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MicroRNA-148a inhibits cell proliferation and
cell cycle progression in lung adenocarcinoma via
directly targeting transcription factor E2F3
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Abstract. MicroRNAs (miRs) serve important roles in various
human cancers, including lung adenocarcinoma. Exploring the
function and regulatory mechanism of miRs underlying lung
adenocarcinoma progression may contribute to identifying
novel therapeutic targets and candidates. The present study
aimed to examine miR-148a expression and investigate the
molecular mechanisms of miR-148a in lung adenocarcinomas.
The data from the current study indicated that miR-148a was
significantly downregulated in lung adenocarcinoma tissues
and cell lines, and low miR-148a expression was significantly
associated with advanced Tumor, Node, Metastasis stages and
lymph node metastasis, as well as the shorter survival time of
patients. Increased miR-148a expression markedly decreased
the cell proliferation, colony formation and cell cycle progres-
sion of H23 and H1975 cells. Transcription factor E2F3 (E2F3)
was identified as a target of miR-148a in H23 and H1975 cells.
The expression of E2F3 was negatively mediated by miR-148a
in H23 and H1975 cells. In addition, E2F3 was significantly
upregulated in lung adenocarcinoma tissues and cell lines,
and the expression of miR-148a was inversely correlated with
E2F3 expression in lung adenocarcinoma tissues. Additional
experiments demonstrated that increased E2F3 expression
counteracted the inhibitory effects on lung adenocarcinoma
cells caused by miR-148a overexpression. In summary, the
findings of the current study suggest that miR-148a may have
suppressive effects on the proliferation of lung adenocarci-
noma cells at least in part through directly targeting E2F3.
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Therefore, miR-148a may be used as a potential candidate for
the treatment of lung adenocarcinoma.

Introduction

Lung cancer is the most common cancer type in men and
women worldwide, causing a large number of cancer-associated
mortalities (1,2). Lung adenocarcinoma constitutes ~50%
of lung cancer cases worldwide (1,2). Despite advances in
the treatment of lung adenocarcinoma in recent decades,
the overall 5-year survival rate of lung adenocarcinoma
remains poor, mainly due to the poor understanding of lung
adenocarcinoma pathogenesis (1). Exploring the molecular
mechanisms underlying lung adenocarcinoma progression
may assist in the development of novel therapeutic strategies.

MicroRNAs (miRs) are a type of small non-coding RNA
containing 22-25 nucleotides and are key regulators of gene
expression by directly interacting with the 3'-untranslated
regions (3'-UTRs) of their target mRNAs, leading to mRNA
degradation or translation inhibition (3,4). A large number of
miRs are associated with the regulation of various biological
processes, including cell proliferation, differentiation, apop-
tosis and migration, and cell cycle progression (4). Additionally,
through mediating the expression of oncogenes or tumour
suppressors, numerous miRs have been revealed to serve
suppressive or promoting roles in the initiation and malignant
progression of human cancers including lung adenocarci-
noma (5-8). Exploring the expression and function of miRs in
lung adenocarcinoma may help identify novel biomarkers and
therapeutic targets for this disease.

Recently, miR-148a has been reported to be aberrantly
expressed in different human cancers and serve tumour
suppressive or promoting roles (9-11). For instance, miR-148a
expression was significantly downregulated in gastric cancer
tissuesandcell lines,and served as atumour suppressorin gastric
carcinogenesis by inactivating signal transducer and activator
of transcription (STAT)3 and RAC-a serine/threonine-protein
kinase, thus targeting gastrin/cholecystokinin type B receptor
(CCK-BR) (9). Recently, Li er al (12) reported that the expres-
sion of miR-148 was significantly lower in the serum of
patients with non-small-cell lung cancer (NSCLC) compared
with that of patients with benign pulmonary diseases and
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healthy controls. Additionally, miR-148a has been reported
to serve a suppressive role in NSCLC (13-15). However, the
regulatory mechanism of miR-148a in lung adenocarcinoma
growth remains largely unclear. The present study aimed to
explore the clinical significance of miR-148a expression in
lung adenocarcinoma, and investigate its function and regula-
tory mechanisms in lung adenocarcinoma cell proliferation.

Materials and methods

Tissue samples. The current study was approved by the Ethics
Committee of the Affiliated Hospital of Binzhou Medical
College (Binzhou, China). Lung adenocarcinoma and adja-
cent non-tumour tissues were collected from 53 patients with
lung adenocarcinoma between June 2011 and October 2013
at Affiliated Hospital of Binzhou Medical College. Table I
summarizes the clinical and pathological features of these
patients. Written informed consent was obtained from all
patients, and none of the patients underwent chemotherapy
or radiotherapy prior to surgery. All tissues were quickly
snap-frozen in liquid nitrogen following surgical resection and
stored at -80°C prior to use.

Cell culture. Several common lung adenocarcinoma cell lines
(H23, H1975, H2228, and H2085) and a normal bronchial
epithelium cell line (BEAS-2B) were obtained from American
Type Culture Collection (Manassas, VA, USA). These cells
were cultured in Dulbecco's modified Eagle's medium
(DMEM) containing 10% foetal bovine serum (FBS; both
Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cells
were all maintained in a humidified incubator containing
5% CO, and 95% O, at 37°C.

Cell transfection. Cells transfection was conducted using
Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.)
following the manufacturer's protocol. 100 nM miR-148a
mimics (cat. no. HmiR0102-MRO04), negative control (NC)
miR mimics (miR-NC; cat. no. CmiR0001-MR04), miR-148a
inhibitor (cat. no. HmiR-ANO0204-SN-10), NC inhibitor (cat.
no. CmiR-ANOOO1-SN; all Guangzhou Fulengen Co., Ltd.,
Guangzhou, China), or 1 mg pcDNA3.1-E2F3 expression
plasmid or blank pcDNA3.1 plasmid (both Hunan Nanhua
Aishi Pulin Biotechnology; NanHua Bio-medicine Co., Ltd.,
Changsha, China) were transfected into H23 and H1975 cells
(5x10° cells/well). Following transfection for 48 h, subsequent
experiments were conducted.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from tissues and cell lines
using TRIzol Reagent (Thermo Fisher Scientific, Inc.) and then
reverse transcribed into cDNA using SuperScript III Reverse
Transcriptase (Thermo Fisher Scientific, Inc.), according to
the manufacturer's protocol. gPCR was conducted using the
SYBR-Green Real-Time Master mix (Toyobo Life Science,
Osaka, Japan) according to the manufacturer's protocol. The
reaction was performed under the following conditions: 95°C
for 5 min, and 40 cycles at 95°C for 15 sec and 60°C for 15 sec.
GAPDH and U6 were used as internal controls to normalise
the expression of E2F3 and miR-148a, respectively. The rela-
tive expression was calculated by the 224% method (16). The
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primer sequences were as follows: E2F3 forward, 5'-"AGAAAG
CGGTCATCAGTACCT-3' and reverse, 5S"-TGGACTTCGTAG
TGCAGCTCT-3'; GAPDH forward, 5-GGAGCGAGATCC
CTCCAAAAT-3" and reverse, 5-GGCTGTTGTCATACT
TCTCATGG-3'; U6 forward, 5-CTCGCTTCGGCAGCA
CATATACT-3' and reverse, 5'-CGCTTCACGAATTTGCGT
GT-3'. In addition, the primers for miR-148a were purchased
from Guangzhou Fulengen Co., Ltd. (cat. no. HmiRQP0204)
and the sequences were not supplied by the manufacturer. The
experiments were repeated three times.

Cell proliferation analysis. Following transfection, the H23
and H1975 cells were seeded onto 96-well plates at a density
of 2x10° cells/well and cultured in DMEM supplemented with
10% FBS at 37°C for 0, 24, 48 and 72 h. Cell proliferation
was determined using Cell Counting kit-8 (Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol.
Absorbance was detected at an optical density of 450 nm by
a spectrophotometer. The experiments were repeated three
times.

Cell cycle analysis. Transfected H23 and H1975 cells were
washed twice with ice-cold PBS and fixed with 70% ethanol at
-20°Covernight. Cells were incubated with 50 mg/ml propidium
iodide (Thermo Fisher Scientific, Inc.) and 1 mg/ml RNase for
30 min in the dark at room temperature. The distribution of
the cell cycle was analysed using a flow cytometer and BD
Accuri™ C6 software (version 1.0; BD Biosciences, Franklin
Lakes, NJ, USA). The experiments were repeated three times.

Colony formation assay. Transfected H23 and H1975 cell
suspensions (300 cells/well) were seeded in a 6-well plate and
cultured in ahumidified incubator containing 5% CO, at 37°C for
2 weeks. Then, the cells were fixed with 4% polyformaldehyde
at room temperature for 30 min and stained with 0.1% crystal
violet at room temperature for 10 min. The number of colonies
was counted under a light microscope (magnification, x10). The
experiments were repeated three times.

Bioinformatics analysis and dual-luciferase reporter gene
assay. TargetScan 7.1 software (http:/www.targetscan.org/)
was used to predict the putative targets of miR-148a. The wild
type (WT) and mutant type (MT) sequences in the 3'-UTR
of E2F3 mRNA, which contained the putative binding sites
of miR-148a, were cloned into the pMIR-REPORT luciferase
reporter plasmids (Promega Corporation, Madison, WI, USA).
Transfected H23 and H1975 cells were then transfected with
miR-148a mimics or miR-NC with WT E2F3 or MT E2F3
plasmids, respectively, using Lipofectamine 2000. After the
cells were transfected for 48 h, the relative luciferase activity
was determined using the Dual-Luciferase® Reporter Assay
system (Promega Corporation) according to the manufacturer's
protocol. The activity of firefly luciferase was normalized
to the activity of Renilla luciferase. The experiments were
repeated three times.

Western blot analysis. Total protein was isolated from H23
and H1975 cells using a radioimmunoprecipitation assay
lysis buffer (Thermo Fisher Scientific, Inc.). The protein
concentration was determined using a BCA Protein Assay
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Table I. Association between miR-148a expression and clinicopathological characteristics in lung adenocarcinoma tissue.

miR-148a expression

Variables Cases (n=53) Low (n=25) High (n=28) P-value

Sex 0.786
Male 29 13 16
Female 24 12 12

Age (years) 0.785
<55 22 11 11
=55 31 14 17

Tumor size (cm) 0.166
<3 23 8 15
>3 30 17 13

Smoking history (years) 0.777
<10 20 11 9
>10 33 14 14

Tumor differentiation 0.054
Well-moderate 25 8 17
Poor 28 17 11

TNM stage 0.006
I-11 28 8 20
II-1v 25 17 8

Lymph node metastasis 0.027
Negative 24 7 17
Positive 29 18 11

TNM, Tumor, Node, Metastasis; miR, microRNA.

kit (Thermo Fisher Scientific, Inc.). Protein (50 ug/lane) was
separated by 12% SDS-PAGE, which was then transferred
onto a polyvinylidene fluoride membrane (Thermo Fisher
Scientific, Inc.). The membrane was blocked with 5% non-fat
milk in TBST overnight at 4°C. Following three washes with
TBST, the membrane was incubated with rabbit anti-human
E2F3 (cat. no. ab50917) and GAPDH (cat. no. ab9485; both
1:200; Abcam, Cambridge, MA, USA) primary antibodies
at room temperature for 3 h. Following three washes with
TBST, the membrane was incubated with horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody
(cat. no. ab6721; 1:5,000; Abcam) at room temperature for
1 h. The protein signal was visualized using an enhanced
chemiluminescence detection system (GE Healthcare,
Chicago, IL, USA) and analysed with Quantity One®
software (version 4.62; Bio-Rad Laboratories, Inc., Hercules,
CA, USA). GAPDH was used as an internal control. The
experiments were repeated three times.

Statistical analysis. Data are expressed as mean + standard
deviation. SPSS software (version 19.0; IBM Corp., Armonk,
NY, USA) was used to perform statistical analysis. The
experiments were repeated three times. Differences between
the groups were analysed using an unpaired Student's t-test
or a paired Student's t-test. Differences between more than
two groups were analysed using one-way analysis of variance

with a Turkey's post hoc test. The Kaplan-Meier method and
log-rank test was used for the survival analysis of patients
grouped by high and low miR-148a expression. The associa-
tion between miR-148a and the clinicopathological features in
lung adenocarcinoma was analysed using a y* test. Pearson's
correlation coefficient was used to analyse the correlation
between the miR-148a and E2F3 expression levels in the lung
adenocarcinoma tissues. P<0.05 was considered to indicate a
statistically significant difference.

Results

miR-148a is downregulated in lung adenocarcinoma. To
examine the expression of miR-148a in lung adenocarcinoma,
RT-qPCR was conducted. The data demonstrated that the
expression of miR-148a was significantly reduced in lung adeno-
carcinoma tissues compared with that in adjacent non-tumour
lung tissues (Fig. 1A). The association between miR-148a
expression and clinicopathological characteristics were then
studied in lung adenocarcinoma patients. Based on the mean
expression value of miR-148a (1.57) in lung adenocarcinoma
tissues, these lung adenocarcinoma patients were divided into
the low expression and high expression groups. It was revealed
that low miR-148a expression was significantly associated with
advanced Tumor, Node, Metastasis (TNM) stages and lymph
node metastasis of lung adenocarcinoma (Table I).
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Figure 1. miR-148a is downregulated in lung adenocarcinoma. miR-148a expression was examined in (A) lung adenocarcinoma tissues, adjacent non-tumour
lung tissues, (B) lung adenocarcinoma cell lines and a non-tumorigenic bronchial epithelium BEAS-2B cell line by reverse transcription-quantitative poly-
merase chain reaction. (C) The survival rate curves of the patients with low and high miR-148a expression. ”"P<0.01 vs. Adjacent; “"P<0.01 vs. BEAS-2B. miR,

microRNA.

Then, the miR-148a expression was examined in several
common lung adenocarcinoma cell lines compared with
normal bronchial epithelium BEAS-2B cells. The data
indicated that miR-148a was also downregulated in these
lung adenocarcinoma cell lines compared with BEAS-2B
cells (Fig. 1B). Therefore, miR-148a is downregulated in
lung adenocarcinoma cell lines, which may contribute to the
malignant progression of this disease.

In addition, patients with low miR-148a expression had a
shorter survival time compared with those with high miR-148a
expression (Fig. 1C). These findings suggest that low miR-148a
expression may predict poor prognosis for patients with lung
adenocarcinoma.

miR-148a overexpression inhibits cell proliferation, colony
formation and cell cycle progression of lung adenocarcinoma
cells. As miR-148a was downregulated in lung adenocarcinoma
cells, miR-148a mimics were transfected into H23 and H1975
cells to increase its expression. Following the transfection,
RT-gPCR was conducted and the data revealed that miR-148a
was significantly upregulated in H23 and H1975 cells in the
miR-148a group compared with the control group (Fig. 2A).
Additional experiments demonstrated that the overexpression
of miR-148a significantly decreased the proliferation and
colony formation of H23 and H1975 cells compared with
the control group (Fig. 2B and C). Flow cytometry was then
conducted to evaluate the cell cycle distribution and the
data revealed that the upregulation of miR-148a caused a

significant cell cycle arrest at the Gl stage compared with the
control group (Fig. 2D). These results suggest that miR-148a
overexpression inhibits the cell proliferation of the lung
adenocarcinoma via inducing cell cycle arrest.

E2F3 is a target of miR-148a in lung adenocarcinoma cells.
The underlying mechanisms of miR-148a in lung adenocar-
cinoma cells were investigated. Bioinformatic analysis was
conducted to predict the putative target genes of miR-148a.
As presented in Fig. 3A, E2F3 was a predicted target gene of
miR-148a. To verify this prediction, a dual-luciferase reporter
gene assay was performed in H23 and H1975 cells. The data
indicated that overexpression of miR-148a in the miR-148a
group significantly reduced the firefly luciferase activity of
the WT 3'-UTR of E2F3 compared with that of the control
group, but overexpression of miR-148a exhibited no significant
effect on the luciferase activity of the MT 3'-UTR of E2F3 in
H23 and H1975 cells (Fig. 3B and C). It was further observed
that the overexpression of miR-148a significantly reduced the
mRNA and protein expression of E2F3 in H23 and H1975
cells compared with the control group (Fig. 3D and E).
Subsequently, H23 and H1975 cells were transfected with
miR-148a inhibitor or NC inhibitor, respectively. Following
transfection, the expression of miR-148a was significantly
reduced in the miR-148a inhibitor group when compared
with the NC inhibitor group (Fig. 3F). In addition, it was
demonstrated that transfection with a miR-148a inhibitor
significantly increased the mRNA and protein expression of
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Figure 2. miR-148a overexpression inhibits cell proliferation of lung adenocarcinoma via inducing cell cycle arrest. miR-148a mimics or miR-NC was trans-
fected into H23 and H1975 cells. (A) Reverse transcription-quantitative polymerase chain reaction was performed to examine the miR-148a expression.
(B) Cell proliferation was determined using a Cell Counting kit-8 assay. (C) Colony formation capacity. (D) Cell cycle distribution was determined using flow
cytometry. "P<0.05 and “P<0.01 vs. miR-NC. miR, microRNA; NC, negative control; OD, optical density.

E2F3 in H23 and H1975 cells compared with those in cells
transfected with an NC inhibitor (Fig. 3G and H). Therefore,
E2F3 was revealed to be a direct target of miR-148a and the
expression of E2F3 was negatively mediated by miR-148a in
lung adenocarcinoma cells.

E2F3 is upregulated in lung adenocarcinoma. RT-qPCR
analyses were conducted to examine E2F3 mRNA expres-
sion in tissues, and the data indicated that E2F3 expression
was significantly upregulated in lung adenocarcinoma tissues

compared with that in adjacent non-tumour lung tissues
(Fig. 4A). Then, the mRNA expression of E2F3 was examined
in lung adenocarcinoma cell lines and BEAS-2B cells. The
data indicated that E2F3 was also upregulated in lung adeno-
carcinoma cell lines compared with BEAS-2B cells (Fig. 4B).
Notably, the expression of miR-148a was significantly and
inversely correlated with E2F3 expression in lung adenocarci-
noma tissues (Fig. 4C). Therefore, the increased expression of
E2F3 may be caused by the reduced expression of miR-148a in
lung adenocarcinoma tissues.
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“P<0.01 vs. BEAS-2B. miR, microRNA; E2F3, transcription factor E2F3.

Restoration of E2F3 expression counteracts the suppressive
effects of miR-148a overexpression on lung adenocarcinoma
cells. The authors of the current study investigated whether
the suppressive effects of miR-148a on lung adenocarcinoma
cells were mediated by E2F3. H23 and H1975 cells were
co-transfected with miR-148a mimics and the E2F3 expression
or blank pcDNA3.1 plasmid. Following transfection, the E2F3
mRNA and protein expression levels were significantly and
markedly increased, respectively, in the miR-148a+E2F3
group compared with the miR-148a+blank group
(Fig. 5A and B). Subsequent functional assays revealed that the
cell proliferation, colony formation and cell cycle progression
were also significantly promoted in the miR-148a+E2F3
group compared with the miR-148a+blank group (Fig. 5C-E).
These findings suggest that restoration of E2F3 expression
counteracts the suppressive effects of miR-148a overexpression
on lung adenocarcinoma cells.

Discussion

The present study aimed to examine miR-148a expression in
lung adenocarcinoma and investigate the molecular mechanisms
of miR-148a underlying lung adenocarcinoma growth. It was
revealed that miR-148a was significantly downregulated in
lung adenocarcinoma tissues and cell lines, and low miR-148a

expression was significantly associated with advanced TNM
stages and lymph node metastasis, as well as a shorter survival
time for patients. Increasing miR-148a expression greatly
decreased the cell proliferation, colony formation and cell cycle
progression of H23 and H1975 cells. E2F3 was identified as
a target of miR-148a in H23 and H1975 cells. In addition, the
expression of E2F3 was negatively regulated by miR-148a in H23
and H1975 cells. E2F3 was greatly upregulated in lung adenocar-
cinoma tissues and cell lines, and the expression of miR-148a
was inversely correlated with the E2F3 expression in lung
adenocarcinoma tissues. Additional experiments demonstrated
that increasing E2F3 expression counteracted the inhibitory
effects on lung adenocarcinoma cells caused by miR-148a
overexpression. These findings suggest that the downregulation
of miR-148a may be implicated in the malignant progression of
lung adenocarcinoma.

Deregulations of miR-148a expression have been
observed in different cancer types (17-19). For example,
miR-148a expression was downregulated in gastric cancer
tissues compared with their corresponding non-tumour
tissues, which was significantly associated with advanced
TNM stages and lymph node metastasis, and induced the
suppression of gastric cancer cell migration and inva-
sion (20). In contrast, miR-148a is androgen-responsive and
promotes prostate cell growth by inhibiting cullin-associated
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Figure 5. Restoration of E2F3 expression counteracts the suppressive effects of miR-148a overexpression on lung adenocarcinoma cells. H23 and H1975 cells
were co-transfected with miR-148a mimics and pcDNA3.1-E2F3 expression or blank pcDNA3.1 plasmids. The (A) mRNA and (B) protein levels of E2F3 were
examined using reverse transcription-quantitative polymerase chain reaction and western blot analyses. (C) Cell proliferation was determined using a Cell
Counting kit-8 assay. (D) Colony formation capacity. (E) Cell cycle distribution was determined using flow cytometry. “P<0.01 vs. miR-148a+blank. E2F3,
transcription factor E2F3; miR, microRNA; OD, optical density.

NEDDS-dissociated protein 1 expression (21). Reduced
miR-148a expression contributed to the suppression of osteo-
sarcoma cell death (22). These diverse functions of miR-148a
in different cancer types may be due to the different tumour

microenvironment.

Additionally, certain miR-148a targets have been
identified, including receptor tyrosine-protein kinase
erbB-3 (23), rho-associated protein kinase 1 (ROCK1) (20),
ubiquitin carboxyl-terminal hydrolase 4 (19), DNA (cyto-
sine-5)-methyltransferase 1 (24), proto-oncogene Wnt-1 (25),
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collagenase 3 (26) and CCK-BR (9). Li ef al (27) demonstrated
that miR-148a suppressed epithelial-mesenchymal transition
by targeting ROCK1 in NSCLC cells. He and Xue (15) reported
that miR-148a inhibited NSCLC cell proliferation and inva-
sion via inhibition of STAT3 expression. In the current study,
E2F3 was confirmed to be a direct target gene of miR-148a in
lung adenocarcinoma cells. E2F3 is a key regulator of the G1/S
phase transition, and the activation of E2F3 serves a role in
promoting the development and progression of different cancer
types through promoting the malignant phenotypes of cancer
cells (28,29). In addition, specific miRs have been identified as
miRs that directly target E2F3 to inhibit cancer progression.
For instance, miR-503 inhibits cell proliferation and induces
apoptosis in colorectal cancer cells by targeting E2F3 (30).
miR-200c inhibits the invasion, migration and proliferation of
bladder cancer cells through inhibiting the expression of poly-
comb complex protein BMI-1 and E2F3 (31). In the present,
it was revealed that E2F3 was significantly upregulated in
lung adenocarcinoma tissues and cell lines, and the increased
expression of E2F3 was inversely correlated with the reduced
expression of miR-148a in lung adenocarcinoma tissues. These
findings suggest that the downregulation of miR-148a contrib-
utes to the upregulation of E2F3 in lung adenocarcinoma. As
further experiments demonstrated that the overexpression of
E2F3 counteracted the inhibitory effects of miR-148a on lung
adenocarcinoma cells, the authors of the present study suggest
that targeting E2F3 may become a promising therapeutic
strategy for lung adenocarcinoma.

In summary, the present study demonstrated that miR-148a
has suppressive effects on the proliferation, colony formation
and cell cycle progression of lung adenocarcinoma cells, at least
in part, through directly targeting E2F3. Therefore, the authors
of the current study suggest that miR-148a may be used as a
potential candidate for the treatment of lung adenocarcinoma.
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