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Exosomal miR-106a-5p from highly metastatic
colorectal cancer cells drives liver metastasis
by inducing macrophage M2 polarization

in the tumor microenvironment
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Abstract

Background The tumor microenvironment (TME) is a dynamic system orchestrated by intricate cell-to-cell crosstalk.
Specifically, macrophages within the TME play a crucial role in driving tumor progression. Exosomes are key mediators
of communication between tumor cells and the TME. However, the mechanisms underlying exosome-driven crosstalk
between tumor cells and macrophages during colorectal cancer (CRC) progression remain incompletely elucidated.

Methods Single-cell RNA sequencing were analyzed using the Seurat package. Exosomes were isolated using
ultracentrifugation and characterized by transmission electron microscopy, nanoparticle tracking analysis, and
western blot. miRNAs differentially expressed in exosomes were analyzed using the limma package. CD206 expression
in CRC tissues, exosomes tracing, and exosomal miR-106a-5p transport were observed through immunofluorescence.
Macrophage polarization was assessed via qRT-PCR, ELISA, and flow cytometry. The interactions between miR-
106a-5p, hnRNPAT, and SOCS6 were evaluated using miRNA pull-down, RIP, and dual-luciferase reporter assays.
Transwell assays and liver metastasis model explored the role of exosomal miR-106a-5p-induced M2 macrophages in
promoting CRC liver metastasis.

Result The proportion of M2 macrophages is increased in CRC with liver metastasis compared to those without.
Highly metastatic CRC cells release exosomes enriched with miR-106a-5p, which promote macrophages M2
polarization by suppressing SOCS6 and activating JAK2/STAT3 pathway. These M2 macrophages reciprocally enhance
CRC liver metastasis. h\nRNPAT regulate the transport of miR-106a-5p into exosomes. Clinically, elevated miR-106a-5p
in plasma exosomes correlated with liver metastasis and poor prognosis.
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Conclusion CRC-derived exosomal miR-106a-5p plays a critical role in promoting liver metastasis and is a potential
biomarker for the prevention and treatment of CRC liver metastasis.

Keywords Exosomes, miRNAs, Macrophage, Colorectal cancer, Liver metastasis

Background

Distant metastasis stands as a critical determinant of
mortality in colorectal cancer (CRC) mortality [1]. Due
to the unique anatomical characteristics of portal vein
circulation in the colorectum, more than 50% of CRC
patients experience liver metastasis during the course of
their disease [2]. Upon the occurrence of liver metasta-
sis, the 5-year overall survival (OS) rate for CRC patients
plummets to a mere 20% [3]. Therefore, there is a press-
ing need to comprehensively investigate the intrinsic
mechanisms driving CRC liver metastasis, pinpoint reli-
able molecular targets, and explore effective prevention
and treatment strategies to enhance the prognosis of
CRC patients with liver metastasis.

As our understanding of tumors deepens, a growing
body of evidence underscores the significant impact of
various cells interactions within the tumor microenviron-
ment (TME) on tumor metastasis [4, 5]. The TME, com-
prising multiple non-tumor cells, forms a complex milieu
that influences tumor malignancy, immune evasion, and
patient’ response to pharmacotherapy and overall sur-
vival [6]. Among these non-tumor cells, tumor-associ-
ated macrophages (TAMs) emerge as crucial regulators
role in tumor metastasis [7-9]. Current studies indi-
cate that macrophages can be broadly induced into two
distinct types: classically activated M1 macrophages
(expressing marker genes such as CD86 and IL-1p) and
alternatively activated M2 macrophages (expressing
marker genes such as CD163, CD206, IL-10, Arginase-1,
and TGF-B) [10]. CD163 is a membrane glycoprotein
that belongs to the scavenger receptor family and is pre-
dominantly expressed on M2 macrophages. CD206, also
known as the mannose receptor C-type 1 (MRC1), is also
a typical marker of M2 macrophages [11]. The increase
in M2 macrophages is closely linked to tumor metastasis,
as these macrophages secrete anti-inflammatory cyto-
kines such as IL-10 and TGF-p, participating in immune
regulation, wound healing, angiogenesis, and promoting
tumor progression [12]. Therefore, when TAMs in the
TME undergo M2 polarization, the microenvironment
becomes more conducive to tumor growth, significantly
amplifying tumor metastasis.

Exosomes, membranous vesicles with a diameter
of approximately 30-150nm, are secreted by various
cells [13]. Serving as cellular messengers, exosomes
transport a variety of bioactive molecules, including
nucleotides, proteins, and lipids, facilitating intercellu-
lar communication and participating in the regulation
of numerous physiological and pathological processes

[14]. MicroRNAs (miRNAs), non-coding RNAs measur-
ing 20-24 nucleotides in length, exert diverse biologi-
cal functions by binding to the 3" UTR regions of target
genes and regulating their expression [15]. Studies report
that 43% of RNA in exosomes comprises miRNA, under-
scoring the significance of miRNA in exosomal function
[16]. Moreover, several studies have shown that exosomal
miRNAs can regulate macrophage M2 polarization,
thereby promoting metastasis in cancers such as pros-
tate cancer, glioma and lung cancers [17-19]. However,
the role and mechanism of exosomal miRNAs in CRC
remain inadequately explored.

Our research unveiled an increased proportion of
M2 macrophages in CRC tissues with liver metastasis
compared to those without. Subsequent investigations
revealed that highly metastatic CRC cells release exo-
somes rich in miR-106a-5p, inducing M2 polarization
in macrophages. Consequently, exosomal miR-106a-5p-
induced M2 macrophages reciprocally enhance CRC
liver metastasis. These findings contribute to the identi-
fication of a novel and specific biomarker for the preven-
tion and treatment of CRC.

Methods

Patient samples and follow-up

A total of 311 plasma samples, tumor tissues, and paired
adjacent non-tumorous tissues were obtained from CRC
patients who underwent surgical resection at the First
Affiliated Hospital of Nanchang University between Sep-
tember 2019 and August 2020. Additionally, plasma sam-
ples were collected from 40 CRC surgical patients both
before and on the fifth day after surgery. For immuno-
fluorescence analysis, 20 fresh CRC tissues each with and
without liver metastasis were randomly selected from
this cohort. Moreover, 124 CRC patients’ plasma speci-
mens and 15 plasma specimens from healthy individuals
were used for quantitative real-time polymerase chain
reaction (qQRT-PCR). Regular follow-up procedures, as
detailed in our previous study described [4], were imple-
mented. Approval for this study was obtained from the
Ethics Committee of the First Affiliated Hospital of Nan-
chang University, and informed consent was obtained
from each participant.

Statistical analysis

Data analysis and visualization were performed using
SPSS 22.0 (IBM, USA), GraphPad Prism 8.0 (GraphPad
Software, USA), and R (Version 4.0.5) software. Differ-
ence between two groups were analyzed using x> test
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Fig. 1 Exosomes released by highly metastatic CRC cells drive macrophages M2 polarization. (A) Uniform manifold approximation and projection (UMAP)
plot of macrophage clusters. (B) Boxplot showed the proportions of macrophage types in CRC tissues with or without liver metastasis. (C) Immunofluo-
rescence assay was used to detected the proportions of CD206" cells in CRC tissues with (n=20) or without (n=20) liver metastasis. Scale bar =50 pm. (D)
TEM showed the typical structures of SW620, SW480, HCT 116 and Caco-2 exosomes. Scale bar =100 um. (E) The particle size of exosomes was detected
by NTA. (F) The presence and absence exosomal markers were detected by western blot. (G) Representative image following 24 h treatment of THP-1 cells
with 100 ng/mL phorbol 12-myristate 13-acetate (PMA) to induce their differentiation into M¢. gRT-PCR was utilized to detect the marker gene expres-
sion of macrophage (CD68). (H) gRT-PCR was performed to detect changes in the expression of M2 (IL-10, CD206, CD163, and Arginase-1) and M1 (IL-1P)
macrophages marker genes in Mg after incubated with different exosomes. (I) ELISA was used to assess the secretion of TGF-f and IL-10 by Me treated
with different exosomes. J-K. Flow cytometry was used to detect the proportion of CD206* macrophages in Mg after incubated with different exosomes.
The data presented herein represent the outcomes of a minimum of three independent experiments and are depicted as the mean +standard deviation

(SD). * P<0.05, ** P<0.01, ** P<0.001

and Student’s t test. Analysis of variance (ANOVA) was
used to compare the difference between multiple groups.
Kaplan-Meier method and log-rank test analyzed the dif-
ferences in OS and disease-free survival (DFS) of CRC
patients. A significance level of P<0.05 denoted statisti-
cal significance.

Additional materials and methods utilized in this study
are exhibited in the supplementary materials.

Results

Single-cell RNA sequencing revealed increased infiltration
of M2 macrophage in CRC with liver metastasis

To profile the differences in the primary TME between
CRC tissues with liver metastasis and those without
liver metastasis, we analyzed single-cell RNA sequenc-
ing data obtained from the Gene Expression Omnibus
(GEO) database (GSE178318, GSE205506), comprising
thirteen CRC tumors (three with liver metastasis and ten
without). Following quality filtering, we obtained a total
of 84,040 high-quality single cells for subsequent analy-
sis. Cluster analysis of combined samples, based on clas-
sical markers, identified seven major cell types: T/NK
cells, B/plasma cells, myeloid cells, epithelial cells, endo-
thelial cells, fibroblasts cells, and mast cells (Figure S1A
and S1B). In CRC tissues with liver metastasis, the pro-
portion of T/NK cells (50.86% vs. 27.46%) and myeloid
cells (13.38% vs. 6.74%) was higher compared to CRC
tissues without liver metastasis (Figure S1C). Moreover,
numerous studies indicate that myeloid cells are closely
associated with the progression of CRC [20, 21]. Next, we
extracted a total of 7,044 myeloid cells and re-clustered
them into six subtypes (Figure S1D). In CRC tissues with
liver metastasis, the proportion of macrophage cells
(40.87% vs. 27.61%) was higher compared to CRC tis-
sues without liver metastasis (Figure S1E). Therefore, we
further re-clustered the macrophage cells into five sub-
types (Fig. 1A) based on their gene expression profiles.
We observed that macrophage cell type 1 exhibited high
expression of CD163 and CD206 (also known as MRC1),
suggesting that these cells possess characteristics of M2
macrophages (Figure S1F). Further analysis revealed that
the proportion of macrophage cell type 1 (M2 macro-
phage) was significantly higher in CRC tissues with liver

metastasis compared to those without liver metastasis
(46.34% vs. 32.54%, P<0.05) (Fig. 1B and S1G). These
findings suggest that M2 macrophages are significantly
more abundant in CRC tissues with liver metastasis com-
pared to those without liver metastasis. Given that some
studies have demonstrated an association between M2
macrophages and tumor metastasis [22, 23], we further
investigated the relationship between M2 macrophages
and CRC liver metastasis.

Exosomes released by highly metastatic CRC cells drive
macrophages M2 polarization

Initially, immunofluorescence assay was conducted to
validate the results of single-cell RNA sequencing, reveal-
ing a significant increase in M2 macrophages in CRC
tissues with liver metastasis compared to those with-
out (Fig. 1C, P<0.001). This suggests the presence of a
substance in CRC tissues with liver metastasis that may
promote M2 polarization of macrophage. Numerous
studies have demonstrated that exosomes play a cru-
cial role in regulating the TME [24, 25]. Accordingly, we
selected two CRC cell lines with high metastatic poten-
tial (HCT 116 and SW620) and two with low metastatic
potential (SW480 and Caco-2) for further study [26, 27]
(metastatic capability shown in Figure S2). Transmission
electron microscopy and nanoparticle tracking analysis
revealed that the exosomes had diameters ranging from
30 to 150 nm (Fig. 1D and E). Western blot confirmed the
presence of exosomal markers CD9, TSG101, and Alix,
and the absence of the endoplasmic reticulum protein
Calnexin (Fig. 1F). To explore the influence of exosomes
derived from CRC cell lines with different metastatic
potentials on macrophage polarization, we treated PMA-
induced THP-1 cells (named as M¢ in subsequence,
Fig. 1G) with exosomes from the above four CRC cell
lines. qRT-PCR showed that exosomes from highly met-
astatic CRC cells induced higher expression levels of
IL-10, CD206, CD163, and Arginase-1 in M¢ compared
to those from low metastatic CRC cells (Fig. 1H). ELISA
indicated that exosomes derived from highly metastatic
CRC cells induced M¢ to secret more TGF-p and IL-10
(markers of M2 macrophages) compared to exosomes
from low metastatic CRC cells (Fig. 1I). Flow cytometry
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Fig. 2 miR-106a-5p abundance in exosomes from highly metastatic CRC cells. (A) Volcano plot exhibiting the differentially expressed exosomal miRNAs
in the GSE115114 and GSE123708. (B) gRT-PCR was performed to detect the expression of four miRNAs in exosomes derived from four CRC cells. (C)
The expression of miR-106a-5p in NCM460 and CRC cell lines. (D) The expression of miR-106a-5p in M after treated with PBS, Caco-2 exosomes, HCT
116 exosomes, SW480 exosomes or SW620 exosomes, respectively. E-F. The expression levels of miR-106a-5p in M@ after incubated with physically (E)
or pharmacologically (F) exosome-depleted supernatants compared to those treated with standard supernatant. G. The expression levels of miR-106a-
5p were detected in the supernatant of CRC cells following treatment with RNase A or RNase A plus Triton X-100. H. The presence of green fluorescent
signals in M after treated with PKH67-labeled exosomes for 24 h. Scale bar =10 um. I. M@ were incubated with exosomes derived from SW620/SW480/
HCT 116/Caco-2 transfected with Cy3-labeled miR-106a-5p (red). Scale bar =10 um. The data presented herein represent the outcomes of a minimum of
three independent experiments and are depicted as the mean +standard deviation (SD). ns=No significant difference, * P<0.05, ** P<0.01, *** P<0.001

also demonstrated a higher proportion of CD206% mac-
rophages when incubated with exosomes from highly
metastatic CRC cells (Fig. 1] and K). These results indi-
cate that highly metastatic CRC cells could induce more
macrophages M2 polarization.

miR-106a-5p abundance in exosomes from highly
metastatic CRC cells

The components in exosomes, especially miRNAs, play
a crucial role in cell-to-cell crosstalk [28]. To clarify the
exosomal miRNAs that regulate macrophages M2 polar-
ization, we analyzed miRNA sequencing data from the
GEO database (GSE115114, GSE123708). Four miRNAs
were found to be highly expressed in exosomes from
both the plasma of metastatic patients and HCT 116
cells (Fig. 2A). Subsequent qRT-PCR revealed that hsa-
miR-106a-5p (named as miR-106a-5p in subsequence)
showed the most significant expression difference in exo-
somes from high and low metastatic CRC cells (Fig. 2B).
Further qRT-PCR assay on cells indicated that miR-
106a-5p was highly expressed in CRC cells compared
to normal colonic epithelial cells (NCM460), with even
higher expression observed in highly metastatic CRC
cells (Fig. 2C). Additionally, M¢ treated with exosomes
from highly metastatic CRC cells showed significantly
higher levels of miR-106a-5p than those treated with
exosomes from low metastatic cells (Fig. 2D). To deter-
mine whether miR-106a-5p is transferred from CRC cells
to macrophages via exosomes, M¢ were incubated with
either standard supernatant or exosome-depleted super-
natant from CRC cells. The expression of miR-106a-5p
were significantly reduced in M¢ treated with physi-
cally (Fig. 2E) or pharmacologically (Fig. 2F) exosome-
depleted supernatants compared to those treated with
standard supernatant. Furthermore, under RNase A
treatment, the expression of miR-106a-5p in the super-
natant from CRC cells did not change, but significantly
decreased with combined RNase A and Triton X-100
treatment, suggesting that extracellular miR-106a-5p is
primarily encapsulated within vesicles, rather than being
directly released from CRC cells (Fig. 2G). Addition-
ally, M¢ were treated with PKH67-labeled exosomes.
After 24 h, green fluorescent signals were observed in
Mg¢, indicating the internalization of PKH67-labeled
exosomes (Fig. 2H). Concurrently, M¢ were incubated

with exosomes derived from CRC cells transfected with
Cy3-labeled miR-106a-5p. After 24 h, Cy3-labeled miR-
106a-5p was observed in the M¢, demonstrating the
transfer of miR-106a-5p from CRC cells to macrophages
(Fig. 2I). In summary, these results suggest that miR-
106a-5p is highly expressed in exosomes from highly
metastatic CRC cells and could be transferred to macro-
phages via exosomes.

Regulation of miR-106a-5p packaging into exosomes by
hnRNPA1

Previous studies have shown that the transport of miRNA
into exosomes requires the involvement of specific RNA-
binding proteins (RBPs) [29]. To clarify the mechanism
of miR-106a-5p transport into exosomes, we utilized the
database of RNA-binding protein specificities (RBPDB,
http://rbpdb.ccbr.utoronto.ca/) and RNA-binding pro-
tein site prediction (RBPsuite, http://www.csbio.sjtu.edu.
cn/bioinf/RBPsuite/) to screen for RBPs that may bind
to miR-106a-5p (Fig. 3A). A total of seven RBPs were
in the intersection of the two databases. Gene Ontol-
ogy analysis of the seven RBPs identified heterogeneous
nuclear ribonucleoprotein A1 (hnRNPA1) as being local-
ized in exosomes (Table S3), and hnRNPA1 was found
to have a specific binding site for miR-106a-5p (Fig. 3B).
Meanwhile, we found that knockdown of hnRNPA1 in
CRC cells did not change the expression of miR-106a-5p
(Fig. 3C and D). Co-culturing CRC cells transfected
with sh-hnRNPA1 and Cy3-miR-106a-5p with macro-
phages showed that knocking down hnRNPA1 in CRC
cells significantly reduced the amount of miR-106a-5p
transported to macrophages via exosomes (Fig. 3E-G).
Additionally, after extracting exosomes from CRC cells
transfected with sh-hnRNPA1 and Cy3-miR-106a-5p
and incubating them with macrophages, immunofluores-
cence also showed that knocking down hnRNPA1 in CRC
cells significantly reduced the transfer of miR-106a-5p to
macrophages via exosomes (Fig. 3H-I), indicating that
hnRNPA1 regulates miR-106a-5p encapsulation into exo-
somes. Additionally, miRNA pull-down and RIP experi-
ments demonstrated that miR-106a-5p and hnRNPA1
interact in the cytoplasm and exosomes of HCT 116
and SW620 cells, but not in the nucleus. Mutation of the
miR-106a-5p binding sequence (CAGGUA) eliminated
this interaction (Fig. 3] and K; Figure S3A and S3B).
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These results suggest that in CRC cells, hnRNPA1 could
regulate the transport of miR-106a-5p into exosomes by
binding to a specific sequence (CAGGUA).

Induction of M2 polarization by exosomal miR-106a-5p
After determining that macrophages could uptake
exsomal miR-106a-5p, we further investigated whether
miR-106a-5p could induce macrophages M2 polariza-
tion. Initially, miR-106a-5p was knocked down in HCT
116 cells and overexpressed in SW480 cells (named as
HCT 116-anti-NC, HCT 116-anti-miR-106a-5p, SW480-
control, SW480-miR-106a-5p mimics; Figure S4A-S4D).
Then, exosomes were isolated and added to the M¢. The
results showed that knockdown of miR-106a-5p signifi-
cantly weakened the ability of exosomes from HCT 116
cells to induce M¢ M2 polarization, while overexpres-
sion of miR-106a-5p significantly enhanced the ability
of exosomes from SW480 cells to induce M¢ M2 polar-
ization (Fig. 4A and C). Additionally, overexpression of
miR-106a-5p in M¢ (Figure S4E) demonstrated that miR-
106a-5p could significantly promote M¢ M2 polarization
(Fig. 4D and F). These results suggest that exosomal miR-
106a-5p derived from CRC cells could promote macro-
phages M2 polarization.

Direct targeting of SOCS6 and activation of JAK2/

STAT3 signaling pathway by exosomal miR-106a-5p in
macrophages

To elucidate the mechanism by which miR-106a-5p regu-
lates the M2 polarization of macrophages, five bioinfor-
matics tools (miRDB, Tarbase, StarBase, miRmap, and
Targetscan) were employed to predict the target genes
of miR-106a-5p (Fig. 5A). SOCS6 (suppressor of cyto-
kine signaling 6), identified in the intersection of five
databases, caught our attention. As a member of the
suppressor of cytokine signaling (SOCS) family, SOCS6
could inhibit the activation of the JAK2/STAT3 signal-
ing pathway [30]. Meanwhile, the activation of STATS3 is
closely related to the macrophages M2 polarization [31].
Based on the predicted binding sites of miR-106a-5p on
the 3'UTR of SOCS6 (Fig. 5B), dual-luciferase reporter
gene assays were conducted. When HEK293T cells
were co-transfected with Luc-SOCS6-3'UTR-WT plas-
mid and miR-106a-5p mimics, a significant decrease
in luciferase activity was observed, while no change in
luciferase activity was observed with co-transfection
of Luc-SOCS6-3’'UTR-MUT plasmid and miR-106a-5p
mimics. Similarly, co-transfection of Luc-SOCS6-
FUTR-WT plasmid and miR-106a-5p inhibitor led to a
marked increase in luciferase activity, but no change was
observed with Luc-SOCS6-3’'UTR-MUT plasmid and
miR-106a-5p inhibitor (Fig. 5C). Western blot experi-
ments further revealed that overexpression of miR-
106a-5p in M¢ could downregulate SOCS6 and activate
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the JAK2/STATS3 signaling pathway (Fig. 5D). qRT-PCR
showed that knockdown of miR-106a-5p significantly
weakened the inhibitory effect of exosomes from HCT
116 cells on SOCS6 expression, while overexpression of
miR-106a-5p significantly enhanced this inhibitory effect
of exosomes from SW480 cells (Fig. 5E). Western blot
also indicated that exosomes from HCT 116 and SW480
cells could significantly downregulate SOCS6 expres-
sion in M¢, further activating the JAK2/STAT3 signal-
ing pathway. This effect was significantly weakened with
exosomes from HCT 116-anti-miR-106a-5p cells and
significantly amplified with exosomes from SW480-miR-
106a-5p-mimics cells (Fig. 5F).

Furthermore, flow cytometry showed that the increase
in the proportion of CD206" cells induced by miR-
106a-5p mimics or exosomes from HCT 116 cells were
attenuated when co-transfected with SOCS6 overex-
pression plasmid (SOCS6-OE) (Fig. 5G and I). qRT-PCR
similarly indicated that overexpression of SOCS6 in M¢
weakened the upregulation of IL-10, CD206, CD163,
and Arginase-1 induced by miR-106a-5p mimics or exo-
somes from HCT 116 cells (Fig. 5H and J). Addition-
ally, flow cytometry demonstrated that the decrease in
the proportion of CD206% cells caused by miR-106a-5p
inhibitor was reversed when co-transfected with an
SOCS6 knockdown plasmid (sh-SOCS6) (Fig. 5K), and
qRT-PCR showed that knockdown of SOCS6 in M2 mac-
rophages restored the downregulation of IL-10, CD206,
CD163, and Arginase-1 induced by miR-106a-5p inhibi-
tor (Fig. 5L). Moreover, western blot further revealed that
overexpression of SOCS6 in M¢ could reverse the down-
regulation of SOCS6 expression and activation of the
JAK2/STAT3 signaling pathway caused by miR-106a-5p
mimics or exosomes from HCT 116 cells (Fig. 5M and N).
Knockdown of SOCS6 expression in M2 macrophages
reversed the upregulation of SOCS6 expression and inhi-
bition of the JAK2/STAT3 signaling pathway caused by
the miR-106a-5p inhibitor (Fig. 50). These results sug-
gest that exosomal miR-106a-5p induces macrophages
M2 polarization by directly targeting SOCS6, inhibiting
its expression, and thereby activating the JAK2/STAT3
signaling pathway.

Reciprocal promotion of CRC liver metastasis by exosomal
miR-106a-5p-induced M2 macrophages

We have identified that exosomal miR-106a-5p can
induce macrophages M2 polarization, and extensive
research has shown that M2 macrophages can promote
the malignant progression of tumors [9]. Consequently,
we further explored whether exosomal miR-106a-5p
induced M2 macrophages could in turn promote liver
metastasis of CRC. We chose HCT-8 and LoVo cells for
subsequent experiments. Initially, M¢ cells were trans-
fected with miR-106a-5p mimics or the corresponding
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Fig. 3 Regulation of miR-106a-5p packaging into exosomes by hnRNPA1. (A) The potential RBPs that may bind to miR-106a-5p. (B) The specific interac-
tion between the miR-106a-5p sequence and hnRNPAT motifs. C-D. After transfecting HCT 116 and SW620 cells with sh-hnRNPAT, the expression of
hnRNPA1 was detected by gRT-PCR and western blot (C), and the expression of miR-106a-5p was detected by gRT-PCR (D). E-G. Mo cells were co-cultured
with SW620/HCT 116 pre-transfected with sh-hnRNPAT and Cy3-miR-106a-5p (red). Immunofluorescence was performed to detect the red fluorescent
signals in macrophages. Scale bar =10 um. H-1. Mo cells were incubated with exosomes derived from SW620/HCT 116 transfected with sh-nnRNPAT and
Cy3-miR-106a-5p (red). Immunofluorescence was performed to detect the red fluorescent signals in macrophages. Scale bar =10 um. J. Western blot was
employed to assess hnRNPAT expression in samples obtained from miRNA pulldowns, utilizing nuclear, cytoplasmic, or exosomal lysates from HCT116
cells. K. RIP assay was executed using an anti-hnRNPAT antibody (or IgG as a control) on lysates derived from HCT 116 cells or exosomes. gRT-PCR was
used to quantify miR-106a-5p levels in the immunoprecipitated samples, expressed as percentages relative to the input (% input). The data presented
herein represent the outcomes of a minimum of three independent experiments and are depicted as the mean + standard deviation (SD). ns=No signifi-

cant difference, ** P<0.01, *** P<0.001

control, and then the conditioned medium (CM) was
added to the HCT-8 and LoVo cell lines. Transwell
showed that exogenous miR-106a-5p induced M2 macro-
phages significantly promoted migration and invasion of
HCT-8 and LoVo cells (Fig. 6A and B).

Subsequently, M¢ cells were co-cultured with exo-
somes derived from SW480-miR-106a-5p mimics, HCT
116-anti-miR-106a-5p, and their respective control
groups. The co-cultured CM were then added to HCT-8
and LoVo cells. In vitro, transwell demonstrated that M2
macrophages induced by exosomal miR-106a-5p from
CRC cells (SW480-miR-106a-5p mimics, HCT 116-anti-
miR-106a-5p, and their respective control groups) sig-
nificantly enhanced the migration and invasion of HCT-8
and LoVo cells (Fig. 6C and S5C-S5D). In vivo experi-
ments also showed that M2 macrophages induced by
exosomal miR-106a-5p from CRC cells (SW480-miR-
106a-5p mimics, HCT 116-anti-miR-106a-5p, and their
respective control groups) significantly promoted liver
metastasis of LoVo cells (Fig. 6D and G). These results
indicated that M2 macrophages induced by exosomal
miR-106a-5p could in turn promote liver metastasis of
CRC.

Elevated plasma exosomal miR-106a-5p as an independent
prognostic marker in CRC

To elucidate the clinical significance of exosomal miR-
106a-5p in CRC patients, we isolated plasma exosomes
from CRC patients and healthy individuals (Fig. 7A).
qRT-PCR showed that plasma exosomal miR-106a-5p
expression was elevated in CRC patients compared to
healthy individuals. Moreover, the expression of miR-
106a-5p in plasma exosomes was significantly higher in
CRC patients with liver metastasis than in those with-
out liver metastasis (Fig. 7B). Additionally, a dramatic
decrease in the expression of plasma exosomal miR-
106a-5p was observed in postoperative patients, sug-
gesting that plasma exosomal miR-106a-5p is mainly
produced by the tumor (Fig. 7C).

Furthermore, we found that increased expression lev-
els of exosomal miR-106a-5p were closely associated with
poor tumor differentiation, distant metastasis, and lym-
phatic/microvascular/perineural invasion (Table 1).

Moreover, Cox proportional hazards regression analy-
sis further revealed that plasma exosomal miR-106a-5p
is an independent prognostic factor for CRC patients
(Table 2). Concurrently, Kaplan-Meier survival analy-
sis showed that patients with high expression of plasma
exosomal miR-106a-5p had significantly lower OS and
DEFS than those with low expression (Fig. 7D and F). In
summary, these findings suggest that plasma exosomal
miR-106a-5p is highly expressed in CRC patients and
associated with liver metastasis and poor prognosis. It
could serve as a valuable independent prognostic factor
for the diagnosis and treatment of CRC.

Discussion

The TME, often referred to as the “soil” of the tumor, is
a dynamic and intricately regulated system that plays a
pivotal role in tumor development and metastasis [32,
33]. Among the various components within the TME,
macrophages hold a central position, and their pheno-
typic alterations are known to influence tumor metasta-
sis significantly [34]. Generally, categorized as classically
activated M1 macrophages with anti-tumor effects and
alternatively activated M2 macrophages promoting
tumor progression [35], the plasticity of macrophages
within the TME has been widely explored.

Previous studies have showed that macrophages
uptake exosomes from triple-negative breast cancer cells
enriched with miR-184-3p, which induce M2 polariza-
tion and promote tumor metastasis via downregulating
EGR1 to inhibit the JNK signaling pathway [36]. Through
the analysis of single-cell RNA sequencing data, we dis-
covered higher M2 macrophage infiltration in CRC tis-
sues with liver metastasis, suggesting a potential role in
the metastatic cascade. However, the detailed mecha-
nism through which CRC cells regulate macrophages in
this context remain elusive.

The classical understanding of tumor cells induce
macrophage polarization via secretion of cytokines or
chemokines has been expanded with increasing aware-
ness of exosome-mediated intercellular interactions
within the TME [37-39]. Exosomes, as carriers of bio-
active molecules such as miRNA and proteins, play a
crucial role in modulating macrophage polarization and
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Fig. 4 Induction of M2 polarization by exosomal miR-106a-5p. (A) gRT-PCR was used to detect changes in the expression of M2 (IL.-10, CD206, CD163,
and Arginase-1) macrophage marker genes in Mg after incubated with different exosomes. (B) ELISA was used to assess the secretion of TGF-3 and IL-10
by Mo treated with different exosomes. (C) Flow cytometry was used to detect the proportion of CD206™ macrophages in M after incubated with differ-
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tumor progression [40—42]. Our study delved into this
aspect, revealing that exosomes from highly metastatic
CRC cells induced greater M2 macrophage polariza-
tion than those from low metastatic CRC cells. Further

analysis of exosomal miRNA sequencing data from the
GEO database identified miR-106a-5p as enriched in
exosomes from CRC patients with liver metastasis and
highly metastatic CRC cells. Despite the well-established
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Fig.5 Direct targeting of SOCS6 and activation of JAK2/STAT3 signaling pathway by exosomal miR-106a-5p in macrophages. A. Venn plot showing the
potential target genes predicted to bind with miR-106a-5p by five bioinformatics tools. B. The predicted binding sites of miR-106a-5p on the 3'UTR of
SOCS6. C. In HEK 293T cells, dual-luciferase reporter gene assays were conducted using transfection with either wild or mutant SOCS6 3"-UTR plasma,
along with miR-106a-5p mimics or inhibitor. The luciferase activity was detected 48 h post-transfection and normalized based on the ratio of firefly to
renilla luciferase signals. D. 48 h following the transfection of miR-106a-5p mimics in M, western blot was conducted to detect the expression of SOCS6
and the activation of the JAK2/STAT3 pathway. E. gRT-PCR was employed to detect the expression of SOCS6 in M after treatment with different exo-
somes. F. 48 h following the co-culture of different exosomes in M, western blot was conducted to detect the expression of SOCS6 and the activation
of the JAK2/STAT3 pathway. G-H. Mg were transfected with miR-106a-5p mimics alone or combined with SOCS6-OE. Flow cytometry was employed to
assess the proportion of CD206% macrophages (G). gRT-PCR was used to measure the expression of IL.-10, CD206, CD163, and Arginase-1 (H). I-J. M@
were treated with HCT 116 exosomes alone or concurrently transfected with SOCS6-OE. Flow cytometry was employed to determine the proportion of
CD206" macrophages (I). qRT-PCR was used to evaluate the expression of IL-10, CD206, CD163, and Arginase-1 (J). K-L. Mo were differentiated into M2
macrophage using IL-4 (50 ng/mL) and IL-13 (50 ng/mL), followed by transfection with either miR-106a-5p inhibitor alone or combined with sh-SOCSé.
Flow cytometry was utilized to assess the proportion of CD206* macrophages (K). gRT-PCR was conducted to measure the expression of IL-10, CD206,
CD163, and Arginase-1 (L). M. M were transfected with miR-106a-5p mimics alone or combined with SOCS6-OE, followed by western blotting to detect
SOCS6 expression and JAK2/STAT3 pathway activation. N. Mg were treated with HCT 116 exosomes alone or concurrently transfected with SOCS6-OE,
followed by western blotting to detect SOCS6 expression and JAK2/STAT3 pathway activation. O. Mg were differentiated into M2 macrophages using IL-4
and IL-13, then transfected with miR-106a-5p inhibitor alone or combined with sh-SOCS6, followed by western blotting to detect SOCS6 expression and
JAK2/STAT3 pathway activation. The data presented herein represent the outcomes of a minimum of three independent experiments and are depicted

as the mean £ standard deviation (SD). ns=No significant difference, * P<0.05, ** P<0.01, *** P<0.001

role of miR-106a-5p in promoting malignant progression
in various cancers [43-45], the specific function of exo-
somal miR-106a-5p derived from CRC cells had not been
clarified until our study. Our findings demonstrated that
exosomal miR-106a-5p strongly induced M2 macrophage
polarization, prompting further investigation into the
mechanisms governing its transfer into exosomes.
Specific RBPs have been implicated in regulating
miRNA packaging into exosomes [46]. Heterogeneous
nuclear ribonucleoproteins (hnRNPs), a class of RBPs,
play various biological functions beyond their initially
identified role in pre-mRNA splicing [47]. Our study
identified hnRNPA1 as a key player in regulating the
packaging of miR-106a-5p into exosomes. This aligns
with previous research demonstrating hnRNPA1’s
involvement in mediating the transfer of miRNAs via
exosomes in other cancer types [48]. Targeting hnRNPA1
provides a potential avenue for therapeutic interventions
aimed at modulating the TME during CRC treatment.
Going further into the mechanistic insights, our study
unveiled that exosomal miR-106a-5p induced M2 mac-
rophage polarization by downregulating SOCS6 and
activating the JAK2/STAT3 signaling pathway. SOCS6, a
member of the suppressor of cytokine signaling family, is
known for the role in inhibiting the JAK2/STAT?3 signal-
ing pathway [49]. While SOCS6 has been predominantly
studied in tumor cells [50, 51], our research shed light

on its role in immune cells, particularly macrophages.
The identified regulatory axis suggests that inhibiting
the phosphorylation of STAT3 could potentially alter the
TME, suppressing tumor progression. Furthermore, the
bidirectional interaction between tumor-derived exo-
somes and M2 macrophages was explored in the context
of CRC liver metastasis, revealing that these M2 macro-
phages reciprocally promoted CRC liver metastasis.

Our clinical investigations into plasma exosomal miR-
106a-5p levels in CRC patients provided translational
relevance to our findings. Elevated expression of plasma
exosomal miR-106a-5p was observed in CRC patients,
particularly those with liver metastasis, and significantly
decreased postoperatively, emphasizing the tumor as a
primary source. Correlations were established between
high exosomal miR-106a-5p expression and adverse
clinicopathological features, including poor tumor dif-
ferentiation, distant metastasis, and invasion character-
istics. Furthermore, Cox proportional hazards regression
analysis identified plasma exosomal miR-106a-5p as an
independent prognostic factor for CRC patients. Kaplan-
Meier survival analysis corroborated these findings,
demonstrating lower OS and DFS in patients with high
miR-106a-5p expression. This identifies plasma exosomal
miR-106a-5p as a promising independent prognostic bio-
marker for CRC.
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Fig. 6 Reciprocal promotion of CRC liver metastasis by exosomal miR-106a-5p-induced M2 macrophages. A-B. M cells were transfected with miR-106a-
5p mimics or the corresponding control, and then the CM was added to the HCT-8 and LoVo cell lines. Transwell assays were performed to assess the
migration and invasion capabilities of HCT-8 (A) and LoVo (B) cells treated with various CM. C. Mo cells were co-cultured with exosomes derived from
SW480-miR-106a-5p mimics, HCT 116-anti-miR-106a-5p, and their respective control groups. The co-cultured CM were then added to HCT-8 and LoVo
cells. Transwell assays were performed to assess their migration and invasion capabilities. D-G. Representative bioluminescence images of liver metastasis
in various treatment groups of nude mice (D-E). Representative photographs of liver metastasis (F) and HE staining (G) in various treatment groups of
nude mice. The data presented herein represent the outcomes of a minimum of three independent experiments and are depicted as the mean +stan-
dard deviation (SD). *P<0.05, ** P<0.01, *** P<0.001
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mean + standard deviation (SD). *P<0.05, ** P<0.01, *** P<0.001
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Table 2 Univariate and multivariate analysis of overall survival

clinicopathological factors in CRC patients (n=104) in CRC
Variables Patients miR-106a-5p X P Variables Univariate analysis ~ Multivariate
expression value analysis
(n=104) High Low HR (95% Pvalue HR(95% P
(n=52) (n=52) ql) ()] value
Gender 0979 0322 Gender (male vs. female) 0.86 0.671
Male 59 27 (51.9)  32(61.5) (0.42-1.75)
Female 45 25(48.1) 20 (38.5) Age (> 60 years vs. <60 1.66 0.180
Age (years) 3126 0077 years) (0.79-3.50)
<60 49 20(385) 29 (558) Tumor location (Rectum  0.59 0.146
vs. Colon) (0.29-1.20)
> €0 > 2619 23 Tumor diameter (>5cm  2.86 0.005 175 0.186
Tumor location 1418 0234 vs.<5 cm) (138-5.90) (076-4.02)
Colon 44 19363)  25(481) Differentiation (well / 021 <0.001 028 0.003
Rectum 60 33(635) 27519 moderate vs. poor) (0.10-0.46) (0.12-0.65)
Tumor diameter 2719  0.099 pT stage (T3-4 vs. T1-2) 538 0107
(cm) (083-6.81)
<5 68 30(577)  38(73.7) pN stage (N1-2vs.NO)  1.74 0.144
>5 36 22 (423)  14(26.9) (0.83-3.66)
Tumor 4872 0.027 Distant metastasis (M1~ 5.88 <0.001 3.24 0.010
differentiation vs. M0) (2.81-1227) (132-7.95)
Poor 41 26 (500) 15(288) PTNM stage (Il - IV vs. 3.1 0.013 1.70 0342
Well / Moderate 63 26(50.0) 37(71.2) I-10) (1.27-7.62) (0.57-5.07)
pT stage 1846 0174 CEA (>5 ng/ml vs.<5 122 0591
T1-2 26 16(30.8)  10(19.2) ng/ml) (0.59-2.50)
T3-4 78 36(69.2) 42 (80.8) CA19-9 (>27 U/ml 247 0.014 138 0.449
pN stage 0038 0844 vs. <27 U/ml) (1.20-5.06) (0.60-3.14)
NO 51 26(500) 25 (48.1) Lymphatic/microvascu- 259 0.010 090 0.810
N1-2 53 26(500)  27(51.9) lar/perineural invasion (1.26-5.31) (0.39-2.11)
) ) (Yes vs. No)
Distant metastasis 42650039 omal miR-106a-5p 415 0.001 328 0.009
MO 79 35(67.3)  44(846) expression (1.78-9.68) (1.35-7.96)
M1 25 17 (32.7) 8(154) (High vs. Low)
pTNM stage 0639 0424 Abbreviations: HR, hazard ratio; Cl, confidence interval
I-Il 42 19(36.5 23442 Pvalues in bold indicate P<0.05
-1V 62 33(63.5) 29(55.8)
CEA (ng/ml) 2.556 0.110 .
<5 62 27(519)  35(67.3) Conclusion
S5 4 25(48.1) 17 (32.7) In conclusion, our study provides comprehensive insights
CA19-9 (U/ml) * 1049 0306 into the role of CRC-derived exosomal miR-106a-5p in
<27 67 31(596) 36 (69.2) mediating cell-to-cell crosstalk between CRC cells and
>27 37 21(404)  16(308) macrophages. This newly identified regulatory axis offers
Lymphatic/micro- 7.278 0.007 potential therapeutic targets and presents plasma exo-
vascular/perineural somal miR-106a-5p as a specific and valuable biomarker
invasion for CRC diagnosis and treatment. The bidirectional
ves » 24(462) 1112 interaction between exosomal miR-106a-5p-induced M2
No 69 28(53.8) 41(78.8)

* Defined by basic CEA or/AND CA19-9, CT or/AND MRI, or PET-CT

#The cut-off value is determined based on the diagnostic cut-off values utilized
at our hospital

Pvalues in bold indicate P<0.05

macrophages and CRC cells sheds light on the complex
dynamics within the TME, particularly in the context
of CRC liver metastasis. The identification of hnRNPA1
as a key regulator of miRNA packaging into exosomes
further adds to the mechanistic understanding, provid-
ing avenues for the development of targeted therapeutic
strategies aimed at modulating the TME during CRC
treatment.
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Abbreviations

TME Tumor microenvironment

CRC Colorectal cancer

SOCS6 Suppressor of cytokine signaling 6

JAK2 Janus kinase 2

STAT3 Signal transducer and activator of transcription 3
hnRNPA1 Heterogeneous nuclear ribonucleoprotein Al
miRNA MicroRNA

(&) Overall survival

DFS Disease-free survival

TAMs Tumor-associated macrophages

MRC1 Mannose receptor C-type 1

gRT-PCR Quantitative real-time polymerase chain reaction
PMA Phorbol 12-myristate 13-acetate

ELISA Enzyme linked immunosorbent assay

RBPs RNA-binding proteins

RIP RNA-binding protein immunoprecipitation

(@] Conditioned medium

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513046-024-03204-7.

(2024) 43:281

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3
Supplementary Material 4
Supplementary Material 5

Supplementary Material 6: Fig. ST Single-cell expression atlas of CRC with
or without liver metastasis. (A) Uniform manifold approximation and
projection (UMAP) plot of the major cell types in all samples (n=13). (B)
Dot plot exhibiting the marker genes across the cell types. (C) Histogram
showed the proportions of cell types in CRC tissues with or without liver
metastasis. (D) UMAP plot of myeloid clusters. (E) Histogram showed

the proportions of myeloid types in CRC tissues with or without liver
metastasis. (F) Heatmap exhibiting the marker genes across macrophage
subsets. (G) Histogram showed the proportions of macrophage types in
CRC tissues with or without liver metastasis, Fig. S2 Transwell assay was
conducted to explore the metastatic capability of four different CRC cells.
*¥*p<0.01,** p<0.001, Fig. S3 (A) Western blot was employed to assess
hnRNPAT expression in samples obtained from miRNA pulldowns, utilizing
nuclear, cytoplasmic, or exosomal lysates from SW620 cells. (B) RIP assays
were conducted using an anti-hnRNPAT antibody (or IgG as a control) on
lysates derived from SW620 cells or exosomes. gRT-PCR was employed

to quantify miR-106a-5p levels in the immunoprecipitated samples,
expressed as percentages relative to the input (% input). *** p<0.001,

Fig. S4 (A) gRT-PCR was performed to confirm the efficiency of lentivirus-
mediated knockdown of miR-106a-5p in HCT 116 cells. (B) gRT-PCR was
performed to detect the expression of miR-106a-5p in the exosomes

of HCT 116 cells treated with miR-106a-5p knockdown lentivirus and
lentiviral control. (C) gRT-PCR was performed to confirm the efficiency

of lentivirus-mediated overexpression of miR-106a-5p in SW480 cells.

(D) gRT-PCR was performed to detect the expression of miR-106a-5p in
the exosomes of SW480 cells treated with miR-106a-5p overexpression
lentivirus and lentiviral control. E-F gRT-PCR was performed to detect the
expression of miR-106a-5p in Mg cells after transfection with miR-106a-5p
mimics (E) and in M2 macrophages after transfection with miR-106a-5p in-
hibitor (F). ** p<0.01, *** p <0.001, Fig. S5 A-B Western blot was performed
to detect the expression of SOCS6 in M2 macrophages after transfection
with sh-SOCS6 (A) and in M cells after transfection with SOCS6-OE (B).
C-DTranswell assays were performed to assess the migration and invasion
capabilities of HCT-8 (C) and LoVo (D) cells treated with various CM

Acknowledgements

We acknowledged Figdraw platform (http://www.figdraw.com/) for their help.

Page 16 of 17

Author contributions

YL and JL contributed equally to this work. YL was responsible for data
curation, funding acquisition, investigation, methodology, software use

and analysis, visualization and wrote the original manuscript. JL carried out
data curation, investigation, methodology, software and visualization. YY
performed investigation and methodology. HJ performed investigation. HL
carried out data curation and investigation. ML performed data curation. YL
performed data curation and methodology. YV carried out data curation and
Investigation. LY was responsible for data curation and funding acquisition.
TL and XL were the primary investigator in this study. TL performed
conceptualization, funding acquisition, supervision and writing — review &
editing. XL was responsible for conceptualization, formal analysis, funding
acquisition, methodology, project administration, supervision and writing —
review & editing. The final draft of the work received approval from all authors.

Funding

This study was supported by the National Natural Science Foundation of
China (grant no. 82160561, 82360524), Jiangxi Province Graduate Innovation
Special Fund Project (grant no. YC2022-B058), Interdisciplinary innovation
fund of Nanchang University (grant no. 9167-28220007-YB2108).

Data availability
Original data in our study are available upon request.

Declarations

Ethics approval and consent to participate
This study was approved by the Ethics Committee of First Affiliated Hospital of
Nanchang University. Each study participant provided informed consent.

Consent for publication
All authors have consented to the publication of this manuscript.

Competing interests
The authors declare that they have no conflict of interest.

Author details

'Department of General surgery, The First Affiliated Hospital, Jiangxi
Medical College, Nanchang University, Nanchang, Jiangxi 330006, China
“Gastrointestinal Surgical Institute, Nanchang University, Nanchang,
Jiangxi 330006, China

*Department of Orthopedics, The First Affiliated Hospital, Jiangxi Medical
College, Nanchang University, Nanchang, Jiangxi 330006, China
“Department of Gastroenterology, The Second Affiliated Hospital, Jiangxi
Medical College, Nanchang University, Nanchang, Jiangxi 330006, China

Received: 17 May 2024 / Accepted: 1 October 2024
Published online: 09 October 2024

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et
al. Global Cancer statistics 2020: GLOBOCAN estimates of incidence and
Mortality Worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71:209-49.

2. Siegel RL, Wagle NS, Cercek A, Smith RA, Jemal A. Colorectal cancer statistics,
2023. CA Cancer J Clin. 2023;73:233-54.

3. Margonis GA, Sergentanis TN, Ntanasis-Stathopoulos I, Andreatos N, Tzanninis
IG, Sasaki K, et al. Impact of Surgical Margin Width on recurrence and overall
survival following RO hepatic resection of colorectal metastases: a systematic
review and Meta-analysis. Ann Surg. 2018;267:1047-55.

4. DenglL, LiT,LiaoY, Liu S, Xie Z, Huang Z, et al. Peritumoral activated hepatic
stellate cells are associated with hepatic recurrence for resectable colorectal
adenocarcinoma liver metastasis following resection. Oncol Lett. 2020;20:287.

5 Yang L, LiT, ShiH, Zhou Z, Huang Z, Lei X. The cellular and molecular com-
ponents involved in pre-metastatic niche formation in colorectal cancer liver
metastasis. Expert Rev Gastroenterol Hepatol. 2021;15:389-99.

6. Rizvi S,Wang J, El-Khoueiry AB. Liver Cancer Immun Hepatol. 2021;73(Suppl
1):86-103.


https://doi.org/10.1186/s13046-024-03204-7
https://doi.org/10.1186/s13046-024-03204-7
http://www.figdraw.com/

Liang et al. Journal of Experimental & Clinical Cancer Research (2024) 43:281 Page 17 of 17

7. ChenJ, Zhang K, ZhiY, WuY, Chen B, Bai J, et al. Tumor-derived exosomal 32. Leonardi GC, Candido S, Cervello M, Nicolosi D, Raiti F, Travali S, et al. The
miR-19b-3p facilitates M2 macrophage polarization and exosomal LINC00273 tumor microenvironment in hepatocellular carcinoma (review). Int J Oncol.
secretion to promote lung adenocarcinoma metastasis via Hippo pathway. 2012;40:1733-47.

ClinTransl Med. 2021;11:e478. 33. deVisser KE, Joyce JA. The evolving tumor microenvironment: from cancer

8. PiaoH, Ful,WangY,LiuY,Wang Y, Meng X, et al. A positive feedback loop initiation to metastatic outgrowth. Cancer Cell. 2023;41:374-403.
between gastric cancer cells and tumor-associated macrophage induces 34, Zhou X, Liu Q Wang X, Yao X, Zhang B, Wu J, et al. Exosomal ncRNAs facilitate
malignancy progression. J Exp Clin Cancer Res. 2022;41:174. interactive dialogue’between tumor cells and tumor-associated macro-

9. Christofides A, Strauss L, Yeo A, Cao C, Charest A, Boussiotis VA. The complex phages. Cancer Lett. 2023;552:215975.
role of tumor-infiltrating macrophages. Nat Immunol. 2022;23:1148-56. 35, Pittet MJ, Michielin O, Migliorini D. Clinical relevance of tumour-associated

10.  Guillot A, Tacke F. Liver macrophages: Old dogmas and New insights. Hepatol macrophages. Nat Rev Clin Oncol. 2022;19:402-21.

Commun. 2019;3:730-43. 36. Zhou X,Hong Y, LiuY,Wang L, Liu X, Li Y, et al. Intervening in hnRNPA2B1-

11, Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage polarization: mediated exosomal transfer of tumor-suppressive mir-184-3p for tumor
tumor-associated macrophages as a paradigm for polarized M2 mononuclear microenvironment regulation and cancer therapy. J Nanobiotechnol.
phagocytes. Trends Immunol. 2002,23:549-55. 2023:21:422.

12. Xiang X, Wang J, Lu D, Xu X. Targeting tumor-associated macrophages to 37. Wang X, Wang J, Zhao J, Wang H, Chen J, Wu J. HMGA2 facilitates colorectal
synergize tumor immunotherapy. Signal Transduct Target Ther. 2021;6:75. cancer progression via STAT3-mediated tumor-associated macrophage

13. Tkach M, Théry C. Communication by Extracellular vesicles: where we are and recruitment. Theranostics. 2022;12:963-75.
where we need to go. Cell. 2016;164:1226-32. 38 WangV,SunQ YeY, Sun X, Xie S, Zhan Y et al. FGF-2 signaling in nasopharyn-

4. Han QF, LiWJ, Hu KS, Gao J, Zhai WL, Yang JH, et al. Exosome biogenesis: geal carcinoma modulates pericyte-macrophage crosstalk and metastasis. JCI
machinery, regulation, and therapeutic implications in cancer. Mol Cancer. Insight. 2022,7:e157874.

2022;21:207. 39. Zhang G, Gao Z, Guo X, Ma R, Wang X, Zhou P et al. CAP2 promotes gastric

15.  Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. cancer metastasis by mediating the interaction between tumor cells and
2004;116:281-97. tumor-associated macrophages. J Clin Invest. 2023;133:2166224.

16.  Huang X, YuanT, Liang M, Du M, Xia S, Dittmar R, et al. Exosomal miR-1290 40. Wang, LiY, Zhong J, Li M, Zhou Y, Lin Q, et al. Tumor-derived Cav-1 promotes
and miR-375 as prognostic markers in castration-resistant prostate cancer. pre-metastatic niche formation and lung metastasis in breast cancer. Ther-
Eur Urol. 2015;67:33-41. anostics. 2023;13:1684-97.

17. Wang J, Du X, Wang X, Xiao H, Jing N, Xue W, et al. Tumor-derived 41. LuT,Zhang Z, Zhang J, Pan X, Zhu X, Wang X, et al. CD73 in small extracellular
miR-378a-3p-containing extracellular vesicles promote osteolysis by vesicles derived from HNSCC defines tumour-associated immunosuppres-
activating the Dyrk1a/Nfatc1/Angptl2 axis for bone metastasis. Cancer Lett. sion mediated by macrophages in the microenvironment. J Extracell Vesicles.
2022;526:76-90. 2022;11:212218.

18. Qian M, Wang S, Guo X, Wang J, Zhang Z, Qiu W, et al. Hypoxic glioma- 42. HuZYoul,HuS,Yul,GaoY,LiL, et al. Hepatocellular carcinoma cell-derived
derived exosomes deliver microRNA-1246 to induce M2 macrophage polar- exosomal mir-21-5p promotes the polarization of tumor-related macro-
ization by targeting TERF2IP via the STAT3 and NF-kB pathways. Oncogene. phages (TAMs) through SP1/XBP1 and affects the progression of hepatocel-
2020;39:428-42. lular carcinoma. Int Immunopharmacol. 2024;126:111149.

19. FangT, LvH,LvG, LT Wang C Han Q et al. Tumor-derived exosomal 43, Zheng, Zhu K, Wang G. miR-106a-5p carried by tumor-derived extracellular
mir-1247-3p induces cancer-associated fibroblast activation to foster lung vesicles promotes the invasion and metastasis of ovarian cancer by targeting
metastasis of liver cancer. Nat Commun. 2018;9:191. KLF6. Clin Exp Metastasis. 2022;39:603-21.

20. ChengS,LiZ GaoR, Xing B, GaoY, Yang, et al. A pan-cancer single-cell tran- 44, Ranjbaran J, Safarpour H, Nomiri S, Tavakoli T, Rezaei Z, Salmani F, et al.
scriptional atlas of tumor infiltrating myeloid cells. Cell. 2021;184:792-e80923. Experimental validation of in silico analysis estimated the reverse effect of

21. Ahmed AU, Almasabi S, Firestein R, Williams B. Integrin-linked kinase upregulated hsa-miR-106a-5p and hsa-mir-223-3p on SLC4A4 gene expres-
expression in myeloid cells promotes colon tumorigenesis. Front Immunol. sion in Iranian patients with colorectal adenocarcinoma by RT-qPCR. Cancer
2023;14:1270194. Med. 2023;12:7005-18.

22. ZhangY,Wang K, Yang D, Liu F, Xu X, Feng Y, et al. Hsa_circ_0094606 pro- 45. Yang G, LiT, Liu J,Quan Z, Liu M, GuoYY, et al. INcRNA MAGI2-AS3 suppresses
motes malignant progression of prostate cancer by inducing M2 polarization castration-resistant prostate cancer proliferation and migration via the miR-
of macrophages through PRMT1-mediated arginine methylation of ILF3. 106a-5p/RAB31 axis. Genomics. 2023;115:110599.

Carcinogenesis. 2023;44:15-28. 46. Qin X, Guo H,Wang X, Zhu X, Yan M, Wang X, et al. Exosomal miR-196a

23. He Z,Wang J, Zhu C, Xu J, Chen P, Jiang X, et al. Exosome-derived FGD5-AS1 derived from cancer-associated fibroblasts confers cisplatin resistance in
promotes tumor-associated macrophage M2 polarization-mediated pancre- head and neck cancer through targeting CDKN1B and ING5. Genome Biol.
atic cancer cell proliferation and metastasis. Cancer Lett. 2022;548:215751. 2019;20:12.

24. Yue M, Hu S, Sun H, Tuo B, Jia B, Chen C, et al. Extracellular vesicles remodel 47. LiY,Wang H, Wan J, Ma Q, Qi Y, Gu Z. The hnRNPK/A1/R/U Complex Regulates
tumor environment for cancer immunotherapy. Mol Cancer. 2023;22:203. Gene Transcription and Translation and is a favorable prognostic biomarker

25.  Davidson CL, Vengoji R, Jain M, Batra SK, Shonka N. Biological. Diagnos- for human colorectal adenocarcinoma. Front Oncol. 2022;12:845931.
tic and therapeutic implications of exosomes in glioma. Cancer Lett. 48.  Gao X, Wan Z,Wei M, Dong Y, ZhaoY, Chen X, et al. Chronic myelogenous leu-
2024;582:216592. kemia cells remodel the bone marrow niche via exosome-mediated transfer

26.  Hamada K, Monnai M, Kawai K, Nishime C, Kito C, Miyazaki N, et al. Liver of miR-320. Theranostics. 2019;9:5642-56.
metastasis models of colon cancer for evaluation of drug efficacy using 49. YoshizumiT, Kubo A, Murata H, Shinonaga M, Kanno H. BC-Box motif in
NOD/Shi-scid IL2Rgammanull (NOG) mice. Int J Oncol. 2008;32:153-9. SOCS6 induces differentiation of epidermal stem cells into GABAnergic

27. XuY,Zhang L, Wang Q, Zheng M. Comparison of different colorectal Cancer neurons. Int J Mol Sci. 2020;21:4947.
with Liver metastases models using six colorectal Cancer cell lines. Pathol 50. CuiB, GongL, Chen M, Zhang, Yuan H, Qin J, et al. CUL5-SOCS6 complex
Oncol Res. 2020;,26:2177-83. regulates mTORC2 function by targeting Sin1 for degradation. Cell Discov.

28.  Preethi KA, Selvakumar SC, Ross K, Jayaraman S, Tusubira D, Sekar D. Liquid 2019;5:52.
biopsy: exosomal microRNAs as novel diagnostic and prognostic biomarkers 51, Sun X, SunY, LiJ, Zhao X, Shi X, Gong T, et al. SOCS6 promotes radiosensitivity
in cancer. Mol Cancer. 2022;21:54. and decreases cancer cell stemness in esophageal squamous cell carcinoma

29. Garcia-Martin R, Wang G, Branddo BB, Zanotto TM, Shah S, Kumar PS, et al. by regulating c-Kit ubiquitylation. Cancer Cell Int. 2021;21:165.

MicroRNA sequence codes for small extracellular vesicle release and cellular
retention. Nature. 2022;601:446-51.

30. Yang Z, Huang S, Zhao L. Suppressor of cytokine signaling 6 in cancer Publisher’s note
development and therapy: deciphering its emerging and suppressive roles. Springer Nature remains neutral with regard to jurisdictional claims in
Cytokine Growth Factor Rev. 2022;64:21-32. published maps and institutional affiliations.

31. XuZ ChenY,MaL, ChenY,LiuJ,GuoY, et al. Role of exosomal non-coding

RNAs from tumor cells and tumor-associated macrophages in the tumor
microenvironment. Mol Ther. 2022;30:3133-54.



	﻿Exosomal miR-106a-5p from highly metastatic colorectal cancer cells drives liver metastasis by inducing macrophage M2 polarization in the tumor microenvironment
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Patient samples and follow-up
	﻿Statistical analysis

	﻿Results
	﻿Single-cell RNA sequencing revealed increased infiltration of M2 macrophage in CRC with liver metastasis
	﻿Exosomes released by highly metastatic CRC cells drive macrophages M2 polarization
	﻿miR-106a-5p abundance in exosomes from highly metastatic CRC cells
	﻿Regulation of miR-106a-5p packaging into exosomes by hnRNPA1
	﻿Induction of M2 polarization by exosomal miR-106a-5p
	﻿Direct targeting of SOCS6 and activation of JAK2/STAT3 signaling pathway by exosomal miR-106a-5p in macrophages
	﻿Reciprocal promotion of CRC liver metastasis by exosomal miR-106a-5p-induced M2 macrophages
	﻿Elevated plasma exosomal miR-106a-5p as an independent prognostic marker in CRC

	﻿Discussion
	﻿Conclusion
	﻿References


