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Background: The immune environment of lung cancer is complex, and the critical immune
factors that promote lung cancer progression need to be explored. Granulocytic myeloid-
derived suppressor cells (G-MDSCs) are regarded as immune suppressing cells. However,
they also promote tumor progression through other ways, which needs to be explored further.
Therefore, we sought to study the regulatory mechanisms underlying the cancer promoting
function of G-MDSCs in lung cancer.

Methods: G-MDSCs were isolated from lung cancer tissues using flow cytometry.
Exosomes were separated from the G-MDSCs supernatant by ultracentrifugation and verified
using flow cytometry, Western blot, and transmission electron microscopy (TEM). RNA
sequencing was used to identify the differential miRNAs and genes. Real-time quantitative
real-time PCR (RT-qPCR) confirmed these results. The proliferation rate was assessed using
the CCK-8 assay. Lentiviral vectors were used to alter the expression of the miRNAs and
genes to analyze their effects on lung cancer progression.

Results: G-MDSCs secreted more exosomes in the lung cancer tissues, which promoted
cancer progression by accelerating proliferation. Micro RNA-143-3p (miR-143-3p) increased
in G-MDSCs derived exosomes and downregulated integral membrane protein 2B (ITM2B)
by targeting the 3'-untranslated region (UTR) region. Overexpression of miR-143-3p
enhanced proliferation by inhibiting transcription of ITM2B to activate the PI3K/Akt signal-
ing pathway, which can be blocked by deguelin. This phenomenon was further confirmed by
accelerated tumor growth and worse prognosis in mice.

Conclusion: The key findings of this study highlight the potential of the G-MDSC-derived
exosomes and the miR-143-3p/ITM2B axis as therapeutic targets and clinical indicators of
lung cancer.
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Background
Lung cancer is a major cause of cancer-related mortality." The progression of lung
cancer is closely associated with immune factors and the tumor microenvironment
and involves suppression of immune protection. Myeloid-derived suppressor cells
(MDSCs) are heterogeneous immune suppressive cells of the myeloid lineage.”
Lung cancer cells and their surrounding stroma recruit and activate MDSCs by
producing numerous cytokines.’

MDSC are classified as: granulocytic MDSCs (G-MDSCs) and monocytic
MDSCs (M-MDSCs).* Cells belonging to both the subsets can suppress T cell
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proliferation and activation.” Though the proportion of
G-MDSCs is less than that of M-MDSCs in the lung
cancer immune environment, studies have shown that
G-MDSCs have a more profound impact on lung cancer
progression.® G-MDSCs mediate immune suppression
function through increasing the levels of nitric oxide
(NO) synthase, arginase 1 (Arg-1), and reactive oxygen
species (ROS).” G-MDSCs can also promote lung cancer
progression by other ways, such as through exosomes.®
Exosomes are extracellular membrane vesicles that
contain proteins and nucleic acid.’ The exosomes compo-
sition is tissue-specific and can reflect the state of the
cancer.' MicroRNAs (miRNAs) are 19-22 nucleotide
long non-coding RNAs, which have been identified in
exosomes.'' Specific miRNAs in the exosomes have
been closely associated with cancer progression and can
be used as diagnosis and treatment biomarkers. Exosomes
are inter-cellular communication mediators because they
can carry messages from cells to cells. It is reported that
exosomal miRNAs transferred from immune cells to can-
cer cells contribute to cancer proliferation and
metastasis.'> In lung cancer, exosomes are excreted and
detectable in fluids including blood, alveolar lavage fluid,
and sputum, which are considered to be ideal sources for
biomarkers.'*"'* As detection technologies improve, exo-
somal miRNAs have attracted considerable interest in
cancers, especially in non-invasive detection of cancers.
Various miRNAs have been reported to be closely
related to cancer progression. Among these, the abnormal
expression of miR-143-3p has been observed in several
cancers.'>'® MiR-143-3p is a highly conserved miRNA
located on chromosome 5, position 33, in both human and

mouse genomes.'’ Wang et al'®

reported that the upregu-
lation of miR-143 may be associated with a worse prog-
nosis in lung cancer by promoting brain metastasis. In
human pancreatic ductal adenocarcinoma, miR-143-3p
was found to be a tumor suppressor by targeting
KRAS.'® In addition, miR-143-3p regulates proliferation
and migration in MDA-MB-231 cells.'® All these reports
show a direct correlation between miR-143-3p expression
and tumor genesis and progression.

Integral membrane protein 2B (ITM2B) protein is gen-
erated by alternative splicing, which has been shown to
induce apoptosis and inhibit proliferation.”’ In some stu-
dies, ITM2B was regarded as an anti-tumor protein.”’
However, ITM2B has not been studied in the lung cancer.
The phosphatidylinositol 3-kinase (PI3K)/Akt pathway has
been previously demonstrated to be upregulated and to

promote proliferation in cancer cells, highlighting its poten-
tial function as a therapeutic target in lung cancer
treatment.”” Identification of medicinal compounds that
target the PI3K/Akt pathway, such as deguelin, has been
a challenge. Deguelin, an important compound in an
African plant, mundulea sericea, inhibits the in vivo growth
of various cancer cells, especially the triple negative breast
cancer cells, by inhibiting the PI3K/Akt pathway.**

Therefore, our study aimed to explore the effect of
G-MDSCs-derived exosomes in lung cancer through both
in vitro and in vivo assays. We aimed to investigate the
potential mechanism and provide a strong theoretical basis
for exploration of potential therapeutic targets. In the pre-
sent study, we showed that G-MDSCs-derived exosomal
miR-143-3p activates the PI3K/Akt pathway by targeting
ITM2B in lung cancer.

Methods

Clinical Samples

This study included 102 patients diagnosed with lung
cancer who underwent primary surgery in Shanghai
Chest Hospital of Shanghai Jiao Tong University between
July 2012 and April 2018 (Table 1). Normal lung tissue
samples were obtained from 10 patients with bullae who
required partial removal of normal lung tissue. None of the
included patients had received radiation or chemotherapy
before resection. All tumors were classified according to
World Health Organization criteria for lung tumors and
frozen immediately after surgery until analysis. All
research involving human samples have been approved
by the ethics committee of Shanghai Chest Hospital and
written informed consent was obtained from all subjects.

Cell Culture

Human lung cancer cell lines, LTEP-a-2, SPC-A-1, NCI-
H1395, NCI-H1975, Calu-3, NCI-H1299, NCI-H1650,
HCCS827, NCI-H358, A549, and mouse lung cancer
cell line, Lewis lung carcinoma (LLC) cell line, were
provided by the Typical Culture Preservation
Commission Cell Bank of the Chinese Academy of
Sciences (China). LTEP-a-2, SPC-A-1, NCI-H1395,
NCI-H1975, NCI-H1299, NCI-H1650, HCCS827, and
NCI-H358 cell lines were cultured in Roswell Park
Memorial Institute (RPMI)-1640 medium (23400021,
Gibco, USA) with 1% penicillin/streptomycin (15140—-
122, Gibco) and 10% Fetal Bovine Serum (FBS)
(10099; Gibco). Calu-3 cultured in

cells were
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Table | Relationship Between miRNA-143-3p and ITM2B Expression Levels and Clinicopathological Significance in Lung Cancer Tissues

Characteristics Groups No. miRNA-143-3p P-value ITM2B P-value

Tissue Normal tissue 10 0.91+0.06 0.0002 1.01+£0.04 <<0.0001
Cancer tissue 102 2.82+0.15 0.74+0.02

Age (years) <60 69 3.01£0.20 0.0703 0.74+0.03 0.9075
>60 33 2.41+0.24 0.74+0.04

Gender Male 62 3.040.21 0.0690 0.75+0.03 0.4987
Female 40 2.47+0.21 0.72+0.04

Stage -1l 78 2.21+0.22 0.0003 0.80+0.03 0.0040
-1v 24 3.3240.19 0.69+0.03

Minimum Essential Medium Eagle Medium (MEM)
(41500034, Gibco) with NaHCO; 1.5 g/L, Sodium
Pyruvate 0.11 g/L, and 10% FBS. A549 cells were
cultured in F-12K (21127-022, Invitrogen, USA) with
1% penicillin/streptomycin  (15140-122, Gibco) and
10% FBS. LLC cells were cultured in Dulbecco’s
Modification of Eagle’s Medium (DMEM) (12800017,
Gibco) with NaHCO; 1.5 g/L and 10% FBS. BEAS-2B,
a human normal lung epithelial cell line, were cultured
in F-12K (21127-022, Invitrogen, USA) with 1% peni-
cillin/streptomycin (15140-122, Gibco) and 10% FBS.
LLC cells were cultured in LHC-9 Medium (12680013,
Gibco) with 0.5 ng/mL recombinant Epithelial Growth
Factor (EGF), 500 ng/mL Hydrocortisone, 0.035 ng/mL
Bovine Pituitary Extract, 500 mM Ethanolamine, 500
nM Ethanolamine Phosphate, 0.01 mg/mL Epinephrine,
and 0.1 ng/mL Retinoic Acid. All cell lines were cul-
tured under a humidified atmosphere of 5% CO, at
37°C.

Cell Counting Kit-8 Assay (CCK-8)

The viability and proliferation rates of lung cancer cells
were measured by CCK-8 assay. Briefly, the cells were
seeded into 96-well plates at a density of 1x103 cells/well.
10 puL of freshly prepared CCK-8 solutions (ab228554,
Abcam, UK) were added into each well for 20 minutes
and the optical density (OD) was measured at 450 nm
using a scanning multi-well spectrophotometer.

Animals

All animal studies were approved by the institutional
Animal Care and Use Committee of Shanghai Jiao Tong
University. All mice were maintained in pathogen-free
conditions and cared for in compliance with the ethical
regulations at Shanghai Chest Hospital. C57B6 mice were

provided by the Shanghai Model Organisms Center
(China). To establish the lung cancer model, LLC cells
(3x105/mouse, 100 pL in phosphate-buffered saline [PBS;
10010023, Gibco]) were subcutaneously injected into the
left flank of mice. For MDSCs depletion experiment,
monoclonal anti-Ly6G (ab25377, Abcam, 200 pg in 100
pL PBS) was injected intraperitoneally three times a week
for 1 week. Immunoglobulin G (Rat IgG; ab37361,
Abcam, 200 pg in 100 pL. PBS) was used as control. For
adoptive transfer experiment, CD11b+ Ly6G+ MDSCs
were isolated from the bone marrow (BM) of WT mice
by MACS (MDSC isolation kit; 130-094-538, Miltenyi
Biotec, Germany) and were transferred to LLC mice with
5x106 G-MDSCs per animal (three times a week for 2
weeks). Tumor diameters and body weight of mice were
monitored every day. Tumor volume calculated formula:
volume=1/2xlengthx(width)?.

Isolation of Exosomes

Experiments use exosome-depleted FBS (EXO-FBS-50A,
System Biosciences, USA) to avoid the impact of exo-
somes. Briefly, to remove floating cells and cellular deb-
ris, cell culture media was sequentially centrifuged at
300 g for 10 minutes, 2000 g for 15 minutes, and
12,000 g for 30 minutes. The supernatant was further
ultra-centrifuged at 100,000 g for 2 hours at 4°C, washed
with PBS, and submitted to a second ultracentrifugation
at 100,000 g for 2 hours at 4°C. The final exosome
pellets were used immediately. Exosomal protein concen-
tration was quantified by BCA protein assay kit (77808,
Cell Signaling Technology, China). GW4869 (10 uM)
(HY-19363, MedChemExpress, USA) was utilized to
block exosome formation and release as described

. 24
previously.
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Transmission Electron Microscope (TEM)
The exosomes were precipitated and fixed in 2.5%
Glutaraldehyde (G5882, Sigma-Aldrich, USA) at 4°C
immediately. After fixation, the specimens were processed
through dehydration in gradient alcohol, infiltration in
epoxy resin, and embedded. The ultrathin sections were
stained with lead citrate and uranyl acetate and observed
under TEM (JEOL JEM-1010, Japan).

Flow Cytometry

All splenocytes were flushed out from spleen by 1xPBS
and then passed through a 200-mesh sieve to obtain single
cell suspension. The following antibodies were listed in
Table 2. Cells were detected using a FACS Calibur flow
cytometer (Becton Dickinson, USA). Data were analyzed

using FlowJo software (Treestar, CA).

Western Bolt

The protein concentration of cell lysis was measured. SDS
PAGE gel (P0690, Beyotime, China) and PVDF mem-
branes (IPVH00010, Millipore, USA) were needed.
Blocking was conducted with Blocking Buffer (P0231,
Beyotime). Antibodies were listed in Table 3. The
enhanced chemiluminescence reaction (Kibbutz Beit
Haemek, Israel) and Alpha Innotech Flour ChemFC2 ima-
ging system (Alpha Innotech) was used for detection.

Table 2 Monoclonal Antibodies Used for Flow Cytometric Assay

Real-Time Quantitative Real-Time PCR
(RT-qPCR)

Total RNA of cells was extracted using Trizol Reagent
(15596026, Thermo Fisher Scientific, USA). According to
the protocols, RNA was
extracted by the Total Exosome RNA and Protein
Isolation Kit (4478359, Invitrogen, USA). The miRNAs
were amplified using SYBR green technique. U6 snRNA

manufacturer’s exosomal

was used as endogenous control to normalize miRNA
expression in cells, and cel-miR-39 was used to normalize
miRNA expression in exosomes between the samples. The
primers of the selected miRNAs were synthesized by
Shangon Company (China). Relative miRNA expression
level was calculated by 2-AACt method. All the samples
were repeated three times for each miRNA.

RNA-Sequencing

RNA was isolated and enriched for mRNA with MicroPoly
A Purist (Ambion, Austin, TX, USA). The quality and
quantity of RNA were evaluated with a Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA), and RNA
for each sample was used for RNA sequencing (Illumina
HiSeq 2000 platform). The significance of digital gene
expression profiles was used to identify differential
expression genes between the two groups. The pathway

enrichment analysis was performed.

Antibody Conjugate Product ID Function Source
CDIlIb FITC 101205 Monocytes, granulocytes and NK cells et al marker Biolegend
Ly6G PE 367004 Granulocyte marker Biolegend
Ly6C APC 61R-1783 Monocyte marker Fitzgerald
CDé63 PE/Cy7 353010 Exosomes marker Biolegend
TSGI0I PE ab125011 Exosomes marker Abcam
Calnexin FITC ab13504 ER membrane marker Abcam
Kié67 AF488 ab197234 Proliferation marker Abcam
Table 3 Antibodies Used for Western Blot Assay
Antibody Dilution Product ID Function Source
CDé63 1/1000 ab59479 Exosomes marker Abcam
TSGI0I 1/1000 ab125011 Exosomes marker Abcam
Calnexin 1/20000 ab92573 ER membrane marker Abcam
GAPDH 1/500 ab8245 loading control antibody Abcam
ITM2B 1/1000 ab129282 protease inhibitor Abcam
B-actin 1/1000 ab8226 loading control antibody Abcam
9704 submit your manuscript OncoTargets and Therapy 2020:13
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Luciferase

The complementary DNA fragment containing the wild-
type or mutant of ITM2B was subcloned downstream of
the luciferase gene within the pGL3-Basic luciferase
reporter vector (Promega, USA). LTEP-a-2 and SPC-A-1
cells (1.0x105) grown in a 24-well plate were co-
transfected with 150 ng of either empty vector or
miRNA-143-3p, 50 ng of firefly luciferase reporter com-
prising wild-type or mutant 3’-UTR of ITM2B fragment
using Lipofectamine 3000 (L3000001, Thermo Fisher
Scientific). Forty-eight hours after transfection, luciferase
assay was determined using the dual luciferase kit (16182,
Thermo Fisher Scientific). The relative firefly luciferase
activities were normalized to those of Renilla luciferase.
Transfection was performed in triplicate.

Stable Transfection with Lentiviral

Vectors

Cells (2x105 per well) in 6-well plates were infected with
10 pL of lentiviral vectors containing the miRNA-143-3p
mimics, miRNA-143-3p inhibitor, ITM2B overexpression
plasmid, ITM2B shRNA, and negative control plasmid
(GeneChem, China) for 48 hours. Then, 1.0 pg/mL pur-
omycin (CL13900, MedChemExpress) was used to screen
the infected cells for 4—6 weeks. The infection efficiency
was confirmed by RT-qPCR, fluorescence microscopy, and
Western blot analyses.

Exosome Treatment

Cells were planted into 6-well plates 1 day before treat-
ment. When the cells grew at about 70% of confluent, 200
ug of exosomes were directly added into cells. PBS was as
control treatment. Cells were collected for the following
experiments after 48 hours treatment. In vivo, when the
volume of the xenografts reached approximately 50 mm®,
the mice were intratumorally injected with 50 pg exo-
somes three times for a week. The negative control
group was injected with PBS.

Statistical Analysis

Statistical analysis was performed with Prism 8 (GraphPad
Software, CA). All data were expressed as means=SEM
and analyzed for differences between different treatment
groups using Student’s #-test (two-tailed) or two-way
ANOVA. Correlation significance was determined by
using linear regression. Differences with P-values<0.05
were considered significant.

Results
Effects of G-MDSCs in Lung Cancer Cells

in vitro and in vivo

G-MDSCs are the dominant subpopulation of MDSCs in
many cancer tissues and promote tumor progression 2. To
explore the effect of G-MDSCs in lung cancer cells, we
isolated G-MDSCs from human or mouse lung cancer tis-
sues and then co-cultured them with lung cancer cell lines,
LTEP-a-2, the classical lung cancer cell line (Figure 1A).
Following 48 hours of co-culture, we assessed cell viability
every 24 hours using CCK-8 assays and found that the rate
of cell proliferation increased after co-culture with
G-MDSCs (Figure 1B and D). Ki67 is associated with and
necessary for cell proliferation. We analyzed Ki67 levels
using RT-qPCR and found that G-MDSC treatment
increased Ki67 levels in both the human and mouse lung
cancer cell lines (Figure 1C and E). Anti-ly6G antibody is
an effective reagent to deplete G-MDSCs in vivo. We trea-
ted a mouse model of lung cancer with anti-ly6G antibody
through tail vein injections. Flow cytometry results showed
that anti-ly6G antibody effectively decreased G-MDSCs
(Figure 1F and G). To test the effect of G-MDSCs on lung
cancer in vivo, we used anti-ly6G antibody to deplete
G-MDSCs and then performed adoptive transfer of
G-MDSCs every 5 days (Figure 1H). Tumor growth rates
were recorded every 7 days and the Kaplan—Meier overall
survival time was recorded. These results showed that
tumors in the G-MDSCs-treated group grew faster than in
the control group and G-MDSCs-treated mice had worse
prognosis (Figure 11 and J). Taken together, these results
showed that G-MDSCs could effectively promote the pro-
gression of lung cancer by increasing the proliferation rates
of lung cancer cells and tumor growth rates.

G-MDSCs-Derived Exosomes from Lung
Cancer Tissues Promote Proliferation of

Cancer Cells

Exosomes were isolated from G-MDSCs by ultracentrifuga-
tion and analyzed by TEM (Figure 2A). The size of the
exosome particles was between 30-150 nm (Figure 2B). It
indicated that we can effectively extract exosomes. The iden-
tification of exosomes was confirmed by the positive markers,
CD63 and TSG101, and the negative marker, Galnexin, by
Western blot and flow cytometry (Figure 2C and D). Western
blot analysis showed that the exosomal marker proteins were
in G-MDSCs-derived exosomes of lung cancer tissues than
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Figure | G-MDSCs promoted Lung cancer progression. (A) Experimental approach to generate the G-MDSCs-lung cancer cells co-culture system; (B and D) Proliferation
rate of LTEP-a-2 cells (B) and LLC cells (D) were analyzed using CCK-8 assay every 24 hours after co-culture with G-MDSCs for 48 hours; (C and E) Ki67 levels in LTEP-a-2
cells (C) and LLC cells (E) were analyzed using RT-qPCR after co-culture with G-MDSCs for 48 hours; (F and G) G-MDSC levels were analyzed in lung cancer xenografts
using flow cytometry following treatment with anti-ly6G for 5 days (F) and the data was recorded (G); (H) Experimental approach to construct G-MDSC-depleted mouse
model followed by adoptive transfer of G-MDSCs; (I) Tumor growth rate of lung cancer xenograft with or without G-MDSC adoptive transfer; (J) Kaplan—-Meier overall
survival curve in mice with or without G-MDSC treatment. Meantstandard error of mean (SEM), *P<0.05, ****P<0.001.

normal lung tissues (Figure 2E). To examine whether exo-
somes secreted by G-MDSCs translocate into the cancer cells,
the mice were intratumorally injected with G-MDSCs-derived
exosomes and analyzed the exosomal markers by fluorescence

microscope. As shown, the fluorescent exosomes entered the
cancer cells (Figure 2F). Next, we studied the role of
G-MDSCs-derived exosomes in the progression of lung can-
cer. LLC cells were treated with exosomes for 48 hours and
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Figure 2 Characterization and function of exosomes derived from G-MDSCs. (A) Transmission electron microscopy images of lung cancer G-MDSC-derived exosomes; (B)
NanoSight measurement of particle size distribution and concentration in exosomes; (C) Representative Western blot images of CD63, TSG101, and Calnexin proteins in
G-MDSCs-derived exosomes; (D) The mean fluorescence intensity of CD63, TSG101, and Calnexin in G-MDSCs-derived exosomes; (E) Representative Western blot images of
CDé63, TSG10I, and Calnexin proteins in exosomes from normal lung tissues derived G-MDSCs culture medium or lung cancer tissues derived G-MDSCs culture medium; (F)
Fluorescently-labeled exosomes entered into lung cancer cells. Representative images were filmed after the tissues were fixed and stained (magnification, 400x); (G) Proliferation
rate of LLC cells were analyzed by CCK-8 assays every 24 hours following co-culture with G-MDSCs-derived exosomes for 48 hours; (H) Kié7 level in LLC cells were analyzed
using RT-qPCR following co-culture with G-MDSC-derived exosomes for 48 hours; (I) Tumor growth rate of lung cancer xenograft with or without adoptive transfer of G-MDSC-
derived exosomes; (J) Kaplan—Meier overall survival curve in mice with or without treatment with G-MDSC-derived exosomes. MeanSEM, *#%P<0.005, ***P<0.001.

cell proliferation was evaluated using CCK-8 assay every 24  showed that Ki67 levels in the LLC cells were increased
hours. The assay revealed that the G-MDSC-derived exo-  following exosome treatment for 48 hours (Figure 2H). The
somes promoted the proliferation of lung cancer cells effect of G-MDSC-derived exosomes on tumor cell metastasis
(Figure 2G). RT-gPCR was used to verify this result, and it  was evaluated in vivo. Mouse models of lung cancer were
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intratumorally injected with G-MDSC-derived exosomes.
G-MDSC-secreted exosomes greatly increased the prolifera-
tion of the tumors (Figure 2I). The survival time of the exo-
some-treated mice was shorter than that of the control group
(Figure 2J). These results showed that G-MDSC-secreted
exosomes can be transferred into lung cancer cells and pro-
mote tumor progression.

|dentification of Exosomal miRNAs
Secreted from G-MDSCs That Improves

the Proliferation of Lung Cancer Cells

Exosomes contain several miRNAs.”> We examined the
miRNA profile in LTEP-a-2 cells that were treated with
G-MDSC-derived exosomes for 48 hours. miRNA expres-
sion profiling revealed that 59 miRNAs were significantly
decreased and 42 miRNAs were significantly increased in
the cells treated with G-MDSC-derived exosomes com-
pared to the control group (|Fold change[>2, P<0.05;
Figure 3A). To confirm this result, we treated ten lung
cancer cell lines with G-MDSC-derived exosomes for 48
hours. The cells were collected and analyzed by RT-qPCR.
The RT-qPCR assays showed that most miRNAs in the top
15 were upregulated (Figure 3B). To further confirm that
the changes in miRNA expression were mediated by
G-MDSC-derived exosomes, we treated LTEP-a-2 cells
with G-MDSC prior to RT-gPCR analysis. RT-qPCR
assays showed that miR-143-3p, miR-470-3p, miR-422b,
and miR-222-3p were significantly increased compared to
that in the control group (Figure 3C). GW4869, a neutral
sphingomyelinase (N-Smase) inhibitor, was used as an
exosome inhibitor. We treated LTEP-a-2 cells with
G-MDSCs or GW4869 treated G-MDSCs for 48 hours.
The expression of microRNAs was verified by RT-qPCR,
and showed that miR-143-3p, miR-470-3p, and miR-222-
3p were downregulated in the GW4869 treated G-MDSCs
group compared to the G-MDSCs treated group. These
results indicated that miR-143-3p, miR-470-3p, and miR-
222-3p were transferred through G-MDSCs-derived exo-
somes (Figure 3D). For further confirmation, clinical
samples comprising of ten normal lung tissues and 102
lung cancer tissues were collected. We then examined
miRNA expression of miR-143-3p, miR-470-3p, and
miR-222-3p and found that miR-143-3p was significantly
increased in lung cancer tissues compared to normal lung
tissues (Figure 3E). In the different stages of lung cancer,
miR-143-3p was upregulated as the pathological stage
increased (Figure 3F). These results showed that treatment

with G-MDSCs-derived exosomes changed the expression
of several miRNAs in lung cancer cells. We selected miR-
143-3p, which showed similar expression patterns in cell
lines and in clinical samples for further investigation.

miRNA-143-3p Promotes Lung Cancer

Cell Proliferation

To investigate the role of miRNA-143-3p in lung cancer cell
proliferation, we treated the lung cancer cell line, LTEP-a-2,
with OE-miRNA-143-3p, or SH-miRNA-143-3p lentiviruses.
The expression of miRNA-143-3p was effectively upregulated
or downregulated in cells transfected with the OE-miRNA
-143-3p lentivirus or SH-miRNA-143-3p lentivirus, respec-
tively, compared to that in cells transfected with the empty
lentivirus vector (Figure 4A and B). To test the effect of
miRNA-143-3p on cell proliferation, OE-miRNA-143-3p len-
tivirus or SH-miRNA-143-3p lentivirus-treated LTEP-a-2
cells were subjected to CCK-8 assay after 24 hours. CCKS8
assays showed that OE-miRNA-143-3p lentivirus treatment
promoted the proliferation rate of LTEP-a-2 cells and SH-
miRNA-143-3p lentivirus inhibited cell proliferation (Figure
4C and E). RT-qPCR results showed that overexpression of
miRNA-143-3p increased Ki67 levels and downregulation of
miRNA-143-3p decreased Ki67 levels (Figure 4D and F). To
confirm these results in vivo, we subcutaneously injected OE-
miRNA-143-3p lentivirus or SH-miRNA-143-3p lentivirus-
treated cells to construct lung cancer mouse models. Tumor
growth rates were recorded every 7 days and Kaplan—Meier
overall survival time was recorded. These results showed that
tumor growth rates of the miRNA-143-3p overexpression
group were higher than that of the control group, while that
of the miRNA-143-3p downregulated group were lower than
the control group (Figure 4G and H). Survival time showed
that the miRNA-143-3p overexpression group had a worse
prognosis and the miRNA-143-3p downregulated group had
a better prognosis (Figure 41 and J). Taken together, these
results showed that overexpression of miRNA-143-3p pro-
moted proliferation of lung cancer and silencing miRNA-
143-3p could effectively inhibit proliferation of lung cancer
cells.

ITM2B is a miRNA-143-3p Target Gene in
Lung Cancer Cells

Previous studies demonstrated that miRNAs enhance can-
cer progression by targeting mRNAs and inhibiting
transcription.”® To determine the target gene of miRNA-
143-3p in lung cancer cells, RNA sequencing was used to
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Figure 3 Identifying exosomal miRNAs secreted from G-MDSCs. (A) LTEP-a-2 cells were treated with G-MDSC-derived exosomes for 48 hours. The miRNA expression profile
was examined and clustering was performed on the differentially expressed microRNAs identified between cells treated with or without G-MDSC-secreted exosomes; (B) Top 15
upregulated miRNA in LTEP-a-2 cells, following treatment with G-MDSC-derived exosomes for 48 hours, were verified in ten lung cancer cell lines; (C) LLC cells were treated with
G-MDSCs from lung cancer tissues for 48 hours and RT-qPCR was used to test the top |5 miRNAs levels; (D) GW4869 was added to the G-MDSCs to deplete them of exosomes.
LLC cells were treated with G-MDSCs from lung cancer tissues or G-MDSCs treated with GW4869. The top 15 miRNAs were analyzed using RT-qPCR: (E) miR-143-3p, miR-470-
3p, and miR-222-3p expression in normal lung tissues and lung cancer tissues were analyzed using RT-qPCR; (F) miR-143-3p levels in normal lung tissues and different stage of lung
cancer tissues. Mean+SEM, NS, no statistical significance. *¥P<0.01, ***P<0.005, ****P<0.001. NS, no statistical significance.

test downregulated genes in LTEP-a-2, SPC-A-1, and
A549 cells following overexpression of miRNA-143-3p
by treatment with OE-miRNA-143-3p lentivirus for 48

hours. The results showed that 164 genes were downregu-

lated in the three cell lines (Figure 5A). We used miRmap

(http://mirmap.ezlab.org/), microT (http://www.microrna.

OncoTargets and Therapy 2020:13

submit your manuscript

9709

Dove


http://mirmap.ezlab.org/
http://www.microrna.gr/microT
http://www.dovepress.com
http://www.dovepress.com

Zhou et al

Dove

>

(@)

300— %k Kk 1.5 = R 1.5=— NC
e *k*k%k
2 2 NS & OE-miR-143-3p
El -
o — a €
T 81.0 1 T 5 1.0
(3] o wn
. _— 3 3
1 2 —_ 1 q)
g NS : 3
° | | 0.5 — 3 0.5
£ 14 T T £ 0
© © T
© ©
0 1 T 0.0 T T T 0.0 T T T
& o & & R 0 24 48
3 NG N\ X Time (hours)
& &
S o)
D 5 — KKKk 1.0 ¢~ NC F 1.5 =
*kkk *kk*k
T - SH-miR—143—3p]
4= 08—
€
= S ~1.0=—
L 3= O 0.6 — L
s < s
S 2 : 0.4 ©
X 3 X 0.5— '
1 == © 02—
0 T T 0.0 T T T 0.0 I T
o ofR 0 24 48 R oR
s \bf:" Time (hours) >
& &
A o
(@) 9
G H | J
2000 - + + 1500+ + + I I
Zz 0 = o 100 +— Z0 1004— ZW
~ om = (o Oré“ OéI
€15004| 3 £ 3 - 3 _ 2
E 3 E1o00{| T 2 D E 2
£ 2 £ 2 : 5 5 5
$10004| & 2 & e b o )
) ] 5 © §50- © §50- ©
E *dKkk E 500 %% %% ) * ) *
5 500 - 5 o -
[t [t
0 - T T T 0- T T T 01 O+
7 14 21 28 7 14 21 28 01020 30 40 50 01020 25 30 35 40

Time (hours) Time (hours)

Time (days) Time (days)

Figure 4 miRNA-143-3p promotes proliferation of lung cancer cells. Treatment of lung cancer cells with OE-miRNA-143-3p lentivirus to overexpress miRNA-143-3p and SH-
miRNA-143-3p lentivirus to silence miRNA-143-3p. (A) miRNA-143-3p level in LTEP-a-2 cells following mock, empty vector lentivirus, and OE-miRNA-43-3p lentivirus treatment
for 24 hours; (B) miRNA-143-3p level in LTEP-a-2 cells following mock, empty vector lentivirus, and SH-miRNA-143-3p lentivirus treatment for 24 hours; (C and E) Proliferation
rate of LTEP-a-2 cells were analyzed every 24 hours using CCK-8 assay following treatment with OE-miRNA-143-3p lentivirus (C) or SH-miRNA-143-3p lentivirus (E) compared
with empty vector lentivirus treatment; (D and F) Ki67 levels in LTEP-a-2 cells were analyzed using RT-qPCR following OE-miRNA-143-3p lentivirus (D) or SH-miRNA-143-3p
lentivirus (F) treatment compared with empty vector lentivirus treatment; (G and H) Tumor growth rate of lung cancer xenograft with OE-miRNA-143-3p lentivirus (G) or SH-
miRNA-143-3p lentivirus (H) treatment compared with empty vector lentivirus treatment; (I and J) Kaplan—Meier overall survival curve in mice with OE-miRNA-143-3p lentivirus
(1) or SH-miRNA-143-3p lentivirus (J) treatment compared with empty vector lentivirus treatment. Mean+SEM, *P<0.05, ***P<0.001, NS, no statistical significance.
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Figure 5 ITM2B is a target of miRNA-143-3p in lung cancer cells. (A) RNA sequencing results of downregulated genes in LTEP-a-2, SPC-A-1, and A549 cells following
miRNA-143-3p overexpression; (B) Venn diagram of intersection of target genes of miRNA-143-3p predicted using several bioinformatics databases and RNA sequencing
results; (C) Levels of four downregulated genes in 10 lung cancer cells following transfection with OE-miRNA-143-3p lentivirus; (D) Representative images of Western blot
analysis ofITM2B proteins in lung cancer cells following OE-miRNA-143-3p lentivirus treatment for 48 hours; (E) Schematic view of putative miRNA-143-3p targeting site in
the WTand Mut3'-UTR of ITM2B; (F and G) Luciferase activity assay in LTEP-a-2 (F) and SPC-A-1 (G) cells transfected with luciferase report plasmids containing ITM2B3'-

UTR (WT or Mut), and control miRNA or miRNA-143-3p. Mean+SEM, *P<0.001,

gr/microT), PicTar (http:/pictar.mdc-berlin.de/), and

TargetScan (http://www.targetscan.org/) to predict poten-

tial miRNA-143-3p target genes. These analyses showed
four genes in the intersection of the databases and the
RNA sequencing results (Figure 5B). To confirm these
results, we analyzed the candidate genes in ten lung cancer

NS, no statistical significance.

cell lines after OE-miRNA-143-3p lentivirus treatment for
48 hours. RT-qPCR results showed that /7M2Bexpression
decreased and was most consistent (Figure 5C). Analysis
of protein level by Western blot assays showed that /TM2B
decreased in both LTEP-a-2 and SPC-A-1 cells after OE-
miRNA-143-3p lentivirus treatment for 48 hours (Figure
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5D). Then, we constructed a reporter construct in which
the putative miRNA-143-3p binding site in the [TM2B
sequence was mutated by site-directed mutagenesis
(Figure 5E). As expected, the miRNA-143-3p-mediated
suppression of luciferase activity was abolished by mutant
ITM?2B. We next evaluated the expression level of /TM2B
in LTEP-a-2 and SPC-A-1 cells following overexpression
of miRNA-143-3p. Notably, miRNA-143-3p overexpres-
sion significantly decreased the expression levels of
ITM?2B (Figure 5F and G). Collectively, these data suggest
that miRNA-143-3p decreases the expression levels of
ITM2B.

ITM2B Inhibited Lung Cancer Proliferation
by Repressing PI3K/AKT Pathway Activation

To determine the expression level of /TM2B in lung cancer,
we evaluated the level of ITM2B transcript in lung cancer
tissues (n=515) and compared it to normal lung tissues
(n=59). TCGA data showed that /TM2B level decreased in
lung cancer tissues (Figure 6A). Clinical samples were col-
lected and analyzed by RT-qPCR. RT-qPCR results showed
that ITM2B was upregulated with increased expression in
the higher pathological stages (Figure 6B). These results
showed that /TM2Bwas downregulated in lung cancer tis-
sues and may function as a tumor suppressor gene. Previous
results showed that /TM2B was regulated by miRNA-143-
3p, which is mainly enriched in exosomes. We analyzed
ITM?2B level in 10 lung cancer cell lines using RT-qPCR.
Results showed that ITM2B expression was similar in lung
cancer cell lines and normal lung cells, BEAS-2B (Figure
6C). This indicated that downregulation of /7TM2B in lung
cancer tissues mainly depended on extracellular factors. To
investigate the function of /7TM2B in lung cancer cells, we
treated LTEP-a-2 cells with mock, empty vector, and OE-
ITM2B lentivirus for 48 hours and followed by RT-qPCR.
Results showed that OE-ITM2B lentiviral treatment effec-
tively upregulated ITM2B (Figure 6D). CCK-8 assays
showed that OE-ITM2B lentivirus treatment inhibited the
rate of proliferation of LTEP-a-2 cells (Figure 6E). RT-qPCR
results showed that overexpression /7TM2B decreased Ki67
levels (Figure 6F). To confirm these results in vivo, we
subcutaneously injected OE-ITM2B lentivirus-treated cells
to generate a lung cancer mouse model. Tumor growth rates
were recorded every 7 days and Kaplan—Meier overall sur-
vival time was recorded. These results showed that the
tumor growth rates in the /TM2B overexpression group
were higher than that in the control group (Figure 6G).

Survival time showed that the /TM2B overexpression
group had better prognosis (Figure 6H). Taken together,
these results showed that overexpression /TM2B inhibited
lung cancer progression by suppressing proliferation.

To explore the specific mechanism of proliferation-
promoting function of ITM2B, we knocked down ITM2B
with SH-ITM2B lentivirus for 24 hours. Hierarchical cluster-
ing and heatmap analysis of RNA sequencing results showed
that 168 genes were upregulated and 425 genes were down-
regulated following /TM2B knockdown (Figure 7A). The
differentially expressed genes were hierarchically clustered
and pathway analysis showed that several signaling path-
ways were activated and the PI3K/Akt signaling pathway
contained more differential genes (Figure 7B). To confirm
these results, we analyzed the phosphorylation of PI3K and
Akt and compared it to the total protein level. Western blot
analysis showed that /TM2B silencing activated the PI3K/
Akt signaling pathway while Deguelin, a potent PI3K/Akt
inhibitor, reversed this phenomenon (Figure 7C and D). To
test whether /TM2B silencing promoted proliferation through
the activation of PI3K and Akt signaling pathway, we treated
LTEP-a-2 cells with SH-ITM2B lentivirus and/or Deguelin
for 48 hours. CCKS8 assays showed that SH-ITM2B lenti-
virus treatment promoted the rate of proliferation of LTEP-
a-2 cells while Deguelin reversed the effect (Figure 7E). RT-
qPCR results showed that knockdown of ITM2B increased
Ki67 levels while Deguelin inhibited this increase (Figure
7F). To confirm these results in vivo, we subcutaneously
injected SH-ITM2B lentivirus-treated cells to construct
a lung cancer mouse model. Tumor growth rates were
recorded every 7 days and Kaplan—Meier overall survival
time were recorded. These results showed that the tumor
growth rates in the /7TM2B silenced group was higher than
in the control group and Deguelin had an anti-tumor function
(Figure 7G). Survival time showed that the /7M2B silenced
group had a worse prognosis while Deguelin extended the
survival time (Figure 7H). Taken together, these results
showed that silencing of /TM2B promoted lung cancer pro-
gression by activation PI3K and Akt signaling pathway and
Deguelin inhibited cancer progression by blocking this axis.

miRNA-143-3p/ITM2B Axis Affected the
Development of Lung Cancer and Can Be

a Biomarker

Next we sought to delineate the effects of the interaction
between miRNA-143-3p and /TM2B on the biological char-
acteristics of lung cancer cells. OE-miRNA-143-3p lentivirus,
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Figure 6 ITM2B was decreased in lung cancer tissues and inhibited tumor progression. (A) ITM2B levels in lung cancer tissues compared to normal lung tissues
according to TCGA database; (B)ITM2B levels in different stages of lung cancer and normal lung tissues analyzed using RT-qPCR. (C)ITM2B transcription levels in
10 lung cancer cell lines; (D) ITM2B level in LTEP-a-2 cells after mock, empty vector lentivirus, and OE-ITM2B lentivirus treatment for 24 hours; (E) Proliferation
rate of LTEP-a-2 cells were assessed using CCK-8 assays every 24 hours following treatment with OE-ITM2B lentivirus compared with empty vector lentivirus
treatment; (F) Kié7 levels in LTEP-a-2 cells were assessed using RT-qPCR following OE-ITM2B lentivirus treatment compared with empty vector lentivirus
treatment; (G) Tumor growth rate of lung cancer xenograft following OE-ITM2B lentivirus treatment compared with empty vector lentivirus treatment; (H)
Kaplan—Meier overall survival curve in mice with OE-ITM2B lentivirus treatment compared with empty vector lentivirus treatment. MeanzSEM, *P<0.05,
#P<0.001, NS, no statistical significance.

OE-ITM2B lentivirus, OE-miRNA-143-3p lentivirus with
OE-ITM2B lentivirus, and empty vector lentivirus were each
delivered into LTEP-a-2 and SPC-A-1 cells and injected into

nude mice to examine their effects on tumor progression. The
proliferation rate of LTEP-a-2 and SPC-A-1 cells, analyzed
using CCK-8 assays every 24 hours, showed that the OE-
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Figure 7 Silencing ITM2B was significantly active PI3K/Akt signaling pathway in lung cancer cells. (A) Hierarchical clustering and heatmap analysis of RNA sequencing results
of ITM2B knockdown LTEP-a-2 cells and control group; (B) Pathway analysis of the differentially expressed genes using the KEGG database; (C and D) The phosphorylation
and total expression levels of PI3K and Akt in LTEP-a-2 cells (C) and SPC-A-| cells (D). Cells infected with SH-ITM2B lentivirus and/or Deguelin. The expression levels of
the phosphorylated proteins were normalized to those of the respective total protein; (E) Proliferation rate of LTEP-a-2 cells was analyzed using CCK-8 assays every 24
hours following treatment with SH-ITM2B lentivirus and/or Deguelin treatment compared with the control group; (F) Kié7 levels of LTEP-a-2 cells were analyzed using RT-
qPCR following SH-ITM2B lentivirus and/or Deguelin treatment compared with the control group; (G) Tumor growth rate of lung cancer xenograft with SH-ITM2B
lentivirus and/or Deguelin treatment compared with the control group; (H) Kaplan—Meier overall survival curve in mice with SH-ITM2B lentivirus and/or Deguelin treated
compared with the control group. Mean+SEM, *P<0.05, **P<0.01, ***P<0.005, ****P<0.001.
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miRNA-143-3p lentivirus promoted proliferation while the
OE-ITM2B lentivirus treatment reversed it (Figure 8A and
B). RT-qPCR results showed that overexpression of miRNA-
143-3p increased the Ki67 levels while OE-ITM2B lentivirus
inhibited this increase (Figure 8C and (D). Treatment with OE-
miRNA-143-3p lentivirus resulted in an increase in tumor
volume compared with those treated with empty vector lenti-
virus or OE-miRNA-143-3p lentivirus with OE-ITM2B lenti-
virus (Figure 8E). OE-miRNA-143-3p lentivirus-treated mice
had worse prognosis, while OE-ITM2B lentivirus-treated mice
had prolonged survival time (Figure 8F). To explore the clin-
ical significance of the miRNA-143-3p/I[TM2B axis, we ana-
lyzed the correlation between miRNA-143-3p and /TM2B in
lung cancer tissues. The results showed that there was
a negative correlation between miRNA-143-3p and /TM2B
(Figure 8G). ROC analysis of the individual miRNA-143-3p
and ITM2B for the lung cancer tissues and normal lung tissues
showed that miRNA-143-3p and /7M2B could be used as good
biomarkers to predict lung cancer (Figure 8H and I). These
results showed that the miRNA-143-3p/ITM2B axis affected
the development of lung cancer and represents a potential
Taken G-MDSC-
derived miRNA-143-3p promoted proliferation of lung cancer
cells by targeting ITM2B via PI3K/Akt pathway activation
(Figure 9)

diagnostic ~ marker. together,

Discussion

Experimental and clinical studies have shown that the
progression of lung cancer is closely associated with the
immune environment.”” G-MDSC-mediated immune sup-
pression contributes to the immune escape of cancer cells.
Immune cells have more than just immune-regulatory
functions. Wu® reported that MDSCs promoted prolifera-
tion bladder cancer not only by immune suppression func-
tion. Similar to previous studies, we found that the
G-MDSCs indirectly promote proliferation and reducing
G-MDSCs improves prognosis.

Immune cells regulate cancer progression through
many ways, such as cytokines, interacting with receptors,
and through exosomes.?’ Recent studies have found that
exosomes are closely associated with cancer progression.*’
Here, we firstly investigated the regulatory role of
G-MDSC-derived exosomes in lung cancer progression.
We report that G-MDSC-derived exosomes were signifi-
cantly more increased in lung cancer tissues than in nor-
mal lung tissues. Consistent with our results, Zhang et al’'
reported that several immune cells produce more exo-
somes in cancer tissues, and trigger tumorigenesis and

development. In addition, a recent study reported that
exosome transportation was an important regulator in the
formation and progression of lung cancer, and that the
inhibit
In this study, microscopic observation

inhibition of exosomes could tumor
proliferation.*?
showed that the fluorescently-labeled exosomes were
able to enter the lung cancer cells. We separated and
isolated G-MDSC-derived exosomes and found that exo-
somes promoted the proliferation of lung cancer in vitro
and in vivo.

Exosomal contents are rich in variety and exosomes
are therefore functionally versatile. Ho et al'* found that
exosomes suppress cell proliferation and invasion and
activate autophagy by regulating the IL-6 trans-signaling

axis. Zhang et al’'

reported that exosomes inhibit autop-
hagy to promote gastric cancer progression via the
AKT1/mTOR pathway. In our study, G-MDSC-derived
exosome treatment increased several miRNAs in lung
cancer cells and we identified that exosomes promoted
proliferation through upregulation of miR-143-3p levels.
MiRNAs play an important role in regulating the expres-
sion of specific genes at the transcriptional and posttran-
scriptional levels. Wu et al’® found that the miR-26-5p
inhibit the proliferation of bladder cancer cells by regu-
lating PDCD10. miR-143-3p has been well characterized
as a cancer regulator and a tumor promoter. Notably, our
results indicate that miR-143-3p expression was markedly
upregulated in the lung cancer tissues and inversely cor-
related with lung cancer progression.

Bioinformatics analysis was performed to identify
the potential target genes of miR-143-3p involved in
the regulation of proliferation, and /TM2B was identified
as a target. Our results indicated that miR-143-3p
suppresses/TM2B  expression significantly and that
knockdown of miR-143-3p led to /TM2B overexpres-
sion. Luciferase reporter assays verified that miR-143-
3p downregulated /TM2B expression by directly binding
to its 3'-UTR. Recent studies indicate that /TM2B is
a critical factor in cancers.*® Our present results also
revealed that silencing ITM2B activated the PI3K/Akt
signaling pathway. Deguelin, a naturally occurring rote-
noid, is a potent PI3K/Akt inhibitor. We treated lung
cancer cells with downregulated expression of /TM2B
with deguelin and found that deguelin treatment partly
reversed PI3K/Akt activation and promoted prolifera-
tion. Furthermore, /TM2B overexpression partially
blocked the proliferation-promoting function of miR-
143-3p. These data indicate that /7M2B might be
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Figure 8 miRNA-143-3p andITM2Bcould be biomarkers for lung cancer. (A and B) Proliferation rate of LTEP-a-2 (A) and SPC-A-| (B) cells were assessed using CCK-8
assays every 24 hours following treatment with OE-miRNA-143-3p lentivirus and/or OE-ITM2B lentivirus treatment compared with control group; (C and D) Kié7 levels in
LTEP-a-2 (C) and SPC-A-1 (D) cells were analyzed using RT-qPCR following OE-miRNA-143-3p lentivirus and/or OE-ITM2B lentivirus treatment compared with control
group; (E) Tumor growth rate of lung cancer xenograft with OE-miRNA-143-3p lentivirus and/or OE-ITM2B lentivirus treatment compared with control group; (F) Kaplan—
Meier overall survival curve in mice with OE-miRNA-143-3p lentivirus and/or OE-ITM2B lentivirus treatment compared with control group; (G) Correlation of miRNA-143-
3p and ITM2B in lung cancer tissues; (H) ROC analysis of the individual miRNA-143-3p in the lung cancer tissues and normal lung tissues; (I) ROC analysis of the individual
ITM2B in the lung cancer tissues and normal lung tissues. Mean+SEM, *P<0.05, **P<0.01, ***P<0.005, ****P<0.001.

a critical player in progression of lung cancer, which is Conclusions
regulated by the G-MDSC-derived exosomal miR- In this work, we described the facilitatory role of
143-3p. G-MDSC-derived exosomal miR-143-3p in promoting
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Figure 9 Schematic model. G-MDSC-derived miRNA-143-3p to promote proliferation of lung cancer cells by targeting ITM2B via PI3K/Akt pathway activation.

proliferation of lung cancer cells. We also revealed the
mechanism through which miR-143-3p and ITM2B inter-
act and regulate the PI3K/Akt pathway. Our study pro-
vides new mechanistic insights into the regulatory role of
exosomal miRNA in lung cancer and may aid in the
development of novel therapeutic strategies targeting
exosomes.
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