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Abstract. Lung cancer is the leading cause of cancer-related 
mortality worldwide. microRNAs (miRNAs) are small post-
transcriptional regulatory non-coding RNAs that function as 
oncogenes or tumor suppressors in human cancers. Emerging 
evidence reveals that deregulation of miRNAs contributes to 
the progression of human lung cancer, which is the leading 
cause of cancer-related deaths worldwide. In the present study, 
we found that upregulation of the miR-212/132 cluster signifi-
cantly suppressed the growth and focus formation of A549 
and H1299 cells. Moreover, forced expression of this cluster 
conferred radiosensitivity and inhibited the migration of lung 
cancer cells, whereas downregulation of miR-212/132 reversed 
the above effects. Furthermore, miR-212/132 overexpression 
induced cell cycle arrest at the G1/S phase transition of the lung 
cancer cells, and inhibition of miR-132 and miR-212 abrogated 
this arrest. In addition, miR-212/132 overexpression increased 
the percentage of cells undergoing apoptosis. Cells transfected 
with the miR-212/132 cluster exhibited upregulated p21 
expression and reduced cyclin D1 expression. Conversely, cells 
transfected with the miR-212/132 inhibitor showed reduced 
expression of p21 and upregulated expression of cyclin D1, 
suggesting that miR-212/132 may mediate proliferation and 
cell cycle arrest through p21 and cyclin D1. Our study provides 
insight into the biological function of the miR-212/132 cluster 
in lung cancer. The present study may provide a potential 
therapeutic target for the treatment of lung cancer.

Introduction

Lung cancer is the leading cause of cancer-related mortality 
among males worldwide, and the second leading cause of 
cancer-related deaths among females, ranking second to 
only breast cancer (1). Non-small cell lung cancer (NSCLC) 
and small cell lung cancer are the main types of lung cancer 
according to histologic classification, with NSCLC accounting 
for ~80-85% of all lung cancer cases (2). Cigarette smoking 
and air pollution have been proven to be the main causative 
factors of lung cancer. Patients with lung cancer usually 
are diagnosed in advanced stages, and most of lung cancer 
commonly metastasizes to the brain, bones, liver and adrenal 
glands  (3). Although there are many common treatments, 
including surgery, chemotherapy and radiotherapy, the survival 
rates of lung cancer patients are still very low and recurrence 
risk is high.

Genetic and epigenetic changes have been shown to play 
important roles in the formation and progression of multiple 
types of cancers, including the silencing of tumor suppres-
sors, overexpression of oncogenes and changes in microRNAs 
(miRNAs). Over the past several decades, the molecular mech-
anisms of tumorigenesis, progression and metastasis of lung 
cancer remain unclear, in spite of a large number of research 
studies. New and effective therapies are still lacking. Given 
the high mortality of lung cancer, a better understanding of 
the mechanisms that underlie lung carcinogenesis is needed.

miRNAs are a class of small endogenous post-
transcriptional regulatory non-coding RNAs (containing 
~22 nucleotides), first discovered by Lee et al  (4) in 1993. 
Primary miRNAs capped with a specially modified nucleotide 
at the 5' end and polyadenylated with multiple adenosines 
[a poly(A) tail] are transcribed by RNA polymerases Ⅱ (5,6) 
and then processed in the nucleus by Drosha and Pasha to 
generate hairpin loop pre-miRNAs composed of ~70 nucleo-
tides each. Subsequently, the pre-miRNA is exported out 
of the nucleus into the cytoplasm in a process involving the 
nucleocytoplasmic shuttler Exportin-5, which is dependent 
on RAN-GTP (7). In the cytoplasm, the pre-miRNA hairpin 
is cleaved by the RNase III enzyme Dicer, yielding an 
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miRNA:miRNA* duplex ~22 nucleotides in length (8). One 
strand is then incorporated into the RNA-induced silencing 
complex (RISC), where the miRNA and its mRNA target 
interact. The interaction of miRNAs with mRNAs normally 
results in the cleavage or translation inhibition of the target 
mRNA by binding to the 3' untranslated regions.

miRNAs are involved in a large number of biological 
processes, including cell proliferation, apoptosis, metabolism, 
cell differentiation and others  (9-11). Moreover, abundant 
evidence has shown that dysfunction of miRNAs is associ-
ated with various human diseases, including cancer (12), and 
a recent study showed that miRNAs can function not only as 
oncogenes but also as tumor suppressors (13). Over the past 
several years, several experiments have quantified miRNAs 
in lung cancer tissues and several dysregulated miRNAs have 
been revealed: let-7, miR-17-92 cluster, miR-155, miR-145 and 
hsa-miR-21 (14).

The miR-212/132 family is highly conserved in verte-
brates. miR-132 and miR-212 genes are arrayed in tandem 
on chromosome 17p13.3 in humans, which is referred to as 
the miR-212/132 cluster. Therefore, miR-132 and miR-212 
are transcribed simultaneously to the primary product 
pri-miRNA-212/132 in the form of a gene cluster. Then, 
pri-miRNA-212/132 is processed and cleaved to the mature 
miRNAs (15). Mature miR-132 and miR-212 possess similar 
sequences and share the same seed region (a region located 
between nucleotides 2 and 8 in the 5' region of the miRNA), 
suggesting that they target the same mRNAs. Nevertheless, 
this ̔double-targeting’ by both miRNAs has been reported for 
only a few mRNAs to date and most of the mRNAs are singly 
targeted (16).

Numerous studies have shown that the miR-212/132 cluster 
is necessary for the proper development, maturation and func-
tion of neurons. Therefore, its dysregulation is the cause of 
several neurological disorders, such as Alzheimer's disease. 
In addition, it can regulate circadian rhythms and is involved 
in inflammation, immune progress, and drug addiction (16). 
Recently, miR-212/132 was found to be dysregulated in many 
cancers and many studies have begun to focus on its biological 
roles in cancers. Zhang et al (17) discovered that miR-132 
was decreased in pancreatic cancer and that it could suppress 
the proliferation of pancreatic cancer cells through the Akt 
pathway. However, there are few reports on the potential 
function of miR-212/132 in the progression of other human 
cancers, including lung cancer. Therefore, in the present study, 
we investigated the role of the miR-212/132 cluster in modu-
lating lung cancer progression. Our study may provide insight 
into the biological function of the miR-212/132 cluster in lung 
cancer.

Materials and methods

miR-212/132 overexpression vector and inhibitors. The 
miR-212/132 overexpression vector (pLMP-miR-212/132) 
and control vector plasmid (pLMP) were constructed and 
verified by Huaan Pingkang Biotech Co., Ltd. (Shenzhen, 
China). The miRNA inhibitor targeting miR-132 and 
miR-212 (miR‑212/132 inhibitor) and the negative inhibitor 
(NC inhibitor) were obtained from GenePharma (Shanghai, 
China).

Cell culture. Human lung cancer cell lines A549 and 
H1299 were cultured in Dulbecco's modified Eagle's 
medium  (DMEM) supplemented with 10% fetal bovine 
serum (FBS), 100 µg/ml streptomycin, and 100 U/ml peni-
cillin (Gibco, Grand Island, NY, USA). Cells were grown in a 
37˚C incubator with 5% CO2.

Cell viability assay. Cell viability was evaluated using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) assay. Cells were plated in 96-well plates. The 
next day, the cells were transfected with plasmids or inhibitors 
according to the experimental design. After 48 h, the cells 
were then incubated with 20 µl MTT (5 mg/ml) for 4 h. Next, 
the medium was carefully removed and 100 µl DMSO was 
added to the plates. The optical density (OD) was measured at 
570 nm with a reference wavelength 650 nm using a microplate 
reader (Bio-Rad, Hercules, CA, USA).

Focus formation. A549 or H1299 cells were seeded onto 
6-well plates and were then transfected with the indicated 
vectors. After incubation for ~10 days, the cells were fixed and 
stained with crystal violet. Colonies consisting of more than 
50 cells were counted using a microscope.

Clonogenic assay of radiosensitivity. Cells transfected with 
plasmids or inhibitors were plated at different densities. Then, 
cells were irradiated with 160 kV X-rays at a dose rate of 
1.15 Gy/min by a biological research irradiator (RadSource 
Technologies, Suwanee, GA, USA) at various doses. The cells 
were then grown for ~10 days to allow for colony formation 
and were subsequently fixed with methanol and stained using 
1% crystal violet. Colonies containing 50 or more cells were 
designated as a clone and counted.

Western blotting. Cells were lysed by RIPA lysis buffer on 
ice for 40 min and centrifuged at 13,000 rpm for 10 min at 
4˚C. The supernatant was collected and subjected to western-
blotting. Cell lysates containing equal amount of protein were 
fractionated by 10% SDS-PAGE, and electrically transferred 
to PVDF membranes (Millipore, Bedford, MA, USA). Then, 
non-specific binding was blocked with Tris-buffered saline 
containing 5% nonfat milk for 1-2 h at room temperature. 
Next, the membranes were incubated with the appropriate 
primary antibody against p21 or cyclin D1 (both from Santa 
Cruz Biotechnology Inc., Santa Cruz, CA, USA) overnight at 
a 1:1,000 dilution. After 4 TBST washes, the membranes were 
then incubated with corresponding horseradish peroxidase-
conjugated secondary antibodies at a 1:1,000 dilution for 1 h at 
room temperature. Bound secondary antibodies were detected 
using enhanced chemiluminescence method.

Flow cytometric analysis. A549 or H1299 cells were trans-
fected with the indicated vectors. After 24  h, cells were 
harvested and fixed overnight with 70% ice-cold ethanol. Cells 
were stained with propidium iodide (PI) containing RNase A 
for 30 min. The distribution of the cell cycle was detected 
using a flow cytometer (Beckman Coulter Inc., Fullerton, CA, 
USA). For apoptosis analysis, cells were cultured for 48 h after 
transfection. Next, the cells were harvested and washed with 
ice-cold phosphate-buffered saline (PBS), and then stained 
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using the Annexin V-phycoerythrin/7-aminoactinomycin D 
apoptosis detection kit (BD Biosciences, San Jose, CA, USA). 
The percentage of apoptotic cells was also measured by a flow 
cytometer within 1 h.

Wound healing assay. H1299 cells were transfected with the 
indicated vectors. Similar sized wounds were made by scraping 
a conventional 10-µl micropipette tip across the monolayer. 
The cells were washed three times with PBS and then DMEM 
was added without FBS to the plates. The distance between 
the wound edges was observed and photographed immediately 
after wounding and 24 h later. The distance between the wound 
edges was evaluated using ImageJ software (NIH, Bethesda, 
MD, USA) and expressed as a percentage of the initial wound 
distance.

Statistical analysis. Data are expressed as the mean ± standard 
error of the mean (SEM) of at least three independent experi-
ments. Analysis was performed using the Student's t-test. The 
sensitizer enhancement ratios (SER) were measured according 
to the multi-target single hit model. Statistical analysis was 
performed using SPSS software (Release 18.0; SPSS Inc., 
San Rafael, CA, USA). Data were considered statistically 
significant at P<0.05.

Results

miR-212/132 suppresses the proliferation of lung cancer cells 
in vitro. To investigate the effect of miR-212/132 on the prolif-
eration of lung cancer cells, an miR-212/132-overexpressing 
vector (pLMP-miR-212/132) or a control vector (pLMP) 

Figure 1. Effect of miR-212/132 on cell proliferation and focus formation. (A) The proliferation of A549 and H1299 cells transfected with indicated vector was 
examined by MTT assay. (B) Colony formation assays of A549 or H1299 cells transfected with indicated vector. Data are presented as the means ± standard 
error of the mean (SEM) and were normalized to the control cells. *P<0.05.
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were transiently transfected into A549 and H1299 cells, and 
the resulting growth was measured with MTT and colony 
formation assays. The results of MTT and colony formation 
assays revealed that upregulation of miR-212/132 suppressed 
the growth and focus formation of A549 and H1299 cells, 
compared to the corresponding controls (Fig. 1). We further 
inhibited miR-212/132 expression using an inhibitor. The 
downregulation of miR-212/132 promoted cell proliferation 
and colony formation (Fig. 1).

miR-212/132 increases the cell apoptosis of lung cancer 
cells. To investigate the changes in cell apoptosis of lung 
cancer cells treated with miR-212/132, cells were stained 
with Annexin V-phycoerythrin/7-aminoactinomycin D and 
subjected to flow cytometric analysis. As shown in Fig. 2, 
treatment of miR-212/132 induced a substantial increase in the 
apoptotic rate when compared to this rate in the corresponding 
control groups. The downregulation of miR-212/132 decreased 
cell apoptosis but the difference was not statistically signifi-
cant (Fig. 2).

miR-212/132 induces cell cycle arrest. To investigate the effects 
of miR-212/132 on cell cycle progression, flow cytometric anal-
ysis was used to observe the cell cycle distribution 24 h after 
transfection. miR-212/132 led to an increase in the percentage 

of cells in G1 phase compared with the control group, and this 
cell cycle arrest was relieved when the miR-212/132 inhibitor 
was transfected (Fig. 3A). Next, we analyzed the expression of 
p21 and cyclin D1, which are implicated in cell cycle progres-
sion. As shown in Fig. 3B, cells transfected with miR-212/132 
exhibited upregulated p21 expression and reduced cyclin D1 
expression. Conversely, cells transfected with the miR-212/132 
inhibitor displayed reduced expression of p21 and upregulated 
expression of cyclin D1, indicating that miR-212/132 inhibits 
the cell cycle progression of lung cancer.

miR-212/132 transfection diminishes the migration of H1299 
cells. The wound healing assay was employed to investigate the 
correlation between miR-212/132 and H1299 cell migration. 
The results indicated that miR-212/132 inhibited the migra-
tion of H1299 cells compared to the control group (Fig. 4). 
Conversely, cells transfected with the miR-212/132 inhibitor 
showed enhanced migration (Fig. 4). These data suggest that 
miR-212/132 inhibited the migration, which could be reversed 
by the miR-212/132 inhibitor.

miR-212/132 enhances the radiosensitivity of H1299 cells. To 
investigate the effect of miR-212/132 on the radiosensitivity of 
H1299 cells, cells transfected with the different vectors were 
irradiated with different X-ray doses, and clonogenic assays 

Figure 2. miR-212/132 increases the cell apoptosis of lung cancer cells. A549 (A) and H1299 (B) cells were transfected using the indicated vectors. Two days 
after transfection, the percentage of apoptotic cells was evaluated using flow cytometry. *P<0.05, compared to the control cells.
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were performed. As shown in Fig. 5, cells that were transiently 
transfected with pLMP-miR-212/132 exhibited lower clono-
genic survival rates than cells treated with radiation alone, 
indicating that miR-212/132 enhanced the radiosensitivity of 
H1299 cells. Next, we transfected the miR-212/132 inhibitor 
into H1299 cells, and found that the cells became resistant to 
radiation (Fig. 5).

Discussion

In recent years, many groups have focused on the molecular 
mechanisms of lung cancer development, including miRNAs. 
miRNAs are involved in the formation and progression of lung 
cancer and their expression profiles have been used to classify 
cancers and their signature predicts survival and relapse in 
lung cancer (18,19). In addition, it was revealed that miRNAs 
participate in multiple biological processes of lung cancer, 
including proliferation, apoptosis, development and metastasis. 
Song et al (20) found that miR-483-5p promotes the invasion 
and migration of lung adenocarcinoma by targeting RhoGDI1 

and ALCAM. Yoo et al (21) reported that miR-9500 inhibited 
the proliferation and migration of human lung cancer cells by 
targeting Akt1. Shi et al (22) showed that miR-34a was a nega-
tive regulator of the tumorigenic properties of NSCLC cells 
and inhibited their growth.

miR-132 expression has been reported to be increased in 
several types of cancers including lung cancer (14), squamous 
cell carcinoma of the tongue (23), colorectal carcinoma (24) and 
esophageal cancer (25). However, decreased miR-132 expression 
has been observed in osteosarcoma (26) and liver cancer (27). 
Increased miR-212 expression was reported in oral squamous 
cell carcinoma (28) and colorectal carcinoma (23), and miR-212 
has been shown to be downregulated in gastric cancer (29), 
NSCLC (30) and head and neck squamous cell carcinoma (31). 
The different levels of expression of these miRNAs in various 
cancers indicate that they may exert diverse functions in cancer 
cells. To our knowledge, no report has taken an in-depth look 
into the role of miR-212/132 in lung cancer cells.

In the present study, we found that upregulation of 
miR-212/132 significantly suppressed the growth and focus 

Figure 3. miR-212/132 induces cell cycle arrest. (A) Cell cycle distribution of A549 or H1299 cells was measured using flow cytometry. *P<0.05, compared to 
the control cells. (B) Western blot analysis of the protein levels of p21 and cyclin D1 in the A549 and H1299 cells.
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formation of A549 and H1299 cells and conferred radiosensi-
tivity to H1299 cells, whereas downregulation of miR-212/132 

reversed these effects. Furthermore, miR-212/132 overexpres-
sion induced cell cycle arrest at the G1/S phase transition 

Figure 4. miR-212/132 transfection diminishes the migration of H1299 cells. (A) Wound healing assay was performed 24 h after plating, and the distance 
between the wound edges was observed and photographed. (B) The distance between the wound edges was evaluated using ImageJ and is expressed as the 
percentage of the initial wound distance. *P<0.05, compared to the control cells.

Figure 5. miR-212/132 enhances the radiosensitivity of the H1299 cells. (A) Clonogenic cell survival curves were generated. (B) Radiobiological parameters 
were calculated.
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of A549 and H1299  cells, and the miR-212/132  inhibitor 
abrogated this arrest. Therefore, the inhibition of cellular 
proliferation by overexpression of miR-212/132 may be due to 
restrained cancer cell division. In addition, the miR-212/132 
overexpression group exhibited a higher percentage of cells 
that underwent apoptosis, which may also lead to the inhibiiton 
of growth and colony formation. To identify the molecular 
mechanism, p21 and cyclin D1 were detected at the protein 
level in each group and we discovered that cells transfected 
with miR-212/132 had upregulated p21 expression and reduced 
cyclin D1 expression. Conversely, cells transfected with the 
miR-212/132 inhibitor displayed reduced expression of p21 
and upregulated expression of cyclin  D1, suggesting that 
miR-212/132 may mediate proliferation and cell cycle arrest 
through p21 and cyclin D1 (32).

You et al (33) found that miR-132 suppressed the migra-
tion of lung cancer cells by targeting the EMT regulator 
ZEB2. Therefore, we hypothesized that miR-212/132 may 
also suppress the migration of lung cancer cells. As expected, 
upregulation of miR-212/132 diminished the migration of 
H1299 cells and downregulation of miR-212/132 enhanced 
their migration.

The predicted targets of miR-132 and miR-212 include 
hundreds of genes implicated in multiple pathways. These 
targets may be the upstream of Akt, including ACVR2B, 
ACVR1, connective tissue growth factor, HB-EGF (31,34), 
GTPase-activating proteins [p120RasGAP  (35) and 
p250GAP (36,37)], Rb1 (38), STAT4 (39) and ZO-1 (40). We 
did not investigate the direct targets of miR-132 and miR-212, 
in part because the roles of the predicted targets listed above in 
lung cancer progression are not clear, which warrants further 
investigation. Additionally, since each miRNA can regulate 
numerous protein-coding genes, its functions can be inter-
preted as the sum of the functions of the genes it regulates (41). 
Therefore, we considered it more important to analyze the 
consequences of miR-212/132 dysregulation in lung cancer 
progression.

In conclusion, we illustrated the biological role of 
miR-212/132 in lung cancer cells. Our findings suggest that 
miR-212/132 may be a novel tumor-suppressor miRNA. 
miR-212/132 blocked proliferation and migration, and led to 
cell cycle arrest of lung cancer cells through modulating the 
expression of p21 and cyclin D1. This study may provide a 
potential therapeutic target for the treatment of lung cancer.
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