 
in figure 3B.

We next compared the expression levels of miRNAs in 
Fn- Ex and Ex. We found that 91 miRNAs were significantly 
different between the two groups (p<0.05) (figure 3C; online 
supplemental table S5). There were 23 miRNAs upregulated 
and 1 miRNA downregulated in Fn- Ex compared with Ex 
(normalised value ≥2; p<0.05) (figure 3D). Furthermore, the 
top 10 most highly expressed miRNAs were chosen for valida-
tion by RT- qPCR in Fn- Ex, Ex, Ec- Ex and K- Fn- Ex (exosomes 
from heat- killed Fn- infected HCT116 cells). Five miRNAs (miR- 
27a- 3p, miR-21–5 p, miR-7704, miR- 92b- 3p and miR-1246) 
were confirmed to be significantly increased in Fn- Ex (all, 

p<0.01). In particular, Fn infection dramatically increased the 
expression levels of three miRNAs, miR-1246/92b- 3p/27a- 3p 
(miR-1246, miR- 92b- 3p and miR- 27a- 3p), as observed when 
comparing Fn- Ex with Ex, Ec- Ex and K- Fn- Ex (all, p<0.001) 
(figure 3E, online supplemental figure S3).

These data indicated that live Fn infection altered exosomal 
miRNA profile of CRC cells, which was accompanied with 
increased expression of miR-1246/92b- 3p/27a- 3p.

Exosomal miR-1246/92b-3p/27a-3p promotes CRC cells 
migration by targeting GSK3β and activating the Wnt/β-
catenin pathway
To explore the underlying biological functions of exosomal 
miRNAs during Fn infection, we chose the three miR-1246/92b- 
3p/27a- 3p generated overexpressing (mimics) and knocked 

Figure 2 Fn- Ex promotes the migration of CRC cells. (A) CCK8 assays were used to detect the effects of Ex, Ec- Ex or Fn- Ex on cell proliferation at 
24, 48 and 72 hours in HCT116 and SW480 cells. (B) Morphological changes in HCT116 and SW480 cells were observed following treatment with Ex, 
Ec- Ex or Fn- Ex for 48 hours. (C) The migration of Ex, Ec- Ex or Fn- Ex- treated CRC cells was assessed using Transwell migration assays. Representative 
images of the assay (right). (D) Analysis of CRC cells migration by in vitro scratch assays. Images were acquired at 0 and 48 hours. Quantitative 
analysis of scratch wound closure (right). Data represent at least three experiments performed in triplicate. Scale bar=200 µm; error bars, SD: *p<0.05; 
***p<0.001. CRC, colorectal cancer.
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down (inhibitors) miRNAs. Transwell migration assays showed 
that miR-1246/92b- 3p/27a- 3p mimics greatly promoted migra-
tion in HCT116 cells, compared with that of the negative 
control (NC), while the combination of three miRNA inhibitors 
partially abolished Fn- Ex- mediated migration. Similar trends 
were also observed in SW480 cells (figure 4A). In addition, a 
scratch wounding assays showed that miR-1246/92b- 3p/27a- 3p 
mimics obviously promoted wound closure, compared with 
that of the control in HCT116 cells and SW480 cells, while 
the combination of three inhibitors partly rescued the Fn- Ex- 
mediated wound closure rate (figure 4B).

Next, based on the predictive results of the bioinformatics 
analysis, we found that miR-1246/92b- 3p/27a- 3p can directly 
target the 3’-UTR of GSK3β mRNA, and the association is highly 
conserved among species (online supplemental table S6). We 
further generated luciferase reporter plasmids that harboured 
either wild- type (WT) or mutated- type miR-1246/92b- 
3p/27a- 3p binding sites within the 3’-untranslated region 
(UTR) of GSK3β (figure 5A–C). As shown in figure 5D–F, 
miR-1246/92b- 3p/27a- 3p mimics and Fn- Ex or inhibitors signifi-
cantly suppressed or increased luciferase activity of the reporter 
genes containing the WT 3’-UTR of GSK3β (all, p<0.05), but 
no inhibitory effects were observed in mutated cell lines. More-
over, we found that GSK3β was consistently downregulated in 
miR-1246/92b- 3p/27a- 3p overexpressing cells while upregu-
lated in miR-1246/92b- 3p/27a- 3p inhibited cells, suggesting that 
GSK3β was a putative target gene of miR-1246/92b- 3p/27a- 3p 
(figure 5G). Furthermore, Transwell migration and wound- 
healing scratch assays displayed that GSK3β overexpression 

markedly retarded and GSK3β knockdown slightly promoted 
miR-1246/92b- 3p/27a- 3p mimics- mediated and Fn- Ex- mediated 
migration in both CRC cell lines (online supplemental figure S4).

Next, the expression of GSK3β and the Wnt/β-catenin pathway 
was examined by Western blot. As shown in figure 6, GSK3β 
levels were significantly decreased in Fn- Ex treated HCT116 
and SW480 cells compared with that of Ex- treated cells, while 
β-Catenin levels were increased in both Fn- Ex treated cell types. 
Moreover, decreased expression of the epithelial marker E- cad-
herin and increased expression of the mesenchymal marker 
Vimentin were observed after Fn- Ex treatment. The expression 
of the proto- oncogenes Cyclin D1 and C- Myc were increased 
in Fn- Ex treatment. Similar results were also observed in three 
miR-1246/92b- 3p/27a- 3p mimics. Collectively, these results 
indicated that during Fn infection, miR-1246/92b- 3p/27a- 3p- 
enriched exosomes induce CRC cells migration via targeting 
GSK3β and activating the Wnt/β-catenin pathway.

Identification of exosome proteins and functional 
categorisation in Fn-infected CRC cells
To screen the specific proteins carried by Fn- Ex, the differen-
tiated protein expression profiles of Fn- Ex and Ex were inves-
tigated by proteomic analysis. A total of 384 and 550 proteins 
were detected by Nano- LC–MS/MS analysis in Fn- Ex and Ex, 
respectively (online supplemental table S7). Venn diagram anal-
yses revealed 197 proteins overlapping between the two groups. 
Fn- Ex carried 187 unique proteins, including 85 Fn proteins 
and 102 cell proteins (figure 7A). Among 102 unique Fn- Ex cell 

Figure 3 miR-1246/92b- 3p/27a- 3p upregulated in Fn- Ex. (A) The percentage of small RNA categories in all reads mapped to non- coding RNA 
databases. (B) Venn diagram showing the unique and overlapping miRNAs between HCT116 cells and Fn- infected HCT116 cells- derived exosomes (Ex 
and Fn- Ex). (C) Differentially expressed miRNAs between the Ex and Fn- Ex groups. Red, increased expression; green, decreased expression; and grey, 
no difference. p<0.05 and fold change >2 were considered significant. (D) Heatmap diagram of differential miRNA expression between Ex and Fn- Ex. 
(E) Quantitative real- time PCR validated the increase of miR-1246, miR- 92b- 3p and miR- 27a- 3p in Fn- Ex. Error bars, SD: ***p<0.001.
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proteins, the most significantly enriched GO terms were struc-
tural molecule activity and molecular transducer activity (online 
supplemental figure S5). KEGG pathway analysis showed that 
the ribosome, chemokine signalling pathway and mTOR signal-
ling pathway were enriched among these proteins (figure 7B; 
online supplemental table S8). It is well known that chemo-
kine signalling pathways are involved in tumour metastasis. We 
further selected three proteins with chemokine signalling path-
ways for validation by immunoblotting. As shown in figure 7C, 
interleukin-8 (IL-8), C- X- C motif chemokine 16 (CXCL16) and 
Ras homolog family member A (RhoA) were more enriched in 
Fn- Ex than in Ex. Interestingly, CXCL16 exhibited the strongest 
abundance in Fn- Ex compared with Ex. In addition, Western blot 
analysis revealed that the expression of CXCL16 was increased 
in Fn infected HCT116 cells (figure 7D).

In addition, Transwell migration assays showed that Fn- Ex 
promoted migration (2.2- fold, p<0.01; 3.7 fold, p<0.001) and 
that treatment with CXCR6 protein largely abrogated Fn- Ex- 
mediated migration (1.6 fold, p<0.05; 1.7- fold, p<0.05) 
in both HCT116 and SW480 cells, respectively (figure 7E). 

Migration was also blocked by treatment with CXCR6 in the 
wound- healing scratch assays (average 57.9% vs 29.9%, p<0.01; 
81.6% vs 31.5%, p<0.001) (figure 7F). These data suggest that 
Fn infection could increase the expression of the metastasis- 
associated protein CXCL16 in CRC cells, and CXCL16 was 
further selectively packaged and enriched in Fn- Ex, promoting 
tumour cell migration via the CXCL16/CXCR6 axis.

Exosome secreted from Fn-infected cells promote CRC 
metastasis
To evaluate the potential contribution of Fn- infected exosomes 
to tumour metastasis in vivo, Fn- Ex activity was evaluated in 
two mouse colorectal tumour models. Exosomes from HCT116 
cells which were transfected with miR-1246/27a- 3p/92a- 3p 
inhibitors and siRNA- CXCL16 were used as control for Fn- Ex 
group (si- Ex). HCT116 cells were injected subcutaneously (into 
BALB/c nude mice to develop a human CRC xenograft model. 
Ex, Fn- Ex or si- Ex was administered intratumourally every 
other day once the tumour volume reached 50 mm3 (figure 8A). 

Figure 4 Exosomal miR-1246/92b- 3p/27a- 3p promotes the migration of CRC cells. (A) The migration of CRC cells was assessed using a Transwell 
migration assays. Representative images of the assay (right). (B) Analysis of CRC cells migration by in vitro scratch assays. Images were acquired 
at 0 and 48 hours. Right, quantitative analysis of scratch wound closure. Data represent at least three experiments performed in triplicate. Scale 
bar=200 µm; error bars, SD: *p<0.05; **p<0.01; ***p<0.001. CRC, colorectal cancer.
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Twenty- one days later, the tumours were harvested by surgical 
removal (figure 8B). The results showed that mice treated with 
Fn- Ex did not show differences in tumour diameter, tumour 
volume or body weight loss from the Ex, si- Ex or PBS groups 
(online supplemental figure S6). However, H&E stained liver 
sections showed obvious intrahepatic metastasis around blood 
vessels in the Fn- Ex groups, while the other three groups showed 
few signs of metastasis (figure 8C,D). Moreover, the expression 
of GSK3β was decreased in tumour tissues of the Fn- Ex adminis-
tered group by both immunohistochemical and Western blotting 
analyses, whereas si- Ex significantly reversed the expression of 
GSK3β (figure 8E,F).

Additionally, we also investigated whether Fn- Ex could 
enhance tumour metastasis in mice with CT26 lung homografts. 
Ex, Fn- Ex, si- Ex or PBS control was administered intrave-
nously (figure 8G). All four groups developed obvious tumour 
nodules on the pulmonary surface, and the Fn- Ex treated group 
presented the highest number of nodules, compared with the 

other three groups (p<0.001) (figure 8H,I). H&E stained lung 
sections showed the largest area and highest number of cancer 
nests inside damaged lung tissues in Fn- Ex group (figure 8J). 
Moreover, the expression of GSK3β was decreased in lung 
tissues of the Fn- Ex administered group (figure 8K,L).

Collectively, these results suggest that exosomes from Fn- in-
fected cells significantly facilitate tumour metastasis by carrying 
the cargo of Fn infection- specific miRNA and protein in vivo.

Association of miR-1246/92b-3p/27a-3p and CXCL16 with 
clinical characteristics of patients with CRC
We further isolated and characterised exosomes from the serum 
of patients with CRC and from HS. Western blots showed that 
these exosomes were highly enriched for the exosome- associated 
proteins CD63 and CD9 (figure 9A). Total RNA was further 
extracted from circulating exosomes. We compared the three 
mean values of miR-1246/92b- 3p/27a- 3p between samples from 

Figure 5 Identification of GSK3β as a direct target of miR-1246/92b- 3p/27a- 3p. Luciferase reporter plasmids that harbour either WT or MT miR-
1246 (A), miR- 92b- 3p (B) and miR- 27a- 3p (C) binding sites in the 3’-UTR of GSK3β. HCT116 and SW480 cells were transiently transfected with 
luciferase constructs along with miR-1246 (D), miR- 92b- 3p (E) and miR- 27a- 3p (F) mimics, Fn- Ex (10 µg/mL), inhibitors or negative controls. After 
48 hours, the luciferase activity was measured. (G) Representative Western blot images showing that overexpression or inhibition of miR-1246, miR- 
92b- 3p and miR- 27a- 3p downregulated or upregulated GSK3β expression, respectively, in HCT116 cell and SW480 cells. Data represent at least three 
experiments performed in triplicate. Error bars, SD: *p<0.05; **p<0.01. MT, mutated type; UTR, untranslated region; WT, wild type.
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each patient. Patients with CRC (n=40) had significantly higher 
levels of circulating exosomal miR-1246/92b- 3p/27a- 3p than the 
HS (n=40) (all, p<0.001) (figure 9B).

Furthermore, the carriage of Fn was investigated in faecal 
samples (n=82) by qPCR. Pearson’s correlation coefficient 
and linear regression analysis were applied to analyse the 
correlation between the levels of Fn and circulating exosomal 
miR-1246/92b- 3p/27a- 3p. Abundance of Fn showed a positive 
correlation with miR-1246 (r=0.232, p=0.04) and miR- 27a- 3p 
(r=0.370, p=0.001) levels, but there was no correlation with 
miR- 92b- 3p (r=0.018, p=0.870) (figure 9C).

In addition, circulating exosomal CXCL16 levels were 
significantly upregulated in patients with CRC compared 
with HS (p<0.001) (figure 9D). More importantly, circu-
lating exosomal CXCL16 was positively correlated with the 
abundance of Fn in patients with CRC (r=0.319, p=0.03) 
(figure 9E).

Next, the correlation between circulating exosomal 
miR-1246/92b- 3p/27a- 3p, CXCL16 and clinicopathological 
parameters was analysed (online supplemental table S9). Circu-
lating exosomal miR-1246 and miR- 92b- 3p were not obvi-
ously correlated with CRC age, sex, gender, tumour location, 
histological differentiation, T classification, N classification, 
metastasis or expression of tumour markers CEA, CA19-9 or 
gFOBT. However, there was a significant association between 
miR- 27a- 3p levels and clinical stage (p=0.04). Further, circu-
lating exosomal CXCL16 levels were significantly associated 
with metastasis (p=0.006).

These results indicate that the levels of circulating exosomal 
miR-1246, miR- 27a- 3p and CXCL16 were elevated and exhibit 
a positive correlation with gut Fn abundance in the patients 
with CRC, suggesting that excessive Fn levels might contribute 
to tumour progression through the release of Fn- associated 
exosomes.

DISCUSSION
Here, we found that exosomes from Fn- infected CRC cells carried 
both bacteria and host components that were internalised by unin-
fected cells. We further observed an increased size and enhanced 
release of exosomes from Fn- infected cells, which is in line with the 
features of EV from other bacterial infections such as Mycobacterial 
and Legionella pneumophila,19 20 indicating that Fn stimulated the 
production of exosomes during infection.

Currently, numerous studies have reported that exosomes isolated 
from cells infected with various intracellular pathogens contain 
microbial components.21 22 However, almost all of these studies have 
focused on the role of exosomes in infection and immunity, which 
few have focused on the role of cancer progression. It has been well 
recognised that Fn is a powerful driving force for CRC progression.15 
Moreover, as an important intratumour bacterium, Fn participates 
in tumour progression and mediates tumour resistance to chemo-
therapeutic drugs.23 Most excitingly, our study reveals that exosomes 
from Fn- infected cells play a newly identified role promoting cancer 
progression.

miRNAs have recently emerged as major players in the inter-
actions between host cells and bacterial pathogens. Substantial 
evidence confirms that infections with pathogenic organisms lead to 
significant changes in exosomal miRNA. Our study found Fn infec-
tion alters exosomal miRNA profiles of CRC cells. Usually, bacteria 
modify host miRNA expression for their own benefit, promoting 
survival, replication and persistence.24 Similarly, exosome- mediated 
transfer of miRNA to neighbouring cancer cells might help Fn to 
survival inside tumour tissues.

Furthermore, many studies have demonstrated that 
miRNAs play pathogenic role in the development of colitis- 
associated colon cancer. Some data have highlighted that 
specific miRNAs contribute to colorectal carcinogenesis, and 
several such miRNAs can serve as biomarkers for diagnosis, 
prognosis, and metastasis prediction in patients with CRC.25 
We confirmed that metastasis- related miRNAs, including 

Figure 6 miR-1246/92b- 3p/27a- 3p inactivates the Wnt/β-catenin pathway by directly targeting GSK3β. Western blot images show the expression 
pattern of Wnt/β-catenin- related proteins in CRC cells after HCT116 cells and Fn- infected HCT116 cells- derived exosomes (Ex and Fn- Ex) and miR-
1246/92b- 3p/27a- 3p mimics transfection. Right, quantitative analysis of Wnt/β-catenin related protein expression. CRC, colorectal cancer.
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miR-1246, miR- 92b- 3p and miR- 27a- 3p, were selectively 
secreted in Fn- Ex and enhanced CRC migration. Consistent 
with our research, CRC cells- derived exosomes containing 
miR-1246 were reported to promote angiogenesis.26 More-
over, both miR- 92b- 3p and miR- 27a- 3p were reported to 

promote CRC cells proliferation, invasion and migration,27–29 
and the serum exosomal levels of miR-1246 and miR- 27a- 3p 
were validated as biomarkers of colon cancer.30 31

An increasing number of studies have identified specific 
miRNAs (eg, miR-21, miR-155 and miR- 103a) that lead to 

Figure 7 CXCL16 of Fn- Ex to promote CRC cells migration in vivo. (A) Venn diagram showing the unique and overlapping proteins between HCT116 
cells and Fn- infected HCT116 cells- derived exosomes (Ex and Fn- Ex). (B) KEGG pathway analysis of Fn- infected HCT116 cells- derived exosome (Fn- Ex) 
unique cell proteins. (C) The protein levels of IL-8, CXCL16 and RhoA were detected by Western blot in HCT116 cells and Fn- infected HCT116 cells- 
derived exosomes (Ex and Fn- Ex). Right, quantitatively analysed. (D) The protein levels of IL-8, CXCL16 and RhoA were detected by Western blot in 
HCT116 cells. On the right, the quantitatively analysis. Migration of HCT116 cells and SW480 cells that were untreated, or treated with Fn- Ex, CXCL16 
or Fn- Ex +CXCR6, as detected by Transwell migration assays (E) and wound healing assays (F). Data represent at least three experiments performed in 
triplicate. Scale bar=200 µm; error bars, SD: *p<0.05; **p<0.01; ***p<0.001. CRC, colorectal cancer.
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alteration of Wnt/β-catenin signalling in CRC.32 Moreover, 
recent evidence has suggested that premetastatic niches in the 
liver could be promoted by miR-21 in exosomes from CRC cells 
through the miR-21- TLR7- IL6 axis.33 Significantly increased 

levels of serum exosomal miR-6803–5 p, miR-17–5 p and miR- 
92a- 3p34 35 and decreased levels of miR- 548c- 5p and miR-638 
have been recently associated with poor survival and liver 
metastasis in patients with CRC.36 37 In line with these studies, 

Figure 8 In vivo verification shows that Fn- Ex promotes migration. (A,B) A flowchart depicting the in vivo experimental design and morphology. 
(C) Histopathological examination of the liver tissue sections (n=5) and (D) the number of liver tumours were quantitatively analysed. (E) 
Immunohistochemical analysis of the paraffin- embedded tumour tissues using a GSK3β antibody (n=5). (F) GSK3β expression in implanted tumours 
(n=5). (G) A flowchart depicting the in vivo experimental design. (H) Photograph of the harvested lungs showing regions with multiple nodules (n=5) 
and (I) quantitative analysis. (J) Histopathological examination of the lung tissue sections (n=5). (K) Immunohistochemical analysis of the paraffin- 
embedded lung tissues using a GSK3β antibody (n=5). (L) GSK3β expression in implanted tumours (n=5). Error bars, SD: **p<0.01; ***p<0.001.
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we identified that metastasis- related exosomes can be trans-
ported from Fn- infected CRC cells to non- infected cells. These 
miR-1246+miR- 92b- 3p+miR- 27a- 3p+ exosomes modulated the 
bioactivity of uninfected cells by activating Wnt/β-catenin signal-
ling and downregulating GSK3β.

Usually, exosomes from bacteria- infected hosts can induce the 
biosynthesis of various cytokines in recipient cells.38 Exosomes 
from Salmonella- infected macrophages increased TNF-α produc-
tion by human monocytes.38 Exosomes from Mycoplasma- infected 
cells induce a mixed cytokine response, including the production of 
both IFN-γ and IL-10 from B cells. Exosomes from Mycobacterial- 
infected cells secreted TNF-α and IFN-γ. These cytokines promote 
both recruitment and activation of immune cells and may play 

a role in promoting the innate immune response on bacterial 
infection.

Interestingly, in contrast to these inflammatory bacteria, we 
found that the cancer- causing bacterium Fn stimulated the produc-
tion of the chemokines CXCL16. It is well known that chemok-
ines and their receptors selective mediators of leucocyte migration 
to inflammatory sites. They also play a critical role in tumour 
initiation, promotion and progression.39 Numerous studies have 
proposed an important role for the CXCL16/CXCR6 chemokine 
axis in the metastasis of different tumours including prostate, liver, 
ovarian cancers, lung and breast cancers as well as meningioma 
and hepatocellular carcinoma.40–43 Specifically, elevated levels of 
CXCL16 were reported in the serum, tumour tissues and lymph 

Figure 9 Circulating exosomal miR-1246/92b- 3p/27a- 3p and CXCL16 levels correlate with Fn in patients with CRC. (A) Western blot analysis 
of the expression of markers (CD63 and CD9) in serum exosomal protein purified from healthy subjects (H1–H5) and patients with CRC (P1–P5). 
(B) Exosome miR-1246, miR- 92b- 3p and miR- 27a- 3p levels were measured by RT- qPCR in the serum of patients with CRC and HS. (C) Correlation 
between the abundance of Fn in the faeces of patients with CRC and the levels of miR-1246, miR- 92b- 3p and miR- 27a- 3p in exosomes from the 
serum of patients with CRC. Patients were analysed by Pearson’s correlation coefficient and linear regression. (D) Exosome CXCL16 levels were 
measured by ELISA in the serum of patients with CRC and HS. (E) Correlation between the abundance of Fn in faeces and the levels of CXCL16 in 
circulating exosomes from patients with CRC. Error bars, SD: **p<0.01; ***p<0.001. CRC, colorectal cancer; HS, healthy subjects.
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nodes of patients with CRC and indicate a sign of a poor prognosis 
in CRC.44–46 These observations raise the possibility that CXCL16/
CXCR6 interactions may be important for CRC invasion and 
metastasis.46

Intriguingly, several groups indicated that CXCL16/CXCR6 
signalling correlates with liver- specific homing and lung- specific 
homing during inflammatory events.47 48 CXCR6+ natural killer 
T cells are highly enriched in the human liver and are specifically 
recruited by liver sinusoidal endothelial cells, which are the major 
source of CXCL16. CCR6 has been previously associated with 
colorectal liver metastasis in patients with CRC.49 In our study, 
Fn infection induced the expression of CXCL16 in CRC cells and 
also promoted the release of CXCL16 loaded exosomes from these 
infected cells. These CXCL16+ Fn- Ex facilitate the homing of non- 
infected recipient CRC cells to hepatic vessels by the CXCL16/
CXCR6 axis. In light of the evidence that CXCL16 plays a role in 
angiogenesis, intrahepatic metastatic nests were observed to locate 
around blood vessels in our study. Recently, a study reported that 
Clostridium species modified bile acids to signal liver sinusoidal 
endothelial cells to produce CXCL16.50 These results that some 
intestinal anaerobes have the ability to stimulate the production of 
CXCLl6 the homing of cells to the liver.

Moreover, our proteomic analysis rapidly identified the pres-
ence of CXCL16, IL-8 and RhoA in Fn- Ex, clearly indicating 
their involvement in tumour invasion. Interestingly, the CXCL16/
CXCR6 axis has been reported to enhance the activity of the 
ERK1/2 pathway, which activates RhoA to promote tumour 
progression.41 Plasma levels of IL-8 have been shown to be signifi-
cantly and persistently elevated after minimally invasive colorectal 
resection.51 Elevated CXCL16, IL-8 and RhoA were also observed 
in Fn- Ex in our study, suggesting that the CXCL16+RhoA+IL-8+ 
exosome paly role facilitating metastasis.

TEXs are an important component of the tumour microenviron-
ment and are currently considered to be one of the main contrib-
utors to tumour metastasis by transporting specific proteins and 
RNA. The specific molecules present in TEXs have been reported 
to determine organ- specific metastasis and the survival of patients 
with cancer.52 Previous data exploring the characteristics of the 
metastatic pattern of CRC have revealed that the liver is the main 
metastatic site of CRC, while lungs, bones and the brain are less 
common.53 Consistent with these studies, our results confirmed 
that Fn infection further accelerated liver metastasis by the combi-
nation of enhanced cytokines, chemokines and miRNAs via 
exosome release.

In summary, we elucidated a schematic model of Fn- Ex func-
tions in tumour metastasis (figure 10). This figure depicts that 
Fn- infected CRC cells release exosomes carrying metastasis- related 
miRNAs and proteins. These Fn exosomes are internalised and 
drive uninfected recipient cells towards a prometastatic pheno-
type. We therefore conclude that TEXs released from Fn- infected 
tumour cells may function as messengers to promote CRC cell 
metastasis. Exploring the mechanism and function of Fn infected- 
derived exosomes may prove beneficial for preventing metastasis, 
and eliminating Fn infection may be a valuable therapy.

Correction notice This article has been corrected since it published Onine First. 
The first affiliations has been updated and a sentence within the ’Identification of 
exosome proteins and functional categorisation in Fn- infected CRC cells’ paragraph 
has been amended.
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Figure 10 A schematic model of Fn- Ex functions in tumour metastasis.
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The representative image of Ex SW480 cells in Figure 2D, the representative images of mimics- 
miR- 27a- 3p SW480 cells in Figure 4A, and Figure 8F, L were incorrect.

 
The correct figures 2, 4 and 8 are shown below:

Figure 2 
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Figure 4 
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