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Cancer cell-derived exosomal miR-34a inhibits the malignant
progression of pancreatic adenocarcinoma cells by restraining
the M2 polarization of macrophages
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'Department of Three Wards of Hepatobiliary Surgery;
2Department of Pathology, The Second Affiliated Hospital of Kunming Medical University, Kunming, Yunnan, China

This study aimed to investigate the crosstalk mechanism between pancreatic cancer (PAC) cells and M2 tumor-
associated macrophages (TAMs) induced by tumor-derived exosomal miR-34a. Micro RNA and mRNA expres-
sion levels were detected using RT-qPCR. Cell Counting Kit-8, wound-healing, transwell assays and flow
cytometry were respectively employed to assess cell proliferation, migration, invasion and apoptosis. Enzyme-
linked immunosorbent assay was utilized to determine cytokine secretion. Transmission electron microscopy
and nanoparticle tracking analyses were performed to detect the exosome morphology and particle size.
Phagocytosis of exosomes by macrophages was verified by PKH26 labeling. The effects of exosome-treated
macrophages on the epithelial-mesenchymal transition, invasion, and migration of PANC-1 cells were investi-
gated using coculture experiments. The identification of miR-34a's potential targets was determined with
TargetScan and validated by a dual-luciferase reporter assay. miR-34a was downregulated in PAC tissues, cells,
and exosomes. Overexpression of miR-34a inhibited PANC-1 cell malignancy and suppressed M2 macrophage
polarization through PANC-1-derived exosomes. This, in turn, restrained the epithelial-mesenchymal transi-
tion, migration, and invasion of cocultured PANC-1 cells. Suppressor of cytokine signaling 3 (SOCS3) was
identified as a direct target of miR-34a. Mechanistically, miR-34a negatively regulated SOCS3 expression,
thereby preventing M2 polarization of macrophages by engaging the Janus kinase/signal transducers and acti-
vators of the transcription (JAK/STAT) pathway and influencing the malignancy of PAC cells. These findings
highlight the novel role of exosomal miR-34a in modulating the tumor microenvironment by restraining M2
macrophage polarization, thereby impeding PAC progression. Importantly, these results provide novel insights
into the therapeutic potential of exosomal miR-34a as a promising target for modulating macrophage function
in the tumor microenvironment of PAC.
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Introduction

Pancreatic cancer (PAC) is a highly malignant gastrointestinal
tumor with morbidity almost equal to mortality and is the seventh
major cause of cancer-related deaths worldwide.! Based on the
most recent global cancer statistics, approximately 470,000 deaths
from PAC occurred worldwide in 2020.2 The surgical resection
ratio of PAC is relatively low owing to tumor metastasis and
peripheral vascular infiltration, and the recurrence rate is high. In
addition, the prognosis for patients with PAC is unfavorable, and
the 5-year survival rate is merely 9%; tumor invasion and metasta-
sis act as the leading causes of poor prognosis in patients suffering
from PAC.? However, the mechanisms of the invasion and metas-
tasis of PAC have not been fully understood. Therefore, further
illumination of the molecular mechanisms of PAC invasion and
metastasis and identification of more effective targets for interven-
tion are of great significance for treating PAC and prolonging
patient survival.

The tumor microenvironment (TME) is a complex environ-
ment for tumor growth, and macrophages are the most infiltrated
immune cells around tumor tissues, also known as tumor-associat-
ed macrophages (TAMs).* TAMs play a crucial regulatory role in
the TME by mediating immunosuppression and promoting angio-
genesis and tumor metastasis.® The phenotype and function of
TAMs are closely related to the TME. TAMs can be induced into
M1 and M2 polarization phenotypes. Macrophages with M1 phe-
notype secrete interleukin (IL)-6, IL-12, inducible tumor necrosis
factor-alpha, nitric oxide synthase, and IL-1f, promoting inflam-
matory responses and exerting antitumor effects. Macrophages
with M2 phenotype mainly secrete arginase 1, transforming
growth factor-beta (TGF-B) cytokines, and IL-10, promoting
tumor development and immunosuppression.® Studies have shown
that TAMs are mostly M2-polarized macrophages and that the
transformation of TAMs from the M1 to M2 phenotype is an essen-
tial event in tumor progression.” Therefore, blocking the function
of TAMs in the TME may be a potential therapeutic strategy for
inhibiting tumor development, such as inhibiting the differentia-
tion of TAMs, blocking TAM activation, and reprogramming
TAMs into the M1 phenotype.® However, the molecular mecha-
nisms that regulate the transformation of different TAM pheno-
types are not fully understood. Thus, understanding the regulatory
mechanisms underlying M2 polarization in PAC may offer new
therapeutic opportunities for targeting TAMs to inhibit tumor pro-
gression.

Extracellular vesicles (EVs) represent a general term for
diverse vesicles with membrane structures emitted by cells.’
According to the classification of EVs by the International Society
of Extracellular Vesicles, exosomes are EVs with a double-layer
vesicle structure with a diameter of 30-150 nm.!° Studies have
found that exosomes carry a series of bioactive substances, includ-
ing miRNA, mRNA, protein, and lipids.!! These exosomal compo-
nents act as molecular mediators in intercellular communication
within the TME, influencing tumor progression through multiple
mechanisms, including immune modulation and metastasis promo-
tion.'? In addition, exosomes have been explored as potential drug
delivery systems.!>!'S Fang et al.'® demonstrated that exosomal
miR-1247-3p from highly metastatic hepatocellular carcinoma
(HCC) cells activates tumor-associated fibroblasts by targeting
beta-1,4-galactosyltransferase 3, thereby promoting lung metasta-
sis of HCC. Additionally, tumor-derived exosomes have been
implicated in regulating macrophage polarization, influencing the
immunosuppressive properties of the TME and thereby affecting
tumor progression.!” For instance, the exosomal miR-934 originat-
ing from tumors induces M2 polarization, which in turn promotes
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metastasis by regulating the interaction between colorectal cancer
cells and TAMs.!® Wang et al." discovered that hypoxic exosomes
originated from PAC cells activate macrophages into the M2 phe-
notype in a hypoxia-inducible factor 1o or 2a-dependent manner
and facilitate PAC cell epithelial-mesenchymal transition (EMT),
migration, and invasion. Previous studies have demonstrated that
miR-221 reduces the proliferation of the human PAC cells PANC-
1?0 by inhibiting SOCS3 and affecting the Janus kinase-signal
transducers and activators of transcription 3 (JAK-STAT3) signal-
ing pathway. SOCS3 plays an essential role in PAC development.
However, whether miR-34a regulates PAC progression by target-
ing SOCS3, specifically, whether exosomal miR-34a can modulate
the transition of TAMs toward the M2 phenotype and subsequently
affect the malignancy of PAC cells requires further investigation.

In this study, we explored the role of miR-34a in PAC cell-
derived exosomes and its effect on TAM polarization. We hypoth-
esized that exosomal miR-34a could suppress the malignant pro-
gression of PAC by reprogramming TAMs toward an antitumor
phenotype through targeting suppressor of cytokine signaling 3
(SOCSS3), a known regulator of the JAK-STAT pathway. Our find-
ings provide new insights into the regulatory mechanisms underly-
ing PAC progression and suggest potential therapeutic strategies
for targeting the TME in PAC.

Materials and Methods

Clinical specimens

Twenty patients with PAC, including 13 men and 7 women,
who underwent surgery at the Second Affiliated Hospital of
Kunming Medical University from May 2020 to May 2021, were
selected. The patients were 35-67 years old with a median age of
48. No patient received chemotherapy or radiotherapy before the
operation. Fresh and normal tumor tissue samples were collected.
All patients provided informed consent. This study was evaluated
and sanctioned by the Ethics Committee of the Second Affiliated
Hospital of Kunming Medical University. The association of miR-
34a levels and the clinicopathological characteristics of patients
suffering from PAC is displayed in Table 1.

Cell culture and the induction of macrophages

The cell lines HPDE6-¢7, PANC-1, HPAF-II, MIA PaCa-2,
THP-1, and SW1990 used in the study were acquired from the
ATCC. ATCC performs quality control specifications including
Mycoplasma contamination testing, population doubling capacity,
population doubling time, and short tandem repeat (STR) profiling
for all cell lines. Cell lines were passaged for less than 6 months
after receipt and resuscitation, and no reauthentication was per-
formed within this period. HPAF-II cells were cultivated in MEM,
RPMI-1640 medium supported the growth of THP-1 cells, and all
the other cells were maintained in DMEM.

To the medium, 10% fetal bovine serum and 1% 100% peni-
cillin-streptomycin solution were added. The cells were cultivated
in the cell incubator (SANYO, Japan) containing 95% air and 5%
CO, at 37°C. The reagents utilized for cell culture were bought
from Gibco (USA).

Induction of macrophages: THP-1 cells were inoculated into
the plate, and phorbol 12-myristate 13-acetate(PMA) solution was
added to a final concentration of 200 nM/L. PMA is a potent acti-
vator of protein kinase C (PKC), which is commonly used to dif-
ferentiate monocytes into macrophages. After 48 h, the cells
adhered to the wall and extended their pseudopodia, indicating the
successful induction of MO macrophages.
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Cell transfection

A 6-well plate received an inoculation of cells (1x10°), cul-
tured overnight, and transfected when confluence reached 80%.
Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) and miR-
NC mimics/miR-34a mimics were mixed with 250 pL of Opti-
MEM (Gibco, Waltham, MA, USA) and incubated for 5 min. They
were gently mixed and incubated for 30 min. The mixture was
added to the wells, transfected for 4 h, and then replaced with nor-
mal medium. Cells were grown in culture for 24 h prior for subse-
quent experiments. The miRNA mimics were synthesized by
RioBio Co., Ltd. (Guangzhou, China).

In situ hybridization

Digoxin in situ hybridization (ISH) kit was purchased from
Bersinbio Co., Ltd. (Guangzhou, China). Clinical tissue samples
were fixed in 4% paraformaldehyde at 4°C for 24 h, followed by
dehydration, paraffin embedding, and sectioning at a thickness of
4 pum. Paraffin-embedded sections underwent deparaffinization in
xylene (twice for 10 min each), rehydration in descending ethanol
series (100%, 95%, 85%, 75%, and 50%), and endogenous perox-
idase inactivation using 3% hydrogen peroxide at room tempera-
ture for 10 min.

For ISH to detect miR-34a, hybridization was performed using
the specific probe following the manufacturer’s instructions. The
sections were incubated with the probe at 37°C overnight in a
humidified chamber. Post-hybridization washes were carried out
with SSC buffer (2xSSC at 37°C for 5 min, followed by 1xSSC
and 0.5xSSC at 37°C for 10 min each). After hybridization, the
sections were dehydrated in graded ethanol, air-dried, counter-
stained with Nuclear Fast Red, and observed under a microscope.

Positivity for ISH was assessed based on the presence of dis-
tinct brown signals in the cytoplasm, indicating miR-34a expres-
sion. Multiple fields per sample were observed and images were
captured using a Nikon (Tokyo, Japan) microscope equipped with
10x and 40x objectives.

RT-qPCR

The extraction of total RNA from 1x10° cells was performed
with the TRIzol kit (Absin Bioscience, Inc., Shanghai, China). The
process of reverse transcription utilized PrimeScript RT Master
Mix (Takara Biomedical Technology Co., Ltd., Beijing, China)
following the manufacturer’s instructions. All primers were syn-
thesized by Takara, and the sequences can be found in Table 2.
Then, qPCR was performed according to the instructions of the TB

Table 1. Association of miR-34a expression with clinicopathological features of patients with pancreatic cancer.

Clinical features

miR-34a expression, n

High Low

Age (yrs) 0.6646
11 6 7
>48 9 5 4

Gender 0.0072*
Male 13 3 10
Female 7 6 1

Tobacco smoke 0.0679
Yes 8 2 6
No 12 8 4

Lymph node metastasis 0.1421
Yes 12 7 5
No 8 2 6

Tumor size (cm) 0.0096*
6 5 1
>4 14 3 11

TNM stage 0.0022*
I-1T 7 6 1
1I-1v 13 2 11

Distant metastasis 0.0608
Yes 16 12 4
No 4 1 3

*p<0.001.

Table 2. Primer sequences required for RT-qPCR.

Gene Forward (5'-3') Reverse (5'-3")

miR-34a UGGCAGUGUCUUAGCUGGUUGU AACCAGCUAAGACACUGCCAUU
ARG-1 ACTGACAACCACAAGTGGA GCACATCGGGAATCTTTCC
CD206 ATGACCTTCAGTATCACAACCT CTTCGTGATTTCATCTTGCAG
iNOS ATGACCTTCAGTATCACAACCT CTGGAGACTTCTTTCCCGT
CD86 AGTGCTTGCTAACTTCAGTC CGTGTATAGATGAGCAGGTC
SOCS3 GTTCCACCTCGAGCTCTCC CCTCGGAGGAGGGTTCAGTA
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
[f-actin GAAGATCAAGATCATTGCTCCTC ATCCACATCTGCTGGAAGG
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Green® Fast qPCR Mix kit (Takara Biomedical Technology). U6
snRNA and B-actin were used as internal references for miR-34a
and mRNAs. The relative expression levels of genes were ana-
lyzed by means of the 2722¢t method. The experiment was carried
out three times, and the results were averaged.

CCK-8 assay

Cells with a concentration of 4 x 10* mL were sown in a 96-
well plate with each well containing 100 pL and cultivated for 24
h. Then, 10 pL of CCK-8 reagent (Sigma-Aldrich, St. Louis, MO,
USA) was added to each well and incubated for 2 h. The
absorbance was determined at 450 nm with a microplate reader
(Epoch2, Agilent, Santa Clara, CA, USA). Each sample was ana-
lyzed three times in triplicate, and three repetitions of the experi-
ment were performed.

Wound-healing assay

Cells were seeded at a density of 5 x 10° cells per well in a
6-well plate and cultured overnight until a confluent monolayer
was formed. A scratch was then created using a sterile pipette tip.
After washing with PBS five times, the medium was added, and
the migration of cells at 0 h was photographed using a Nikon
microscope equipped with a 10x objective. Each condition was
assessed in triplicate. The cells were then cultured, and pictures
were taken after 48 h. The scratch distance between two images
was employed to measure the migratory capacity of the cells.

Transwell assay

Matrigel (Corning, Inc., Corning, NY, USA) was thawed on ice
and mixed with RPMI-1640 medium at a ratio of 1:4. Then, 50 pL
of diluted Matrigel was added to one-half of the upper chambers of
the Transwell and incubated overnight to make it solidify. The cell
suspension was adjusted to a density 5 x 10*cells/ mL. For the
invasion assay, 100 pL of cell suspension was seeded into the
upper chamber of Transwell (Corning), while 500 pL of medium
was placed in the lower chamber. After culturing for 48 h, the
medium was discarded, and the cells were treated with
paraformaldehyde (TCI Development Co., Ltd., Shanghai, China)
for fixation and subsequently stained using crystal violet (TCI
Development Co., Ltd.). For the migration assay, the procedures
were the same as those for the invasion assay, except that Matrigel
did not need to be coated on the upper chamber of the Transwell.
Cell migration and invasion were observed and recorded using a
Nikon microscope equipped with a 10x objective. Each condition
was assessed in triplicate.

Extraction and identification of exosomes

The supernatant of the cell culture was gathered and then cen-
trifuged at 4°C for 10 min at 500 x g and 20 min at 12,000 x g. After
the supernatant was filtered using a 0.22-um filter, it was centrifuged
at 100,000 x g for 2 h, and the centrifugation was repeated once. The
pellet was resuspended in PBS for use. To identify exosomes, they
were resuspended in PBS containing 2% paraformaldehyde, and 10
pL of the exosomes were dropped onto the copper mesh and dried at
room temperature (RT) for 30 min. The exosomes on the copper mesh
were stained with 2% phosphotungstic acid (Macklin Biochemical
Co., Ltd., Shanghai, China) at RT for 2 min. Transmission electron
microscopy (JEM-1400, Japan) was used to observe and record the
exosomes. A nanoparticle analyzer (Nanosight LM10, Malvern
Panalytical, Malvern, UK) employing tracking analysis was used to
measure the exosome particle size. Three groups of exosomes were
used in this study: PANC-1-Exo (Panc-1-exomir-34a mimic), PANC-
1-ExomiR-34a mimic (exosomes extracted from PANC-1 cells transfected
with miR-34a mimic), and PANC-1-ExoN¢ mimic (exosomes derived
from mimic PANC-1 cells transfected with NC).
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Western blot analysis

Exosomes and cells were lysed using the protein lysis buffer
(Beyotime, Jangsu, China) on ice (20 min), and centrifuged at
12,000 x g, 4°C (20 min), and the supernatant was reserved. The
protein concentration was determined with a BCA kit (Beyotime).
Sodium dodecyl-sulfate-polyacrylamide gel electrophoresis and
transfer were performed as previously described.?! The polyvinyli-
dene fluoride (PVDF) membrane (Millipore, Burlington, MA,
USA) was blocked and then incubated with primary antibodies at
4°C throughout the night. The following day, the PVDF membrane
was rinsed and incubated with secondary antibodies at RT for 1 h.
At last, the PVDF membrane was processed with an ECL reagent
(Invitrogen) and analyzed via a gel imaging system (ChemiDoc
XRS, Bio-Rad Laboratories, Inc., Hercules, CA, USA). Antibodies
were obtained from Abcam (Cambridge, UK), including anti-
TSG101 (ab125011, 1:5,000), anti-CD63 (ab271286, 1:10,000),
anti-E-cadherin (ab40772, 1:30,000), anti-N-cadherin (ab18203,
1:5,000), anti-vimentin (ab137321, 1:1,000), anti-f-actin (ab8226,
1:10,000),  anti-SOCS3(ab280884,  1:1,000), anti-JAK1
(ab125051, 1:10,000), anti-JAK! (phospho Y1022 + Y1023)
(ab138005, 1:5,000), anti-STAT1 (ab210524, 1:1,000), anti-
STAT1 (phospho S727) (ab109461, 1:5,000), goat anti-mouse IgG
(ab6708, 1:10,000), and goat anti-rabbit IgG (ab6702, 1:5,000).

Exosome tracking

The exosome membrane was labeled with PKH26 (Umibio
Biotechnology Co., Ltd., Shanghai, China). Then, 50 pL of 100
puM PKH26 solution was added to 100 pg of exosomes. After incu-
bation for 10 min in the dark, 10 mL of PBS was added and mixed.
The exosomes were extracted again by centrifugation to remove
the excess dye. The pellet was co-incubated with induced MO
macrophages for 4 h. Macrophages were seeded onto glass cover-
slips placed in 24-well plates and allowed to adhere overnight
before exosome treatment. For fixation, macrophages were
immersed in 4% paraformaldehyde for a duration of 10 min. After
rinsing, the slides were enclosed with an antifade mounting medi-
um containing DAPI (Beyotime), were observed, and were pho-
tographed using a laser scanning confocal microscope (TCS SPS;
Leica, Tokyo, Japan) with a 63x oil immersion objective.

Coculture experiment of macrophages and PANC-
1 cells

Macrophages derived from induced THP 1 were implanted into
the upper chamber of the Transwell. Macrophages were not seeded
in the blank group. PANC-1+M/ExoNC mimic and PANC-
1+M/ExomiR-34a mimic - oroups were added to the corresponding
PANC-1-derived exosomes. After 48 h, the medium was changed,
and PANC-1 cells were cultured in the lower chamber. After 48 h,
PANC-1 cells were collected for subsequent experiments.

ELISA

The levels of cytokines secreted by the macrophages were
detected using ELISA kits (Beyotime). Briefly, the gradient-dilut-
ed standard and cell culture supernatant were added to the wells
and incubated at 37°C for 90 min. Then, the captured IL-10 or
TGFB was sequentially labeled with biotinylated antibodies and
horseradish peroxidase-labeled streptavidin. Subsequently, the
developer TMB solution was added and incubated at RT for 20 min
in the dark. Finally, precisely 50 pL/well of the stop solution was
carefully added in a meticulous manner. Subsequently, after thor-
ough and uniform mixing, the absorbance at 450 nm was promptly
and accurately measured using a highly calibrated and sensitive
spectrophotometer.
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Dual luciferase reporter gene assay

The nucleotide sequence of SOCS3 containing the miR-34a
binding site was amplified using PCR. In addition, the binding site
was subjected to point mutations, and the wild-type (WT) or
mutant (MUT) nucleotide sequence of SOCS3 was cloned into the
pmirGLO vector (BioVector NTCC Inc., Guangzhou, China) to
construct luciferase, WT-SOCS3, and MUT-SOCS3 vectors. These
processes were performed by GenePharma (Shanghai, China).
Macrophages were planted in a 6-well plate and co-transfected
with WT-SOCS3 and miR-34a mimic or miR-NC, MUT-SOCS3
and miR-34a mimic, or miR-NC. After 24 h, the activity of
luciferase was detected with a dual-luciferase activity detection kit
(Promega, Madison, WI, USA).

Statistical analysis

Statistical analysis was conducted using SPSS V22.0 software,
and the data are presented as mean + SD. Before performing sta-
tistical analysis, data normality was assessed using the Shapiro-
Wilk test, and homogeneity of variance was examined using
Levene’s test. For comparisons between two groups, an independ-
ent sample 7-test was used. For comparisons among multiple
groups, one-way analysis of variance (ANOVA) was applied, fol-
lowed by Tukey’s honest significant difference (HSD) test for post
hoc multiple comparisons when the variance was homogeneous. A
p-value of less than 0.05 (p<0.05) signifies a statistically signifi-
cant difference.
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Results

miR-34a has a low expression in PAC

To assess the levels of miR-34a in PAC, we measured miR-34a
in clinical tissues and PAC cell lines. In clinical tissues, miR-34a
expression was significantly lower compared to nearby normal tis-
sues and was primarily found in the cytoplasm. (Figure 1A).
Furthermore, the levels of miR-34a in four PAC cell lines, PANC-
1, W1990, HPAF-II, and MIA PaCa-2, were also lower than those
in the human normal pancreatic ductal epithelial cell line HPDE6-
C7, among which the relative level of miR-34a in PANC-1 cells
was the lowest (Figure 1B); therefore, we used PANC-1 cells for
subsequent experiments.

Overexpression of miR-34a inhibits the prolifera-
tion, migration, and invasion of PAC cells

To explore the role of miR-34a in PAC progression, miR-34a
was overexpressed in PANC-1 cells, and the transfection efficiency
was validated using RT-qPCR. (Figure 2A). We noticed that exces-
sive expression of miR-34a not only reduced the viability of
PANC-1 cells (Figure 2B) but also accelerated their apoptosis
(Figure 2C). In addition, the rate of cell proliferation and migration
in the miR-34a mimic group was lower than that in the miR-NC
mimic group 48 h after scratching the cell culture dish (Figure 3A).
The Transwell assay showed that the miR-34a mimic group had a
reduced number of cells in the lower chamber compared to the

Cancer

] HPDE6-c7 E& HPAF-II

Bl MIA PaCa-2

*kk

*kk

Figure 1. The level of miR-34a in PCA clinical tissues and cell lines. A) The expression of miR-34a in clinical samples was detected using
ISH; scale bar: 100 pm. B) The expression of miR-34a in PANC-1, W1990, HPAF-II, MIA PaCa-2, and HPDE6-C7 cells was detected

using RT-qPCR; ***p<0.001.
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miR-NC mimic group (Figure 3B). These results suggest that the
overexpression of miR-34a inhibits the proliferation, migration,
and invasion of PAC cells.

miR-34a in PAC-derived exosomes inhibits M2
polarization of macrophages

Next, we studied the effect of miR-34a on TAM polarization in
PAC-derived exosomes. First, exosomes secreted byPANC-1 and
HPDEG6-C7 cells were extracted and characterized with the use of
transmission electron microscopy and nanoparticle tracking analy-
sis. There was no difference in the morphology and particle size
between the two groups of exosomes (Figure 4 A,B). Besides, the
expression of the exosomal markers TSG101 and CD63 was veri-
fied (Figure 4C). Furthermore, we determined the content of miR-
34a in exosomes and observed a decreased level of miR-34a in
PANC-1-Exo (Figure 4D). However, the miR-34a level in exo-
somes derived from PANC-1 cells overexpressing miR-34a was
higher than that in exosomes derived from the NC mimic group
(Figure 4E). Subsequently, PANC-1-Exo was co-incubated with
the induced MO macrophages, PANC-1-Exo was phagocytosed
entirely by macrophages (Figure 4F). In addition, the high miR-
34a level were detected in macrophages that phagocytosed the
PANC-1-ExomiR-34a mimic (Figure 4@G). After the PANC-1-ExomiR-34
mimic ywag phagocytosed, the expression levels of the M2 polariza-
tion markers arginase 1 and CD206 were lower than those in the
PANC-1-ExoN¢ mimic and TL-4-stimulated groups. The expression
levels of inducible nitric oxide synthase and CD86, markers of M 1
polarization, were consistent in each group (Figure 5A). The
ELISA detection results of IL10 and TGFf3, which are the cytokine
markers of M2 polarization in the cell culture supernatant, also
showed that miR-34a in PAC-derived exosomes inhibit M2 polar-
ization of macrophages (Figure 5B).
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miR-34a in PAC-derived exosomes inhibits
migration, invasion, and EMT by inhibiting M2
polarization of macrophages

To further study the effect of miR-34a in PAC-derived exo-
somes on tumor progression after inhibiting the M2 polarization of
macrophages, we co-incubated PANC-1 cells with the exosome-
free supernatant of macrophages treated with exosomes (Figure
6A). Next, the invasion and migration abilities of the PANC-1 cells
were evaluated. In comparison to the groups treated with control
and MO macrophage supernatant, the migration and invasion abil-
ity of PANC-1 cells were enhanced after co-incubated with the
supernatant of macrophages treated with PANC-1-ExoNC mimic,
After co-incubation with the supernatant of macrophages treated
with the PANC-1-ExomiR-34a mimic ' the invasion and migration abili-
ties of PANC-1 cells were weakened compared with those of the
M/ExoN¢ mimic oroup (Figure 6B). In addition, we investigated the
levels of EMT-related proteins, including vimentin, N-cadherin,
and E-cadherin, in PANC-1 cells. The results indicated that, in
comparison with the M/ExoNCmimic group, the expression of E-cad-
herin was elevated, while the expression of N-cadherin and
vimentin was reduced in the M/Exo™iR-34 mimic orqup (Figure 6C).
These results suggest that miR-34a in PAC-derived exosomes
inhibits the EMT of PAC by inhibiting M2 polarization of
macrophages.

SOCS3 is directly targeted by miR-34a

To identify the direct target of miR-34a, the TargetScan data-
base (version 7.2) was used for prediction and screening, and
SOCS3 was identified as a potential target of miR-34a.
Information on the binding sites of the two proteins is shown in
Figure 7A. By establishing a dual-luciferase reporter plasmid and
transfecting it into macrophages, it was determined that SOCS3
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Figure 2. The effect of miR-34a on the proliferation and apoptosis of PANC-1. A) The transfection efficiency of miR-34a was evaluated
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was a direct target of miR-34a (Figure 7B). After transfection of
macrophages with the miR-34a mimic, SOCS3 expression was
downregulated (Figure 7C). Macrophages were then treated with
PANC-1-derived ExomiR-34amimic and ExoNC mimic. The expression of
SOCS3 was downregulated in macrophages treated with the
ExomiR-34a mimic - and the expression of JAK1 and STATI did not
change significantly; however, the expression of their phosphory-
lated proteins was upregulated (Figure 7D). This suggests that
miR-34a inhibits M2 macrophage polarization by regulating the
SOCS3/JAK/STAT1 pathway.

miR-34a/SOCS3 axis affects PAC malignant pro-
gression by regulating M2 polarization of
macrophage

Next, we explored whether the regulation of the miR-
34a/SOCS3 axis on the M2 polarization of macrophages further
affected the proliferation, invasion, and migration of PAC cells
using a rescue assay. To this end, SOCS3 or NC was overexpressed
in macrophages, which were treated with ExomiR-34a mimic or ExoN¢
mimic - and the supernatant of macrophages was co-incubated with
PANC-1 cells. PANC-1 cells showed the highest cell viability after
co-incubation with the M-pc-NC/ExoNC¢ mimic and decreased cell
viability after co-incubation with the M-pc-NC/ExomiR-34a mimic,
However, after overexpression of SOCS3 in macrophages, cell via-
bility increased again compared with the coculture with the M-pc-
NC/ExomiR-34a mimic (Synnlementary Figure S1A4). A similar trend
was witnessed in the Transwell migration. and invasion assays
(Supplementary Figure S1B). These outcomes verified the nega-
tive regulatory connection between miR-34a and SOCS3 and con-
firmed that the miR-34a /SOCS3 axis suppresses the malignant
progression of PAC cells by inhibiting the M2 polarization of
macrophages.

Discussion

Macrophages are mainly polarized into M2-type TAMs in the
TME, which play essential roles in tumor growth, proliferation,
metastasis, and invasion.?? Research has indicated that miRNAs
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play a vital role in regulating the polarization of macrophages into
TAMs.2 MiR-145 regulates the polarization of TAMs by EVs
secreted by colorectal cancer.2. MiR-34 family members are tumor
suppressors induced by p53 transcription and are closely associat-
ed with human cancers.?” Downregulation of miR-34 family mem-
bers is considered a critical factor in the development of ovarian
cancer.? Li et al.?’ found that tumor-associated fibroblasts promote
cancer cell proliferation and metastasis through exosome-mediated
paracrine miR-34a-5p in oral cancer. Tang et al.?® also reported that
miR-34a inhibits PAC progression by targeting Snaill-mediated
EMT and Notch pathways. MiR-34a has also been shown to inhibit
the polarization of M1 macrophages during osteolysis.?” Exosomal
miR-34a secreted by adipocytes promotes adipose inflammation
by inhibiting the polarization of M2 macrophages.*® In addition,
exosome-coated miR-34a showed potent antitumor activity against
PAC, both in vitro and in vivo.?! However, the effects of miR-34a
on the polarization of TAMs and the related mechanisms have not
been reported. This study found that miR-34a was highly
expressed in PAC-derived exosomes. To explore the role of exoso-
mal miR-34a in macrophage polarization, we used phorbol 12-
myristate 13-acetate to induce monocyte THP-1 cells to construct
a macrophage model and obtain MO-type macrophages. We found
that PAC-derived exosomes polarized MO macrophages into the
M2 phenotype, while the miR-34a-overexpressed PAC-derived
exosomes inhibited the transformation of M0 macrophages to the
M2 phenotype. These findings suggest that exosomes originating
from cancer cells activate the polarization of macrophages, and
exosomal miR-34a inhibits the M2 polarization of macrophages
but has no impact on macrophage M1 polarization (Figure 5A).
Moreover, in the present study, we discovered that the inva-
sion, migration, and EMT process of PANC-1 cells was markedly
inhibited by the supernatant of macrophages treated with exo-
somes derived from miR-34a-overexpressed PANC-1 cells.
However, MO macrophages that were not treated with exosomes
did not affect the progression of PANC-1. This indicates that exo-
some-derived miR-34a can inhibit the malignant progression of
PAC cells by inhibiting the M2 polarization of macrophages.
Similarly, Liu et al.3? also observed that miR-770 in exosomes
from tumors hindered the advancement of non-small cell lung can-
cer by preventing macrophages from polarizing to the M2 type.
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Figure 7. SOCS3 is the direct target of miR-34a. A) The binding sites of SOCS3 and miR-34a were predicted using the TargetScan soft-
ware. B) Relationship between SOCS3 and miR-34a was verified using a dual-luciferase reporter assay; ***p<0.001. C) Expression of
miR-34a in macrophages transfected with miR-34a mimic; ***p<0.001. D) Expression of SOCS3, JAK1/STAT1, and their phosphorylated

proteins was detected using Western blotting; ***p<0.001.

OPEN 8 ACCESS

[European Journal of Histochemistry 2025; 69:4176]



These results confirmed that exosomes originating from tumor
cells influence the genesis and development of tumors by regulat-
ing the polarization of TAMs.

Herein, SOCS3 has been verified as a direct target of miR-34a,
which regulates the polarization of macrophages through the neg-
ative regulation of SOCS3, thus affecting the malignant process of
PAC cells. SOCS3 can negatively regulate the expression of the
JAK/STAT signal pathway by binding to the phosphorylation
docking sites of JAK/cytokine receptors or STAT receptors and
their downstream target genes, preventing malignant transforma-
tion and apoptosis inhibition of cells.?*3* Ji et al. found that reduc-
ing the expression of SOCS3 in a rat model of intracerebral hem-
orrhage promoted M2 polarization of macrophages.*> Liu et al.
reported that the upregulation of miR-221-3p in exosomes derived
from TAMs with M2 polarization inhibits the expression of
SOCS3 and aggravates osteosarcoma growth and metastasis by
activating the JAK2/STAT3 pathway.*¢ In this study, we found that
after macrophages were treated with the ExomiR-34mimic the expres-
sion of SOCS3 decreased. Although the expression of JAK1 and
STAT1 did not change, the expression of their phosphorylated pro-
teins increased, indicating the activation of the JAK/STAT signal-
ing pathway.’’ These findings suggest that miR-34a activates the
JAK/STAT signaling pathway by negatively regulating SOCS3
expression, thus promoting M2 polarization of macrophages and
affecting PAC progression.

However, the mechanism by which SOCS regulates
JAK/STAT to inhibit tumor progression is not only the effect of M2
macrophages alone but also a complex process involving multiple
mechanisms.3*3 It has been reported that the mechanism by which
SOCS regulates JAK/STAT to inhibit tumor progression is also
dysregulated with cytokine receptors, Toll-like receptors, and hor-
mone receptors signaling,’*#! TIL-6,% long non-coding RNAs,*
TME,*# insulin-like growth factor-1,* and immune checkpoint
molecules.* Therefore, the mechanism by which SOCS regulates
JAK/STAT participation in the progression of pancreatic adenocar-
cinoma should be further explored.

This study had some limitations. Twenty clinical samples were
collected for this study, limiting our understanding of this disease.
To compensate for this limitation, future studies ought to consider
expanding the sample size to validate our results more comprehen-
sively. Whether exosomal miR-34a derived from PAC cells be
capable of inhibiting the growth and metastasis of PAC in vivo by
inhibiting M2 polarization of macrophages has not been tested in
vivo, nor has it been verified in other cell lines. In addition,
miRNAs have some problems in clinical applications, such as a
lack of specificity and difficult delivery, and their side effects,
safety, efficacy, and feasibility still need to be verified in more
clinical trials. We plan to conduct more in-depth studies in the fore-
seeable future.

This study substantiated that miR-34a activates the JAK/STAT
signaling pathway by targeting SOCS3, regulating the M2 polar-
ization of macrophages and affecting the EMT, proliferation,
migration, and invasion of PANC-1 cells. These findings provide a
basis for clinical target detection and targeted therapy of pancreatic
adenocarcinoma. The basic principle of treatment is that the over-
expression of miR-34a can inhibit M2 polarization of macrophages
through the negative regulation of SOCS to activate the JAK/STAT
pathway and inhibit the development of pancreatic adenocarcino-
ma. While this study focused on the overall effects of miR-34a,
future studies should investigate specific downstream target genes
and cytokines that could play a significant role in PAC metastasis.
This discovery is of great value in revealing the molecular mecha-
nisms of PAC and its treatment.

[European Journal of Histochemistry 2025; 69:4176]
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