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miR-944 inhibits lung adenocarcinoma tumorigenesis
by targeting STAT1 interaction
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Abstract. Lung adenocarcinoma (LAC) is a leading cause
of cancer-associated mortalities, particularly in developed
countries. The aberrant expression of microRNAs (miRNAs)
has been proven to regulate numerous diseases in the past
two decades. miRNAs have been identified in almost all
human cancer types. In the present study, the role of miR-944
in LAC proliferation was examined. It was identified that
miR-944 was downregulated in LAC tissues and cells, and
miR-944 overexpression inhibited A549 and H1299 cell
proliferation, as determined by the Cell Counting Kit-8 and
colony formation assay. Signal transducer and activator of
transcription 1 (STAT1) was upregulated in LAC tissues and
cells. Kaplan-Meier analysis demonstrated that the 5-year
overall survival in patients with high STAT1 levels was
significantly reduced, compared with patients with negative
and low STAT1 expression. STAT1 was the direct target of
miR-944. Additionally, a miR-944 mimic inhibited A549
cell growth in vitro. Collectively, these data demonstrate
that miR-944 serves a pivotal role in LAC tumor growth by
targeting STAT1. The data obtained indicated that miR-944
may be a novel biomarker and could result in potential thera-
pies for LAC.

Introduction

Lung adenocarcinoma (LAC) is a serious disease, and
accounts for ~40% of all lung cancer cases (1,2). Researches
revealed that LAC is a leading cause of cancer-associated
mortalities, particularly in developing countries (1,3). In
China, there are >1 million patients with LAC and >200,000
mortalities associated with lung cancer annually (4). Notably,
LAC is consistently identified among non-smokers (5).
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Despite recent advances in diagnosis, surgery, chemotherapy,
targeted therapy, radiation therapy, cellular immunotherapy
and radiofrequency ablation, the overall survival rate of
patients with LAC remains low at an advanced stage, with a
5-year survival rate of only ~18% (6-8). Additionally, these
patients also suffer complications, including postoperative
metastasis and side effects from drug treatments (9). Thus,
the identification of novel diagnostic methods for patients
with LAC will help monitor tumor progression and guide
clinical treatment, which may assist in the development of
gene target-based therapy.

microRNAs (miRNAs) are small non-coding RNAs
~20-22 nt in length that serve vital roles in diseases, which
threaten human health by coding specific mRNAs (10,11).
In the past two decades, increasing evidence indicated that
miRNAs are involved in the pathogenesis of LAC (12,13).
Berrout ez al (14) demonstrated that miRNA-142-3p functions
as aregulatory oncogenic driver by binding transient receptor
potential cation channel subfamily A member 1-fibroblast
growth factor receptor 2 in LAC. Yan et al (15) reported
that miR-503 modulated epithelial-mesenchymal transi-
tion in silica-induced pulmonary fibrosis by targeting
phosphoinositide 3-kinase p85. Additionally, the study
of Pan et al (16) indicated that miR-944 served a tumor
suppressive role via the metastasis associated in colon
cancer 1 (MACCI1)/Met/AKT signaling pathway in gastric
cancer (16). The aforementioned studies demonstrated that
miRNAs serve crucial roles in LAC and other diseases.
However, the role of miR-944 in LAC requires further
investigation.

Signal transducer and activator of transcription (STAT)-1,
a member of the STAT super family, has a number of
biological functions, including acting as a tumor suppressor
and preventing tumor development, and also exhibits a role
in immunotherapy (17-19). A previous study reported that
STATI1 served vital roles in the miR-15A and miR-16-1
signaling pathways in the regulation of colorectal tumors (20).
Additionally, Zhang et al (21) reported that miR-181a/STAT1
inhibited colorectal cancer cell proliferation by regulating the
phosphatase and tensin homolog/AKT signaling pathway (22).
However, to the best of our knowledge, at present there is has
been no report investigating whether miR-944 has a role in
LAC. Collectively, the present study aimed to investigate the
effects of miR-944 on cell proliferation and apoptosis in LAC.
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Materials and methods

Tissue collection. A total of 25 LAC tissues from 13 males and
12 females, with a median age of 57.6 years, were obtained
from patients who underwent surgery at the Third Hospital
of Qigihar Medical College (Qiqihar, China), between
September 2014 and September 2016. The present study was
approved by the Research Ethics Committee of Third Hospital
of Qigihar Medical College, and written informed consent was
obtained from all patients. All the specimens, including cancer
tissues, were diagnosed with LAC (stages I, 11, and III) (23).
The patients received no local or systemic treatments prior to
surgery (Table I). All collected tissues were placed in liquid
nitrogen immediately and stored at -80°C until required.

Cell culture. LAC cells (A549, H1299, SK-Lu-1, and PC-9)
were obtained from the Chinese Academy of Science Shanghai
Cell Bank (Shanghai, China) and cultured in Dulbecco's modi-
fied Eagle's medium (HyClone; GE Healthcare Life Sciences,
Logan, UT, USA) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA), 100 U/ml penicillin, and 100 g/ml
streptomycin (Beyotime Institute of Biotechnology, Shanghai,
China). Human bronchial epithelial cells (16HBE), obtained
from the Henan Xingfa Bio-Technology Co., Ltd. (Henan,
China), were maintained in RPMI-1640 (HyClone; GE
Healthcare Life Sciences) supplemented with 10% FBS,
100 pg/ml penicillin, and 100 gg/ml streptomycin. These cells
were placed in a humidified atmosphere containing 5% CO,
at 37°C.

Gene silencing of STATI. STATI-small interfering
(si)RNA was purchased from Shanghai GeneChem Co., Ltd.
(Shanghai, China). The sequence was as follows: 5'-CCG
GCTGGAAGATTTACAAGATGAACTCGAGTTCATCTT
GTAAATCTTCCAGTTTTTG-3'. A control siRNA (5'-CCG
GTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGAC
ACGTTCGGAGAATTTTTG-3") was used as a negative
control. Cells were transfected with 80 pmol siRNA plasmid
for 48 h using Lipofectamine™ 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.). At 48 h following transfection A549
cells were harvested for subsequent experimentation.

Colony formation assay. A total of 8x10> A549 or H1229
cells were plated in triplicate into 60 mm dishes and cultured
for 14 days in a humidified atmosphere containing 5% CO,
at 37°C. Following 14 days, colonies were stained with 0.1%
crystal violet in 20% methanol for 15 min. Colonies consisting
of >50 cells were counted as a single colony.

Dual luciferase reporter assay. Wild-type (WT) miR-944
(miR-944-WT), mutant miR-944 (miR-944-Mut), STAT1-WT,
and STAT1-Mut were cloned into separate pMIR-REPORT
Luciferase vectors (Ambion; Thermo Fisher Scientific, Inc.). A
total of 8x10° A549 cells/well were seeded in 6-well plates and
transfected with the specific vectors using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) for 48 h as described
previously. Luciferase activity was assessed using the Dual
Luciferase-reporter 1000 assay system (Promega Corporation,
Madison, WI, USA). Renilla activity was used for normalization.
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Table I. Patient clinical information.

Variables Patients (n=25)
Age (years) 57.6 (range 30-80 years)
Sex
Male 13
Female 12
Tumor size
<5cm 16
>5cm 9
TNM stage
/11 15
/v 10
Lymph node metastasis
Yes 18
No 7

TNM, tumor node metastasis (41).

Kaplan-Meier method. All clinical data and the Tier 3
RNASeqV2 mRNA expression data were downloaded from
https://tcga-data.nci.nih.gov/tcga/. Patients with a follow-up
time or time to mortality >0 days were included in the analysis.
For each gene, all samples were divided to two groups based
on the median expression values, with samples with a median
value placed in the high expression group. Kaplan-Meier
analysis was then performed to examine the significance
between the two groups. Cox proportional hazards regres-
sion was also performed with the coxph function from the
R survival library (version 2.43-3; https://cran.r-project.
org/web/packages/survival/index.html). Hazard ratios with
95% confidence intervals were obtained.

Cell Counting Kit (CCK)-8 assay. CCK-8 assays (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan) were used
to determine cell viability following transfection with 50 pmol
miR-944 mimic and miR-negative control (NC) in A549 and
H1299 cells, according to the manufacturer's protocol and the
aforementioned protocol. LAC cells were seeded into 96-well
plates at a density of 2x10* cells/well and cultured for 48 h
in a humidified atmosphere containing 5% CO, at 37°C.
The sequences of miR-944 mimic and NC were as follows:
miR-944 NC, 5-ACUUCAGUGGAUGUUUGCAGC-3'; and
miR-944 mimic, 5“GAGUAGGCUAAUGUUAUAAA-3'.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). Total RNA was isolated from A549 cells using
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and
cDNA was synthesized using High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The primers were synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China). gPCR was performed using Power SYBR
Green PCR master mix (Thermo Fisher Scientific, Inc.) for
35 cycles at 95°C for 30 sec, 60°C for 30 sec and 72°C for 35 sec.
Gene expression levels were normalized with f-actin and
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Figure 1. miR-944 expression is reduced in LAC tissues and cell lines. (A) Relative levels of miR-944 expression were analyzed by reverse
transcription-quantitative polymerase chain reaction in 25 pairs of patients with LAC. (B) The expression of miR-944 in LAC the cell lines A549, H1299,
SK-Lu-1 and PC-9, and the human bronchial epithelial cell line IGHBE. Data presented as the mean + standard deviation of three replicates. "P<0.05 vs. normal

group; 16HBE group. LAC, lung adenocarcinoma; miR, microRNA.

analyzed using the 222 method (20). The primer sequences
were as follows: STAT1 forward, 5"~ AGCCAGTGCAAATCA
CGATG-3' and reverse, 5-CGTCAGCAAAGCCCATTTGA-3',
p-actin forward, 5“TGTCACCAACTGGGACGATA-3" and
reverse, 5-GGGGTGTTGAAGGTCTCAAA-3'.

Western blot analysis. All proteins were obtained from
LAC cells and patients. A549 cells and patient tissues were
lysed with radioimmunoprecipitation assay buffer (Beyotime
Institute of Biotechnology). The proteins were then quanti-
fied using a bicinchoninic acid assay (Beyotime Institute of
Biotechnology). The proteins (60-80 ug) were separated
by 10% SDS-PAGE and transferred to a nitrocellulose
membrane. Following blocking with 5% non-fat milk for 2 h
at room temperature, the blots were probed with primary
antibodies against STATI1 (catalog no. ab30645; 1:500;
Abcam, Cambridge, MA, USA) and (3-actin (catalog no. 4970;
1:500; Cell Signaling Technology, Inc., Danvers, MA, USA)
at 4°C overnight. Following threes washes with PBS and
Tween-20 for 15 min, the membranes were incubated with
rabbit (catalog no. 926-32211-00; 1:10,000) or mouse (catalog
no. 926-32211-01; 1:10,000) secondary antibodies (LI-COR
Biosciences, Lincoln, NE, USA) at room temperature in
the dark for 1 h. The blots were then visualized using an
Infrared Imaging System (LI-COR Biosciences) and the band
density was quantified using Odyssey 3.0 software (LI-COR
Biosciences) (22). Using 3-actin as an internal control, the
blots were subjected to densitometry.

Tumor xenograft nude mouse model. Transfected A549 cells
were subcutaneously injected into the back of total of 30 male
BALB/c nude mice, aged 6 weeks old with a median weight
of ~20 g (Vital River Laboratory Animal Technology, Beijing,
China). The mice were kept at 21-24°C in a light/dark cycle
with food and water available ad libitum. Tumor volumes
were measured once each week at equal intervals. A tumor
growth curve was constructed to determine the effects of the
miR-944-mimic and miR-NC on tumor growth. At 21 days
following injection, the mice were sacrificed with carbon dioxide
at a displacement rate of 20%/min and imaged, and the tumors
were dissected. The tumors in each group were harvested and

weighed. Total proteins and RNAs were extracted for western
blotting and RT-qPCR. All animal experiments were approved
by the Third Hospital of Qigihar Medical College's Animal Care
and Use Committee and conducted according to the National
Institutes of Health guidelines (23).

Statistical analysis. Statistical analysis was conducted using
SPSS software (version 13.0; SPSS Inc., Chicago, IL, USA).
All data were expressed as means + standard deviation.
Statistical analysis was performed using Student's non-paired
t-test or one-way analysis of variance followed by Tukey's
post-test. miR-944 targets were predicted using Targetscan
software 7.2 (24). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

miR-944 is underexpressed in LAC tissues and cell lines. To
determine the biological function of miR-944 in patients with
LAC and cell lines, the present study initially evaluated the
expression levels of miR-944 in 25 pairs of LAC tissues. The
expression of miR-944 was significantly reduced in the LAC
group compared with the normal group (Fig. 1A). Additionally,
the expression of miR-944 in the four lung cancer cell lines,
A549, H1299, SK-Lu-1 and PC-9, was significantly decreased,
compared with normal 16HBE lung cells (Fig. 1B). However,
the expression of miR-944 was reduced in A549 and H1299 cell
lines, compared with SK-Lu-1 and PC9 cell lines. Therefore,
for subsequent experiments the A549 and H1299 cell lines
were selected. This data demonstrated that miR-944 functions
as a tumor suppressor gene in LAC tissues and cell lines.

miR-944 inhibits cell proliferation. To improve the under-
standing of the effect of miR-944 on LAC cell proliferation,
A549 and H1299 cells were treated with the miR-944 mimic
or miR-NC. The expression of miR-944 was significantly
increased following treatment with the miR-944 mimic in
A549 and H1299 cells (Fig. 2A). Cell growth was also observed
to be attenuated in miRNA-944 mimic cells, compared with
miR-NC cells, as illustrated by the CCK-8 and colony forma-
tion assays (Fig. 2B and C). Collectively, these results indicate
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Figure 2. miR-944 inhibits cell proliferation. (A) Relative expression levels of miR-944 following transfection with miR-944 mimic or miR-NC in A549 and
H1299 cells (B) A total of 2x10* A549 and H1299 cells were plated per well in 96-well plates, and the Cell Counting Kit-8 assay was performed to detect cell
proliferation absorbance at 450 nm at days 0, 2 and 4. (C) Colony formation assays were used to detect cell proliferation. "P<0.05 vs. miR-NC. NC, negative

control; miR, microRNA.

that miRNA-944 had a negative effect on the proliferation of
LAC cells.

STATI is upregulated in LAC tissue and cells. The
RT-qPCR demonstrated that the STATI mRNA level was
significantly upregulated in LAC samples, compared with
paired non-malignant samples (Fig. 3A). Western blotting
confirmed the results of the STAT1 mRNA level (Fig. 3B).
Subsequently, the present study determined the expression
of STATT1 in the LAC cell lines A549, H1299, SK-Lu-1 and
PC-9. The data revealed that significantly increased levels
of STAT1 mRNA expression were identified in LAC cell
lines, compared with 16HBE cells (Fig. 3C). Using the
Kaplan-Meier method, the overall survival times in patients
with high-STAT1 expression were revealed to be signifi-
cantly reduced, compared with patients with negative and
low-STAT]1 expression (Fig. 3D).

miR-944 directly downregulates the expression of STATI. To
understand how miR-944 functions in LAC, the Microrna
search program (www.targetscn.org) was used to predict
targets of miR-944, which revealed that STAT1 is considered

to be a putative target of miR-944 (Fig. 4A). The luciferase
reporter assay also demonstrated that STAT1 was a direct
target gene of miR-944 (Fig. 4B). The protein level of STAT1
following transfection with the miR-944 and miR-NC
mimics or miR-944 inhibitor and miR-NC inhibitor was then
determined in A549 cells. The results demonstrated that the
protein level of STAT1 was downregulated by treatment with
the miR-944 mimic, and upregulated following treatment
with the miR-944 inhibitor (Fig. 4C). These results were also
confirmed at the mRNA level (Fig. 4D). Collectively, these
results indicate that STAT1 was a direct target of miR-944 in
LAC A549 cells.

miR-944 inhibits tumor growth in vivo. To examine the role
of miR-944 in tumor proliferation in vivo, a nude mouse
xenograft model was used. A549 cells were transfected with
miR-NC or miR-944 mimics and injected into mice. Tumor
size was measured once each week, and the growth curve as
a function of the average tumor size was plotted following
the injection of cells. The mice were sacrificed after 2 weeks
and their bodies and xenografts were weighed. As expected,
there was a significant decrease in tumor size and weight in
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Figure 3. STAT1 is upregulated in LAC tissue and cells. (A) The STAT1 mRNA level was upregulated in human LAC tissues, compared with adjacent
non-tumor tissues, as determined by RT-qPCR. "P<0.05 vs. adjacent non-tumor tissues. (B) The protein level of STATI is upregulated in human LAC tissues,
compared with adjacent non-tumor tissues. "P<0.05 vs. adjacent non-tumor tissues. (C) Relative STAT1 mRNA expression levels in 16HBE and LAC cell lines
at determined by RT-qPCR. "P<0.05 vs. 16HBE. (D) The Kaplan-Meier method was used to determine survival time. STATI, signal transducer and activator of
transcription 1; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; T, tumors; N, adjacent non-tumor tissues; LAC, lung adenocarcinoma.

the miR-944-overexpressing groups compared with the NC
group (Fig. 5A-C). Consistent with the in vitro studies, the
protein level of STATI in tumor tissues from the miR-944
mimic group was markedly reduced, compared with the
miR-NC group, as illustrated by the immunoblotting assay
(Fig. 5D). The RT-qPCR data on STAT1 mRNA measurement
also exhibited the same pattern (Fig. SE). Collectively, these
observations indicate that miR-944 was a tumor suppressor
in LAC.

Discussion

Over the past two decades, a number of miRNAs, including
LAC, have been demonstrated to exhibit functions in numerous
diseases,including circulatory system diseases, cerebrovascular
diseases and cancer (25-27). Recently, increasing evidence has
implicated STAT1 in a number of processes associated with
cancer, including cell cycle regulation, motility, differentiation
and proliferation (18,20,28). The present study identified that
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miR-944 is downregulated in LAC tissues and cells, indicating
a potential role for miR-944 in LAC. STAT1 is a direct target
gene of miR-944, and overexpression of miR-944 significantly
inhibited LAC cell proliferation, survival and tumor growth.

miRNAs are small non-coding RNAs that regulate 30% of
gene expressions (29,30). miRNAs act as master regulators of
gene expression in numerous important biological pathways,
including cell cycle, apoptosis and proliferation (31), particularly
in cancer. miRNAs can act as oncogenes or tumor suppressors
and regulate their target genes, which are dysregulated in a
numbr of cancer types, including prostate cancer, colon cancer
and gastrointestinal cancer (32-34). Recent studies have demon-
strated that miR-944 acted as a tumor suppressor in numerous
cancer types, for example Wen et al (35) reported that miR-944
inhibits cell migration and invasion by targeting MACCI in
colorectal cancer. Additionally, He et al (36) demonstrated
that miR-944 acts as a prognostic marker and promotes tumor
progression in endometrial cancer. However, there is currently
no data regarding the role of miR-944 in LAC proliferation.
In the present study, miR-944 expression was identified to be
downregulated in LAC tissue samples, compared with normal
tissues. These results indicate that miR-944 may exhibit an
anticancer effect of LAC. Additionally, the overexpression
of miR-944 significantly inhibits LAC cell proliferation and
tumor growth, which demonstrated that miR-1994 has a notable
anti-proliferation effect in vivo and vitro.

STAT1 belongs to the STAT super family and has numerous
functions, including reducing apoptosis, attenuating inflamma-
tion and modulating oxidative stress (37,38). Carbotti er al (39)

reported that interleukin-27 triggered STAT1 phosphorylation
in small cell lung cancer cells. Furthermore, Zhang et al (40)
discussed the role of STAT1 in cancer. Recently, evidence indi-
cated that STATI can be regulated by miRNAs. For example,
Xi et al (41) reported that miR-21 depletion in macrophages
promotes tumoricidal polarization and enhances PD-1 immu-
notherapy by STAT1 (42). Additionally, Li e al (43) indicated
that miR-194 promotes osteoblast differentiation via down-
regulating STAT]I. In the present study, STAT1 was identified as
adirect target gene of miR-944. To further investigate the role of
STAT1 in LAC, the expression of STAT1 in patients with LAC
and LAC cell lines was examined. The results demonstrated
that the expression of STAT1 is upregulated in LAC tissues. The
study by Gujam et al (44) demonstrated that STAT1 and STAT3
regulate tumor microenvironment and survival in patients with
invasive ductal breast cancer. In the present study, the overex-
pression of STAT1 was observed to decrease the 5-year survival
rate of patients with LAC, these data demonstrated that STAT1
functions as an oncogene in LAC. Additionally, downregulated
miR-944 can upregulate STAT1 protein and mRNA expression
levels, furthermore, overexpression of miR-944 can increase
the expression of STAT1. These results demonstrated that the
STATI1 oncogene was validated experimentally as the novel
target of miR-944. Collectively, the present study demonstrated
that miR-944 significantly suppressed LAC growth through
inhibition of STATT translation.

In summary, the present study demonstrated that
miR-944/STAT1 is a novel constituent of LAC tumorigenesis
and proliferation, and miR-944 regulates cell growth in LAC by
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targeting STAT1. This data contributes towards the improved
understanding of LAC and indicates that miR-944 may be
used as a clinical agent in the treatment of LAC. Although
miR-944/ STAT1 is not the only signaling pathway to regulate
LAC cell proliferation and migration, it may provide the foun-
dation for the development of novel methods for the diagnosis
and therapy of LAC.
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