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Abstract

Background: Myeloid-derived suppressor cells (MDSCs) are known suppressors of antitumor immunity and con-
tribute to immunosuppressive microenvironment during tumor development including lung cancer. Accumulating
evidence shows microRNAs (miRNAs) affect tumor-expanded MDSC accumulation and function in tumor microenvi-
ronment and favor solid tumor growth. Herein, we aim to characterize the role of miR-21 in regulating the accumula-
tion and activity of MDSCs in lung cancer.

Methods: The proportions of MDSCs, T helper cells (Th), and cytotoxic T lymphocytes (CTL) were evaluated by flow
cytometric analyses of peripheral blood and tumor tissues collected from Lewis lung-cancer-bearing mice. T cell
proliferation assay was performed in CD4+ or CD8+ T cells cocultured with MDSCs. MDSC apoptosis was examined
by flow cytometric analysis. The levels of IL-10, TGF-3, and GM-CSF in mouse serum were determined by ELISA. miR-
21 targeting RUNX1 and RUNX1 interaction with YAP were evaluated by RIP, dual-luciferase reporter gene, and ChiP
assays.

Results: MiR-21 inhibition by its antagomir reduced the proportion of MDSCs, increased the proportion of Th and
CTL in peripheral blood and tumor tissues of Lewis lung-cancer-bearing mice, protected Th and CTL from the sup-
pression of MDSCs, increased apoptosis of MDSCs, but reduced IL-10, TGF-$ and GM-CSF levels in mouse serum.
RUNX1 could transcriptionally inhibit the YAP expression, whereas miR-21 targeting RUNX1 led to elevated YAP
expression levels. Mechanistic investigation showed that miR-21 maintained MDSC accumulation in tumor microenvi-
ronment and promoted immunosuppressive ability of MDSCs in Lewis lung-cancer-bearing mice by down-regulating
RUNXTand up-regulating YAP.

Conclusions: Taken together, the study provides evidence that targeting miR-21 in MDSCs may be developed as an
immunotherapeutic approach to combat lung cancer development.

Keywords: Lung cancer, microRNA-21, Runt-related transcription factor 1, Yes-associated Protein, Myeloid-derived
suppressor cells, Immunosuppressive ability

Background
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after diagnosis across all stages of lung cancer [2]. Metas-
tasis to other organs, especially the brain, is considered
to be responsible for the high mortality rate associated
with lung cancer [3]. Nowadays, the implementation of
immunotherapy has become more and more encourag-
ing and promising in the treatment and management of
lung cancer [4]. Meanwhile, myeloid-derived suppressor
cells (MDSCs), a heterogeneous group of immune cells
from the myeloid lineage, which serve as suppressors of
antitumor immunity, have been found to contribute to
the immunosuppressive microenvironment during tumor
development [5]. Therapeutic strategies targeting MDSCs
in combination with primary mammary tumor resection
has also been reported to reduce and retard metastatic
growth in the lungs in mice bearing orthotopic murine
mammary tumors [6]. Additionally, studies have shown
that targeting MDSC recruitment and enhancing anti-
tumor immunity can augment the therapeutic efficacy of
ablative hypofractionated radiation therapy in subcuta-
neous tumors using syngeneic lung cancer [7]. Consider-
ing the emerging role of MDSCs in lung cancer, improved
therapeutic regimens targeting MDSCs could prove use-
ful in controlling the development and progression of
lung cancer. Increasing evidence has further shown that
microRNAs (miRNAs), such as miR-494 and miR-155,
influence tumor-expanded MDSC accumulation, and
also function in tumor microenvironment and favor solid
tumor growth [8, 9].

MiRNAs are a group of endogenous RNAs of about 21
nucleotides in length and play numerous regulatory roles
in animals and plants [10]. The novel ability of miRNAs to
regulate the expression of oncogenic pathways and their
vital roles in lung cancer progression indicate that miR-
NAs could potentially serve as prognostic biomarkers or
targets for treatment of cancers [11]. Moreover, studies
have demonstrated that over-expression of miR-21-5p
by mesenchymal stem cell-secreted extracellular vesi-
cles (MSC-EVs) promotes the development of lung can-
cer [12]. In addition, suppressing miR-21 inhibited cell
migration and invasion in non-small cell lung carcinoma
(NSCLC) cells [13]. Bioinformatics analysis revealed the
RUNXI1 transcription factor as one of the downstream
targets of miR-21. The runt-related transcription factor
(RUNX) family (RUNX1, RUNX2, and RUNX3), which
is involved in many cell lineages, has been widely-asso-
ciated with the development of human cancers, such as
acute myeloid leukemia (PMID: 21447743), colon carci-
noma (PMID: 22396198), and hepatocellular carcinoma
(PMID: 21328447) [14, 15]. Even more so, RUNXI, a
core-binding factor in transcription families, is one of the
most commonly mutated genes found in various hema-
tological malignancies [16]. A prior study also revealed
shown that RUNX1 can inhibit Yes-associated protein
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(YAP) to accelerate the occurrence of tumor [17]. Ther-
apeutic activation of YAP, a Hippo pathway effector, is
known to bring about severe side effects in human can-
cer development [18, 19]. Besides, miR-129 has also been
found to directly-suppress the expression of RUNX1
and mediate the transcriptional modulation by RUNX1
[20]. In this regard, we hypothesized that a regulatory
network of the miR-21/RUNX1/YAP axis may be impli-
cated in the progression of lung cancer. Therefore, the
current study was conducted with the aim to verify the
expected involvement of the miR-21/RUNX1/YAP axis
in lung cancer, and to elucidate the underlying molecular
mechanisms.

Materials and methods

Ethics statement

All animal experimentation and procedures were
approved by the Institutional Animal Care and Use Com-
mittee of the Second Hospital of Jilin University. The ani-
mal experiments were conducted based on minimized
animal numbers and discomfort of experimental animals.

Microarray-based analysis

Firstly, the lung cancer related miRNA dataset GSE63805
was retrieved from the Gene Expression Omnibus (GEO)
database  (https://www.ncbi.nlm.nih.gov/gds), which
comprised of 62 tissue samples, including 30 normal lung
samples and 32 lung cancer samples. Differential analysis
of the expression datasets was subsequently performed
using the limma package (http://www.bioconductor.org/
packages/release/bioc/html/limma.html) of the R lan-
guage, with the threshold (|logFC| > 1, p<0.01). The miR-
21 exhibiting the lowest p value was selected for further
experimentation. The downstream target genes of the
miRNA were predicted with the help of mirDIP (Inte-
grated Score>0.2) (http://ophid.utoronto.ca/mirDIP/)
and starbase (clipExpNum > 3) (http://starbase.sysu.edu.
cn). In addition, differential expression analysis was also
performed on the lung cancer dataset GSE74706 with the
R language (|logFC|>1, p<0.01), which comprised of 36
tissue samples, including 18 normal lung samples and 18
lung cancer samples. Then, the human transcription fac-
tors were obtained from the Cistrome database (http://
cistrome.org), and these results were intersected to deter-
mine the downstream target gene of miR-21 based on
existing data. Next, the related genes of the target gene
were identified using the GeneMANIA database (http://
genemania.org), and Cistrome was again employed to
obtain the genes with a correlation greater than 0.35 or
less than -0.35 with the expression of downstream genes
of target transcription factors in lung adenocarcinoma.
Results of GeneMANIA and Cistrome results were then
intersected to obtain the downstream genes of the key
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target transcription factors. Moreover, the comprehen-
sive data of lung adenocarcinoma and squamous cell
carcinoma in the Cancer Genome Atlas (TCGA) data-
base (http://gepia.cancer-pku.cn) was analyzed using the
Gene Expression Profiling Interactive Analysis (GEPIA)
database (http://gepia.cancer-pku.cn) to confirm the cor-
relation of expressions between the target transcription
factors and their downstream genes, and starBase was
used to determine the binding site of miRNA and target
transcription factors.

Cell culture and treatment

Lewis lung cancer cells were purchased from Cancer
Research Institute of Chinese Academy of Medical Sci-
ences (Beijing, China). The obtained cells were subse-
quently cultured in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum (TIAN-
HANG, Hangzhou, China), 100 U/mL penicillin and
100 U/mL streptomycin at 37 °C in a humidified atmos-
phere with 5% CO,. The cells were observed daily as they
grew into a monolayer adhering to the chamber walls.
Upon reaching the logarithmic phase of growth, the cells
were trypsinized and passaged with 0.25% trypsin solu-
tion once every 2-3 days. Trypan blue staining was then
employed to assess the ratio of living cells. Later, the cell
concentration was diluted to 1 x 107 cells/mL with phos-
phate buffer saline (PBS), and the cell suspension was
prepared for further experimentation.

Animal model establishment
A total of 72 C57BL/6 mice (36 males & 36 females, aged
5-6 weeks) were purchased from Beijing Vital River Lab-
oratory Animal Technology Co., Ltd., Beijing, China) for
animal experimentation in the current study. The mice
meeting the average weight of (20+£0.5) g were num-
bered after acclimation for 1 week, and then 8 mice (4
males and 4 females) were randomly selected as the blank
control, and subcutaneously injected with 0.4 mL normal
saline into the armpit of the right forelimb. The remain-
ing 64 mice were simultaneously inoculated with 0.2 mL
Lewis lung cancer cell suspension (about 2 x 10° tumor
cells). The tumor growth was observed and measured
3 days later.

When the tumor diameter had reached approximately
5 mm (around the 5th day), the 64 mice were infected
with lentiviral particles containing miR-21 antago-
mir negative control (NC), miR-21 antagomir, miR-21
antagomir NC combined with sh-NC, miR-21 antago-
mir combined with sh-NC, miR-21 antagomir combined
with sh-RUNX1, miR-21 antagomir NC combined
with oe-NC, miR-21 antagomir combined with oe-NC,
or miR-21 antagomir combined with oe-YAP, respec-
tively, with 8 mice per inoculation. In brief, mice were
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intraperitoneally injected with 4 mg/kg normal saline
(antagomir NC) or the same amount of miR-21 antago-
mir, while the other mice were also intraperitoneally
injected with the same amounts of lentiviral particles or
normal saline for a total of 5 times, respectively. Later,
on the 7th, 14th and 21st day after inoculation, blood
samples were collected from each mouse, and the tumor
diameter was measured and recorded.

Preparation of mouse tumor and peripheral blood cell
suspension

After about 3 weeks of subcutaneous injection of Lewis
lung cancer cells, the mice were intraperitoneally anes-
thetized with 3% pentobarbital sodium at a dose of
50 mg/kg. Peripheral blood samples obtained from the
orbit were placed in 15 mL centrifuge tubes (containing
1 mL anticoagulant). The mice were then euthanized with
cervical dislocation and the tumors were excised using
scissors and forceps, before the tumors were placed in a
24-well plate with 1 mL PBS.

The tumor suspension was prepared as follows. In brief,
the resected tumor was photographed, its dimensions
(length and width) were measured with a Vernier caliper,
and the tumor volume was calculated. The tumor was cut
into small portions with scissors in a 24 hole plate, trans-
ferred to a 15 mL centrifuge tube, added with 2 mL 1640
culture solution and 60 pL collagenase, and incubated in
a shaker at 37 °C for 3 h. After that, the centrifuge tube
was mixed by vortexing, and added with PBS to a con-
stant volume of 10 mL. After centrifugation, the super-
natant was discarded and 2 mL PBS was added to the
tube. Next, the solution was passed through a sieve into
a 15 mL centrifuge tube, re-centrifuged with the super-
natant discarded. Finally, PBS was added to establish the
tumor cell suspension.

The peripheral blood cell suspension was prepared. In
brief, 1 mL PBS was added to the 15 mL centrifuge tube
containing anticoagulant, centrifuged and the superna-
tant was discarded. Upon the addition of 3 mL of hemo-
lytic solution, the tube was placed aside for 4—5 min,
and added with PBS to obtain the peripheral blood cell
suspension.

Flow cytometry for cell characterization

MDSCs were characterized as follows. A total of 50 pL
of peripheral blood or tumor local cell suspension was
transferred respectively into 2 mL centrifuge tubes, and
0.5 pL of CD45.2, CD11b and Gr-1 (BD Biosciences,
Franklin Lakes, NJ, USA) was added to each tube. Next,
the tubes were added with 48 pL of PBS, and stained in
a refrigerator at 4 °C for 20 min. Then, the tubes were
added with 1 mL of PBS and centrifuged at 300 rpm for
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5 min, added with 100 puL PBS for resuspension, and
finally analyzed using a flow cytometer.

T cell phenotype was detected. Briefly, 50 uL of periph-
eral blood and tumor local cell suspension was placed
into 2 mL centrifuge tubes, and then mixed with 0.5 pL of
CD45.2, CD4 and CD8a (BD Biosciences, Franklin Lakes,
NJ, USA). Next, 48 pL of PBS was added to the tubes for
staining in the refrigerator at 4 °C for 20 min. Then, the
tubes were added with another 1 mL of PBS and centri-
fuged at 300 rpm. After removing the supernatant, 100
uL PBS was added for resuspension and analyzed with a
flow cytometer.

Flow cytometry for cell proliferation

Lymphocyte isolating medium was adopted to separate
the cells in tumor tissues and peripheral blood samples.
Next, the CD4" or CD8" T cells in the samples were sep-
arated using CD4" or CD8™ T cell separation kits (Milte-
nyi Biotec, Bergisch Gladbach, Germany). According to
the manufacturer’s instructions (Invitrogen Inc., Carls-
bad, CA, USA), CD4" or CD8" T cells were labeled with
5-(and 6)-carboxyfluorescein diacetate, succinimidylester
(CFSE), and then stimulated with Con A (Sigma-Aldrich
Chemical Company, St Louis MO, USA). MDSCs and
T cells were derived from mice infected with lentiviral
particles or control mice in the co-culture experiments.
For a single co-culture, the T cells and the MDSCs were
derived from the same mice. Next, the T cells were co-
cultured with MDSCs at the proportions of 2:1, 4:1, 10:1
or 100:1 in 96 well plates for 96 h. On the 4th day, the
cells were analyzed with a flow cytometer. The prolifera-
tion data from MDSCs were obtained through the gradi-
ent experiments on average.

MDSC sorting of peripheral blood

The mice were euthanized, and the peripheral blood sam-
ples were collected, followed by removal of red blood
cells with a red blood cell lysis buffer. Next, the lysed
blood was incubated at 4 °C for 15 min with the addition
of biotin-conjugated anti-Gr-1 (BD Biosciences, Franklin
Lakes, NJ, USA), and then added with anti-biotin beads
and incubated in the dark at 4 °C for 15 min. After wash-
ing, the blood was resuspended with PBS, and MDSC
sorting was performed using a LS column from Milte-
nyi Biotec (Bergisch Gladbach, Germany), following the
manufacturer’s instructions.

Flow cytometry for cell cycle analysis

MDSCs were collected and the cell concentration
was adjusted to 1x 10° cells/mL. Next, the cells were
seeded in 24 well plates, and treated with antago-
mir NC+sh-NC, miR-21 antagomir+sh-NC, miR-
21 antagomir+sh-RUNX1, antagomir NC+ oe-NC,
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miR-21 antagomir+oe-NC, or miR-21 antagomir 4 oe-
YAP. After 24 h, the cells were collected, centrifuged at
2000 rpm for 5 min, fixed with 70% ethanol precooled at
4 °C, and stored at 4 °C. Prior to staining, the fixed solu-
tion was rinsed off with PBS, and the cells were resus-
pended with the addition of 200 pL PBS. A total of 100
pL RNase A was added to the cells in the water bath at
37 °C for 30 min, whereupon 400 pL propidium iodide
(PI) was added. The mixture was then dyed at 4 C for
30 min in conditions void of light. Before analysis, the
cells were screened through a 200-mesh cell sieve, and
added with 300 pL PBS to adjust the cell density. Then
the cell cycle was analyzed using a flow cytometer, with
the red fluorescence recorded at 488 nm, and 10000 cells
were counted.

Annexin V-FITC/PI analysis

MDSCs were collected and the cell density was adjusted
to 1 x 10° cells/mL. Next, the cells were seeded in 24 well
plates, and then infected with antagomir NC+sh-NC,
miR-21 antagomir+sh-NC, miR-21 antagomir+sh-
RUNX1, antagomir NC+4o0e-NC, miR-21 antago-
mir 4+ oe-NC, or miR-21 antagomir + oe-YAP. After 24 h,
the cells were centrifuged at 2000 rpm for 5 min, rinsed
twice with PBS, and suspended following the addition
of 100 pL of binding buffer. Annexin V-FITC kits were
employed for staining purposes. A total of 5 pL. Annexin
V-FITC was added to the cell suspension, and then 5 uL
PI was added and allowed to react for 15 min in condi-
tions void of light. Next, the cells were passed through
a 200 mesh cell sieve. Finally, the cells were analyzed
using a flow cytometer with an excitation wavelength
of 488 nm and an emission wavelength of 530 nm, and
10000 cells were counted.

Enzyme linked immunosorbent assay (ELISA)

The eyeballs of mice were removed to collect orbital
blood samples, which were stored overnight at 4 °C, and
then centrifuged at 3500xg. The clear serum from the
upper layer was stored at —80 °C. The serum levels of
interleukin 10 (IL-10), transforming growth factor-beta
(TGF-B) and granulocyte—macrophage colony stimulat-
ing factor (GM-CSF) were measured using ELISA Kits.
The serum was cultured for 24 h, whereupon the culture
medium was collected, centrifuged at room tempera-
ture at 1000x g for 10 min, and the supernatant was col-
lected. The standard curve was drawn and the contents
of IL-10, TGF-B and GM-CSF in the cell culture medium
were measured in strict accordance with the instructions
of ELISA kit. All the aforementioned kits were purchased
from Wuhan Xingidi Biological Technology Co. Ltd.
(Wuhan, China).
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RNA immunoprecipitation (RIP) assay

Lewis lung cancer cells were lysed with radio-immu-
noprecipitation assay (RIPA) cell lysis buffer (P0013B,
Beyotime Biotechnology Co., Shanghai, China) on an ice
bath for 5 min, and centrifuged at 12,000xg and 4 °C for
10 min. One portion of the cell extract was used as the
input, while the remaining portion was incubated with
antibody for co-precipitation. Each co-precipitation reac-
tion system was rinsed with 50 pL magnetic beads and
resuspended in 100 pL RIP wash buffer, and then incu-
bated with 5 pg antibody for binding. After washing, the
magnetic beads-antibody complex was resuspended in
900 uL RIP wash buffer and incubated overnight with
100 pL cell supernatant at 4 °C. The samples were then
placed on magnetic pedestals to collect the beads-pro-
tein complexes, whereupon the samples and input were
detached with treatment with protease K to extract RNA
content for subsequent polymerase chain reaction (PCR)
analysis. The antibodies used in the experiment were
anti-RUNX1 (ab92336, Abcam Inc., Cambridge, UK) and
immunoglobulin G (IgG, ab150077, Abcam Inc., Cam-
bridge, UK), which served as NC.

Chromatin immunoprecipitation (ChIP) assay

The Lewis lung cancer cells were fixed with formaldehyde
for 10 min to induce DNA-protein cross-linking. Next,
an ultrasonicator was used to break the chromatin into
fragments for 15 cycles of 10 s each, with intervals of
10 sec. After that, the supernatant was collected, divided
into two equal portions, and centrifuged at 12,000x g for
10 min at 4 °C. The IgG (ab150077, Abcam Inc., Cam-
bridge, UK) and protein specific antibody anti-RUNX1
(ab92336, Abcam Inc., Cambridge, UK) were added into
the two tubes, respectively, which were incubated at
4 °C overnight. The DNA—-protein complex was subse-
quently precipitated by Protein Agarose/Sepharose, and
centrifuged at 12,000xg for 5 min. The supernatant was
discarded, and the nonspecific complex was washed to
remove the cross-linking with incubation at 65 °C over-
night. The DNA fragments were extracted and purified
with phenol/chloroform, and the binding of RUNX1 and
YAP promoter was then measured using RT-qPCR with
YAP promoter region specific primers.

Dual luciferase reporter gene assay

The wild type and mutant reporter plasmids of RUNX1-
3'utr (pGL3-wt-RUNX1-3/utr, pGL3 -mut-RUNX1-3"utr)
were designed and provided by Shanghai GenePharma
Co. Ltd. (Shanghai, China). The Lewis lung cancer cells
were co-transfected with antagomir NC and miR-21
antagomir with wt-RUNX1-3/utr and mut-RUNX1-3"utr
respectively. After 48 h, the cells were collected and lysed.
A dual luciferase reporter gene assay system (Promega
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Corporation, Madison, WI, USA) was employed for the
detection of luciferase activity.

Immunohistochemistry

The paraffin-embedded tumor tissues slices were
dewaxed with xylene I and II (Shanghai Sangon Biotech-
nology Co. Ltd., Shanghai, China) for 10 min, rehydrated
with 100%, 95% and 70% gradient ethanol (Shanghai San-
gon Biotechnology Co. Ltd., Shanghai, China) for 2 min
each. Next, the tissues were immersed in 3% H,O, for
10 min and antigen retrieval was performed under high
pressure in a pressure cooker for 90 s. The tissues were
allowed to cool down to room temperature and then cut
into slices, which were blocked with 5% bovine serum
albumin (BSA), incubated at 37 °C for 30 min, added
with 50 uL RUNX1 rabbit polyclonal antibody (ab92336,
Abcam Inc., Cambridge, UK) and YAP rabbit monoclo-
nal antibody (ab52771, Abcam Inc., Cambridge, UK) for
incubation at 4 °C overnight. The following day, after
rinsing with PBS for 2 min, the slices were added with
50 uL HRP labeled goat anti-rabbit antibody (ab6721,
Abcam Inc., Cambridge, UK), incubated at 37 °C for
30 min and added with single antigen beads (SAB). Then,
the slices were added with diaminobenzidine (DAB) solu-
tion (Fuzhou Maixin Biotechnology Development Co.
Ltd. Fuzhou, China) for color development, re-stained
with hematoxylin (Sigma-Aldrich, SF, CA, USA) for
5 min, and finally observed and photographed under an
optical microscope (XSP-36, Bostar Optical Instruments
Co., Ltd, Shenzhen, China). A total of 100 cells in each
field were counted in 5 randomly selected high power
visual fields, and the mean proportion of positive cells
was calculated.

RT-qPCR
Total RNA content in tissues or cells was extracted using
the RNeasy Mini kits (Qiagen company, Hilden, Ger-
many). The cDNA was synthesized using reverse tran-
scription kits (RR047A, Takara Bio Inc., Otsu, Shiga,
Japan) and the miRNA first strand cDNA synthesis first
(tailing reaction) kits (B532451-0020, Shanghai Sangon
Biotechnology Co. Ltd., Shanghai, China). RNA load-
ing was performed using the SYBR® Premix Ex Taq"™ II
(Perfect Real Time) kit (DRR081, Takara Bio Inc., Otsu,
Shiga, Japan). RT-qPCR was carried out with a real-
time PCR instrument (ABI 7500, ABI Company, Oyster
Bay, NY). The general negative primer for miRNA and
the upstream primer for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were provided by miRNA
First Strand cDNA Synthesis (Tailing Reaction) kit, and
the other primers were synthesized by Shanghai San-
gon Biotechnology Co. Ltd. (Shanghai, China) (Table 1).
The Ct value of each well was recorded. GAPDH or U6



Meng et al. Cancer Cell Int (2020) 20:495

Table 1 The primer sequences of RT-qPCR

Gene Primer sequences
miR-21 (hsa) F: GGACTAGCTTATCAGACTG
R: CATCAGATG CGTTGCGTA
miR-21 (mus) F: GACATCGCATGGCTGTACCA
R: CCATGAGATTCAACAGTCAACATC
RUNX1 F: TGATGGCTGGCAATGATGAA

R: TGCGGTGGGTTTGTGAAGAC
YAP F: CGCTCTTCAACGCCGTCA
R: AGTACTGGCCTGTCGGGAGT

ARG-1 F: CTCCAAGCCAAAGTCCTTAGAG
R: AGGAGCTGTCATTAGGGACATC
iINOS F: CCAAGCCCTCACCTACTTCC
R: CTCTGAGGGCTGACACAAGG
GAPDH F: TGAAGCAGGCATCTGAGGG

R: CGAAGGTGGAAGAGTGGGAG
U6 F: CTCGCTTCGGCAGCACA
R: AACGCTTCACGAATTTGCGT

RT-gPCR, reverse transcription quantitative polymerase chain reaction;
RUNX1, runt-related transcription factor 1; YAP, yes-associated protein; ARG-1,
Arginase-1; iNOS, inducible nitricoxide synthase; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; F, forward ,R, reverse

were regarded as the internal references, and the relative
expression of each gene was calculated using the 2724Ct
method.

Western blot analysis

Total protein content in tissues or cells was extracted
using radioimmunoprecipitation assay (RIPA) containing
phenylmethylsulfonyl fluoride (PMSF). A bicinchoninic
acid (BCA) kit was applied to measure the total protein
concentration. A total of 50 pg protein was dissolved
in 2xsodium dodecyl sulfate (SDS) sample buffer and
boiled at 100 °C for 5 min. The protein was separated with
sodium dodecyl sulfate—polyacrylamide electrophoresis
(SDS-PAGE) and transferred onto a polyvinylidene fluo-
ride (PVDF) membrane, and then sealed with 5% skim
milk solution at room temperature for 1 h. The mem-
brane was subsequently incubated overnight at 4 °C with
the following primary antibodies purchased from Abcam
(Cambridge, UK): rabbit anti-RUNX1 (ab92336), rabbit
anti-YAP (ab52771), rabbit anti-ARG-1 (ab133543), iNOS
(ab3523), and GAPDH (ab181602) as internal reference.
Then, the membrane was washed three times with tris-
buffered saline with Tween 20 (TBST) for 10 min each
time. The membrane was then incubated with horserad-
ish peroxidase (HRP) labeled goat anti-rabbit IgG H&L
(ab6721, Abcam, Cambridge, UK) for 1 h, developed with
an enhanced chemiluminescence (ECL) fluorescence
test kit (BB-3501, Amersham, Chicago, Illinois, USA),
and exposed in a gel imager. The membrane was digitally
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photographed using the Bio-Rad image analysis system
(Bio-Rad Laboratories, Hercules, CA, USA), and ana-
lyzed with the Quantity One v4.6.2 software. The relative
expression of the proteins was expressed by the ratio of
gray value of each protein to that of internal reference
GAPDH.

Statistical analysis

Statistical analyses were conducted using the SPSS 21.0
statistical software (IBM, Armonk, NY, USA). Meas-
urement data were summarized by meand=+standard
deviation. When conforming to normal distribution and
homogeneity, data between two unpaired groups were
compared by unpaired t-test. Measurement data among
multiple groups were compared by one-way analysis of
variance (ANOVA) with Tukey’s post hoc test. Data com-
parison among multiple groups at different time points
were conducted using repeated measurement ANOVA
with Bonferroni’s post hoc test. Pearson’s correlation
analysis was used to analyze the relationship between
indicators. Measurement data were represented by exam-
ples, and verified using the Chi square test. A value of
p<0.05 indicated statistical significance.

Results

Down-regulation of miR-21 inhibits

the immunosuppressive ability of MDSCs in lung cancer
Differential analyses of the GSE63805 dataset using the
R language revealed 19 differentially expressed miR-
NAs, among which miR-21 exhibited the most significant
expression (Fig. 1la). Thus, the role and mechanism of
miR-21 on the immunosuppressive ability of MDSCs was
explored in lung cancer.

Firstly, in order to determine the expression pat-
terns of miR-21 in lung cancer, a box line map was
plotted by extracting the expression data of miR-21 of
dataset GSE63805, which revealed that miR-21 was over-
expressed in the lung cancer samples (Fig. 1b). RT-qPCR
analysis showed that, compared with normal tissues, the
expression levels of miR-21 in lung cancer tissues were
higher. Compared with the mouse lung epithelial cells-
12 (MLE-12), miR-21 expression was also found to be
up-regulated in all of the lung cancer cell lines (p <0.05)
(Fig. 1c, d). Statistical analysis of the relationship between
miR-21 expression and clinical indicators of lung cancer
patients demonstrated that the expression level of miR-
21 was closely related to tumor size, tumor node metas-
tasis (TNM) stage, smoking history, and presence of
lymph node metastasis (Table 2).

Meanwhile, expression levels of miR-21 in mice
treated with miR-21 antagomir were found to be lower
than those in mice treated with antagomir NC (p < 0.05)
(Fig. 1le). In addition, the proportion of MDSCs with
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two unpaired groups were compared by unpaired t-test. One-way ANOVA with Tukey’s post hoc test was used to compare data among multiple

CD11b*Gr-17 in the peripheral blood was elevated in
the modeled mice. Next, peripheral blood and tumor
tissues were further evaluated to uncovered the effect
of miR-21 on the immunosuppression of lung cancer.
Flow cytometry was applied to analyze the proportion
of MDSCs, T helper (Th) and cytotoxic T lymphocyte
(CTL) in the peripheral blood and tumor tissues of mice
treated with miR-21 antagomir. The results indicated
that, compared with antagomir NC, the proportion of
MDSCs was notably decreased, while the proportion
of Th and CTL were increased in mice treated with
miR-21 antagomir (p<0.05) (Fig. 1f, g). In addition,
CD4%' or CD8' T cells labeled with CFSC were also
detected using flow cytometry (Fig. 1h), which revealed

that, compared with mice treated with antagomir NC,
MDSCs in the peripheral blood and tumor tissues of
mice injected with miR-21 antagomir markedly reduced
the inhibition of Th and CTL proliferation (p<0.05)
(Fig. 1i, j). Moreover, the expression patterns of MDSCs
functional markers ARG-1, iNOS were measured by
RT-qPCR and Western blot analysis, which showed that
the mice injected with miR-21 antagomir exhibited sig-
nificantly reduced expressions of ARG-1, iNOS com-
pared with the NC (p <0.05) (Fig. 1k, 1). ELISA analysis
showed that IL-10, TGF-p and GM-CSF levels in the
mice injected with miR-21 antagomir were much lower
than the NC (Fig. 1m). Overall, these findings indicated
that down-regulation of miR-21 can retard the immu-
nosuppressive ability of MDSCs on lung cancer.
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Table 2 The relationship between miR-21 expression
and cliniccopathological features of lung cancer patients

Clinicopathological features Cases (h=30) miR-21 P value
expression
High Low

Age (years) 0.7047
>60 23 12 Inl
<60 34 16 18

Gender 0.1885
Male 29 17 12
Female 28 11 17

Tumor size (cm) 0.0030
>30 33 22 M
<30 24 6 18

TNM stage 0.0277
[l 21 6 15
llla 36 22 14

Smoking history 0.0167
Smokers 31 20 11
Non-mokers 26 8 18

Lymph node metastasis 0.0074
Positive 24 17 7
Negative 33 1 22

Histological tumor type 0.2828
Squamous cell carcinoma 19 11 8
Adenocarcinoma 21 12 9
Small cell lung cancer 13 4 9
Large cell lung cancer 4 1 3

miR-21 promotes the expression of YAP by inhibiting
RUNX1

To further examine the downstream regulatory mecha-
nism of miR-21, 2290 downstream target genes of miR-
21 were retrieved through mirDIP, 1273 downstream
target genes through starBase, and 4036 differentially
expressed genes in lung cancer following analyses of the
GSE74706 dataset in the GEO database (Fig. 2a). The
predicted downstream target gene of miR-21 was com-
pared with the differentially expressed gene and the
human transcription factors in Cistrome, which yielded
a total of 8 transcription factors with significant differ-
ences in the downstream target genes of miR-21 in lung
cancer (Fig. 2b). In addition, GeneMANIA revealed 20
genes related to RUNXI1 (Fig. 2b), while Cistrome pre-
dicted 485 highly-correlated target genes of RUNX1 in
lung adenocarcinoma. The intersection of GeneMANIA
and Cistrome results was observed to identify the key
downstream target of RUNXI, which proved to be the
YAP1 gene (Fig. 2d). Through further GEPIA analysis of
lung adenocarcinoma and lung squamous cell carcinoma
data in the TCGA database, RUNX1 and YAP1 were
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found to be negatively-correlated (Fig. 2e). Meanwhile,
the starbase website predicted that miR-21 could inhibit
the expression of transcription factor RUNX1 (Fig. 2f).
Therefore, we speculated that miR-21 might regulate the
YAP expression by inhibiting the RUNX1 factor in mice.
Additional microarray-based analyses suggested the
presence of binding sites between miR-21 and RUNX1
(Fig. 2f). At the same time, the targeting relationship
between miR-21 and RUNX1 was confirmed using a dual
luciferase reporter gene assay, which demonstrated that
the fluorescence intensity of cells co-transfected with
miR-21 inhibitor and RUNX1-WT was higher than that
in cells treated with miR-21 NC only (p<0.05), while
there were no such differences in the cells co-trans-
fected with miR-21 inhibitor and RUNX1-WT (P>0.05)
(Fig. 2g). The combination of miR-21 and RUNXI1
detected by RIP assay indicated greater enrichment of
miR-21 and RUNX1 in cells treated with Ago2 group rel-
ative to the cells treated with IgG (p <0.05) (Fig. 2h).
Furthermore, immunohistochemistry results showed
that, compared with the NC, the expression levels of
RUNX1 in tumor bearing mice was lower, while those
of YAP was increased (p<0.05) (Fig. 2i). Then, RUNX1
was knocked-down to specifically interfere with the
small RNAs, and the interference efficiency was detected.
Results showed that, compared with the cells treated
with sh-NC, the expression levels of RUNX1 were nota-
bly decreased in cells treated with sh-RUNX1-1, sh-
RUNX1-2, and sh-RUNX1-3 (p <0.05), indicating that the
low expression vector was successfully-transfected. The
expression of RUNXI1 in cells treated with sh-RUNX1-3
was found to be decreased most significantly, and was
thus chosen for subsequent experimentation (Fig. 2j).
The results of RT-qPCR further showed that the
mRNA expression levels of YAP in the cells trans-
fected with sh-RUNX1 were higher than in the NC
cells (p<0.05) (Fig. 2k). In addition, ChIP assay indi-
cated that, compared with the cells treated with IgG,
the DNA of YAP gene promoter in cells transfected
with RUNX1 was remarkably increased (p <0.05), indi-
cating that the transcription factor RUNXI regulated
the expression of YAP in the gene promoter region.
Besides, when RUNX1 was knocked-down in Lewis
lung cancer cells, the enrichment of RUNX1 on the
YAP gene promoter was found to be reduced (p <0.05)
(Fig. 21). According to the dual luciferase reporter gene
assay, the fluorescence intensity of cells co-treated with
sh-RUNXI1 and YAP-WT was much higher than in the
cells treated with sh-NC (p <0.05), while there were no
significant differences in the cells co-treated with sh-
RUNXI1 and YAP-MUT (p >0.05) (Fig. 2m). Moreover,
the expression patterns of miR-21 were detected using
RT-qPCR (Fig. 2n), while those of RUNX1 and YAP
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(Fig. 20) were assessed by Western blot analysis respec-  indicated that miR-21 up-regulated YAP through inhi-
tively. These assays showed that the down-regulation of  bition of RUNX1.

YAP mediated by miR-21 antagomir could be reversed

by sh-RUNX1 (p<0.05). Finally, Pearson correla- miR-21 regulates the immunosuppressive ability of MDSCs
tion analysis of miR-21 and RUNX1, miR-21 and YAP, againstlung cancer via promoting the expression of YAP
RUNX1 and YAP showed that miR-21 expression was  mediated by RUNX1

negatively-correlated with that of RUNX1, RUNX1 and RT-qPCR showed that the expression levels of miR-21 in
YAP, whereas the expressions of miR-21 and YAP were the cells co-treated with miR-21 antagomir and sh-NC,
positively-correlated. Consequently, these findings miR-21 antagomir and sh-RUNX1 were lower than those
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in cells treated with antagomir NC and sh-NC (p <0.05).
Furthermore, the cells co-treated with miR-21 antagomir
and oe-NC, or miR-21 antagomir and oe-YAP exhibited
lower miR-21 expression levels relative to cells treated
with antagomir NC and oe-NC (Fig. 3a). Western blot
analysis showed that the levels of RUNX1 were notably
increased, while those of YAP were lower in the cells co-
transfected with miR-21 antagomir and sh-NC compared
to cells co-treated with antagomir NC and sh-NC. Com-
pared with the cells co-treated with miR-21 antagomir
and sh-NC, the levels of RUNX1 were decreased, while
those of YAP were dramatically increased in the cells
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co-transfected with miR-21 antagomir and sh-RUNXI.
Compared with the cells co-treated with antagomir
NC and oe-NC, the levels of RUNX1 were increased,
whereas YAP levels were notably decreased in the cells
co-transfected with miR-21 antagomir and oe-NC. The
expression levels of RUNX1 were much lower, while the
expression of YAP was much higher in the cells co-trans-
fected with miR-21 antagomir and oe-YAP relative to
those in the cells co-treated with miR-21 antagomir and
oe-NC (p<0.05) (Fig. 3b).

In addition, flow cytometry was performed to measure
the proportion of MDSCs, Th and CTL in the peripheral
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blood and tumor tissues of the mice, which revealed that
the proportion of MDSCs was decreased, while the pro-
portion of Th and CTL were dramatically increased in the
cells co-transfected with miR-21 antagomir and sh-NC
compared to the cells co-treated with antagomir NC
and sh-NC, whereas the opposite trends were observed
in cells co-transfected with miR-21 antagomir and sh-
RUNX1 in relation to cells co-treated with miR-21 antag-
omir and sh-NC. The proportion of MDSCs was also
found to be remarkably reduced, while the proportion of
Th and CTL were higher in the cells co-transfected with
miR-21 antagomir and oe-NC than that in the cells co-
treated with antagomir NC and oe-NC. In contrast to the
cells co-treated with miR-21 antagomir and oe-NC, the
proportion of MDSCs was highly increased, whereas the
proportion of Th and CTL were decreased in the cells co-
transfected with miR-21 antagomir and oe-YAP (p <0.05)
(Fig. 3c—f).

Furthermore, the MDSCs in the peripheral blood
and tumor tissues in the mice treated with both miR-21
antagomir and sh-NC inhibited Th and CTL proliferation
compared with that in the mice treated with both antago-
mir NC and sh-NC, which was relieved by the addition
of sh-RUNX1. Compared with the mice co-treated with
antagomir NC and oe-NC, the MDSCs in peripheral
blood and tumor tissues of mice co-treated with miR-
21 antagomir and oe-NC inhibited the proliferation of
Th and CTL, while the opposite was true in MDSCs in
peripheral blood and tumor tissues of mice injected with
miR-21 antagomir and oe-YAP compared with mice
treated with both miR-21 antagomir and oe-NC (p <0.05)
(Fig. 3g—h).

ELISA assay showed that the expression levels of IL-10,
TGF-f and GM-CSF in cells co-treated with miR-21
antagomir and sh-NC were dramatically lower than those
in cells co-transfected with antagomir NC and sh-NC,
while the opposite trends were observed in cells treated
with miR-21 antagomir and sh-RUNX1 in comparison to
miR-21 antagomir and sh-NC. The levels of IL-10, TGF-3
and GM-CSF were also decreased in the cells treated
with miR-21 antagomir and oe-NC relative to the cells
treated with both antagomir NC and oe-NC, whereas the
opposite results were witnessed in cells treated with both
miR-21 antagomir and oe-YAP than that co-treated with
miR-21 antagomir and oe-NC (p <0.05) (Fig. 3i).

Then, the mRNA and protein expression patterns of
ARG-1 and iNOS, the two functional markers of MDSCs,
were analyzed using RT-qPCR and Western blot analysis.
The results showed lower mRNA and protein expression
levels of ARG-1 and iNOS in the cells transfected with
both miR-21 antagomir and sh-NC compared to cells co-
treated with antagomir NC and sh-NC. However, these
expression levels were found to be elevated in the cells
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transfected with both miR-21 antagomir and sh-RUNX1
compared with the cells co-treated with miR-21 antago-
mir and sh-NC. Meanwhile, decreased expression levels
were observed in the cells co-transfected with miR-21
antagomir and oe-NC when compared with the cells
treated with both antagomir NC and oe-NC, which was
reversed following co-treatment with miR-21 antagomir
and oe-YAP (Fig. 3j). Consequently, these findings sug-
gested that miR-21 can regulate YAP by regulating the
expression of RUNX1 to mediate the immunosuppressive
ability of MDSCs in lung cancer.

Immunosuppressive effect of the miR-21/RUNX1/YAP axis
in regulating the cell cycle and apoptosis of MDSCs in vitro
Furthermore, the effects of miR-21/RUNX1/YAP axis
on MDSCs cycle, apoptosis and key immunosuppressive
molecules were studied in vitro. MDSCs purity of the
CD11b"Gr-1" phenotype was found to be raised from
21.2% to 96.6% after magnetic bead separation, indicating
that the magnetic bead separation successfully enriched
the MDSCs with CD11bTGr-17 phenotype, which were
then used for the following in vitro experimentation
(Fig. 4a).

Flow cytometry was then applied to analyze the abil-
ity of the miR-21/RUNX1/YAP axis to regulate the
cell cycle and apoptosis of MDSCs. The distribution of
MDSCs in different states was assessed using Annexin
V and PI double staining. The staining results illustrated
that the apoptosis rate of MDSCs co-treated with miR-
21 antagomir and sh-NC, miR-21 antagomir and oe-NC
was enhanced, accompanied by more cells at the G0/G1
phase, fewer cells at the G2/M phase, with no differences
in cells at the S phase in comparison to those in MDSCs
co-transfected with antagomir NC and sh-NC, antagomir
NC and oe-NC, respectively. On the contrary, compared
with MDSCs co-treated with miR-21 antagomir and
sh-NC, miR-21 antagomir and oe-NC, the apoptosis rate
of MDSCs co-transfected with miR-21 antagomir and
sh-RUNX1, miR-21 antagomir and oe-YAP was notably
decreased, and there were fewer cells at the GO/G1 phase,
more cells at the G2/M phase, with no differences in cells
at the S phase correspondingly (p <0.05) (Fig. 4b, ¢).

Additionally, the results of ELISA indicated that,
compared with the cells co-treated with antagomir NC
and sh-NC, the expression levels of IL-10, TGF-f and
GM-CSF in the cells co-treated with miR-21 antago-
mir and sh-NC were decreased, compared with the lat-
ter, while these expression levels were increased in the
cells co-treated with miR-21 antagomir and sh-RUNX1
(»<0.05). The levels of IL-10, TGF-p and GM-CSF in the
cells co-treated with miR-21 antagomir and oe-NC were
much lower than in the cells transfected with antago-
mir NC and oe-NC in combination, while the opposite
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Fig. 4 The effect of miR-21/RUNX1/YAP axis on immunosuppressive ability of MDSCs in lung cancer in vitro. a the proportion of MDSCs in
peripheral blood cells before and after magnetic bead sorting; b the cell cycle of MDSCs analyzed by a flow cytometer; ¢ apoptosis map of MDSCs
after 24 h treatment; d the expression of IL-6 and other effectors in MDSCs measured by ELISA; e the expression of ARG-1 and iNOS detected by
RT-gPCR and western blot analysis. Measurement data were expressed as mean = standard deviation. * p <0.05 vs. cells co-treated with antagomir
NC and sh-NC or antagomir NC and oe-NC, # p < 0.05 vs. cells co-treated with miR-21 antagomir and sh-NC or miR-21 antagomir and oe-NC.
Measurement data among multiple groups were compared by ANOVA with Tukey's post hoc test. The experiment was repeated three times

trends were observed in the cells co-treated with miR-
21 antagomir and oe-YAP compared to those in the cells
co-treated with miR-21 antagomir and oe-NC (p <0.05)
(Fig. 4d).

RT-qPCR and Western blot analysis revealed that
the mRNA and protein expression levels of ARG-1 and
iNOS in the cells treated with both miR-21 antagomir
and sh-NC were lower than those in the cells treated
with both antagomir NC and sh-NC, whereas these
expression levels were found to be notable higher
in the cells co-treated with miR-21 antagomir and

sh-RUNX1 compared to the former (p <0.05). In com-
parison with cells transfected with antagomir NC and
0e-NC, the cells treated with miR-21 antagomir and
0e-NC exhibited lower mRNA and protein expres-
sion levels of ARG-1 and iNOS. Compared with the
cells transfected with miR-21 antagomir and oe-NC in
combination, mRNA and protein expression levels of
ARG-1 and iNOS in the cells co-treated with antagomir
NC and oe-NC, miR-21 antagomir and oe-YAP were
higher (Fig. 4e). Collectively, these findings suggested
that miR-21/RUNX1/YAP axis promote the cycle and
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apoptosis of MDSCs and inhibit the key immunosup-
pressive molecules.

miR-21 promotes tumor development through promoting
the expression of YAP mediated by RUNX1 in vivo
The average tumor volume and weight in mice co-treated
with miR-21 antagomir and sh-NC were found to be
lower than that in mice injected with antagomir NC and
sh-NC. However, compared with the mice inoculated
with both miR-21 antagomir and sh-NC, the average
tumor volume and weight in mice inoculated with both
miR-21 antagomir and sh-RUNX1 were both increased
(p<0.05). Compared with the mice co-treated with
antagomir NC and oe-NC, the average tumor volume
and weight in mice co-treated with miR-21 antagomir
and oe-NC were both decreased, compared with the lat-
ter, the average tumor volume and weight in mice co-
treated with miR-21 antagomir and oe-YAP were both
increased (p <0.05) (Fig. 5a—c).

The results of RT-qPCR showed that the expression
levels of ARG-1 and iNOS in the mice treated with both
miR-21 antagomir and sh-NC were lower than that in

Page 13 of 16

the mice treated with both antagomir NC and sh-NC,
but those in the mice co-treated with miR-21 antago-
mir and sh-RUNX1 were notably higher than the former
(p<0.05). The levels of ARG-1 and iNOS in the mice co-
treated with miR-21 antagomir and oe-NC were much
lower than in the mice injected with antagomir NC and
0e-NC in combination. However, but the expression
levels of ARG-1 and iNOS in the mice co-treated with
miR-21 antagomir and oe-YAP were much higher than in
the mice co-treated with miR-21 antagomir and oe-NC
(p<0.05) (Fig. 5d).

RT-qPCR results showed that the expression levels
of miR-21 in the mice co-treated with miR-21 antago-
mir and sh-NC, miR-21 antagomir and sh-RUNX1 were
lower than those in the mice co-treated with antagomir
NC and sh-NC (p<0.05). Compared with the mice co-
treated with antagomir NC and oe-NC, the levels of miR-
21 in the mice inoculated with both miR-21 antagomir
and oe-NC, miR-21 antagomir and oe-YAP were unaf-
fected (p <0.05) (Fig. 5e).

Western blot analysis indicated that the protein lev-
els of RUNX1 were notably increased, while the protein
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by RT-gPCR; e the expression of miR-21 detected by RT-qPCR; f the expression of RUNX1, YAP, ARG-1 and iNOS measured by western blot analysis.
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levels of YAP, ARG-1 and iNOS were all remarkably
decreased in the mice co-treated with miR-21 antago-
mir and sh-NC compared to those in the mice co-treated
with antagomir NC and sh-NC, while the opposite was
true for the mice co-treated with miR-21 antagomir and
sh-RUNX1 compared with miR-21 antagomir and sh-NC
(p<0.05). Compared with the mice co-treated with
antagomir NC and oe-NC, the protein levels of RUNX1
were increased, whereas those of YAP, ARG-1 and iNOS
were notably decreased in the mice co-transfected with
miR-21 antagomir and oe-NC, but the results were oppo-
site in the mice co-treated with miR-21 antagomir and
oe-YAP than the latter (»<0.05) (Fig. 5f). In conclusion,
these findings indicated that miR-21 promotes tumor
development by elevating the expression of RUNX1-
mediated YAP.

Discussion

As the leading cause of cancer-related deaths among
men and women, the occurrence of lung cancer is closely
related to smoking and the use of tobacco products, in
addition to environmental factors such as air pollution
[21]. Advancements in lung cancer treatment incorporat-
ing the use of chemotherapy and targeted therapies have
improved the outcomes of the disease, however, the over-
all prognoses with respect to long term survival remains
unsatisfactory [22]. At the same time, our understand-
ing of the molecular mechanisms of tumor immunology,
especially the inhibition of anti-tumor immune response
mediated by immune synapses or immune checkpoints,
has grown rapidly in the past decade owing to the hard-
done work of our peers [23]. Aiming to expand on this,
the current study set out to explore the specific molec-
ular mechanism of miR-21 on the immunosuppressive
ability of MDSCs against lung cancer.

A number of miRNAs possess the ability to regulate
the differentiation, maturation and function of immune
cells, and as a result serve as important contributors in
maintaining cellular homeostasis and the development
of distinct physiological systems [24]. In the current
study, our findings revealed the existence of one such
miRNA, namely miR-21, which exhibited up-regulated
expression levels in lung cancer tissues. Augmented
levels of miR-21 have been documented in lung cancer
by Wu et al, which are very much in accordance with
our results [25]. Similarly, miR-21 was reported to be
highly-expressed in NSCLC, and to further regulate
invasion and chemo-sensitivity of the cancer by medi-
ating the SMAD?7 gene [26]. In addition, down-regu-
lation of miR-21 has been previously shown to inhibit
the proliferation and migration of non-small cell lung
cancer cells via mediation of programmed cell death
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[27]. However, it is not clear whether and how miR-21
participates in the differentiation and functional regu-
lation of MDSCs. Furthermore, extensive experimenta-
tion in our study demonstrated that down-regulation
of miR-21 can inhibit the immunosuppressive ability
of MDSCs to lung cancer. Moreover, other studies have
shown that miR-21 can also regulate the immune resist-
ance of myelogenous suppressor cells to tumor [28].

Additionally, our findings revealed that the RUNX1
transcription factor was the downstream target of miR-21
with the help of mirDIP and starBase databases. Indeed,
RUNX1 is an important regulator of hematopoiesis, and
also related with heightening of metastasis [29]. Mean-
while, another study uncovered that miR-9 regulated
MDSCs differentiation by targeting the RUNX1 fac-
tor, highlighting its transcription-based role in regulat-
ing MDSC differentiation and function [24]. Our results
verified that RUNX1 was poorly-expressed in lung cancer
tissues. Similarly, RUNX1 is down-regulated and nega-
tively-correlated with MDSC-mediated immunosuppres-
sion in lung cancer [30]. Also, the Rasipl gene is known
to be regulated by RUNXI1 to promote the migration of
NSCLC [29]. Meanwhile, intersection results from Gene-
MANIA and Cistrome highlighted YAP as the down-
stream target of RUNXI in lung cancer. Previous studies
have also shown that RUNX1 can inhibit YAP expression
to accelerate the occurrence of tumors and inhibit the
expression of its target gene [17]. Highly-expressed lev-
els of the YAP tumor protein have been previously found
in NSCLC, suggesting an important role in regulating the
growth and invasion of tumor cells [31]. Furthermore,
YAP has been shown to promote tumor development by
controlling the infiltration of MDSCs [32, 33]. As a result,
our findings suggested that miR-21 can up-regulate the
expression levels of YAP by targeting RUNX1 to regulate
the immunosuppressive ability of MDSCs in lung cancer.

On the other hand, previous studies have indicated
that over-expression of miR-21 leads to amplified
invasion of MCF-7 cancer cells, and enhanced EGEF-
mediated invasion and TGEF-B-mediated invasion in
breast cancer [34]. In addition, miR-21 functions as an
upstream regulator of IL-10 by targeting the 3’ untrans-
lated region of IL-10 mRNA [35]. Recent studies have
also demonstrated that miR-21 targets IL-10 mRNA,
and further plays a proinflammatory role by retarding
IL-10-expressing regulatory B cell (B10) differentiation
[36]. Similarly, the ELISA results in our study indicated
that silencing miR-21 diminished the expression levels
of IL-10, TGF-p and GM-CSE, which was reserved by
silencing RUNXI1. All in all, our findings indicate that
miR-21/RUNX1/YAP axis can promote the cycle and
apoptosis of MDSCs, and thereby, inhibit the effect of
key immunosuppressive molecules.



Meng et al. Cancer Cell Int (2020) 20:495

Lung cancer cells

Fig. 6 Schematic representation of the potential molecular
mechanisms involved in miR-21 in immunosuppressive ability of
MDSCs in lung cancer. In lung cancer, upregulated miR-21 inhibits the
expression of downstream target gene RUNX1. Since the expression
of YAP was mediated through binding with RUNX1 in the promoter
region, so the downregulation of RUNX1 can upregulate the
expression of YAP, thus inhibiting the immune resistance of MDSCs
and promoting the development of tumors

Conclusions

Collectively, our findings demonstrated that up-regula-
tion of miR-21 inhibits the expression of the downstream
target RUNX1 in lung cancer. RUNX1 subsequently
binds to the promoter region of the YAP gene to down-
regulate its expression. We conclude that miR-21 up-reg-
ulated the YAP expression by inhibiting the transcription
factor RUNX1 to regulate the immunosuppressive ability
of MDSCs against lung cancer (Fig. 6). Our findings not
only improve the understanding of how miR-21 modu-
lates the immunosuppressive ability of MDSCs in lung
cancer, but also offer a potential prognostic marker and
a therapeutic target in the form of miR-21 silencing for
lung cancer.
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