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Gastric cancer cell-derived exosomal miR-
541-5p induces M2 macrophage polarization
through DUSP3/JAK2/STAT3 pathway

Haimin Xiao', Jia Fu', Ruiting Liu', Likun Yan', Zhegi Zhou' and Jinyan Yuan®

Abstract

Purpose Exosomal microRNAs have been identified as important mediators of communication between tumor cells
and macrophages in the microenvironment. miR-541-5p was reported to be involved in hepatocellular carcinoma
progression, but its role in gastric cancer (GC) and in GC cell-macrophage crosstalk is unknown.

Methods Cell proliferation, migration and invasion were respectively assessed by CCK-8 assay, scratch and Transwell
assays. RT-gPCR was used to detect the level of miR-541-5p, macrophage markers and DUSP3. The percentage of
CD11b*CD206" cell population was analyzed by flow cytometry. Western blotting was employed to evaluate DUSP3-
JAK2/STAT3 pathway proteins and exosome markers. The interaction between miR-541-5p and DUSP3 was verified by
luciferase assay.

Results The results showed that miR-541-5p was upregulated in GC tissues and cells, and stimulated GC cell growth,
migration and invasion in vitro. GC cells induce M2 macrophage polarization by secreting the exosomal miR-541-5p.
Exosomal miR-541-5p maintained JAK2/STAT3 pathway activation in macrophages by targeting negative regulation of
DUSP3. Inhibiting miR-541-5p significantly limited tumor growth in vivo.

Conclusion In conclusion, miR-541-5p promotes GC cell progression. GC cells may induce macrophage M2
polarization through the exosomal miR-541-5p-mediated DUSP3/JAK2/STAT3 pathway. miR-541-5p may be a
potential therapeutic target for GC.
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Introduction

Gastric cancer (GC) is a widespread digestive system
malignancy, with over 1 million new cases of GC being
reported globally annually [1]. Despite partially improved
clinical outcomes with surgery, radiotherapy and che-
motherapy, GC remains the fifth most prevalent cancer
and the third most frequent contributor to cancer-related
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of GC has been shown to improve patient survival and
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prognosis, yet the biomarkers currently employed for GC
diagnosis and prognostic evaluation are not very sensi-
tive or specific [4]. Hence, it is essential to explore new
biomarkers and targets for early diagnosis and treatment
of GC.

Tumor-associated macrophages are the main immune
cells for tumor infiltration, dividing into two subtypes:
M1, typically activated, and M2, specifically activated
macrophages. M1 macrophages have a pro-immune,
pro-inflammatory, and anti-tumor effect, while M2 mac-
rophages have an immunosuppressive and anti-inflam-
matory effect, which helps to advance tumor progression
[5]. In tumor tissues, monocytes were recruited into the
tumor microenvironment to differentiate into macro-
phages, which polarized into M1 or M2 macrophages
under multiple stimuli, including cytokines and che-
mokines. M1 macrophages are characterized by CD80,
CD86, TNEF-q, IL-8, and iNOS, while M2 macrophages
are characterized by CD163, CD206, TGF-f, IL-10, and
Argl [6].

Exosomes are 30~150 nm extracellular vesicles that
contain a variety of biomolecules from parent cells, such
as lipids, proteins, and microRNAs (miRNAs). Exosomes
are taken up by target cells through endocytosis, trans-
mitting biological signals between cells [7]. MiRNAs
are small, non-coding RNAs that carry out a variety of
biological activities, such as breaking down mRNAs or
obstructing their translation to control post-transcrip-
tional gene expression [8]. The link between miRNAs
and cancer has been extensively studied, with multiple
miRNAs playing a role in cancer progression and regu-
lating tumor immunity and microenvironment [9]. There
is growing evidence that miRNAs are tissue-specific and
can be used as noninvasive, sensitive tumor diagnostic
markers [10]. MiRNA therapy by controlling the expres-
sion of miRNAs with carcinogenic or tumor-suppressing
properties may be an effective cancer treatment strategy
[11]. LI et al. found that miR-541-5p could promote the
proliferation, migration and invasion of liver cancer cells
in a laboratory environment, and knocking down miR-
541-5p can obstruct the growth of liver cancer tumors in
nude mice [12]. Studies have reported that exosome miR-
NAs derived from tumor cells can be uptake by tumor-
associated macrophages and promote macrophage M2
polarization, accelerating tumor progression [13]. But the
role of miR-541-5p in GC cell-macrophage crosstalk is
not clear.

This research aims to investigate the precise function of
miR-541-5p in GC and to determine if miR-541-5p can
be released in exosome form and involved in the interac-
tion between GC cells and macrophages.
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Materials and methods

Patient tissue samples

Tissue samples including GC tissues and normal tissues
were provided by GC patients. all of which were obtained
with informed consent and approved by the ethics com-
mittee of Shaanxi Provincial People’s Hospital. The fresh
tissues were frozen and stored in liquid nitrogen until
they were used.

Database analysis

Stomach adenocarcinoma is the main type of GC. The
UALCAN database (https://ualcan.path.uab.edu/) was
utilized to analyze the expression of miR-541-5p in nor-
mal samples and stomach adenocarcinoma samples. The
expression levels of miR-541-5p were also analyzed in
samples with different stages and grades as well as lymph
node metastases. With the Kaplan-Meier Plotter online
tool (https://kmplot.com/analysis/), Kaplan-Meier sur-
vival analysis and log-rank test were conducted to ascer-
tain the correlation between miR-541-5p level and the
overall survival of stomach adenocarcinoma patients.

Cell culture and treatment

The human monocyte THP1, human gastric epithelial
cell (GES-1), and GC cell lines (SGC-7901, AGS, MKN-
45, and HGC-27) were obtained from ATCC (Manassas,
VA, USA). GES-1 cells were cultured in DMEM medium
(Gibco, USA), and other cells in RPMI-1640 medium
(Gibco, USA). The nutrient medium was enriched with
10% fetal bovine serum (FBS, Gibco, USA), 1% antibiotic
(HyClone, USA), and 0.1% mycoplasma antibiotic (Invi-
trogen, USA). All cells were grown and proliferated in a
humidified incubator at 37 °C with 5% CO,. To explore
macrophage polarization, THP1 cells were cultured with
medium containing 100 ng/mL phorbol-12-myristate-
13-acetate (PMA) (Selleck, China) for 36 h and then
cultured in medium without PMA for 3 days to induce
THP1 differentiation into macrophage THP1 (M¢). To
inhibit exosome secretion by SGC-7901 and HGC-27
cells, GW4869 (10 uM, Selleck, China) was added to the
culture medium for 24 h.

Cell transfection assay

The cells were introduced into a 6-well, with a density
of 5x10° per well, and subsequently, delicate cells were
transfected after achieving growth stabilization. SGC-
7901 cells were transfected with miR-NC (Invitrogen,
Catalog # 4,464,059) or miR-541-5p mimic (Invitro-
gen, Assay ID MC12516, Catalog # 4,464,066) via lipo-
fectamine 2000 (Invitrogen, USA) following the given
instructions. HGC-27 cells were transfected with inhib-
itor-NC (Invitrogen, Catalog # 4,464,078) or miR-541-5p
inhibitor (Invitrogen, Assay ID MH12516, Catalog #
4,464,084). The negative control (ov-NC) and DUSP3
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overexpression plasmid (ov-DUSP3) were transfected
into THP1 (M¢) cells. The plasmids utilized in this
research were meticulously crafted and engineered by
Gene Pharma company (Suzhou, China).

CCK-8 assay

By the guidelines provided by the manufacturer, 10 pl
of CCK-8 reagents were incorporated into every pore
of transfected cells at intervals of 0, 24, 48, and 72 h,
followed by a 2 h incubation at 37 °C. Subsequently, a
microplate reader was utilized to measure the optical
density (OD) at 450 nm.

Scratch assay

SGC-7901 and HGC-27 cells in the logarithmic growth
phase were harvested and seeded at a density of 5x10°
cells/mL in 6-well plates, with each well containing 2
mL of cell suspension. Following incubation for 24 h, a
linear scratch was created across the monolayer using a
smooth and continuous motion with a 100 ul pipette tip.
The cells crossed off were washed 1~2 times with PBS
buffer, and the photos were taken by an inverted micro-
scope for 0 h. After 24 h, the cells were detected under
an inverted microscope, taking care to take another 24 h
photo in the same place as the 0 h position. Analyze using
Image] software.

Transwell assay

Using a Transwell invasion chamber (Corning, USA), the
upper and lower chambers with an 8 um pore diameter
were coated with Matrigel Matrix gel. The lower chamber
contained 600 pl of culture medium supplemented with
10% FBS, and the upper chamber was filled with 100 pl of
culture medium without FBS. A cell suspension of 30 pl
was added to the upper compartment and incubated in
a CO, incubator for 24 h. Following fixation with meth-
anol and staining using a solution of 0.2% crystal violet,
ten non-repeating fields of view were examined under a
microscope to quantify the number of cells that success-
fully penetrated through Matrigel Matrix within each
field. This experimental procedure was repeated three
times to ensure reliable results for subsequent analysis.

Co-culture assay

In the co-culture system, 6-well plates and 0.4 um pore
size Transwell chambers (Corning, USA) were used.
THP1 (M) cells (3x10°) were inoculated into the lower
chambers, and SGC-7901 or HGC-27 cells (3x10°)
were inoculated into the upper chambers. SGC-7901
and HGC-27 cells were either treated or untreated with
GW4869. After 48 h of co-culture, M1 and M2 macro-
phage markers were detected in THP1 (M¢) cells.
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Exosome isolation

The conditioned medium of GES-1 cells, GC cells and
THP1 (M¢) cells was subjected to centrifugation at 100
x g for 10 min, 2000 X g for 30 min, respectively, in order
to remove cell and debris. Total exosome isolation kit
(Invitrogen; 4,478,359) was used to isolate exosomes in
accordance with the manufacturer’s manual. Exosome
precipitates were resuspended in PBS solution and stored
at -80 °C. The levels of miR-541-5p detected in the exo-
somes were normalized to total number of exosomes.

RT-qPCR
TRIZOL reagents (Invitrogen, USA) were employed to
obtain total RNA from THP1 (M¢) cells, GC cells, and
tissues. The New Poly (A) tail kit (ThermoFisher, USA)
and PrimeScript RT Master Mix Kit (TaKaRa, Japan)
were utilized to transcribe miRNA and mRNA into
c¢DNA, adhering to the instructions provided by the man-
ufacturer. The FastStart® General SYBR Green Master Kit
(Roche, Mannheim, Germany) was utilized to amplify
these cDNAs, which were subsequently examined using
an ABI PRISM 790HT Sequencing System (Applied Bio-
systems, Waltham, MA, USA). The primer sequences
were as follows: miR-541-5p (F: 5-CGAAAGGATTCT
GCTGTCGGT-3; R: 5-AGTGCAGGGTCCGAGGTA
TT-3’), U6 (F: 5-CTCGCTTCGGCAGCACATATACT
A-3; R 5-ACGAATTTGCGTGTCATCCTTGCG-3),
DUSP3 (F: 5-GGGTGATGCCCAGTTTCT-3’; R: 5-GA
TCTCAACGACCTGCTCTC-3), GAPDH (F: 5-GCAC
CGTCAAGGCTGAGAAC-3; R: 5-GCCTTCTCCATG
GTGGTGAA-3’), CD163 (F: 5-CGAGTTAACGCCAGT
AAGG-3’; R: 5-GAACATGTCACGCCAGC-3’), TGE-B
(F: 5-CGTGGAGCTGTACCAGAAATAC-3’; R: 5-CAC
AACTCCGGTGACATCAA-3), IL-10 (F: 5-GAGAACC
AAGACCCAGACATCA-3; R: 5-AAGGCATTCTTCA
CCTGCTCCAC-3’), Argl (F: 5-TGCCCTTTGCTGAC
ATCCCTAAT-3%; R: 5-CTTCTTGACTTCTGCCACCT
T-3’), TNF-a (F: 5-TGACAAGCCTGTAGCCC-3’; R: 5~
CCCTTGAAGAGGACCTGG-3), iNOS (F: 5-GAGGC
AAACAGCACATTCAG-3; R: 5-CAGGAGAGTTCCA
CCAGGAT-3).

Western blot

The RIPA lysis buffer (Beyotime, Shanghai, China) sup-
plemented with protease and phosphatase inhibitors
(NCM Biotech, Suzhou, China) was employed to acquire
cells and tissue proteins. Subsequently, the lysate was
augmented with SDS-PAGE protein buffer (Beyotime,
Shanghai, China) and subjected to denaturation in a
100 °C water bath for 5 min. The protein samples were
isolated using SDS-polyacrylamide gel electrophoresis
and transferred onto a polyvinylidene difluoride mem-
brane (Thermo Fisher, MA, USA). A 5% rapid blocking
buffer (Beyotime, Shanghai, China) was used to obstruct
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the membrane for 45 min. The membranes were cut
and then incubated overnight with the primary anti-
body at 4 °C. Subsequently, the membrane blots under-
went immunoblotting with the secondary antibody for
a duration of 2 h, and subsequently captured utilizing a
Tanon4600 imaging system (Biotanon, China) with che-
miluminescent reagents (Advansta, CA, USA). The anti-
bodies used in this study were as follows: anti-DUSP3
(ab125077, 1: 1,0000); anti-p-JAK2 (ab32101, 1:1,000);
anti-JAK2 (ab108596, 1:1,000); anti-p-STAT3 (ab76315,
1:1,000); anti-STAT3 (ab68153, 1:1,000); anti-GAPDH
(ab9485, 1:1,0000); anti-CD63 (ab68418, 1:1,000); anti-
TSG101 (ab125011, 1:1,000); anti-Alix (ab275377,
1:1,000); anti-CD163 (ab182422, 1:1,000) (Abcam, Cam-
bridge, MA, USA), and horseradish peroxidase-conju-
gated goat anti-rabbit secondary antibody (ZB-5301,
ZSGB-BIO, Beijing, China).

Flow cytometry

To identify CD11b*CD206* macrophages, THP-1(M¢)
cells were first collected and fixed with 1% paraformalde-
hyde at 4 °C overnight. The cells were then immersed in
flow cytometry buffer (1xPBS buffer containing 1% FSA)
and stained with anti-CD11b-FITC and anti-CD206-APC
(Invitrogen, USA) for 30 min at ambient temperature.
Finally, the labeled cells were analyzed on a flow cytom-
eter (BD Biosciences, USA).

Dual luciferase reporter assay

The TargetScan database (http://www.targetscan.org/
vert_71) was used to anticipate the binding site of miR-
541-5p and DUSP3 (DUSP3-WT) and carry out site
mutation (DUSP3-MUT). WT/MUT plasmids cloned
into pmirGLO. mimic-NC, miR-541-5p mimic, DUSP3-
WT or DUSP3-MUT were transfected into THP1 (M¢)
cells. Two days later, the Dual-Luciferase Reporter Kit
(Promega, San Luis Obispo, WI, USA) was employed
to assay luciferase activity utilizing the SpectraMax 13X
Enzyme Labeler (Molecular Devices, San Jose, CA, USA).

Animal models

The Laboratory Animal Centre is where mice were
acquired and kept in a sterile environment. Six-week-old
female nude mice were randomly allocated to either the
inhibitor-NC group or the miR-541-5p inhibitor group to
generate a model of subcutaneous tumorigenesis. Each
mouse’s forelimb axils were injected with 1x 10’ HGC-27
cell suspension subcutaneously. Following a period of 4
weeks, the mice were sacrificed and their subcutaneous
tumors were extracted for weight evaluation. Regard-
ing euthanasia, we employed cervical dislocation for the
mice. The mice were not anesthetized before the proce-
dure. The cervical vertebrae were dislocated by grasp-
ing the back of the head and neck firmly and applying a
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rapid, forceful upward and backward movement, result-
ing in immediate death. The Animal Ethics Committee
of Shaanxi Provincial People’s Hospital reviewed and
approved the animal experimental protocol of this study.

ELISA assay

According to the manufacturer’s manual, anti-inflamma-
tory factors TGF-f} and IL-10 levels in nude mouse tumor
tissues were measured by using the mouse TGF-§ ELISA
kit and the mouse IL-10 ELISA kit (Abcam, USA). Within
20 min at the end of the reaction, the absorbance was
quantified at 450 nm using a spectrophotometer (Thermo
Fisher Scientific, USA), and then the TGF-p and IL-10
content was calculated from the normalized curve.

Statistical analysis

The experiments were conducted over three repeti-
tions. The quantitative data was expressed using the
Meantstandard deviation method. The t-test was used
to compare the statistical differences between the two
groups, and the ANOVA was used to assess the differ-
ences between the groups. The Kaplan-Meier method
and log-rank were utilized to evaluate the overall sur-
vival. A p-value of less than 0.05 was deemed to be statis-
tically significant.

Results

MiR-541-5p expression was upregulated in GC tissues and
cells

Bioinformatics analysis revealed that miR-541-5p was
increased in individuals with GC (Fig. 1A). As tumor
stage, grade, and lymph node metastasis progressed,
miR-541-5p expression increased (Fig. 1B-1D), sug-
gesting a potential link between miR-541-5p and the
advancement of GC. The poorer prognosis of GC patients
may be related to miR-541-5p levels, as evidenced by the
significantly lower overall survival of GC patients with
higher miR-541-5p expression (Fig. 1E). Furthermore, the
up-regulation of miR-541-5p expression in GC tissues
was confirmed by RT-qPCR (Fig. 1F). GC cell lines also
exhibited a higher miR-541-5p expression than normal
cell lines (Fig. 1G). These results suggest that miR-541-5p
may be associated with the development of GC.

MiR-541-5p stimulated the proliferation, migration, and
invasion of GC cells

Figure 1G illustrated that miR-541-5p exhibited the low-
est expression in SGC-7901 cells and the highest expres-
sion in HGC-27 cells. Therefore, miR-541-5p mimic was
transfected into SGC-7901 cells to promote miR-541-5p
expression (Fig. 2A), and miR-541-5p inhibitor was trans-
fected into HGC-27 cells to inhibit miR-541-5p expres-
sion (Fig. 2B). Subsequent cell function experiments
showed that overexpression of miR-541-5p enhanced the
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Fig. 1 The expression of miR-541-5p was increased in GC tissues and cells. (A) The expression of miR-541-5p in normal and GC samples was analyzed
using the UALCAN database. (B-D) The expression of miR-541-5p was characterized in normal samples and GC samples with different stages, grades as
well as lymph node metastases using the UALCAN database. (E) Kaplan-Meier survival analysis and log-rank test were used to determine the association of
miR-541-5p with overall survival. (F) The expression of miR-541-5p in collected GC tissues and adjacent normal tissues. (G) The expression of miR-541-5p
in the human gastric epithelial cell line GES-1 and GC cell lines SGC-7901, AGS, MKN-45 and HGC-27 ('P<0.05 vs. normal or GES-1 group)

capacity of SGC-7901 cells to proliferate, migrate and
invade (Fig. 2C, E and G). In contrast, inhibiting miR-
541-5p weakened the ability of HGC-27 cells to prolif-
erate, migrate and invade (Fig. 2D, F and H). The results
indicated that miR-541-5p stimulated malignant activity
in GC cells.

GC cells induce M2 macrophage polarization through
exosome secretion

To investigate the influence of GC cells on macrophage
polarization, PMA-induced differentiated THP1 (M¢)

macrophages were cultured alone or co-cultured with
SGC-7901 cells and HGC-27 cells. SGC-7901 cells and
HGC-27 cells were treated with or without the exosome
inhibitor GW4869. The M1 (TNF-a and iNOS) and M2
markers (CD163, CD206, TGF-p, IL-10 and Argl) of
THP1 (M¢) cells were detected. Co-culture with SGC-
7901 and HGC-72 cells resulted in increased levels of
CD163, TGF-p, IL-10 and Argl (Fig. 3A and B) and
decreased levels of TNF-a and iNOS (Fig. 3C and D), as
well as an increased proportion of CD11b*CD206™ cells
in THP1 (M¢) cells (Fig. 3E). The above results suggest
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Fig.2 miR-541-5p promoted proliferation, migration, and invasion of GC cells. (A) miR-541-5p overexpression efficiency in SGC-7901 cells. (B) miR-541-5p
interference efficiency in HGC-27 cells. (C) The effect of overexpression of miR-541-5p on the proliferation of SGC-7901 cells. (D) Inhibition of miR-541-
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miR-541-5p on HGC-27 cell migration. (G) The effect of overexpression of miR-541-5p on cell invasion in SGC-7901 cells. (H) The effect of inhibition of

MiR-541-5p on HGC-27 cell invasion. "P<0.05 vs. control group

that co-culture with GC cells promotes M2 polarization
of THP1 (M¢) cells. As shown in Fig. 3A-E, the addition
of GW4869 significantly attenuated the effect of co-cul-
ture of SGC-7901 and HGC-27 cells on the expression
of M1 and M2 markers in THP1 (M¢) cells. This implies
that SGC-7901 and HGC-27 cells may regulate THP1
(M¢) cell polarization through exosomes. To verify this,
exosomes from SGC-7901 and HGC-27 cells were iso-
lated. The exosome markers CD63, TSG101 and Alix
were all detected and both groups with GW4869 added
had very little marker proteins (Fig. 3F). The exosomes
isolated from SGC-7901 and HGC-27 cells significantly
increased the percentage of CD11b*CD206" cells in
THP1 (M¢) cells (Fig. 3G). This suggests that GC cells are

able to induce M2 macrophage polarization by secreting
exosomes.

GC cells induced polarization of M2 macrophages through
exosomal miR-541-5p

The exosomes secreted by GC cells usually contain
biological molecules such as miRNA. Consequently,
miR-541-5p was identified in the exosomes isolated
from GES-1 and GC cells (SGC-7901, AGS, MKN-45,
and HGC-27). The findings indicated that miR-541-5p
expression in the exosomes of GC cells was markedly
higher than that of GES-1 (Fig. 4A). THP1 cells them-
selves also release exosomes containing miR-541-5p,
but the miR-541-5p level is low (Fig. 4A). To investigate
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whether GC cells regulate M2 macrophage polariza-
tion through exosomal miR-541-5p, we up-regulated
miR-541-5p in SGC-7901 cells and down-regulated it in
HGC-27 cells, and then treated THP1 (M¢) cells with cell
exosomes. The findings showed that miR-541-5p was sig-
nificantly increased in SGC-7901 (miR-541-5p mimic)-
Exo group (Fig. 4B), and the expression of M2 markers
CD163, TGF-p, IL-10 and Argl was up-regulated consid-
erably (Fig. 4D). The percentage of CD11b*CD206" cells

was also obviously increased (Fig. 4F). When THP1 (M¢)
cells were exposed to exosomes from HGC-27 (miR-
541-5p inhibitor) cells, the expression of miR-541-5p
was decreased (Fig. 4C), the M2 markers was reduced
(Fig. 4E), and the amount of CD11b*CD206" cells was
decreased (Fig. 4G). This suggests that GC cells may
promote M2 macrophage polarization by secreting the
exosomal miR-541-5p. To further clarify the transfer of
miR-541-5p from GC cells to THP1 (M¢) cells, THP1
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Fig. 4 GC cells induced polarization of M2 macrophages through exosome

miR-541-5p. (A) The expression of miR-541-5p in exosomes from human

gastric epithelial cell line GES-1, GC cell lines SGC-7901, AGS, MKN-45 and HGC-27, as well as human monocyte cell line THP1 (‘P<0.05 vs. GES-1-Exo
group). (B, €) The expression of miR-541-5p in THP1 (M) cells treated with exosomes. (D, E) The expression of M2 markers CD163, TGF-B3, IL-10 and Arg1 in
THP1 (M) cells treated with exosomes. (F, G) The percentage of CD11b*CD206" cells in THP1 (M) cells ("P<0.05 vs. SGC-7901-Exo or HGC-27-Exo group)

(M¢) cells were cultured alone (NC group) or co-cultured
with un-transfected/transfected SGC-7901 cells and
HGC-27 cells. The results showed that both co-cultures
significantly promoted miR-541-5p expression in THP1
(M) cells (Fig. S1A, S1B). SGC-7901 cells transfected
with miR-541-5p mimic further increased miR-541-5p
levels, while HGC-27 cells transfected with miR-541-5p
inhibitor decreased miR-541-5p levels (Fig. S1A, B). In
addition, it’s observed that the use of miR-541-5p mimic
or inhibitor similarly changed the level of miR-541-5p in
exosomes in the co-culture medium (Fig. S1C, S1D).

MiR-541-5p promoted polarization of M2 macrophages
through the DUSP3-JAK2/STAT3 pathway

To gain a deeper understanding of how miR-541-5p
affects M2 macrophage polarization, the TargetScan
website was used to identify the target gene of miR-
541-5p, and it was discovered that miR-541-5p had
binding sites in the 3’-UTR region of DUSP3 mRNA

(Fig. 5A). The binding of miR-541-5p to DUSP3 was con-
firmed through a dual luciferase assay. The transfection
of miR-541-5p mimic resulted in a significant decrease in
luciferase activity for the DUSP3- WT group, while the
DUSP3-MUT group showed no substantial alteration
(Fig. 5B). The miR-541-5p mimic caused a reduction in
DUSP3 mRNA, whereas miR-541-5p inhibitor caused an
increase in DUSP3 mRNA (Fig. 5C). Additionally, over-
expression of DUSP3 attenuated SGC-7901 (miR-541-5p
mimic)-Exo inhibition of DUSP3 expression, suggesting
that the GC cell-derived exosomal miR-541-5p can tar-
get DUSP3 in macrophages (Fig. 5D and E). The JAK2/
STATS3 signaling pathway regulates cell proliferation dif-
ferentiation and is associated with the polarization of
M2 macrophages [14, 15]. DUSP3 is a phosphatase that
dephosphorylates substrate proteins [16]. Therefore, the
effect of DUSP3 on the JAK2/STAT3 pathway was fur-
ther examined. The results showed that overexpression
of DUSP3 decreased the phosphorylation of JAK2 and
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STAT3 (Fig. 5F). Furthermore, overexpression of DUSP3
attenuated the induction of M2 macrophage polariza-
tion by exosome miR-541-5p (Fig. 5G and H). Thus, miR-
541-5p may promote polarization of M2 macrophages
by inhibiting DUSP3 to maintain JAK2/STAT3 signaling
activation.

The suppression of miR-541-5p caused a decrease in tumor
growth

Tumorigenesis assays were performed in nude mice to
investigate the influence of miR-541-5p on GC develop-
ment. The results showed that tumor weight was signifi-
cantly reduced in miR-541-5p inhibitor group (Fig. 6A),
and miR-541-5p expression was decreased (Fig. 6B). The
inhibition of miR-541-5p resulted in increased DUSP3
expression and decreased phosphorylation levels of
JAK2 and STAT?3 in miR-541-5p inhibitor group (Fig. 6C
and D). What’s more, the suppression of miR-541-5p
decreased the levels of the M2 macrophage marker
CD163 protein, as well as the levels of the anti-inflam-
matory factors TGF-B and IL-10 in tumor tissues (Fig. 6E
and F). The findings imply that suppressing miR-541-5p
may impede GC progression in vivo.

Page 10 of 13

Discussion

The transfer of exosomes-mediated miRNAs to specific
recipient cells via vectors contributes to tumor metastasis
and drug resistance [17, 18]. The expression of abnormal
miRNA can activate or deactivate tumor-related genes,
thus aiding in the beginning, development, infiltration,
and spread of tumors by controlling cell differentiation,
apoptosis, and proliferation [19, 20]. In vitro and in vivo,
miR-541 hinders the growth and turnover of HCC cells.
miR-541p plays a role in cell growth, differentiation, cell
death, and the cell cycle by controlling the transcription
of specific genes. A limited number of investigations have
indicated the involvement of miR-541-5p in cancer. Xu
[21] et al. demonstrated a decrease in miR-541 expres-
sion in human HCC tissues with a shift in clinicopatho-
logical phenotype and autophagy in HCC. Tang [22]
et al. showed that the uptake of miR-541-5p by circRT-
N41IP1 caused HIF1A to form and hindered the growth
of intrahepatic cholangiocarcinoma cell malignancies.
This research demonstrated that miR-541-5p expres-
sion was increased in gastric cancer tissues and cells,
and we further corroborated that miR-541-5p stimulated
the growth, movement, and infiltration of gastric cancer
cells. The evidence implies that miR-541-5p has benefi-
cial and detrimental effects on tumors and cancers.
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Fig. 6 Inhibition of miR-541-5p slowed tumor growth in vivo. (A) Tumor weight. (B) The expression of miR-541-5p in tumor tissues. (C, D) The protein
expression of DUSP3, p-JAK2, JAK2, p-STAT3 and STAT3 in tumor tissues. (E) The protein level of CD163 in tumor tissues. (F) The TGF-3 and IL-10 levels in

tumor tissues were measured by ELISA kit (P < 0.05 vs. inhibitor-NC group)
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DUSP3, also known as V vaccinia H1-R elated (VHR),
is a crucial member of bispecific protein phosphatase,
a small bispecific phosphatase. Earlier researches have
indicated that DUSP3 plays a role in the cell cycle [23],
differentiation [24], adhesion, and migration [25, 26] and
possesses intricate and contradictory functions in tumor-
igenesis, potentially associated with cell type. Subsequent
studies [27] revealed the regulatory function of DUSP3
interaction with target protein networks in various can-
cers. DUSP3 deletion reduces inflammatory response
to septic shock by increasing the number and activity of
M2 macrophages [28]. In this study, miR-541-5p binds
to the 3 ““UTR regions of DUSP3 mRNA by predicting
miR-541-5p’s target genes, and we validated miR-541-5p
binding to DUSP3 by double-luciferase assays. However,
overexpression of DUSP3 attenuated the inhibition of
DUSP3 by SGC-7901-Exo, suggesting that miR-541-5p
derived from gastric cancer cell exosomes can target and
regulate DUSP3 expression in macrophages.

The JAK2/STAT3 signaling pathway is critical for regu-
lating cell growth and differentiation and significantly
contributes to the formation of tumors, drug resistance,
and the progression of malignancies. Research has dem-
onstrated that decreasing the phosphorylation of JAK2
and STAT can obstruct the growth of diffuse large B-cell
lymphoma in mice, amplifying the antitumor effects of
vincristine and prednisone [29] and induce apoptosis
in breast cancer cells by stimulating the production of
reactive oxygen species [30], as well as preventing the
emergence of chemotherapy resistance in breast cancer
during paclitaxel treatment by controlling the expression
of genes related to epithelial-mesenchymal transition
[31]. The JAK2/STATS3 signaling pathway is responsible
for regulating M2 macrophage polarization. Research
has suggested that the JAK2/STAT3 signaling pathway
alters the polarization of microglia/macrophages (par-
ticularly M2 polarization) during CIRI, which assists in
lessening brain harm and contributes to the progression
of Cucurbitacin B-induced M2-like macrophage inhibi-
tion [14]. DUSP3 has been shown to dephosphorylate
MAPKs, ERKs, and JNKs, and other substrates have also
been shown to be targets of DUSP3 in recent years. In
non-small cell lung cancer, DUSP3 can dephosphory-
late tyrosine Tyr, explicitly targeting the tyrosine kinase
receptor (ErBb) and epidermal growth factor receptor
(EGFR) [32]. (2) In immune cells stimulated by cytokines
and growth factors, DUSP3 can dephosphorylate signal
transducers and activators of transcription (STAT) [33].
This research revealed that an increase in DUSP3 expres-
sion caused a decrease in the phosphorylation of JAK2
and STAT3. Furthermore, the overexpression of DUSP3
reduced the stimulation of M2 macrophage polarization
by exosomal miR-541-5p, implying that miR-541-5p may
sustain JAK2/STAT3 signaling activation by restraining
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DUSP3, thus encouraging M2 macrophage polarization,
which was further corroborated by in vivo experiments.

In summary, miR-541-5p was upregulated in gastric
cancer tissues. Macrophages took up the exosomal miR-
541-5p secreted by gastric cancer cells, and miR-541-5p
promoted JAK2/STAT3 signaling activation by targeting
DUSP3, thereby promoting macrophage M2 polarization.
Our research indicates that miR-541-5p could be a viable
target for treating gastric cancer.

Despite this, there are certain restrictions to this
research. At the outset, there is a need for more evidence
to back up the role of miR-541-5p in controlling tumor
growth and M2 macrophage polarization in living organ-
isms. Furthermore, there needs to be more pertinent
clinical trials to corroborate the study’s novel discover-
ies. Consequently, in subsequent investigations, we will
concentrate on these two queries to enhance the intrin-
sic process of miR-541-5p in controlling gastric cancer
tumors and M2 macrophages.
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