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Abstract
Liver metastasis of colorectal cancer (CRLM) is the most common cause of CRC-
related mortality, and is typically caused by interactions between CRC cells and
the tumour microenvironment (TME) in the liver. However, the molecular mech-
anisms underlying the crosstalk between tumour-derived extracellular vesicle (EV)
miRNAs and the TME in CRLM have yet to be fully elucidated. The present study
demonstrated that highly metastatic CRC cells released more miR-181a-5p-rich EVs
than cells which exhibit a low metastatic potential, in-turn promoting CRLM. Addi-
tionally, we verified that FUS mediated packaging of miR-181a-5p into CRC EVs,
which in-turn persistently activated hepatic stellate cells (HSCs) by targeting SOCS3
and activating the IL6/STAT3 signalling pathway. Activated HSCs could secrete the
chemokine CCL20 and further activate a CCL20/CCR6/ERK1/2/Elk-1/miR-181a-5p
positive feedback loop, resulting in reprogramming of the TME and the formation
of pre-metastatic niches in CRLM. Clinically, high levels of serum EV containing
miR-181a-5p was positively correlated with liver metastasis in CRC patients. Taken
together, highly metastatic CRC cells-derived EVs rich in miR-181a-5p could activate
HSCs and remodel the TME, thereby facilitating liver metastasis in CRC patients.
These results provide novel insight into the mechanism underlying liver metastasis
in CRC.
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 INTRODUCTION

Colorectal cancer (CRC) ranks second in terms of cancer-related mortality globally, and ∼50% of CRC deaths are caused
by liver metastases (Beckers et al., 2018). Interactions between tumour cells and the tumour microenvironment (TME), play
important roles in the liver metastasis of CRC (CRLM). Accordingly, elucidating the mechanisms involved in the inter-
actions between tumour cells and the TME appear to be of paramount importance in improving our understanding of
CRLM.
During CRLM, cancer cells can induce the formation of pre-metastatic niches by remodelling the TME (Illemann et al., 2016;

Schütte et al., 2017). As reported, an activated hepatic stellate cell (α-HSC) signature was found to be themost common biological
process in secondary or primary liver cancer (Affo et al., 2017; D. Y. Zhang et al., 2016). α-HSCs can transdifferentiate from a state
of quiescence into highly proliferative andmobile myofibroblasts (Olaso et al., 1997). Furthermore, α-HSCs can affect the growth
and invasion of CRC cells by remodelling and depositing extracellular matrix (ECM) (Ahmad et al., 2003). Thus, exploring the
interaction between CRC cells and HSCs, and elucidating the underlying mechanisms may lead to advances in the prevention of
CRLM.
Extracellular vesicles (EVs) were previously classified into two primary subtypes based on the mechanisms of biogenesis:

endosome-origin small EVs and plasma membrane-derived ectosomes (microvesicles/microparticles) (Olaso et al., 1997), with
a diameter ranging from 40 to 160 nm and 50 to 1000 nm, respectively (Ahmad et al., 2003). Characterized by their lipid bilayer
membrane and carrying a number of biomolecules, EVs are generally considered asmessengers involved in intercellular commu-
nication in the TME, and have been shown to play significant roles in the progression of several types of cancer (Fang et al., 2018;
Qin et al., 2019). We have previously summarized the biogenesis of EVs that participate in CRC and also committed to research
on functional biomarkers as well as molecular mechanisms underlying the crosstalk between cancer cells and the TME of CRLM
(Wei et al., 2020; Zhao et al., 2020, 2021). HSCs are themost abundant non-hepatocyte resident cells in the liver and their presence
is correlated with CRLM.However, whether CRC-derived EVs regulate HSCs to induce liver metastasis via secretion of miR-rich
EVs, and the miRNAs involved in this process remains to be determined.
In this study, we discovered that highly-metastatic CRC cells released miR-181a-5p-rich EVs that contributed to liver metas-

tasis via regulation of the interactions between CRC cells and HSCs, and remodelling of the TME. These findings identi-
fied a novel specific biomarker for CRLM and a novel strategy for predicting the risk of secondary liver cancer caused by
CRC.

 MATERIALS ANDMETHODS

. Patients and tissue specimens

A total of 308 patients with CRC between January 2008 and September 2009 and a further 49 patients with CRLM between
February 2012 andMay 2018, who were diagnosed at Fudan University Shanghai Cancer Center were enrolled in this study; their
clinicopathological characteristics are summarized in Supplementary Tables S1 and S2, respectively. Human serum specimens
were collected prior to tumour resection, while normal mucosa and paired cancer tissues, as well as metastatic tissues, were
collected immediately after surgical resection. Tissue microarray (TMA) including tumour and paired normal tissues from the
308 patients was performed as reported previously (Zhao et al., 2017). Written informed consent was obtained from each patient
and the study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the Ethics
Committee of our institution.

. EV isolation and analysis

To remove any cell contamination, the supernatant collected from 3-day cell cultures or plasma samples was first centrifuged at
500g for 10 min. Subsequently, the supernatant was centrifuged at 12,000g for 20 min to remove any possible apoptotic bodies
and large cell debris. Subsequently, the EVs were enriched by centrifugation at 100,000g for 70 min. Finally, they were rinsed in
20 ml PBS and collected by ultracentrifugation at 100,000g for 70 min. The EVs cup-shaped morphology and number were eval-
uated using a Philips CM120 BioTwin transmission electron microscope (FEI Company, USA) and NanoSight NS300 (Malvern
Instruments Ltd., UK), respectively.
Other materials and methods used in this study are described in the Supplementary materials.
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F IGURE  EVs derived from highly metastatic CRC cells mediate the activation of HSCs. The phenotype of EVs derived from two weakly-metastatic
CRC cell lines (HT29 and SW480) and two highly-metastatic CRC cell lines (RKO and SW620) were analyzed by electron microscopy (a) and nanoparticle
tracking analysis by Nano Sight (b); yellow arrows indicate representative EVs. (c) WB analysis of typical biomarkers of EVs in the four CRC cell lines. (d) LX2
cells were incubated with DiO-labelled EVs (25 μg/ml) from CRC cell lines (HT29, SW480, RKO, SW620) for 24 h, and representative immunofluorescence
images show the delivery of DiO-labelled CRC cell-derived EVs (green) into Dil-labelled LX2 cells (red); yellow arrows indicate EVs. (e) Transwell assays were
used to determine the role of EVs (equal quantities) derived from different CRC cells on the invasive ability of LX2 cells; scale bar: 50 μm. (f) The expression
levels of pro-inflammatory genes were determined by qPCR in LX2 cells, which were co-cultured with EVs from different CRC cells. (g) Representative images
of ultrasound detection of liver metastases 9 weeks after injecting HCT8 cells co-cultured with EVs derived from different CRC cells into the spleens of nude
mice. Left panel, without liver metastasis (None LM); right panel, with liver metastasis (yellow arrow, LM). (h) Representative image of HE staining for liver
metastases in nude mice (green arrows: metastatic tumour node; black arrow: normal liver cell). (i) Number of metastatic colonies in the livers of nude mice
from different groups based on ultrasound detection and HE staining. (j) WB analysis of the ECM proteins (α-SMA, fibronectin, vitronectin and tenascin C) in
the liver metastases of mice from each group (*p < 0.05; **p < 0.01; ***p < 0.001)

 RESULTS

. EVs derived from highly metastatic CRC cells activate HSCs during CRLM

During liver metastasis, HSCs are usually activated, as determined by the presence of α-SMA-positive myofibroblasts generat-
ing ECM. We also observed that metastases to the liver exhibited strong staining for α-SMA (Supplementary Figure S1). We
further examined whether CRC cells could activate HSCs via the activity of EVs. Two CRC cell lines with a weak-metastatic
potential (HT29 and SW480) and two with highly-metastatic cell lines (RKO and SW620) were selected in the following study,
and EVs derived from these four CRC cells were isolated and purified from conditioned medium (CM). Electron microscopy
and nanoparticle tracking analysis demonstrated that more EVs were secreted from highly-metastatic CRC cells (Figure 1a and
b; Supplementary Figure S2a-d; Table S5). As Hsp70, Tsg101, Aip1, β1-Integrin, Cd81, and Cd63 serve as typical biomarkers for
EVs (Conde-Vancells et al., 2008), we detected the proteins extracted from EVs usingWB and found that all typical EV markers
were present (Figure 1c). Additionally, we also examined the expression of proteins shown to be absent in EVs, such as Calnexin,
GM130, Cyto C as well as in cytoplasm, and found that they were not expressed in the CRC cell-derived EVs, which further con-
firmed that the isolated particles were indeed EVs (Supplementary Figure S2e). Interestingly, highly-metastatic CRC cells secrete
a greater quantity of EVs (Figure 1c). To further demonstrate whether CRC cell-derived EVs activated HSCs, LX2 cells were used
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as a normal HSC line. HT29/SW480/RKO/SW620 cell-derived EVs were labelled with DiO (green) and LX2 cells were labelled
with Dil (red). Immunofluorescence imaging demonstrated the presence of DiO (green) spots in recipient HSCs (Figure 1d, Sup-
plementary Figure S2f), suggesting that labelled EVs released by CRC cells were delivered to HSCs. Notably, highly-metastatic
CRC cells could deliver a greater quantity of EVs to HSCs, indicating that highly-metastatic CRC-derived EVsmay play key roles
in the interactions between HSCs and CRC cells.
In order to investigate the effects of CRC-derived EVs on HSCs, we performed Transwell assays and found that EVs derived

from highly-metastatic CRC cells could enhance the invasive ability of LX2 cells in vitro (Figure 1e, Supplementary Figure S2g).
During the formation of pre-metastatic niches in metastatic liver cancer, chronic liver inflammation is common (Affo et al.,
2017). So we further detected the expression levels of pro-inflammatory genes in LX2 cells following CRC-derived EV stimula-
tion. Interestingly, as shown in Figure 1f, LX2 cells co-cultured with EVs from highly-metastatic CRC cells expressed significantly
higher mRNA levels of IL-6, IL-8, COL1A1, COL3A1, and COL4A1 (particularly IL-6) than those co-cultured with EVs from cells
with a low metastatic potential. In addition, we found that a larger number of liver metastases were detected following injection
of EVs from highly-metastatic CRC cells than from the weakly-metastatic CRC cells by HCT8 cells (Figure 1 g-i, Supplemen-
tary Figure S2h), which indicated the potential role of highly-metastatic CRC cell-derived EVs in promoting liver metastasis.
Additionally, the expression levels of pro-inflammatory genes were also determined by ELISA in tissues samples from in vivo
metastasis experiments, and the results indicated that only IL-6 showed higher expression in LX2 cells co-cultured with EVs
from highly-metastatic CRC cells than those from weakly-metastatic CRC cells (Supplementary Figure S2i). The WB analysis
showed that EVs from highly-metastatic CRC cells could significantly remodel the liver ECM (α-SMA and fibronectin expres-
sion upregulated; vitronectin and tenascin C expression downregulated) (Figure 1j). Together, these data indicated that EVs from
highly-metastatic CRC cells could activate HSCs and remodel the liver ECM during CRLM.

. EVs derived from highly metastatic CRC cells rich in miR-a-p activate HSCs

To elucidate whether CRC cell-derived EV miRNAs participated in HSC activation, we first compared the miRNA expression
profiles between EVs from different CRC cells using microarrays (Figure 2a; Supplementary Table S6) and uploaded the data
to GEO (accession no. GSE141997). Then, we evaluated the expression of 16 miRNAs with ≥5-fold change and p < 0.001 using
TCGA data. Among them, we chose nine dysregulated miRNAs with a LogFC> 1, p< 0.001 and a FDR< 0.05 for further evalu-
ating the prognostic roles of these miRNAs on OS and DFS. As shown in Supplementary Figures S3 and 4, only high expression
of miR-181a-5p predicted a poor OS and DFS in 565 CRC patients. Furthermore, we investigated miR-181a-5p expression in the
EVs, and found the levels of miR-181a-5p in EVs from highly-metastatic CRC cells were significantly higher than those from
weakly-metastatic CRC cells (Figure 2b). Accordingly, we chose miR-181a-5p as the candidate miRNA for further analysis in the
present study. As shown in Figure 2c, the expression levels ofmiR-181a-5p in LX2 cells incubatedwith CM fromhighly-metastatic
CRC cells were notably higher than those with EV-depleted CM using GW4869, an inhibitor of EV secretion. Furthermore, fol-
lowing transient transfection with Cy3 (red)-tagged miR-181a-5p, CRC cell-derived EVs were co-cultured with LX2 cells and
fluorescently labelled miR-181a-5p was detected in LX2 cells (Figure 2d), suggesting that miR-181a-5p was transferred from CRC
cells to HSCs via EVs, with a greater quantity of miR-181a-5p transferred from highly-metastatic CRC cells. Notably, the levels
of miR-181a-5p in the CM of CRC cells remained unchanged upon RNase A treatment, whilst significantly decreasing following
treatment with RNase A plus Triton X-100 (Supplementary Figure S5a), which indicated that extracellular miR-181a-5p was pri-
marily encased within a membrane rather than directly released. Also of interest, miR-181a-5p levels were almost equal between
EVs and whole CRC-cell CM (Supplementary Figure S5b). Accordingly, these results strongly supported the hypothesis that
miR-181a-5p may activate HSCs via CRC cell-derived EVs.
Subsequently, Transwell assays revealed that the number of invading LX2 cells in the transfected miR-181a-5p mimics group

was greater than that of the control group (Figure 2e, Supplementary Figure S5c). Moreover, transfecting miR-181a-5p mimic
resulted in increased mRNA levels of IL-6 and IL-8 (particularly IL-6) in LX2 cells (Figure 2f). Highly-metastatic CRC cells were
transfected with anti-miR-181a-5p, then EVswere obtained and added to LX2 cells. Transwell assays demonstrated that anti-miR-
181a-5p may attenuate the enhancing effect of highly metastatic CRC cell-derived EVs on the activation of LX2 cells (Figure 2g
and h). Together, these results suggest that CRC cell-derived EV miR-181a-5p could promote the activation of HSCs.

. miR-a-p transfer into EVs is regulated by FUS

It has been widely reported that EV-mediated secretion of RNAs requires a specific and selective RNA-binding protein for trans-
port (Cook et al., 2011). By analyzing the database of RNA-binding protein specificities (RBPDB, http://rbpdb.ccbr.utoronto.ca/)
(Cook et al., 2011), we retrieved the specific interaction between miR-181a-5p sequence and the motifs of RBPDB to predict
potential RBPs regulating miR-181a-5p packaging into EVs. As shown in Supplementary Figure S6a, the motifs of the FUS RNA-
binding protein (FUS) and muscle blind-like splicing regulator 1 (MBNL1) displayed specific miR-181a-5p binding sites, with

http://rbpdb.ccbr.utoronto.ca/
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F IGURE  Highly metastatic EVs rich in miR-a-p derived from CRC cells regulate the activation of HSCs. (a) Microarray analysis of the miRNA
expression profiles between EVs from highly-metastatic CRC cells and those from weakly-metastatic CRC cells; the data have been uploaded to GEO
(accession no. GSE141997). (b) The expression levels of miR-181a-5p in EVs derived from different CRC cell lines were detected by qPCR. (c) LX2 cells were
incubated with normal medium (NM), normal medium with EVs-depleted using an inhibitor of EV secretion (GW4869), or conditioned medium (CM) from
RKO/SW620 cells with or without EVs-depleted. Then miR-181a-5p expression levels were examined by qPCR. (d) LX2 cells were co-cultured with EVs derived
from HT29/SW480/RKO/SW620 pre-transfected with Cy3-tagged miR-181a-5p (red), and the red fluorescence signals in LX2 cells were detected by confocal
microscopy. (e) Transwell assays were used to evaluate the effects of exogenous miR-181a-5p on the invasive ability of LX2. (f) qPCR analysis of the effects of
exogenous miR-181a-5p on the expression of pro-inflammatory genes in LX2. (g and h) Transwell assays were used to determine the role of EVs derived from
highly-metastatic CRC cells (RKO and SW620) and anti-miR-181a-5p constructs in the regulation of the invasive ability of LX2 cells in vitro (*p < 0.05;
**p < 0.01)
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F IGURE  FUS regulates miR-a-p transfer into EVs derived from highly metastatic CRC cells. qPCR analysis of the expression levels of
miR-181a-5p in RKO/SW620-derived EVs (a and b) and RKO/SW620 cells (c and d) upon FUS/MBNL1 knockdown. (e) WB analysis of the association
between biotinylated wild-type or mutated miR-181a-5p and FUS expression in samples derived by miRNA pull-down performed with nuclear, cytoplasmic or
EV lysates from RKO cells; biotinylated poly(G) was used as the negative control. (f) RIP assays with anti-FUS antibody were performed on RKO-conditioned
media (CM) and RKO-derived EVs, with IgG serving as the negative control. Then, qPCR was used to analyze the expression levels of miR-181a-5p in
immunoprecipitated samples as percentages with respect to the input sample (% input). (g and h) The red fluorescence signals in LX2 cells co-cultured with
CM from RKO/SW620 cells transfected with Cy3-miR-181a-5p (red) and si-FUS were detected by confocal microscopy (*p < 0.05; **p < 0.01)

relative scores >90%. However, we observed that only cells with FUS expression knocked-down exhibited decreased expression
levels of EV miR-181a-5p (Figure 3a-d; Supplementary Figure S6b-e), while the expression levels of FUS in the upper four CRC
cells did not exhibit a significant decrease (Supplementary Figure S6f, g). Furthermore, miRNA pull-down assays revealed that
miR-181a-5p and FUS did bind in the cytoplasm and EVs, but not in the nucleus, and this binding could be abrogated bymutating
the binding sequence (GGUG) inmiR-181a-5p (Figure 3e; Supplementary Figure S6h). Subsequently, RNA immunoprecipitation
assays demonstrated that miR-181a-5p exhibited notably higher enrichment in the FUS antibody group than the IgG group, both
in CRC cells and their EV lysates (Figure 3f; Supplementary Figure S6i). Additionally, cell immunofluorescence assays showed
that the process of miR-181a-5p transfer from highly-metastatic CRC cells to HSCs via EVs was inhibited by knockdown of
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F IGURE  miR-a-5p rich EVs derived from highly metastatic CRC cells activate HSCs by targeting SOCS via the IL/STAT signalling
pathway. (a) Predicted binding sites between miR-181a-5p and the 3′-UTR of the wild-type and mutant SOCS3 gene. (b) The effect of miR-181a-5p mimic and
anti-miR-181a-5p constructs on the luciferase activity of the 3′-UTR binding of the wild-type or mutant SOCS3, respectively, in LX2 cells was assessed using a
luciferase reporter gene activity assay. (c) LX2 cells were co-cultured with EVs derived from HT29 or RKO cells, which were pre-transfected with miR-181a-5p
mimic or anti-miR-181a-5p constructs, respectively. Luciferase reporter gene activity assays were used to detect the effect of EVs derived from CRC cells on the
luciferase activity of miR-181a-5p binding with the 3′-UTR of the wild-type or mutant SOCS3 construct in LX2 cells. (d) qPCR and WB analysis were used to
examine the effects of exogenous miR-181a-5p on SOCS3 expression in LX2 cells. (e and f) qPCR analysis was used to examine the effect of EVs derived from
HT29 and RKO CRC cells rich in miR-181a-5p on SOCS3 expression in LX2 cells. LX2 cells were successively transfected with miR-181a-5p mimic, Lv-SOCS3
or their respective controls. (g) Transwell assays were applied to verify the combined effect of miR-181a-5p and SOCS3 overexpression on the invasion of LX2.
(h and i) The combined effects of miR-181a-5p and SOCS3 overexpression on IL6 expression in the cell media was determined using qPCR (h) and ELISA (i),
respectively. (j) WB analysis was used to examine the effect of EVs derived from CRC cells rich in miR-181a-5p on the IL6/STAT3 pathway components in LX2.
(k) LX2 cells were pre-transfected with miR-181a-5p mimic, anti-miR-181a-5p constructs or HT29/RKO-derived EVs, and then co-cultured with Lv-SOCS3 or
sh-SOCS3, respectively. The combined effects of exogenous miR-181a-5p/LvSOCS3, anti-miR-181a-5p/sh-SOCS3, HT29-derived EVs/sh-SOCS3 and
RKO-derived EVs/Lv-SOCS3 on the expression of IL6/STAT3 pathway components were determined by WB analysis, respectively (*p < 0.05; **p < 0.01)

FUS expression in RKO and SW620 cells (Figure 3g and h). Therefore, we demonstrated that FUS could mediate miR-181a-5p
packaging into EVs in CRC cells and then transfer EVs containing miR-181a-5p to HSCs by binding to its GGUG sequence.

. CRC cell-derived EVmiR-a-p activates HSCs directly by targeting SOCS and activating
the IL/STAT signalling pathway in HSCs

To further explore the mechanisms by which CRC cell-derived EVsmiR-181a-5p was involved in activating HSCs during CRLM,
GO/KEGG enrichment analysis was performed and the results showed thatmiR-181a-5p participated in the development of CRC
and also in the regulation of transcription factor complex (Supplementary Figure S7a, b; Tables S7, S8). Furthermore, data from
TargetScan Human version 7.2 demonstrated that there was an alignment between the miR-181a-5p sequence and the 3′-UTR
of suppressor of cytokine signalling 3 (SOCS3) sequence, suggesting that CRC cell-derived EVs miR-181a-5p may target SOCS3
during the activation of HSCs (Figure 4a). In the present study, we demonstrated that IL6 exhibited the most notable differential
expression among the different CRC cell line-derived EVs, and IL6 has also been reported to be involved in the regulation of
miRNAs in cancer-related inflammation (Rokavec et al., 2014). Additionally, SOCS3 is frequently inactivated and results in the
activation of inflammatory IL6/STAT3 signalling pathway (Lesina et al., 2011; Yasukawa et al., 2003). Thus, it was hypothesized
that CRC cell-derived EV miR-181a-5p may activate HSCs via SOCS3-mediated activation of the IL6/STAT3 signalling pathway.
Following co-transfection with miR-181a-5p mimic, anti-miR-181a-5p constructs and their respective controls, luciferase vec-
tors with wild-type or mutant versions of the binding sites were used for further verification. As shown in Figure 4b, compared
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with the control groups, luciferase activity in LX2 cells transfected with miR-181a-5p mimic or anti-miR-181a-5p constructs was
markedly reduced or elevated in the group co-transfected with SOCS3 wild-type binding site vector compared with the SOCS3
mutant-type binding site vector, respectively. Furthermore, similar expression trendswere foundwhenLX2 cells were co-cultured
with EVs derived from HT29/RKO cells pre-transfected with miR-181a-5p mimics or anti-miR-181a-5p constructs, respectively
(Figure 4c). Then in LX2 cells, both at the mRNA and the protein levels, we also demonstrated that overexpression or knock-
down of miR-181a-5p significantly inhibited or promoted SOCS3 expression compared with their negative controls (Figure 4d),
respectively, with similar expression patterns found when LX2 cells were pretreated with EVs derived from HT29/RKO cells
pre-transfected with miR-181a-5p mimic or anti-miR-181a-5p (Figure 4e). Transwell assays demonstrated that overexpression
of SOCS3 reduced the number of invading LX2 cells, partly weakening the enhancing effect of miR-181a-5p on the invasion of
LX2 cells (Figure 4f; Supplementary Figure S8a). However, only the expression of the pro-inflammatory gene IL-6 was decreased
upon SOCS3 overexpression in LX2 cells (Figure 4g). More importantly, SOCS3 overexpression in LX2 cells could counteract the
promotive effect of miR-181a-5p on the levels of IL6 in cells and their supernatant (Figure 4h and i). Taken together, these results
indicate that exogenous miR-181a-5p can downregulate SOCS3 expression by targeting its 3′-UTR in LX2 cells.
Furthermore, HT29/RKO cells were first pre-transfected with miR-181a-5p mimic or anti-miR-181a-5p, respectively, then LX2

cells were co-cultured with EVs derived from the aforementioned cells. WB assays revealed that CRC cells-derived EV miR-
181a-5p markedly promoted the expression of IL6 and p-STAT3, while inhibiting SOCS3 expression in LX2 cells (Figure 4j).
However, SOCS3 overexpression or knockdown in LX2 cells could partially neutralize the promotive or inhibitory effect of CRC
cell-derived EV miR-181a-5p or anti-miR-181a-5p on the expression of IL6 and p-STAT3 (Figure 4k). Notably, we also showed
that CRC cell-derived EVmiR-181a-5p significantly increased the expression of α-SMA in LX2 cells (Supplementary Figure S8b).
These data indicated that EVmiR-181a-5p activated HSCs directly by targeting SOCS3 via activation of the IL6/STAT3 signalling
pathway.

. HSCs activated by CRC-derived EVmiR-a-p facilitate CRLM in return

As reported, α-HSCs are responsible for remodelling and depositing tumour-associated ECM, and have been shown to be
involved in the migration and growth of CRC cells (Eveno et al., 2015). Accordingly, we investigated whether α-HSCs could
also promote CRLM in return. We used two different CRC cell lines, HCT-8 and LoVo, for these experiments. LX2 cells were
first transfected with miR-181a-5p mimic or the respective control, then CM was added to the upper two CRC cell lines. in vitro
Transwell assays revealed that exogenousmiR-181a-5p could notably promote themigration and invasion of CRC cells (Figure 5a
and b). Next, LX2 cells were first co-cultured with EVs derived fromHT29/RKO cells, which had been pre-transfected withmiR-
181a-5p mimics or anti-miR-181a-5p constructs, then the collected CM was added to the HCT8 and LoVo cells, respectively. in
vitro Transwell assays (Figure 5c and d; Supplementary Figure S9a and b) and the in vivo liver metastatic mouse model (Fig-
ure 5e-g; Supplementary Figure S9c) all showed that α-HSCs, which were activated by CRC cell-derived EV miR-181a-5p, also
facilitated CRC cell migration, invasion and the formation of metastatic tumour colonies in the liver in turn, consistent with our
hypothesis. We further examined the expression of ECM components in the metastases to the liver from mice using WB anal-
ysis and IHC staining. The results showed that CRC cell-derived EV miR-181a-5p remodelled the liver ECM, by increasing the
expression of α-SMA and fibronectin, while reducing the expression of vitronectin and tenascin C (Figure 5h and Supplementary
Figure S9d). Additionally, we also performed IHC staining to examine the expression of ECM components in the metastases to
the liver of CRLM patients with high/low expression levels of miR-181a-5p.We found that CRLM patients with higher expression
levels of miR-181a-5p also displayed stronger staining of α-SMA and fibronectin, but weaker or negative staining of vitronectin
and tenascin C (Supplementary Figure S9e). Accordingly, we showed that CRC cell-derived EV miR-181a-5p could remodel the
pre-metastatic niche during CRLM.

. Activated HSCs promote CRLM via activation of the CCL/CCR axis in CRC

As chemokines have been found to be significantly upregulated in several types of cancer, promoting cancer progression within
the TME, and as α-HSCs may secrete pro-inflammatory signals including chemokines (Brenner et al., 2013; Kadomoto et al.,
2020), we speculated that α-HSCs may promote CRLM via secretion of chemokines. Therefore, using a human chemokine
screening test kit, we first tested the levels of chemokines in LX2 cells, which were pre-cultured with RKO cell-derived EVs
or a negative control. The results showed that among all the detected chemokines, CCL20, CCL24, and CXCL10 were the top
most significantly differentially expressed chemokines (Figure 6a). Furthermore, when miR-181a-5p was overexpressed in LX2
cells, we found that the expression difference of CCL20 was considerably more significant than that of CCL24 and CXCL10
(Figure 6b; Supplementary Figure S10a and b). Next, we cultured LX2 cells with EVs derived from HT29/RKO cells, which
were pre-transfected with miR-181a-5p mimic or anti-miR-181a-5p constructs, respectively, and tested the expression levels of
CCL20 by ELISA. As shown in Figure 6c, overexpression or knockdown of miR-181a-5p could partially enhance or neutralize
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F IGURE  HSCs activated by EVs rich inmiR-a-p derived from CRC cells promote CRC cell migration and invasion in vitro and liver metastasis
in vivo. (a and b) LX2 cells were first transfected with miR-181a-5p mimic or the respective control. Then, CM from these transfected LX2 cells were added to
HCT8/LoVo cell cultures, and transwell assays were used to examine the effect of exogenous miR-181a-5p on the migration and invasion of CRC cells. (c and d)
HT29/RKO cells were pre-transfected with miR-181a-5p mimic or anti-miR-181a-5p constructs, respectively. EVs were isolated and LX2 cells were co-cultured
with these EVs. Then the CM of these LX2 cells was added to HCT8/LoVo cells, respectively. The effect of α-HSCs on the migration and invasion of CRC cells
was determined using transwell assays in vitro (c and d) and liver metastasis of nude mice by live imaging in vivo (e). Representative images of live imaging (e)
and HE staining (f) of the liver metastases in nude mice (green arrows: metastatic tumour node; black arrow: normal liver cell). (g) Number of metastatic
colonies in the livers of the nude mice from different groups based on live imaging and HE staining. (h) WB analysis of the protein expression levels of ECM
proteins (α-SMA, fibronectin, vitronectin and tenascin C) in the metastases to the liver in the mice (*p < 0.05; **p < 0.01)

the promotive effects of HT29/RKO cell-derived EVs on the secretion of CCL20 in LX2 cells, respectively. As CCL20 is a
chemoattractant that promotes chemotaxis of cells expressing CCR6, we further evaluated CCR6 expression in CRC by IHC
staining and found that CCR6 staining in CRC tissues was notably stronger than in the normal tissues, indicating that CCL20
secreted by LX2 cells may exert a function on CRC cells (Figure 6d).
To further investigate the role of the CCL20/CCR6 axis in CRLM, LX2 cells were first transfected with miR-181a-5p mimic

and treated with anti-CCL20 antibody or IgG, and then co-cultured with HCT8/LoVo cells. Additionally, after transfection with
miR-181a-5p mimic, LX2 cells were also co-cultured with HCT8/LoVo cells with CCR6 expression knocked down rather than
treatment with an anti-CCL20 antibody or IgG. It was demonstrated that the inhibition of the CCL20/CCR6 axis could partially
counteract the enhancing role of α-HSCs, which were activated by CRC cell-derived EV miR-181a-5p, on CRC cell migration,
invasion and liver metastasis in vitro and in vivo (Figure 6e-i; Supplementary Figure S11). Together, the above results showed that
CRC cell-derived EV miR-181a-5p could activate HSCs, and α-HSCs in turn promoted CRLM via activation of a CCL20/CCR6
axis in CRC.

. A CCL/CCR/ERK//Elk-/miR‑a-p positive feedback loop mediates the interaction
between HSCs and CRC cells during CRLM

When the CM of LX2 cells pre-transfected with miR-181a-5p mimic was added to HCT8 and LoVo cells, we found that α-HSCs
could upregulate the expression of miR-181a-5p in CRC cells (Figure 7a). Interestingly, the above phenomena was abrogated
by treatment with an anti-CCL20 antibody in CRC cells (Figure 7a). These findings indicated that α-HSCs could affect the
functions of CRC cells via CCL20. As reported previously, the CCL20/CCR6 axis can promote cancer progression through the
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F IGURE  Activated HSCs promote CRC liver metastasis via the CCL/CCR axis. (a) The levels of chemokines in LX2 cells pre-cultured with EVs
derived from RKO cells or a negative control, were tested using a human chemokine screening test kit. (b and c) The effect of exogenous miR-181a-5p (b) and
highly metastatic CRC cell-derived EV miR-181a-5p (c) on the expression of CCL20 in LX2 cells was assessed using ELISA. (d) IHC staining of CCR6 in CRC;
scale bar: 200 μm. (e-i) LX2 cells were first transfected with miR-181a-5p mimic or treated with an anti-CCL20 antibody with IgG as a negative control, then
co-cultured with HCT8/LoVo cells. After transfection with miR-181a-5p mimic, LX2 cells were also co-cultured with HCT8/LoVo cells that had had CCR6
expression knocked down rather than being treated with an anti-CCL20 antibody or IgG control. Next, the effects of the CCL20/CCR6 axis on the migration
and invasion of CRC cells were determined using in vitro Transwell assays (e and f), as well as on metastasis to the liver in vivo using live imaging (g).
Representative images of live imaging (g) and HE staining (h) of liver metastases in nude mice (green arrows: metastatic tumour node; black arrow: normal
liver cell). (i) Number of metastatic colonies in the livers of nude mice from different groups based on live imaging and HE staining (*p < 0.05; **p < 0.01)

MAPK signalling pathway (Kadomoto et al., 2020; Li et al., 2007). To confirm themechanism bywhichmiR-181a-5p upregulation
increased CCL20 release from α-HSCs, we first performed WB in HCT8 and LoVo cells pretreated with CCL20 or transfected
with shCCR6. It was found that the CCL20/CCR6 axis only promoted the phosphorylation of ERK1/2 compared with the control
groups, but did not affect JUK or p38 phosphorylation, indicating that CCL20 secreted from α-HSCs may upregulate miR-181a-
5p via activation of the ERK1/2 signalling pathway in CRC cells in a CCR6-dependent manner (Supplementary Figure S12a).
Subsequently, when an inhibitor of the ERK1/2 signalling pathway (PD98059) was added to the HCT8/LoVo cells co-cultured
with the CM of LX2, which were pre-transfected with miR-181a-5p mimic, the expression levels of miR-181a-5p were evidently
decreased, suggesting that miR-181a-5p may also be positively regulated by the ERK1/2 signalling pathway through a positive
feedback loop (Figure 7b).
As ERK1/2 translocates to the nuclei and promotes transcription of its target genes, we knocked down six candidate tran-

scription factors, and found that silencing of only Elk-1 notably downregulated miR-181a-5p expression and suppressed α-HSCs-
induced miR-181a-5p expression in CRC cells (Figure 7c and d; Supplementary Figure S12b and c and Figure S13). LX2 cells
were first transfected with miR-181a-5p mimic, or treated with an anti-CCL20 antibody or IgG control, and co-cultured with
HCT8/LoVo cells. Additionally, after transfection with miR-181a-5p mimic, LX2 cells were also co-cultured with HCT8/LoVo
cells withCCR6 expression knocked down rather than being treatedwith anti-CCL20 antibody or IgG control antibody.As shown
in Figure 7e,α-HSCs could promote the activation of the ERK1/2 signalling pathway, however, inhibition of theCCL20/CCR6 axis
inhibited α-HSC-mediated activation of the ERK1/2 signalling pathway. Furthermore, we demonstrated that α-HSCs facilitated
the phosphorylation of ERK1/2 and Elk-1, which could be abrogated by treatment with an CCL20 antibody and PD98059 (Fig-
ure 7f). Accordingly, we hypothesized that the activation of the ERK1/2 signalling pathway may upregulate miR-181a-5p through
the transcriptional function of Elk-1 in CRC. To confirm this hypothesis, we first predicted the potential transcriptional binding
regions and specific binding sites using the tool LASAGNA-Search 2.0 as well as the human genomic databases of the National
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F IGURE  A CCL20/CCR6/ERK1/2/Elk-1/miR‑181a-5p positive feedback loop mediates the interaction between HSCs and CRC cells during CRLM. (a)
LX2 cells were pre-transfected with miR-181a-5p mimic, and the CM as well as CCL20 antibody were added to HCT8 and LoVo cells, respectively, to determine
the combined effect of activated HSCs and CCL20 on the expression of miR-181a-5p in CRC cells. (b) The inhibitor of the ERK1/2 signalling pathway
(PD98059) and CM of LX2 cells that had been pre-transfected with miR-181a-5p mimic, was added to HCT8/LoVo cells, respectively. The transfection
efficiency was assessed by qPCR. (c and d) LX2 cells were pre-transfected with miR-181a-5p mimic, and their CM was added to HCT8 (c) and LoVo (d) cells
with Elk-1 expression knocked down, respectively, then the expression of miR-181a-5p on CRC cells was examined by qPCR. (e) LX2 cells were first transfected
with miR-181a-5p mimic or treated with an anti-CCL20 antibody with IgG as a negative control, and then co-cultured with HCT8/LoVo cells. Additionally,
after transfection with miR-181a-5p mimic, LX2 cells were also co-cultured with HCT8/LoVo cells following CCR6 knockdown. WB assays were used to
demonstrate the expression levels of MAPK pathway components, respectively. (f) The combined effect of activated HSCs, CCL20 antibody as well as PD98059
on the activation of ERK1/2 and Elk-1 were further verified by WB. (g) Schematic diagram of the three specific binding sites between Elk-1 and the promoter of
miR-181a-5p based on LASAGNA-Search 2.0 and human genomic databases from NCBI. (h) The binding site truncation mutants and their control vectors
were cloned into pGL3-luciferase reporter plasmids and transfected into HCT8/LoVo cells. A luciferase reporter gene activity assay was used to analyze the
changes in luciferase activity and determine the transcriptional sites. (i) A luciferase reporter gene activity assay was further used to analyze the combined
effects of exogenous CCL20 and PD98059 on the luciferase activity of the wild-type/mutant Elk-1 on binding site 3 of the miR-181a-5p promoter constructs in
HCT8/LoVo cells. (j) qPCR was used to determine the effects of PD98059 on the RNA levels of miR-181a-5p in HCT8/LoVo, which had been co-cultured with
CM from LX2 cells overexpressing miR-181a-5p (*p < 0.05; **p < 0.01)
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Center for Biotechnology Information. There were three specific binding sites between Elk-1 and the promoter of miR-181a-5p
(Supplementary Figure S14). Subsequently, we constructed wild-type and mutant variants with the binding site mutated, and a
luciferase reporter gene assay was used to confirm the transcriptional effect of Elk-1 on the promoter of miR-181a-5p in HCT8
and LoVo, respectively (Figure 7g; Supplementary Table S9). We discovered that only mutant binding site 3 could downregulate
luciferase reporter gene activity of miR-181a-5p and inhibit miR-181a-5p transcriptional expression (Figure 7h). Moreover, we
demonstrated that the promotive role of CCL20 and α-HSCs on the expression of miR-181a-5p in CRC cells could be inhibited
by treatment with an ERK1/2 signalling pathway inhibitor; however, these processes were abolished when binding site 3 was
mutated in HCT8/LoVo cells (Figure 7i and j). To further understand the potential crosstalk between CRC cells and HSCs in
vivo, we first selected a liver metastatic mouse model and also liver metastatic tissues from CRLM patients. For the mouse liver
metastatic model, LX2 cells were first co-cultured with EVs derived fromHT29/RKO cells, which had been pre-transfected with
miR-181a-5p mimic or anti-miR-181a-5p constructs, respectively, then their CM was added to HCT8 cultures, and these HCT8
cells were injected into the spleens of male BABL/c nude mice to establish the mouse model of CRLM. Tissues of metastases to
the liver from CRLM patients were randomly selected from patients with high or low miR-181a-5p expression. Then, manual
multicoloured immunofluorescence staining was used to detect the expression levels of α-SMA, p-STAT3 and p-ERK in mice as
well as in the CRC patients’ metastatic liver tissues. The results showed that p-STAT3 was primarily detected in HSCs with posi-
tive expression of α-SMA, while p-ERK was primarily observed in the tumour cells of the metastases to the liver (Supplementary
Figure S15). Furthermore, we discovered that miR-181a-5p in EVs derived from CRC cells notably increased the expression of
α-SMA and p-STAT3 in HSCs, and this was also positively correlated with strong p-ERK staining in mice metastatic colonies in
the liver, compared with the respective control groups (Supplementary Figure S15a).Manual multicoloured immunofluorescence
staining in human tissues of metastases to the liver showed that CRLM patients with higher expression levels of miR-181a-5p also
presented stronger staining of α-SMA and p-STAT3 in HSCs and p-ERK in the metastases to the liver compared with those
with lower miR-181a-5p expression (Supplementary Figure S15b). Accordingly, these data confirm that miR-181a-5p in EVs reg-
ulated crosstalk between CRCs and HSCs within the CRLM metastatic microenvironment in vivo. Taken together, activation
of the ERK1/2/Elk-1 signalling pathway may also promote EV miR-181a-5p transcriptional expression in CRC cells, forming a
CCL20/CCR6/ERK1/2/Elk-1/miR‑181a-5p positive feedback loop that is involved in CRLM.

. miR-a-p may serve as a novel biomarker for CRLM

We first performed qPCR on 30 pairs of fresh CRC tissues, and the results showed that miR-181a-5p expression was significantly
higher in tissues from stage III-IV tumours compared with stage I-II tumours (Figure 8a). Then, we investigated miR-181a-5p
expression in serum EVs and observed that serum EVs from CRC patients with LM exhibited higher expression levels of miR-
181a-5p than those without LM (Figure 8b); representative serum EVs were examined by electron microscopy and nanoparticle
tracking analysis (Figure 8c and d). Moreover, we compared miR-181a-5p expression in a TMA containing 308 CRC samples
using ISH and demonstrated that the expression of miR-181a-5p in CRC tissues was notably upregulated, and it was positively
correlated with TNM stage, advanced AJCC stage and tumour recurrence (Supplementary Tables S10 and S11).

To further confirm the clinical significance of miR-181a-5p expression in CRLM, we further performed IHC staining in 40
cases of fresh CRC tissues as well as in metastases to the liver to analyze the expression a CRC marker (CEA) and a fibroblast
marker (α-SMA). We found that CRLM patients exhibited higher expression of miR-181a-5p, and stronger staining for CEA
and α-SMA (Figure 8e; Supplementary Figure S16a). Subsequently, Kaplan-Meier survival analysis revealed that patients with
higher miR-181a-5p expression had poorer DFS and OS rates (Supplementary Figure S16b and c). ISH staining and survival
analysis was performed on 88 patients with CRLM that underwent simultaneous resection, and the results showed that miR-
181a-5p expression was higher in these 39 patients with CRLM, and this was predictive of a poorer PFS and OS (Figure 8f and
g). Furthermore, univariate and multivariate survival analyses also suggested that miR-181a-5p may serve as an independent
prognostic biomarker for poor outcomes in CRLM patients (Supplementary Tables S12 and S13). Taken together, these results
indicate that CRC-derived EV miR-181a-5p plays key roles in the progression of CRC, particularly in CRLM (Figure 8h).

 DISCUSSION

CRLM is one of the most common causes of mortality in CRC patients, and it is mediated by interactions between tumour cells
and the TME in the liver. Accumulating evidence suggests that EVs are key players in intercellular communication and commu-
nication between cancer cells and the microenvironment (L. Zhang et al., 2015). miR-rich EVs have been shown to contribute
to tumour metastasis in several types of cancer (Fang et al., 2018; Qin et al., 2019). In the present study, we demonstrated that
highly-metastatic CRC cell-derived EVs rich in miR-181a-5p could activate HSCs by directly targeting SOCS3 via activation of
the IL6/STAT3 signalling pathway, resulting in remodelling of the TME. Interestingly, activated HSCs released CCL20 which
upregulated miR-181a-5p expression in CRC via the ERK/Elk-1 pathway, forming a positive feedback loop between CRC cells
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F IGURE  EVmiR-a-p serves as a novel biomarker for CRC patients with liver metastasis. (a) The expression levels of miR-181a-5p in CRC
patients with stage I-II (n = 30) and stage III-IV (n = 30) tumours were determined by qPCR. (b) qPCR assays were used to evaluate miR-181a-5p expression in
serum EVs from 25 CRC patients without liver metastasis (None LM) and those with liver metastasis (LM). Serum EVs were further detected by electron
microscopy (c) and Nanosight particle tracking analysis (d), respectively. Scale bar: 100 nm. (e) Association between the expression of CEA/α-SMA based on
IHC staining score and miR-181a-5p in CRLM specimens. (f and g) Kaplan-Meier survival analysis and log-rank tests were used to determine the associations
between miR-181a-5p with DFS (f) and OS (g) for 88 CRLM patients. (h) Schematic model of the positive feedback loop between highly metastatic CRC cells
and HSCs in CRLM (*p < 0.05; **p < 0.01)

and HSCs, which eventually resulted in CRLM. Of note, we previously reported that ectopic expression of miR-181a-5p pro-
moted the progression of gastric cancer (Mi et al., 2017), while other studies showed that miR-181a-5p was downregulated, and
it inhibited the proliferation of CRC cells (Han et al., 2017; Lv et al., 2018), suggesting that miR-181a-5p exhibits diverse roles in
different processes of cancer.
It is well established that CRLM is a multifactorial process regulated by the inherent heterogeneity and complex gene interac-

tions that occur during cancer (Lan et al., 2019). To date, although the Kras, Braf and MMR genes have been used for predicting
the prognosis of patients with metastatic CRC, they displayed efficiency in only a few cases. In addition to miR-181a-5p, other
miRNAs present in EVs have also been described to alter the TME in CRC, including miR-25, miR-155 and miR-21 (Lan et al.,
2019; Zeng et al., 2018).Whether with these EVmiRNAs act synergistically in CRLM, andwhether the impact of CRC cell-derived
EV miR-181a-5p exerts a more potent effect than those of other EV miRNAs, requires further investigation.
As reported, HSCs played crucial roles in organizing and accelerating the progression of metastasis in modulating the

prometastatic niche, interacting with colorectal cancer cell recruitment during CRLM development (Eveno et al., 2015).
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Moreover, α-HSCs can release chemokines in response to cancer cell stimulation and liver injury, contributing to CRC invasion
and growth (Chu et al., 2018; Van Den Eynden et al., 2013). Therefore, a comprehensive understanding of the underlying mecha-
nisms involved in HSC activation and metastases to the liver may provide novel insights for therapeutic management of CRLM.
In the present study, we not only confirmed that highly-metastatic CRC cell-derived EV miR-181a-5p could activate HSCs,
but it was also demonstrated that α-HSCs secreted chemokine CCL20, which further activated the ERK1/2/Elk-1 signalling
pathway via CCR6 in CRC cells, in-turn upregulating miR-181a-5p, resulting in reprogramming of the TME and the formation
of pre-metastatic niches in CRLM. These results highlight the important roles of EV miR-181a-5p in mediating the interactions
between CRC cells and the liver metastatic microenvironment. These findings may be useful in the development of novel
strategies for predicting the risk of CRLM and novel treatments in the future.
In conclusion, we demonstrated that highly-metastatic CRC-derived EV miR-181a-5p activated HSCs via regulation of

IL6/STAT3 signalling. This promoted secretion of CCL20 from α-HSCs and further activation of the ERK1/2/Elk-1 pathway
via CCR6 and upregulation of miR-181a-5p in CRC cells, ultimately resulting in the reprogramming of the TME as well as the
formation of pre-metastatic niches in liver CRLM. Our study identified a novel molecular mechanism underlying the crosstalk
between CRC cells and HSCs during CRLM, and may highlight novel targets for predicting the risk of CRLM. In addition,
inhibiting the feedback loop may prove to be a promising strategy for improving the prognosis of CRLM patients.
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