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1 | INTRODUCTION

Abstract

Abnormal tumor microenvironment and the epithelial-mesenchymal transition (EMT)
are important features of tumor metastasis. However, it remains unknown how
signals can form complicated networks to regulate the sustainability of the EMT
process. The aim of our study is to explore the possible interaction between tumor-
associated macrophages and tumor cells in the EMT process mediated by microRNA
(miR)-362-3p. In this study, we found that by releasing TGF-B, M2 macrophages
mediate binding of Smad2/3 to miR-362-3p promoter, leading to overexpression of
miR-362-3p. MicroRNA-362-3p maintains EMT by regulating CD82, one of the most
important members of the family of tetraspanins. Our finding suggests that miR-
362-3p can serve as a core factor mediating cross-talk between the TGF-p pathway
in tumor-associated macrophages and tetraspanins in tumor cells, and thus facilitates
the EMT process.
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(M1-like) and alternatively activated macrophages (M2-like). It
is believed that TAMs act as a “double-edged sword” in tumor

development: M1-like macrophages exert pro-inflammatory or

Tumor cells and the tumor microenvironment are interrelated,
tangled, and mutually promoted. Growth and invasion of tumor
is closely related to its microenvironment, which plays a key role
in tumor biology. Tumor-associated macrophages (TAMs) are the
main immune cells in the tumor microenvironment. They infil-
trate tumor tissues to provide growth and invasion signals and
conditions for tumor cells.? Tumor-associated macrophages can
be subdivided into 2 groups: classically activated macrophages

antitumor activity, whereas M2-like macrophages act as tumor-
promoting cells.®4

MicroRNAs (miRNAs) are a class of endogenous small (approx-
imately 15-25 nucleotides in length) noncoding RNAs that can
regulate gene expression by binding to the 3’-UTR. MicroRNAs
are involved in several cellular functions, including proliferation,

differentiation, and death.>® Recent studies have revealed that in
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response to microenvironmental signals, miRNAs regulate mac-
rophage polarization by modulating transcription factors, that
induce expression of M1 (miR-21, miR-27a/b, miR-130a/b, and
miR-155) and M2 (miR-125a/b, miR-146a/b, miR-124, miR-181a,
and let-7¢).” ¢

Epithelial-mesenchymal transition (EMT) is an important
catcher for connecting microenvironment and tumor cells. Current
evidence suggests that EMT can be divided into 3 subtypes. Type
1 EMT involves in evolutional development. Type 2 EMT relates
to epithelial or endothelial cells transitioning to resident tissue
fibroblasts, which is induced in response to persistent inflamma-
tion; type 3 EMT is seen in carcinogenesis or metastasis.”’ It is
recognized that the 3 subtypes of EMT have some phenotypic
similarities. For example, increased expression of N-cadherin or
vimentin, and complete or partial loss of epithelial markers such
as E-cadherin and ZO-1.7% In general, EMT is accompanied by
a loss of membrane localization of E-cadherin: a “cadherin tran-
sition” from E-cadherin to N-cadherin. Level changes of epithelial
and mesenchymal markers are often used to distinguish between
EMT and partial EMT phenotypes.?%?! Therefore, as a hallmark of
EMT, cadherin switching stands a unique biological position.

In our previous study,22 we found that miR-362-3p levels in
gastric cancer (GC) cell lines are higher than in normal gastric
mucosa cell lines. Poorly differentiated GC cell lines (AGS and
MKN45) with high expression of miR-362-3p showed lower ex-
pression of CD82 at both mRNA and protein levels, whereas highly
differentiated GC cell lines (MKN28 and MGC803) showed only
low expression levels of miR-362-3p. Furthermore, we also iden-
tified that miR-362-3p directly regulated CD82, one of the most
important members of the tetraspanin family, which negatively
regulated EMT progression in several human cancers. But is this a
phenomenon confined to GC, or does it exist among other diges-
tive cancers as well? To answer this question, we investigated the
effect of miR-362-3p on hepatocellular carcinoma (HCC) cells after
transformation of cells into M1 and M2 macrophages in the tumor
microenvironment, and tried to explore whether miR-362-3p can
be used as a core factor to connect TAMs and HCC cells, which

then enlarge the EMT process.

2 | MATERIALS AND METHODS

2.1 | Cellline culture

Hepatocellular carcinoma cell lines (MHCC-97H, MHCC-97L, Huh7,
Bel-7402, SMCC-7721, and HepG2) and normal human hepatocytes
(LO2) were cultured in DMEM (Life Technologies, Ann Arbor, MI,
USA) supplemented with 10% FBS (Life Technologies) and 1% peni-
cillin/streptomycin, in a 37°C 5% CO, incubator. The human mono-
cytic cell line THP-1 and human embryonic kidney (HEK) 293 cells
were grown in RPMI-1640 (Life Technologies) supplemented with
10% FBS and 1% penicillin/streptomycin. All cell lines used in this
study were obtained from the Chinese Academy of Sciences and

preserved in liquid nitrogen in our laboratory.

2.2 | M1 and M2 macrophage phenotype induction

THP-1 monocytes were seeded and incubated with 25 ng/mL
PMA (Sigma-Aldrich, St. Louis, MO, USA) for 36 hours, followed
by washing-out for 24 hours with drug-free medium. Cells were
further cultured with 20 ng/mL y-interferon (recombinant IFN-y,
Sigma-Aldrich) and 100 ng/mL lipopolysaccharide (R&D Systems)
for 24 hours to induce M1 polarization. Alternatively, cells were in-
cubated with 20 ng/mL interleukin (IL)-4 (recombinant IL-4; Sigma-
Aldrich) for 36 hours to induce M2 polarization. THP-1 macrophage
differentiation was verified by monitoring macrophage differentia-
tion markers by flow cytometry. Briefly, PE-conjugated CD68 Ab and
PE-conjugated CD163 antibody were used. The cells were washed
and stained for 30 minutes at 4°C with the optimal dilution of each
Ab. Cells were then washed again and analyzed by flow cytometry

(EXL, Beckman Coulter). Data were analyzed using FlowJo software.

2.3 | Coculture experiments

As described above, THP-1 cells were induced into M1 or M2 mac-
rophages. THP-1 cells were seeded in Transwell inserts (0.4-pm
pores; Corning Costar, Corning, NY, USA). The inserts were placed
in a 12-well plate with preseeded HCC cells. The inserts contain-
ing newly generated THP-1 macrophages were replaced each day.

Cocultures were maintained for 3 days before collection of HCC cells.

2.4 | Chromatin immunoprecipitation-PCR

Chromatinimmunoprecipitation-PCR was carried out using Smad2/3
Ab (ab202445; Abcam, Cambridge, MA, USA). Briefly, DNA and
proteins were cross-linked using formaldehyde and subsequently
sonicated. The DNA was then immunoprecipitated with agarose
A/G beads and Ab followed by proteinase K digestion. Finally, the
precipitated DNA was subjected to PCR amplification in agarose gel.
The primer sequences covering the predicted Smad binding sites in
the promoter of miR-362-3p are described in Table 1.

2.5 | Electrophoretic mobility-shift assay

Electrophoretic mobility-shift assay was undertaken with biotin-
labeled probes and nuclear extracts obtained from HEK293 cells.
DNA-protein complexes were separated in a 6% polyacrylamide
gel and electrophoretically transferred to nylon membranes. The
biotin-labeled DNA was detected by chemiluminescence using
a Lightshift Chemiluminescent EMSA Kit (cat. no. 20148; Thermo
Fisher Scientific) following the manufacturer's protocol. Biotin-
labeled Smad binding element (SBE) probes of the miR-362-3p
promoter were synthesized as follows: SBE1 forward (F), 5'-tgaga-
gaacagacaaaatgtgt-3', SBE1 reverse (R), 5'-acacattttgtctgttctctca-3’;
SBE2-F, 5'-gagagtgctgtctgaatgcaat-3’, SBE2-R, 5’-attgcattcaga-
cagcactctc-3'; SBE3-F, 5’-agccttcttgtctgetececctet-3', SBE3-R,
5'-agagggggagcagacaagaaggct-3'.
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TABLE 1 Primers for real-time RT-PCR

and ChIP-PCR Gene

miR-362-3p

U6 RNA

Cancer Science NuIia e

Primers (5'-3’) Primer sequence

GTCGTATCCAGTGCAGGGTCCGAGGT
ATTCGCACTGGATACGACTGAATC

CGCCAACACACCTATTCAAGG
GTGCAGGGTCCGAGGT
CGTTCACGAATTTGCGTGTCAT
GCTTCGGCAGCACATATACTAAAAT
CGCTTCACGAATTTGCGTGTCAT

RT primer

Forward primer
Reverse primer
RT primer

Forward primer

Reverse primer

SBEs in miR-362-3p promoter

SBE1

SBE2

SBE3

Forward primer CGGGATCATGAGCTTTGGC
Reverse primer GCAAGGATTAGAGAGGGGGAG
Forward primer CCTTGCTACCTGGGTGAGAG
Reverse primer CCTGCAGAGTTCCATGTGAGAT
Forward primer TTGTCTGCTCCCCCTCTTGA

Reverse primer CGTTGTATCTCCACCACCCAG

miR, microRNA; SBE, Smad binding element.

2.6 | RNAisolation and quantitative real-time PCR

Real-time PCR was carried out as described in our previous re-
port.?%2% Total RNA was extracted using TRIzol Reagent (Invitrogen,
San Diego, CA, USA). First-strand cDNA was synthesized from 2 pg
total RNA. Amplification and detection were tested using the ABI
PRISM 7900 Sequence Detection System (Applied Biosystems,
Foster City, CA, USA). Quantitative PCR conditions were as follows:
95°C for 10 minutes followed by 35 cycles of 95°C for 15 seconds
and 60°C for 1 minute. The comparative cycle threshold (Ct) method
was used to analyze the relative expression of specific mRNAs and

miR-362-3p. The primer sequences are listed in Table 1.

2.7 | Western blot analysis

Western blot analysis was undertaken as described in our previous
reports.?>?% Primary Abs were purchased from Abcam: for GAPDH
(ab8235, diluted 1:3000) and CD82 (ab66400), Smad2/3 (ab63399),
Smad4 (ab40759), E-cadherin (ab76055), and N-cadherin (ab98952;
all diluted 1:1000). GAPDH was used as an internal control.

2.8 | Vector and lentivirus production and cell
transfection

Lentiviral vectors production was carried out as described in our
previous report.?? In brief, the shRNAs targeting miR-362-3p were
inserted into the pGreenPuro shRNA expression lentivector. The
shRNAs were designed to be asymmetric and were expressed by
the H1 promoter (GenePharma, Shanghai, China). This structure was
used to knockdown miR-362-3p and named as miR-362-3p shRNA.
The shRNAs were transfected into MHCC-97H cells. Stable cell lines
were obtained by using 5 pg/mL puromycin (Sigma-Aldrich) selection

for approximately 2 weeks.

2.9 | Cellinvasion assays

Cell invasion assays were carried out as described previously.?®2*

Briefly, THP-1 cells were first induced into M2 macrophages as de-
scribed above. THP-1 were seeded in the lower inserts of Transwell
plates, and HCC Cells (5 x 10°) were seeded in the upper inserts.
The Transwell chambers were covered with 50 pL of a 1:2 mixture
of Matrigel and PBS, and the cells were cultivated for 36 hours. Cells
that invaded to the lower surface were stained with Giemsa solution
and quantified by counting 3 randomly selected microscopic fields

at x200 magnification.

2.10 | Wound healing assay

A cell migration assay was undertaken using the wound healing
method as described in our previous report.?®> Briefly, HCC cells
(5 x 10° were seeded in 6-well plate. Linear scratch wounds were
made using a 200-plL sterile pipette tip. Next, cell debris was re-
moved by washing the cells with PBS several times to remove the
suspended cells and the remaining cells were cultured in serum-free
media. After O and 24 hours, we imaged the wounds at the same
position under a microscope and the distance between the wound
sides was calculated.

2.11 | Immunofluorescence staining

Immunofluorescence staining assays were carried out as described
previously.23 Cells were incubated overnight with the primary Abs
against E-cadherin (ab76055) and N-cadherin (ab98952) (1:50 dilu-
tion; Abcam, USA) at 4°C. The cells were washed 3 times with PBS
(5 minutes each) and then incubated in the dark for 1 hour at room
temperature with Alexa Fluor 488 and 550 conjugated goat anti-rat
secondary Ab (1:200 dilution, ab150157 and ab150083; Abcam).
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FIGURE 1 Analysis of microRNA (miR)-362-3p and downstream protein expression in hepatocellular carcinoma (HCC) cells. A,B,
Expression of miR-362-3p, CD82, and epithelial-mesenchymal transition markers (E-cadherin and N-cadherin) was examined in HCC cells
and normal human hepatocytes. *P < .05 vs normal human hepatocytes, **P < .01 vs normal human hepatocytes. C, Spearman's correlations
between the expression of miR-362-3p and its downstream proteins (CD82, E-cadherin, and N-cadherin) in HCC cells

Nuclei of cells were stained with DAPI (Sigma-Aldrich). Images were
obtained using a Zeiss LSM 510 META Confocal microscope using
20x/0.5 w and 40%/1.2 w objectives.

2.12 | Assessment of tumorigenicity in vivo

Tumorigenicity in vivo was analyzed as described in our previous re-
port.?22% In brief, miR-362-3p shRNA or Control shRNA-infected
MHCC-97H cells (5 x 10%) suspended in 0.2 mL serum-free culture me-
dium were s.c. injected into the upper flank region of nude mice. Mice

were killed 4 weeks later. These s.c. tumors were harvested, and tumor
volume and weight were measured. Tumor volume was calculated
using the following formula: volume (mm?3) = (width)? x length / 2.
Orthotopic model was constructed by producing s.c. tumors as de-
scribed above. Then, after 2 weeks, the s.c. tumor, which was 1.0 cm
in diameter, was cut into small pieces of approximately 1.0 mm?® that
were then orthotopically transplanted into the livers of another 10
nude mice. Of the 10 nude mice, 5 were randomly selected for the
miR-362-3p shRNA group and the remaining 5 were the control sShRNA

group. These mice were allowed to grow for 3 months and then killed
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by cervical dislocation. Livers were resected and photographed using a

high-definition digital camera.

2.13 | Statistical analysis

All statistical analyses were undertaken using SPSS 17.0 software
(IBM, Armonk, NY, USA). Data are presented as mean + SD. The statis-
tical significance of multiple group comparisons was calculated using
1- or 2-way ANOVA depending on the experiment, while the statisti-
cal significance of 2-group unpaired comparisons was calculated using
Student's t test. Correlation analysis was carried out to assess the re-
lationship between miR-362-3p level and CD82, E-cadherin, or N-cad-
herin expression. The analysis of quantitative PCR results for miRNAs
was calculated using the 2722 method.?” Differences between groups
were considered statistically significant at P < .05 and highly statisti-
cally significant at P < .01.

3 | RESULTS
3.1 | MicroRNA-362-3p is upregulated and mediates
its target CD82 or EMT markers in HCC cells

First, we confirmed that miR-362-3p expression was increased in
HCC cells using stem-loop quantitative real-time PCR (Figure 1A,B),
which was consistent with a previous study by Shen et al.?8 In ad-
dition, we explored the relationship between the expression of
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miR-362-3p and its target gene CD82 as well as EMT markers (E-cad-
herin and N-cadherin) in different HCC cell lines. CD82 was highly
expressed in HCC cells with low expression of miR-362, and levels of
epithelial marker E-cadherin were also elevated, whereas expression
of mesenchymal marker N-cadherin was decreased (Figure 1A,B).
The miR-362-3p level was negatively correlated with expression of
CD82 (R = -0.792, P = .0337), and was positively related to N-cad-
herin (R = 0.849, P = .0158; Figure 1C). These data indicated that
miR-362-3p was highly expressed in HCC and it could possibly mod-
ulate its target CD82 and EMT markers. Although the relationship
between miR-362-3p and E-cadherin did not achieve statistical sig-
nificance (P =.0514) due to the low repeats of experiments, the trend

towards a positive correlation was very clear (R = -0.751; Figure 1C).

3.2 | MicroRNA-362-3p expression significantly
promotes proliferation, invasion, and metastasis of
HCC cells

To evaluate the roles of miR-362-3p in cell migration and invasion,
wound healing and Transwell invasion assays were carried out using
HCC cells. Wound healing assays showed that miR-362-3p mim-
ics markedly increased HCC cell migration, whereas miR-362-3p
inhibitors significantly inhibited HCC cell migration (Figure 2A,B).
Results of Transwell invasion assays indicated that the invasiveness
of HCC cells transfected with miR-362-3p mimics was significantly
increased, whereas it was decreased in those transfected with the
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FIGURE 2 MicroRNA (miR)-362-3p expression significantly promotes proliferation, invasion, and metastasis of hepatocellular carcinoma
cells. A,B, Cell migration activity was measured by wound healing assay after transfection with miR-362-3p mimics and miR-362-3p
inhibitors. *P < .05; **P < .01. C-F, To evaluate cell invasiveness, Transwell assays were carried out on miR-362-3p mimics and miR-362-3p

inhibitors. *P < .05; **P <.01
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""~- FIGURE 3 MicroRNA (miR)-362-3p
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carcinogenesis of nude mouse and the
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mesenchymal transition markers in
hepatocellular carcinoma (HCC) cells. HCC
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miR-362-3p inhibitors (Figure 2C-F). These results indicate that miR-
362-3p regulates the malignant biological behavior of HCC cells.

3.3 | MicroRNA-362-3p shRNA significantly
inhibited the carcinogenesis of nude mouse and
regulated the expression of CD82 and EMT markers
in HCC

To substantiate the relationship between miR-362-3p and
CD82 and EMT markers, HCC cells were stably transfected
with miR-362-3p shRNA, which induced miR-362-3p silencing.

MicroRNA-362-3p shRNA HCC cells and normal control HCC cells

were implanted into the nude mice by s.c. injection. At 4 weeks
postinjection, the mean weight and volume of tumors generated
from the miR-362-3p shRNA cells were significantly smaller than
those originated from normal control HCC cells (Figure 3A, B).
Next, according to the method mentioned above, the orthotopic
model was built after 3 months. The mice were killed and the livers
were resected. These findings indicate that miR-362-3p effectively
induces the tumorigenesis of HCC cells. Immunohistochemistry of
the HCC xenograft tissues revealed that tumors with decreased
miR-362-3p expression tended to express high levels of CD82 and
E-cadherin and lower levels of N-cadherin (Figure 3C,D). These

findings confirm that miR-362-3p promotes the process of EMT.
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0 h; **P < .01 vs TGF-p treatment for O h; #P < 0.05 vs TGF-p treatment for 6 h; ##P < 0.01 vs TGF-§ treatment for 6 h. B, TGF-p stimulates
miR-362-3p expression in a dose-dependent manner in HCC cells. Symbols (*, #, &, and /\) represent P < .05 vs treatment with O, 1, 2.5, and
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3.4 | Transforming growth factor-p stimulates
miR-362-3p and its downstream proteins in HCC cells

We then investigated whether TGF-f regulated miR-362-3p
expression in HCC cells. The levels of miR-362-3p in HCC cells
were analyzed after treatment with increasing concentrations of
TGF-p over different durations. As shown in Figure 4A,B, TGF-p
promoted miR-362-3p expression in a concentration- and time-
dependent manner in HCC cells. Twelve and 24 hours of TGF-$
treatment achieved maximal stimulation of miR-362-3p expression
(Figure 4A). We then tested the optimal stimulatory concentration
of TGF-B on miR-362-3p. Results showed that TGF-p at 5 ng/mL
or higher induced miR-362-3p expression in HCC cells (Figure 4B).
In addition, the effects of TGF-p on expression of its downstream

signaling proteins and EMT markers were detected. As expected,
TGF-p stimulated the expression of Smad2/3 and N-cadherin while
it downregulated E-cadherin expression. However, Smad4 expres-
sion remained unchanged. Furthermore, TGF-p also reduced CD82
expression, the target of miR-362-3p (Figure 4C).

3.5 | M2 macrophages promote miR-362-3p
expression and its effector protein change via
TGF-g signaling

It is well known that the differentiation of macrophages into the M2
subtype is reflected by increased expression of TGF-p. Therefore, we
tested the effect of TGF-p on the expression of miR-362-3p and HCC
cells during the directed polarization of macrophages. Macrophages
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for 36 h. THP-1 cells treated with PMA/IL-4 showed significant induction of CD68 (a marker of macrophage differentiation) and CD163 (a
marker of M2 macrophages; upper panel). THP1 cells were incubated with 20 ng/mL y-interferon (IFN-y) and 100 ng/mL lipopolysaccharide

(LPS) for 24 h after treatment with PMA (25 ng/mL) for 36 h. Culture-derived M1 macrophages were positive for CD86 but not for
CD163 (lower panel). B, Active TGF-B is released by 2 types of differentiated macrophages. C, Expression of miR-362-3p was detected in
hepatocellular carcinoma (HCC) cells cocultured with 2 types of differentiated macrophages. D, Subsequent effector protein expression
was analyzed by western blot in HCC cells cocultured with 2 types of differentiated macrophages. E, Epithelial-mesenchymal transition

markers (E-cadherin and N-cadherin) expression in HCC cells in experimental groups were detected by immunofluorescence using confocal

microscopy. Bars represent mean + SD. *P < .05; **P < .01

were derived from THP-1 cells (a human monocyte cell line) after treated
with 50 ng/mL PMA for 24 hours (M0) and were subsequently polar-
ized into the M1 or M2 phenotype (Figure 5A). As expected, secreted
TGF-p from both M1 and M2 macrophages was significantly increased;
of them, the increase from M2 macrophages was greatest (Figure 5B).
To clarify whether differently polarized macrophages affected
subsequent signaling through TGF-p-/miR-362-3p in HCC cells, a co-
culture system was used. Human HCC cells (Huh7 and MHCC-97H)

were cocultured with M1 or M2 macrophages. We found that the
expression of miR-362-3p in HCC cells cocultured with M2 mac-
rophages was significantly increased. In contrast, expression of
miR-362-3p was only slightly increased when cells were cocultured
with M1 macrophages compared with nondifferentiated mono-
cytes (Figure 5C). These results confirmed that, similar to the ex-
ogenous TGF- stimulation experiments, M2 macrophages induced

a decrease in CD82 expression, the direct target of miR-362-3p.
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FIGURE 6 Endogenous and exogenous transforming growth factor (TGF)-p signals regulate the epithelial-mesenchymal transition
process in tumor cells by regulating microRNA (miR)-362-3p and its effector protein expression. A-D, Hepatocellular carcinoma (HCC) cells
in the coculture system were treated with TGFBRI inhibitor (SB431542) and specific inhibitor of Smad3 (SIS3), followed by detection of
proteins and miR-362-3p expression using western blotting and real-time PCR, respectively. E,F, Transwell invasion assays were used in
HCC cells treated with endogenous or exogenous TGF-p in the presence or absence of inhibitors. Cells were stained and counted using light
microscopy (magnification, x200). Bars represent mean + SD. *P < .05; **P < .01

Subsequently, E-cadherin expression was downregulated and N-cad-
herin expression was upregulated in GC and HCC cells (Figure 5D).
However, unlike the exogenous TGF-p stimulation experiments, M2
macrophages not only increased Smad2/3 phosphorylation, but also
significantly enhanced Smad4 expression. Immunofluorescence
showed that morphology of HCC cells cocultured with M2 macro-
phages was changed. The gap between cells is larger compared with
control or cells cocultured with M1 macrophages, accompanied by a
decrease in the expression of E-cadherin, and an increase of N-cad-
herin (Figure 5E). This phenomenon might occur because M2 macro-
phages also secrete other cytokines in addition to TGF-p.

3.6 | Transforming growth factor-f signals
regulate the EMT process in tumor cells by modulating
miR-362-3p and its related protein expression

To further confirm our findings, we took advantage of a TGFBRI inhib-
itor (SB431542) and a specific inhibitor of Smad3 (SIS3).2” As shown
in Figure 6A,B, treatment with 3 pmol/L SIS3 or 20 nmol/L SB431542
reduced phosphorylation of Smad2/3 induced by exogenous TGF-,

accompanied by inhibition of miR-362-3p and N-cadherin expression,
while expression of CD82 and E-cadherin was restored. However,
there was no significant change in Smad4 expression. In addition, the
increased level of Smad2/3 phosphorylation induced by endogenous
TGF-p released from M2 macrophages was also inhibited by specific
TGF-p signaling inhibitors (SB431542 and SIS3), and expression of
mir-362-3p and related proteins was reversed. In this case, how-
ever, Smad4 expression might have been altered due to expression
changes of other endogenous cytokines (Figure 6C,D).

In addition, invasion assays results suggested that both endoge-
nous and exogenous TGF-f signals enhanced the invasive activity of
HCC cells (Figure 6E,F). Combined with the data above, we believe
that TGF-p regulates the EMT process by modulating miR-362-3p

and its effector protein expression.

3.7 | Smad2/3 positively regulates transcription of
miR-362-3p

To explore the relationship between the TGF-$/Smads sign-
aling pathway and miR-362-3p, we analyzed the promoter
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FIGURE 7 Smad2/3 positively regulates transcription of microRNA (miR)-362-3p. A, Schematic diagram of the miR-362-3p promoter. B,
ChIP-PCR assays using Smad2/3 Ab validated Smad binding elements (SBEs) in the miR-362-3p promoter. Rabbit IgG was used as a negative
control. Genomic DNA was used as a positive control. C, EMSA for Smad2/3 with the miR-362-3p promoter. EMSA was carried out with
biotin-labeled probes and nuclear extracts obtained from HEK 293 cells. Retarded bands are indicated by the arrow. The probes used were
SBE1-biotin (lanes 1-4), SBE2-biotin (lanes 5-8), and SBE3-biotin (lanes 9-12). For testing the contribution of Smad2/3 in nuclear protein-
SBE complexes, Smad2/3 Ab was included in the incubation mixture (lanes 2, 6, and 10). In lanes 4, 8, and 12, a 10-fold molar excess of the

untagged oligonucleotide was added as a cold competitor

region of miR-362-3p and screened homologous sequences
of SBEs (CAGACA) using bioinformatics analysis. Through se-
quence analysis, we found that multiple SBE sequences were
repeatedly distributed in the promoter region of miR-362-3p
(Figure 7A).

Chromatin immunoprecipitation analysis was then carried
out in HEK293 cells to determine whether Smad2/3 binds the
miR-362-3p promoter in cell culture. Chromatin was immunopre-

cipitated using a Smad2/3 Ab, and PCR amplification was carried

out using the DNA fragment of the expected size as a template. The
ChIP-PCR experiments showed that the SBE3 group did not have
a specific band (191 bp) consistent with the input DNA, indicat-
ing that Smad2/3 did not bind to SBE3 in the transcription region.
However, specific bands were amplified in both the SBE1 (277 bp)
and SBE2 (374 bp) groups, consistent with their corresponding
input DNA, suggesting that Smad2/3 might regulate the expression
of mir-362-3p by binding SBE1 and SBE2 in the near-transcriptional
region (Figure 7B).
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To further explore whether the transactivation of the miR-362-3p
promoter by Smad2/3 was direct or indirect, we undertook an EMSA
using oligonucleotide probes derived from the miR-362-3p promoter
region. We designed 3 oligonucleotides named SBE1, SBE2, and SBE3.
Nuclear extracts were prepared from HEK293 cells. As shown in
Figure 7C (lanes 3, 7, and 11), the retarded bands were detected with
SBE1/SBE2/SBE3 biotin-labeled probes. In the case of SBE1-biotin
and SBE2-biotin, inclusion of Ab against Smad2/3 caused attenuation
of the retarded bands, demonstrating the specificity of the reaction
(lanes 2 and 6). However, in the case of SBE3-biotin, Smad2/3 Ab
did not attenuate the retarded band (lane 10). Furthermore, the for-
mation of protein-DNA complexes with SBE1/SBE2/SBE3 biotin-la-
beled probes was blocked by competition with a 10-fold molar excess
of the cold untagged SBE1/SBE2/SBE3 oligonucleotides (lanes 4, 8,
and 12). These results suggested that Smad2/3 binds directly to the
miR-362-3p promoter through SBE1 and SBE2, but not SBE3.

4 | DISCUSSION

Chronic inflammatory stimuli play a role in the progression of vari-
ous tumors, including HCC.%%%2 The recruitment and differentia-
tion of macrophages occurs during inflammation, in which immune
imbalance can occur during tumorigenesis due to the simultaneous
processing of both anti- and pro-tumorigenic signals. In this process,
macrophage heterogeneity is depending on inflammatory molecules
in the microenvironment.®3%> In return, differently differentiated
macrophages also affect the tumor microenvironment by releasing
cytokines.®¢%8 The term “TAM” usually refers to macrophages that
infiltrate tumors. Among them, M2 macrophages participate in im-
munoregulation by promoting the Th2-type immune response and
supporting further tumor progression through the release of vascu-
lar endothelial growth factor and TGF-p.3%4°

Recently, miRNA-transcription factor networks have been found

to be involved in macrophage polarization, which participates in the

A

progression of multiple tumors. Most studies focused on miRNAs
as upstream signal regulators that control macrophage polarization
through target genes. However, little is known about the role of
macrophage polarization in miRNAs and downstream signals.

In the present study, we first investigated miR-362-3p expres-
sion in HCC cells. MicroRNA-362-3p is highly expressed in HCC
cells and regulates the expression of target gene CD82 and down-
stream EMT markers. Most studies suggest that M2 macrophages
are accumulated in liver and gastric cancers, which is characterized
by high production of TGF-f. We therefore investigated the rela-
tionship between miR-362-3p expression and TGF-p. Results indi-
cated that miR-362-3p expression was increased in HCC cells by
exogenous TGF-f stimulation. Using a coculture system to stimulate
macrophage polarization, we found that M2 differentiation of mac-
rophages could stimulate the expression of miR-362-3p in HCC cells
and regulate downstream signals in the EMT process.

Some reports have indicated that macrophage infiltration and
release of inflammatory factors mediate the regulation of miRNAs
during tumorigenesis.”*! Our study showed that M2 macrophages
regulated Smad2/3 binding to the miR-362-3p promoter by releasing
TGF-, leading to overexpression of miR-362-3p.

In conclusion, our study showed that miR-362-3p overexpres-
sion in HCC cells was associated with M2 differentiation of mac-
rophages partly through autocrine regulation of TGF-p expression.
Based on these data, we speculate that miR-362-3p might serve as
a core factor to connect the TGF-f/Smads pathway in TAMs and
the tetraspanin network in HCC and GC cells, facilitating the EMT
process (Figure 8). This finding provides a rationale for antagonizing

macrophage-directed polarization to inhibit HCC.
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