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Background: Hepatocellular carcinoma (HCC) is the predominant histological type of primary liver cancer, which ranks sixth among
the most common human tumors. Tumor-associated macrophages (TAMs) are an important component of tumor microenvironment
(TME) and the M2 macrophage polarization substantially contributes to tumor growth and metastasis. Long non-coding RNA
(IncRNA) MEG3 was reported to restrain HCC development. However, whether MEG3 regulates macrophage phenotypic polarization
in HCC remains unclear.

Methods: Bone marrow derived macrophages (BMDMs) were treated with LPS/IFNy and IL4/IL13 to induce the M1 and M2
macrophage polarization, respectively. M2-polarized BMDMs were simultaneously transfected with adenovirus vector overexpressing
MEG3 (Adv-MEG3). Subsequently, M2-polarized BMDMs were cultured for 24 h with serum-free medium, the supernatants of which
were harvested as conditioned medium (CM). HCC cell line Huh7 was cultured with CM for 24 h. F4/80°CD68" and F4/80"CD206"
cell percentages in Ml-and M2-polarized BMDMs were calculated using flow cytometry. Huh7 cell migration, invasion and
angiogenesis were determined via Transwell assay and tube formation experiment. Nude mice were implanted with Huh7 cells and
Adv-MEG3-transfected M2-polarizd BMDMs, and tumor growth and M2 macrophage polarization markers were assessed. The
binding between miR-145-5p and MEG3 or disabled-2 (DAB2) was verified by luciferase reporter assay.

Results: MEG3 presented lower expression in HCC tissues than in normal controls, and low expression of MEG3 was correlated to
poorer prognosis of HCC patients. MEG3 expression was enhanced during LPS/IFNy-induced M1 polarization, but was reduced
during IL4/IL13-induced M2 polarization. MEG3 overexpression inhibited the expression of M2 polarization markers in both M2-
polarized BMDMSs and mice. Mechanically, MEG3 bound with miR-145-5p to regulate DAB2 expression. Overexpressing MEG3
suppressed M2 polarization-induced HCC cell metastasis and angiogenesis by upregulating DAB2 and inhibited in vivo tumor growth.
Conclusion: LncRNA MEG3 curbs HCC development by repressing M2 macrophage polarization via miR-145-5p/DAB2 axis.
Keywords: hepatocellular carcinoma, tumor microenvironment, macrophage polarization, MEG3, miR-145-5p, DAB2, metastasis

Introduction

Primary liver cancer ranks sixth among the most common human tumors, making it a significant cause of a high fatality
rate globally.'! Hepatocellular carcinoma (HCC), which accounts for nearly 90% of primary liver cancer, is the
predominant histological type.> HBV and HCV infections, excessive alcohol consumption, smoking, consumption of
aflatoxin-contaminated food, liver fluke infections, and having diseases such as non-alcoholic steatohepatitis, obesity,
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type 2 diabetes and metabolic syndrome have all been identified to be the critical risk factors contributing to the
occurrence of HCC.>* In recent decades, continuous progresses have been achieved in HCC treatment methods including
surgical resection, interventional therapy, immunotherapy, targeted therapy, radiotherapy, and chemotherapy, which have
substantially improved survival in HCC patients and reduced global cancer burden.>® Nevertheless, due to the high
incidence of postoperative tumor recurrence and metastasis, the long-term prognosis for HCC patients remains poor.” In
such a predicament, illuminating the molecular mechanisms underlying HCC development and identifying novel reliable
biomarkers and therapeutic targets for HCC treatment are the prior tasks.

Tumor microenvironment (TME), which is composed of tumor cells, surrounding immune and inflammatory cells,
tumor-associated fibroblasts, nearby mesenchymal tissue, microvasculature, and various cytokines and chemokines, is
a complex comprehensive system.® Increasing studies have demonstrated that TME plays an essential role in tumor
growth and metastasis, providing a crucial ecological niche for cancer initiation and progression.” Tumor-associated
macrophages (TAMs) refer to macrophages infiltrated in tumor tissues and are an important component of TME.'°
Macrophages can be polarized into M1 or M2 phenotypes under different stimulations, showing their plasticity in
response to environmental cues.'' The polarization of macrophage is closely associated with tumorigenesis: M1-type
macrophages are pro-inflammatory and promote tumoricidal responses while M2-type macrophages are anti-inflam-
matory facilitate tumor progression.'?> Multiple reports have elucidated that macrophages are involved in cancer
development, including HCC, through regulating tumor cell growth, metastasis and angiogenesis in a polarized
manner.'>'* Macrophages are excellent candidates for cell therapy, and chimeric antigen receptor macrophages
(CAR-M) are already in clinical evaluation."” Macrophage-targeted therapy is expected to be the next frontier in
tumor immunotherapy.'® Thus, it is crucial to elucidate the molecular mechanisms underlying the interaction between
macrophage polarization and cell malignant phenotypes, which may provide novel therapeutic strategies for HCC.

Long non-coding RNAs (IncRNAs) are a class of regulatory transcripts longer that are 200 nucleotides or longer but
have limited protein-coding potential.'” It is well documented that IncRNAs are extensively involved in various
pathophysiological processes through their multi-level regulation of gene expression and signal transduction.'®
Furthermore, massive studies have clarified that IncRNAs are frequently deregulated in human cancers and their
abnormal expression and mutation are linked with cancer cell growth, apoptosis, cell cycle, senescence, differentiation,
invasion, migration, drug resistance, and so on.'*?° The role of IncRNAs is closely related to their cellular localization.
LncRNAs in the nucleus mainly affect chromatin structure, chromatin remodeling, transcriptional regulation and
nucleosome regulation, while IncRNAs in the cytoplasm affect mRNA stability, protein translation and post-translational
modifications.”’ LncRNAs perform their biological functions through complex and various mechanisms, one of which is
acting as microRNA (miRNA) sponges or competing endogenous RNAs (ceRNAs) to competitively bind to common
miRNAs and relieve their repression on target genes.”> Evidence has shown that numerous IncRNAs participate in HCC
development at almost every stage.”>** LncRNA MEG3, which was initially found as a homologous imprinted gene of
mouse GLT2, is located in the DLK1-MEG?3 imprinting region of human chromosome 14.%° Researchers have found that
MEG3 is downregulated in multiple neoplasms including HCC, gastric cancer, prostate cancer, non-small cell lung
cancer, cervical cancer, etc., and is regarded as a potential tumor suppressor.® 2’ Ectopic expression of MEG3 has been
proved to suppress the growth and metastasis but enhance the apoptosis of tumor cells.* In contrast, deletion or low
expression of MEG3 is largely related to early metastasis, deep infiltration, and low survival rate.”> Even though MEG3

31 its role in

have been widely reported to inhibit HCC progression through regulating cancer cell malignant behaviors,
macrophage polarization in HCC remains unclear until now.

In our study, the function of MEG3 on macrophage polarization during HCC development as well as the underlying
molecular mechanisms were investigated. We hypothesized that MEG3 might restrain HCC cell metastasis and angio-
genesis by curbing M2 macrophage phenotypic polarization through the MEG3/miR-145-5p/disabled-2 (DAB2) ceRNA
regulatory network. Our study highlights the vital effects of IncRNA MEG3 in HCC progression and provides a feasible

novel direction to identify therapeutic target for HCC.
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Materials and Methods

Cell Culture and Treatment

Bone marrow derived macrophages (BMDM:s) were isolated as described previously from C57BL/6 mice.>*> In brief,
mouse femurs and tibias were removed using aseptic techniques and washed 2 to 3 times in a cell culture dish
supplemented with PBS. By using syringes fit with 26-gauge needles, bone marrow cells were flushed into sterile
tubes. Cells were incubated in complete Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Invitrogen, Carlsbad, CA,
USA) containing 10% fetal bovine serum (FBS; Gibco), 1% penicillin—streptomycin (Gibco) and 10 ng/mL macrophage
colony-stimulating factor (M-CSF; PeproTech, Rocky Hill, NJ, USA) for 7 days at 37°C with 5% CO, to obtain
BMDMs. To promote the differentiation of BMDMSs into M1 or M2 macrophages, cells were treated for 48 h with 10
ng/mL LPS (Sigma-Aldrich, St. Louis, MO, USA)/IFNy (eBioscience, San Diego, CA, USA) and 10 ng/mL IL4
(eBioscience)/IL13 (Sino Biological, China), respectively.>* Subsequently, M2-polarized BMDMs were cultured for 24
h with serum-free medium, the supernatants of which were harvested as conditioned medium (CM) and were stored at
—80°C. HCC cell line Huh7 was obtained from the Chinese Academy of Sciences Cell Bank and cultured in DMEM
(Gibco). To explore the effects of M2 macrophage polarization on HCC cell phenotypes, Huh7 cells were cultured with
CM obtained from M2-polarized BMDMs for 24 h.

Cell Transfection

To investigate the impacts of MEG3 overexpression on M2-polarization of BMDMs, MEG3 was inserted into the
adenovirus vector to construct the recombinant overexpression vector (Adv-MEG3) by using AdenoBuilder toolkit
(#1000000176; Addgene), with Adv-NC as the negative control. Recombinant adenovirus vector carrying a short hairpin
RNA (sh-RNA)  targeting  DAB2 (Adv-shDAB?2; top strand: 5’-CACCGGATAAAGAGATCAA
GGATGTCGAAACATCCTTGATCTCTTTATCC-3’, bottom strand: 5’-AAAAGGATAAAGAGATCAAGGATGT
TTCGACATCCTTGATCTCTTTATCC-3") was generated to knockdown DAB2, with Adv-shNC (top strand: 5’-
CACCGAGAGAAGAGGATATAATCGTCGAAACGATTATATCCTCTTCTCTC-3?, bottom strand: 5’-AAAAGAGA
GAAGAGGATATAATCGTTTCGACGATTATATCCTCTTCTCTC-3") as the negative control. MiR-145-5p mimics
(5’-GUCCAGUUUUCCCAGGAAUCCCU-3") was wused to overexpress miR-145-5p, with miR-NC (5’-
GUCUAGAUCCUCAGCUCUGACCU-3") as the negative control. BMDMSs or Huh7 cells were cultured in six-well
plates and cell transfection was performed by using Lipofectamine 2000 (Invitrogen) after 80% confluence was reached.
Transfection efficiency was examined 48 h post transfection by RT-qPCR.

Flow Cytometric Analysis

After 48 h of indicated treatment or transfection, 5x10* BMDMSs were harvested and washed with PBS, followed by
incubation with PE-conjugated anti-mouse CD86 antibody (ab275357, Abcam, Cambridge, UK), PE-conjugated anti-
mouse CD206 (#141706, BioLegend, California, USA), or FITC-conjugated F4/80 (ab105155, Abcam) for 30 min. Data
were analyzed with the help of a FACSCanto flow cytometer (BD biosciences).

Transwell Assay

The 24-well transwell chambers (8-um pore size; Corning Costar, Tewksbury, MA, USA) were used to detect cell
migration and invasion. A total of 3 x 10* Huh7 cells were resuspended in 200 uL serum-free medium and seeded into
the upper chamber pre-coated with (for invasion assay) or without (for migration assay) Matrigel (Yeasen, Shanghai,
China). Then, 600 uL. complete culture medium was added to the bottom chamber. Plates were maintained in 5% CO, at
37°C for 24 h. Afterwards, cells that migrated or invaded the lower filter surfaces were fixed with 90% ethanol and
stained with 0.1% crystal violet (Beyotime, Shanghai, China). Migrated or invaded cell numbers in five randomly
selected fields of view were photographed with an IX81 microscope (Olympus) and quantified using Image-Pro Plus 6.0
software.
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Tube Formation Assay

After indicated treatment or transfection, a total of 1x10° Huh7 cells were cultured in six-well plates for 48 h. The media
were then harvested and used in the in vitro endothelial cell tube formation assay. In brief, the 96-well plates were pre-
chilled on the ice. Subsequently, each well was added with 100 pL. Matrigel and allowed to set for 30 min at 37°C.
HUVECs were incubated with tumor-conditioned media for 8 h. Finally, the capillary-like structures were photographed.

Fluorescence in situ Hybridization (FISH) Assay

BMDMs were first stimulated by LPS/IFNy and IL4/IL13 to induce M1 and M2 polarization, and were harvested after 24
or 48 h. Then, the M1- or M2-type BMDMs were fixed by 4% paraformaldehyde, washed by PBS, and permeabilized
with 0.4% Triton X-100. Cells were prehybridized with a hybridization solution and then incubated with digoxigenin-
labeled probe specific for MEG3, which was designed and synthesized by RiboBio (Guangzhou, China), in hybridization
buffer. After overnight incubation in a humidified atmosphere at 37°C, cells were washed thrice in the dark by SSC
reagent. Cells were stained with 4, 6-diamidino-2-phenylindole (DAPI; Beyotime) in the dark for 10 min, washed thrice
with PBS, and photographed by fluorescence microscopy (Olympus).

Western Blotting

Huh7 cells were lysed with RIPA buffer (Cowin Biotech, Beijing, China) containing protease and phosphatase inhibitors.
Equal amounts of denatured protein were transferred to PVDF membrane (Millipore) after separation on SDS—-PAGE
gels. After blocking with 5% skim milk, the membrane was incubated overnight at 4°C with primary antibodies including
anti-DAB2 (ab256524) and anti-GAPDH (ab181602) diluted in TBS containing 0.05% Tween 20 (TBST) containing 3%
bovine serum albumin (BSA). The next day, the membranes were washed with TBST and then incubated with HRP-
labeled secondary antibody (ab7090) at RT for 1 h. The enhanced chemiluminescence (ECL) method was adopted to
visualize and detect the protein signals.

Luciferase Reporter Assay

Based on the manufacturer’s protocols for the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA),
dual-luciferase reporter assay was performed to validate the binding between MEG3 (or DAB2) and miR-145-5p. Briefly,
the fragments of MEG3 and DAB2 3'UTR containing the predicted binding sites of wild-type or mutant miR-145-5p
were inserted into the pmirGLO plasmid (Supplementary Figure 1; Promega) using the one-step directed cloning kit

(Novoprotein, Shanghai, China) to construct the luciferase reporter plasmids pmirGLO-MEG3-Wt/Mut (Supplementary
Figures 2 and 3) and pmirGLO-DAB2 3’UTR-Wt/Mut (Supplementary Figures 4 and 5), respectively. Huh7 cells were
co-transfected with pmirGLO-MEG3-Wt/Mut or pmirGLO-DAB2 3’UTR-Wt/Mut plasmids, together with miR-145-5p
mimics or negative control miR-NC. Transient transfections were achieved by using FuGene HD Transfection Reagent

(Promega). After 48 h, the luciferase activity was detected using the Dual-Luciferase Reporter Assay System (Promega,
Madison, WI, USA) on a Glomax20/20 luminometer (Promega).

Nude Mouse Xenograft Model

The Animal Care and Use Committee of Affiliated Hospital of Youjiang Medical University for Nationalities (Ethic
Number: YYFY-LL-2022-112) approved the procedures in our animal experiments. All animals were handled following
the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Bethesda, MD).
A total of 24 male BALB/c nude mice (4-5 weeks old) purchased from Charles River (Beijing, China) were used. Mice
were randomly separated into three groups (N = 8 in each group): Huh7 (mice were injected with Huh7 cells) group,
Huh7 + M2-type BMDMs-Adv-NC (mice were injected with Huh7 cells and Adv-NC-transfected M2-type BMDMs)
group, and Huh7 + M2-type BMDMs-Adv-MEG3 (mice were injected with Huh7 cells and Adv-MEG3-transfected M2-
type BMDMs) group. The mixture of Huh7 cells (1 x 10°) and Adv-NC or Adv-MEG3-transfected M2-type BMDM s (6
x 10°) was planted into mice armpits subcutaneously.’* Mice were sacrificed four weeks later and the primary tumors
were excised, imaged and weighed.
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RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction

Total RNA from BMDMs, Huh7 cells or tumor tissues was extracted using TRIzol reagent (TaKaRa, Dalian, China).
Reverse-transcription of 1 pg of RNA was conducted by employing HiScript III RT SuperMix (Vazyme, Nanjing, China)
to obtain complementary DNA (cDNA). The cDNA was subjected to real-time PCR on a CFX Connect PCR system
(Bio-Rad) by using the ChamQ SYBR qPCR Master Mix (Vazyme). GAPDH and U6 served as the internal controls.
Relative gene expression was calculated using the 22T method.

Histopathology Evaluation

Fresh tumor tissues of mice were fixed with 10% formaldehyde solution, dehydrated with ethanol of gradient concentra-
tions and xylene, embedded in paraffin, and cut down into slices of 5 um. After dewaxing, the sections were stained with
hematoxylin and eosin (H&E), mounted with neutral gum, and observed under a light microscope (Leica Microsystems,
Wetzlar, Germany) to examine histopathological changes.

Immunohistochemistry Staining

Tumor tissues were embedded in paraffin and then sliced into 5-um-thick sections. Then, the slides were dewaxed in
xylene, rehydrated with gradient alcohol, antigen retrieved in water bath, and blocked with goat serum. After overnight
incubation at 4°C with anti-CD206 (K010042P; 1:100; Solarbio, Beijing, China) and anti-Ki67 (K010075P; 1:200;
Solarbio) primary antibodies, the sections were further incubated with secondary antibody (K0034G-AP; 1:100;
Solarbio) for 20 min, followed by color development using DAB detection kit (ZSGB-BIO, China). At last, sections
were counterstained with hematoxylin, mounted under coverslips, and imaged using a Pannoramic MIDI slide scanner
(3DHISTECH Ltd, Budapest, Hungary).

Statistical Analysis

All statistical analyses were accomplished by using GraphPad Prism 5.0. The data of three independent experiments are
expressed as the mean + standard deviation (SD). As for the comparison between two groups and among multiple groups,
Student’s two-tailed #-test and one-way analysis of variance were adopted, respectively. p < 0.05 was considered
statistically significant.

Results

Low Expression of MEG3 Predicts Poor Prognosis in HCC Patients

According to GEPIA database, MEG3 presents lower expression in LIHC tissues than in normal tissues (Figure 1A).
Survival analysis in Kaplan Meier Plotter database showed that HCC patients with low expression of MEG3 had shorter
overall survival time than those with high expression of MEG3 (Figure 1B), indicating the direct correlation between
MEGS3 expression and poor prognosis in HCC.

MEG3 Participates in MI/M2 Macrophage Polarization

To investigate the role of MEG3 in macrophage polarization, BMDMs were first treated with 10 ng/mL LPS/IFNy to
induce M1 macrophage polarization. By using flow cytometry, we discovered that F4/80 ' CD68" cell percentage was
significantly increased after LPS/IFNy treatment, suggesting the induction of M1 macrophage polarization (Figure 2A
and B). LncRNA MEG3 expression in control BMDMs and LPS/IFNy-treated BMDMs was then detected. RT-qPCR
analysis showed that LPS/IFNy treatment markedly enhanced the expression of MEG3 (Figure 2C). Similarly, to induce
M2 macrophage polarization, BMDMs were stimulated by 10 ng/mL IL4/IL13. As revealed by flow cytometric analysis,
IL4/IL13 stimulation resulted in a remarkable increase in F4/80"CD206" cell percentage, indicating the successful
induction of M2 macrophage polarization (Figure 2D and E). Compared to control BMDMs, IL4/IL13-treated BMDMs
displayed lower expression of MEG3 (Figure 2F). In addition, FISH assay was performed to further confirm MEG3
expression in M1-type and M2-type macrophages. As shown in Figure 2G and H, MEG3 expression in LPS/IFNy-
induced M1-type BMDMs was elevated by LPS/IFNy treatment in a time-dependent manner. However, 1L4/IL13
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Figure | Low expression of MEG3 predicts poor prognosis in HCC patients. (A) The expression pattern of IncRNA MEG3 in 369 LIHC tissues and 160 normal tissues
shown at GEPIA database (http://gepia.cancer-pku.cn/). (B) The overall survival time of HCC patients with high or low expression of MEG3 predicted at Kaplan Meier
Plotter database (https://kmplot.com/analysis/). *p < 0.05.

treatment inhibited MEG3 expression in cytoplasm with a negative correlation with time growth in IL4/IL13-induced
M2-type BMDMs (Figure 21 and J). Overall, MEG3 expression was altered during M1/M2 macrophage polarization.

MEG3 Suppresses M2 Macrophage Polarization

To figure out the detailed function of MEG3 in M2 macrophage polarization, we constructed adenovirus vector over-
expressing MEG3 (Adv-MEG3) to promote MEG3 expression in M2-type BMDMs. RT-qPCR analysis revealed that
transfection with Adv-MEG3 evidently upregulated MEG3 RNA level in M2-type BMDMs (Figure 3A). Then, 1L4/
IL13-induced M2-type BMDMs were simultaneously transfected with Adv-MEG3. As shown by flow cytometric
analysis, overexpressing MEG3 significantly reduced CD206" cell percentage (Figure 3B and C). Furthermore, we
also examined M2 polarization marker genes. Consistent with the results of flow cytometry, ARG1, YM1 and MRCl1
mRNA levels in M2-type BMDMs were obviously attenuated after MEG3 overexpression (Figure 3D-F). Taken
together, MEG3 hindered M2 macrophage polarization.

MEG3 Inhibits M2 Macrophage Polarization-Induced HCC Cell Metastasis and
Angiogenesis

Next, we explored whether the function of macrophage on tumor development can be impacted after overexpressing
MEG3. BMDMs were treated with 1L4/IL13, followed by Adv-MEG3 transfection. Then, cells were cultured with
serum-free medium and the supernatants were harvested as conditioned medium (CM). Huh7 cells were incubated with
the above CM and the influence of M2-type macrophages on HCC cell migration and invasion was evaluated by
Transwell assays. CM collected from M2-type BMDMs increased the numbers of both migrated and invaded Huh7 cells,
which, however, were reduced after MEG3 overexpression (Figure 4A-D). Moreover, tube formation experiment
demonstrated that the number of luminal formations was increased after culture with CM from M2-type BMDMs,
while such increase was reversed after incubation with CM from Adv-MEG3-transfected M2-type BMDMs (Figure 4E
and F). In conclusion, MEG3 mitigated HCC cell metastasis and angiogenesis through suppressing M2 macrophage
polarization.
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Figure 2 MEGS3 participates in M1/M2 macrophage polarization. (A and B) Analysis of F4/80"CD68" cell percentage in control and LPS/IFNy-treated BMDMs by using flow
cytometry. (C) Detection of MEG3 RNA level in BMDMs after LPS/IFNy treatment by RT-qPCR. (D and E) Analysis of F4/80°CD206" cell percentage in control and IL4/
ILI3-treated BMDMs through flow cytometry. (F) Evaluation of MEG3 RNA level in BMDMs after IL4/IL13 treatment by RT-qPCR. (G and H) Assessment of MEG3
expression in BMDMs after 0, 48 or 72 h treatment of LPS/IFNy by FISH assay and RT-qPCR analysis. (I and J) Determination of MEG3 expression in BMDMs after 0, 48 or
72 h treatment of IL4/IL13 by FISH assay and RT-qPCR analysis. **p < 0.01.
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Figure 3 MEG3 suppressed M2 macrophage polarization. (A) Adenovirus vector overexpressing MEG3 (Adv-MEG3) and control vector (Adv-NC) were transfected into
IL4/IL13-induced M2-type BMDMs, and the overexpression efficiency was confirmed by RT-qPCR. (B and C) BMDMs were treated with IL4/IL13 to induced M2 phenotype
and simultaneously transfected with Adv-NC or Adv-MEG3. CD206" cell percentage was determined through flow cytometric analysis. (D-F) Assessment of mRNA levels
of M2 macrophage marker genes in M2-type BMDMs after Adv-MEG3 or Adv-NC transfection by RT-qPCR. **p < 0.01.

MEG3 Represses in vivo Tumor Growth by Curbing M2 Macrophage Polarization

To assess the in vivo therapeutic effects of MEG3, the mixture of Huh7 cells and Adv-NC or Adv-MEG3-transfected
M2-type BMDMs were implanted subcutaneously into the armpits of nude mice. We found that the primary tumors
excised from mice implanted with Huh7 cells and Adv-NC-transfected M2-type BMDMs were prominently bigger than
those excised from mice implanted with Huh7 cells only but were smaller than those obtained from mice implanted with
Huh7 cells and Adv-MEG3-transfected M2-type BMDMSs (Figure 5A). What is more, MEG3 overexpression in M2-type
BMDMs markedly reduced tumor weight, but did not affect body weight (Figure 5B and C). As revealed by H&E
staining, overexpressing MEG3 considerably ameliorated the histopathological changes of tumors stimulated by M2-type
BMDMs in nude mouse xenograft model (Figure 5D). Immunohistochemistry staining indicated that tumor tissues from
mice injected with MEG3-overexpressed cell mixture displayed decreased levels of Ki67 and CD206 (Figure SE-H). The
expression of M2 polarization markers was also downregulated in tumor tissues of mice injected with MEG3-over-
expressed cell mixture (Figure 5I-K). Collectively, overexpressing MEG3 in tumor-associated macrophages suppressed
M2 macrophage polarization and curbed tumor growth.
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Figure 4 MEG3 inhibits M2 macrophage polarization-induced HCC cell metastasis and angiogenesis. Huh7 cells were cultured for 24 h with condition medium (CM) from
Adv-MEG3-transfected M2-type BMDMs. (A-D) Examination of Huh7 cell migration and invasion by Transwell assays. (E and F) Measurement of capillary-like tube
formation of HUVECs in the presence of CM through tube formation experiment. *p < 0.01.

LncRNA MEG3 Binds with miR-145-5p

LncRNAs exert their biological roles in tumor development through various mechanisms, one of which is the
ceRNA regulatory mechanism. LncRNAs competitively bind with the corresponding miRNAs and thereby regulate the
expression of downstream target mRNAs. Therefore, we hypothesized that IncRNA MEG3 may also serve as a ceRNA in
modulating HCC development. Under the screening condition of clipExpNum>5, five candidate miRNAs harboring
MEG3 binding sites were predicted at ENCORI database (Table 1). Huh7 cells were transfected with Adv-NC or Adv-
MEG3 to examine the changes in the mRNA levels of the above five miRNAs in response to MEG3 overexpression. The
findings of RT-qPCR illustrated that only miR-145-5p mRNA level was obviously reduced in MEG3-overexpressed
Huh?7 cells (Figure 6A), which help us identify the promising role of miR-145-5p in MEG3-mediated HCC development.
Besides, miR-145-5p expression was dramatically attenuated in LPS/IFNy-induced M1-type BMDMs, but was substan-
tially enhanced in IL4/IL13-induced M2-type BMDMs (Figure 6B and C), suggesting the potential involvement of miR-
145-5p in M1/M2 macrophage polarization. Then, Huh7 cells were transfected with miR-NC or miR-145-5p mimics, and
the overexpression efficiency was confirmed by RT-qPCR. Compared with miR-NC, miR-145-5p mimics caused
a notable increase in miR-145-5p expression in Huh7 cells (Figure 6D). According to ENCORI database, the binding
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Figure 5 MEGS3 represses in vivo tumor growth by inhibiting M2 macrophage polarization. Nude mice were injected subcutaneously with Huh7 cells only, mixture of Huh7
cells and Adv-NC-transfected M2-type BMDMs, or mixture of Huh7 cells and Adv-MEG3-transfected M2-type BMDMs. (A) The primary tumors were excised and
photographed after mice were sacrificed. (B) Tumor weight. (C) Body weight of mice. (D) Examination of the histopathological characteristics of the tumors by hematoxylin
and eosin (H&E) staining. (E-H) Determination of Ki67 and CD206 expression in tumor tissues by immunohistochemistry staining. (I-K) Detection of mRNA expression of
M2 polarization markers by RT-qPCR analysis. N = 8 per group. **p < 0.01.
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Table | Five Candidate Downstream miRNAs of MEG3 Predicted at ENCORI Database (Screening Condition: clipExpNum>5)

miRNAid miRNAname genelD geneName geneType clipExpNum
MIMAT0000437 hsa-miR-145-5p ENSG000002 14548 MEG3 lincRNA 8
MIMATO0021 127 hsa-miR-5195-3p ENSG000002 14548 MEG3 lincRNA 8
MIMATO0015023 hsa-miR-3150a-3p ENSG000002 14548 MEG3 lincRNA 8
MIMAT0027426 hsa-miR-6763-5p ENSG000002 14548 MEG3 lincRNA 8
MIMATO0019700 hsa-miR-4640-3p ENSG000002 14548 MEG3 lincRNA 8

sites of miR-145-5p on MEG3 were shown (Figure 6E). To verify the binding of miR-145-5p on MEGS3, luciferase
reporter assays were conducted. We discovered that overexpressing miR-145-5p attenuated the luciferase activity of
pmirGLO vector containing wild-type MEG3 but not mutant MEG3 (Figure 6F). Altogether, IncRNA MEG3 might
mediate macrophage phenotypic polarization in HCC development through sponging miR-145-5p.

MiR-145-5p Direct Targets DAB2

According to miRDB database, seven candidate target genes of miR-145-5p were screened out under the condition of
target score = 100 (Figure 7A). After overexpressing miR-145-5p in Huh7 cells, we discovered that DAB2 expression
was notably downregulated while other candidate genes showed no significant change in their expression (Figure 7B).
Thus, DAB2 was selected for our following assays. Similarly, we also detected the expression of DAB2 in the process of
M1/M2 macrophage polarization. DAB2 expression was upregulated in LPS/IFNy-induced M1-type BMDMs, but was
downregulated in IL4/IL13-induced M2-type BMDMs (Figure 7C and D). TargetScan database showed that miR-145-5p
bound with DAB2 3’UTR at position 1084—-1091 and 1604-1610 (Figure 7E). A luciferase reporter assay was then
conducted to verify the relationship between miR-145-5p and DAS2. Overexpressing miR-145-5p caused a marked
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Figure 6 LncRNA MEG3 binds with miR-145-5p. (A) Evaluation of the mRNA levels of five candidate downstream miRNAs of MEG3 in Huh7 cells transfected with Adv-NC
or Adv-MEG3 by RT-qPCR. (B and C) Detection of miR-145-5p expression level in LPS/IFNy-induced MI-type and IL4/IL|13-induced M2-type BMDMs by RT-qPCR. (D)
Examination of miR-145-5p expression in Huh7 cells transfected with miR-NC or miR-145-5p by RT-qPCR. (E) The binding site of miR-145-5p on MEG3 shown at ENCORI
database (https://starbase.sysu.edu.cn/). (F) Huh7 cells were cotransfected with pmirGLO vectors carrying wild-type or mutant binding site of MEG3 and miR-NC or miR-
145-5p mimics. The luciferase activities of vectors were measured after 48 h. *p < 0.01.
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Figure 7 MiR-145-5p direct targets DAB2. (A) Prediction of candidate target genes of miR-145-5p at miRDB database (https://mirdb.org/) under the screening condition of
target score=100. (B) Analysis of changes in candidate gene expression after miR-145-5p overexpression in Huh7 cells by RT-qPCR. (C and D) Assessment of DAB2
expression level in LPS/IFNy-induced Ml-type and IL4/ILI3-induced M2-type BMDMs by RT-qPCR. (E) The binding sites of miR-145-5p on DAB2 3’UTR predicted at
TargetScan database (https://www.targetscan.org/). (F) Huh7 cells were cotransfected with pmirGLO vector containing wild-type or mutant fragment of DAB2 3’'UTR and
miR-NC or miR-145-5p mimics. The luciferase activities were detected 48 h later. **p < 0.01.

reduction in the luciferase activity of pmirGLO vector containing wild-type 3’UTR of DAB2 but not mutant 3’UTR of
DAB?2 (Figure 7F). In summary, DAB2 was a downstream target of miR-145-5p.

DAB2 Knockdown Reverses the Influence of MEG3 Overexpression on HCC Cell

Metastasis and Angiogenesis

Finally, to confirm whether MEG3 mediates HCC development through modulating M2 macrophage polarization via targeting
DAB?2, rescue experiments were carried out. Huh7 cells were transfected with adenovirus vector delivering shDAB2 (Adv-
shDAB2), which led to a substantial reduction in DAB2 mRNA and protein expression (Figure 8 A—C). IL4/IL13-induced M2-
type BMDMs were transfected with Adv-MEG3 and Adv-shDAB2. Then, conditioned medium (CM) was collected as
mentioned above. Huh7 cells were incubated with CM for 24 h, followed by Transwell assays of cell migration and invasion.
The findings demonstrated that incubation with CM collected from Adv-MEG3-transfected M2-type BMDMs significantly
decreased M2-type macrophage-induced migration and invasion of Huh7 cells. In contrast, DAB2 silencing counteracted the

suppression of MEG3 overexpression on Huh7 cell migratory and invasive abilities (Figure 8D-G). Besides, co-transfection with
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Figure 8 DAB2 knockdown reverses the influence of MEG3 overexpression on HCC cell metastasis and angiogenesis. (A—C) Huh7 cells were transfected with Adv-shNC
or Adv-shDAB2, and the interfering efficiency of DAB2 was determined by RT-qPCR and Western blotting. (D—G) Huh?7 cells were cultured for 24 h with condition medium
(CM) from Adv-MEG3+Adv-shDAB2-cotransfected M2-type BMDMs. Huh7 cell migratory and invasive abilities were examined via Transwell assays. (H and I) Tube-like
structures formation of HUVECs in vitro was measured through endothelial cell tube formation assay. *p < 0.05, **p < 0.01.

Adv-MEG3 and Adv-shDAB?2 antagonized the inhibitory effects of Adv-MEG3 transfection alone on the tube formation
capability of Huh7 cells (Figure 8H and I). Therefore, MEG3 repressed M2 macrophage polarization-induced HCC cell
metastasis and angiogenesis by upregulating DAB?2.

Discussion
Cancer metastasis and recurrence have always been the major factors that contribute to the low survival rates of HCC
patients.>> Emerging evidence has pointed out that IncRNAs are involved in the regulation of tumor metastasis in various
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human malignancies, including HCC.*® In our study, we discovered that overexpressing IncRNA MEG3 evidently
repressed M2 macrophage polarization in BMDMs and subsequently attenuated the metastasis and angiogenesis of
HCC cells. Mechanically, MEG3 bound with miR-145-5p and affected DAB2 expression.

TME is the main battlefield of the competition between the tumor and the host immune system.?’ The interaction
between various cells in the TME causes immune cells to have a dual role dependent on the TME and determines the
outcome of the tumor-associated immune response — ie, the immune system’s attack or tolerance to tumor cells.*® The
formation of TME during cancer development promotes tumor cell growth and metastasis.’* TAMs, as key immune
effector cells in the TME, can be recruited to cancer tissues to release chemokines, cytokines, and inflammatory
mediators, which play essential role in tumor progression.*” In TME, macrophages can be converted into two subtypes,
MI-type and M2-type macrophages.*' M1-type macrophages are responsible for pro-inflammatory cytokine production
and secretion, which are always activated by Thl cytokines LPS and IFN-y. M1-type macrophages phagocytose and
destroy microorganisms, remove tumor cells, and present antigens to T cells to elicit adaptive immune responses.** In
comparison, M2-like polarized macrophages play an anti-inflammatory function and usually participate in regulating
angiogenesis, wound healing, and tissue remodeling, which are often activated by Thl cytokines IL4 and IL13.** Many
studies have illuminated that M2 macrophage polarization directly triggers HCC cell growth and metastasis and some
IncRNAs have been demonstrated to influence HCC cell malignant behaviors through mediating M2 macrophage
polarization. For example, Wang et al disclosed that IncRNA DLX6-AS1 enhanced HCC cell epithelial-mesenchymal
transition, migration and invasion through inducing M2 macrophage polarization by sponging miR-15a-5p to upregulate
CXCL17 expression.** Tian et al discovered that IncRNA LINC00662 repressed HCC cell apoptosis but facilitated HCC
cell growth, cell cycle, invasion via activating Wnt/B-catenin pathway and M2 macrophage polarization.*> Wang et al
reported that IncRNA HMMR-AS1 prevented ARID3A degradation by competitively bind to miR-147a, which sig-
nificantly promoted the M2 polarization of macrophages and thereby accelerate HCC progression.*® In our research, we
discovered that MEG3 expression was enhanced during LPS/IFNy-induced M1 polarization but was reduced during 1L4/
IL13-induced M2 polarization, implying the participation of MEG3 in macrophage polarization during the development
of HCC. Furthermore, MEG3 overexpression obviously repressed M2 macrophage polarization in vitro, as evidenced by
decreased levels of CD206-positive cells and reduced expression of the M2 polarization markers ARG1, YM1 and
MRCI1. The results of in vivo experiments showed that tumor tissues obtained from mice injected with MEG3-
overexpressed cell mixture displayed decreased expression of CD206 and M2 polarization markers.

Since M2 macrophage phenotypic polarization is closely related to tumor cell malignant phenotypes, we then
evaluated whether MEG3 overexpression influences M2 macrophage polarization-induced HCC cell metastasis and
angiogenesis. Although the relationship between MEG3 and macrophage polarization in HCC was not explored before,
the role of MEG3 in HCC development has been extensively elucidated. As mentioned in the previous study, MEG3
expression was markedly lower in serum samples and tumor tissues from HCC patients than in healthy controls, and
MEG3 knockdown promoted HCC cell growth and metastasis through increasing TGF-B1 expression.*” Importantly,
IncRNA MEG3 exert its biological effects in HCC development through the ceRNA regulatory mechanism. For instance,
Zhang et al clarified that MEG3 bound with miRNA-10a-5p and upregulated PTEN expression, thus attenuating the
growth and metastasis of proliferation of HCC cell line HepG2 but boosting the apoptosis and cell cycle arrest at G1
stage.>! Liu et al demonstrated that overexpressing MEG3 facilitated cell apoptosis but curbed cell growth in HCC via
modulating the miR-9-5p/SOX11 axis.*® Li et al disclosed that MEG3 suppressed HCC cell viability and migration and
restrained HCC progression in a xenograft tumor model by modulating the miR-5195-3p/FOXO]1 signaling axis.*’ In our
research, the findings revealed that the migratory, invasive and tube formation capabilities of Huh7 cells were
substantially weakened after co-culture with condition medium harvested from MEG3-overexpressed M2-type
BMDMs, suggesting the repression of MEG3 on M2 macrophage polarization-induced HCC cell metastasis and
angiogenesis.

Based on the above literature, our study also used bioinformatic tools to predict the downstream miRNAs of MEG3 to
confirm its ceRNA network. MiR-145-5p was discovered as a candidate miRNA of MEG3, and their binding was further
validated by luciferase reporter assay. Overexpression of MEG3 led to a remarkable reduction in miR-145-5p expression.
Previously, numerous studies have demonstrated that miR-145-5p plays a tumor suppressive role in human cancers such
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as renal cancer, cholangiocarcinoma, cervical cancer, breast cancer and bladder cancer,’® while few studies have reported
its oncogenic role in tumorigenesis. Interestingly, miR-145-5p was found to be downregulated in HCC tissues and cell
lines, and miR-145-5p induced apoptosis but suppressed cell proliferation, migration, and invasion in HCCLM3 cells by
targeting ARF6.%' Similarly, Gu et al>? 1>
in HCC. However, our study showed that miR-145-5p was negatively regulated by MEG3, and miR-145-5p expression

and Dong et al’” also verified that miR-145-5p functioned as a tumor suppressor
was downregulated after M1 macrophage polarization but upregulated after M2 macrophage polarization. Therefore,
miR-145-5p might play an oncogenic role in HCC development. The reason for the dual effects of miR-145-5p in HCC
might depend on the functions of different target genes. MiRNAs regulate posttranscriptional gene expression through
binding to the 3’UTR target mRNAs. Herein, DAB2 was identified as a direct target of miR-145-5p. DAB2, as
a multifunctional scaffold protein expressed abundantly in human platelets, is involved in cell growth, homeostasis,
differentiation, cell—cell interactions, and platelet aggregation.”* Previous research has illustrated that DAB2 is down-
regulated in metastatic bladder cancer, prostate cancer and colorectal cancer.” >’ Moreover, Wang et al discovered that
DAB? interfered with the Wnt and Hippo signaling pathways, thereby repressing gastric cancer migration.”® Herein,
DAB2 depletion circumvented the inhibition of MEG3 overexpression on HCC cell migration, invasion and angiogen-
esis, indicating that MEG3 hindered HCC development by upregulating DAB2.

Collectively, our study confirmed that IncRNA MEG3 suppressed cell metastasis and angiogenesis in HCC through
the M2 macrophage polarization. The mechanism through which MEG3 exerted its biological role in HCC was also
determined. MEG3 curbed HCC progression via sponging miR-145-5p and increasing DAB2 expression. Our results
might provide a novel direction for identifying MEG3 as a therapeutic target for HCC.
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