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Downregulation of microRNA-182 inhibits cell growth
and invasion by targeting programmed cell death 4 in human
lung adenocarcinoma cells
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Abstract Lung cancer is a major cause of cancer death
worldwide. Programmed cell death 4 (PDCD4), an important
tumor suppressor, influences transcription and translation of
multiple genes and modulates different signal transduction
pathways. However, the upstream regulation of this gene is
largely unknown. In our study, we found that microRNA-
182 (miR-182) was upregulated, whereas PDCD4 was
downregulated in lung cancer cell lines. We performed meth-
yl thiazolyl tetrazolium and colony formation assays to study
the influence of miR-182 on proliferation of the lung cancer
cell lines A549 and SPC-A-1. We also carried out Transwell
and wound healing assays to investigate the effect of miR-
182 on invasion and migration of A549 and SPC-A-1. Fi-
nally, using the luciferase reporter assay and restore assay,
we demonstrated that PDCD4 is a direct target of miR-182.
These results suggest that in lung adenocarcinoma cells,
miR-182 plays an oncogenic role as a direct negative regu-
lator of PDCD4.
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Introduction

MicroRNAs (miRNAs) are a recently discovered class of
small (approximately 18–24 nucleotides in length), noncod-
ing regulatory RNAs that negatively regulate gene expres-
sion at the posttranscriptional and/or translational level.
miRNAs can trigger cleavage of target mRNAs or inhibit
protein translation through sequence-specific interactions
with the 3′-untranslated regions (3′-UTRs) of the target
mRNAs [1–6]. Although the full extent of the biological
functionalities of miRNAs has yet to be identified, they have
been suggested to act as intrinsic regulators of many cellular
processes including cell invasion, differentiation, prolifera-
tion, and apoptosis [7–12]. Furthermore, aberrant expression
of miRNAs has been linked to the development and progres-
sion of cancer and has been shown to have prognostic sig-
nificance in several tumor types, including lung and esoph-
ageal cancer, neuroblastoma, and lymphocytic leukemia
[13–16].

Lung cancer is the primary cancer killer worldwide with a
5-year survival rate of approximately 15 %. According to its
pathological classification, lung cancer can be roughly di-
vided into two groups: small cell lung cancer and nonsmall
cell lung cancer (NSCLC). The latter, NSCLC, is the pre-
dominant form of lung cancer, accounting for approximately
80 % of all incidences [17–19].

Programmed cell death 4 (PDCD4), a 64-kDa protein, is a
novel tumor suppressor inhibiting TPA-induced neoplastic
transformation [20] and tumor promotion and progression
[21]. PDCD4 interacts with the translation initiation factors
eIF4A and eIF4G to inhibit translation [22, 23]. Relatively
little is known about the mechanisms regulating PDCD4
expression in cancer. Until now, the only miRNA that has
been identified to directly regulate PDCD4 is microRNA-21
(miR-21). MiR-21 has been found to negatively regulate
PDCD4 expression in ovarian cancer [24], breast cancer
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[25], colorectal cancer [26], and malignant peripheral nerve
sheath tumors [27]. However, other potential PDCD4-targeting
miRNAs remain to be defined.

In this study, we used a variety of assays to study the
influence of miR-182 on proliferation and invasion of A549
and SPC-A-1 cells to investigate whether PDCD4 is a direct
target of miR-182.

Materials and methods

Cell lines and cell culture

The lung cancer cell lines A549 (ATCC), NCI-H1299
(ATCC), LTEP-a-2 (lung adenoma, Cell Bank in Shanghai
no. TCHu 33), and SPC-A-1 (lung adenoma, Cell Bank in
Shanghai no. TCHu 53) were cultured in DMEM containing
10 % fetal bovine serum (Gibco®, Invitrogen, Carlsbad, CA),
100 units/mL penicillin, and 100 μg/mL streptomycin, at
37 °C in a 5 % CO2 humidified incubator to the log phase
of proliferation before harvesting the cells. Normal human bron-
chial epithelial cells (NHBE) (Clonetics™) were maintained
in a culture medium according to the protocol provided by
Clonetics.

RNA extraction and quantitative real-time PCR

Using the Qiagen RNeasy kit (Valencia, CA) according to
the manufacturer's protocol, we isolated total RNA from the
human lung cancer cell lines A549, NCI-H1299, LTEP-a-2,
and SPC-A-1 and from NHBE cells.

To verify mature miRNA expression, quantitative real-
time (qRT)-PCR was carried out in triplicate using a high-
specificity miR-182 qRT-PCR detection kit (Stratagene
Corp, La Jolla, CA), performed on an ABI 7500 fast real-
time PCR system according to the manufacturer's protocols.
U6 snRNA served as an endogenous control for normaliza-
tion. Real-time qRT-PCR results are expressed as relative
miR-182 threshold cycle (Ct) values, which were then
converted to x-fold changes (2−△△Ct).

Western blotting

Total protein was extracted from cultured cells using RIPA
buffer containing PMSF. A BCA protein assay kit (Beyotime,
Haimen, China) was used to determine total protein concen-
tration. Proteins were electrophoresed by SDS-PAGE and
transferred onto PVDF membranes. After blocking, the mem-
branes were washed four times with TBST at room tempera-
ture, then incubated overnight at 4 °C with diluted primary
antibody (rabbit anti-PDCD4 antibody, 1:1,000, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA). Following extensive
washing, the membranes were incubated with the secondary

antibody (HRP-conjugated goat antirabbit IgG, 1:3,000, Santa
Cruz Biotechnology). Signals were visualized using a chemi-
luminescence detection kit (Amersham Pharmacia Biotech,
Piscataway, NJ). An antibody against GAPDH (Santa Cruz
Biotechnology) served as an endogenous reference.

Construction of 3′-UTR-luciferase plasmid and reporter
assays

The 3′-UTR of the PDCD4 fragment was PCR amplified from
human genomic DNA and inserted into the pGL3 control
vector (Promega, Madison, WI) at the XbaI site 3′ to the
luciferase gene. The primer sequences used for PCR amplifi-
cation were as follows: forward 5′-GGGTCTAGAGACA
TTTT ATAAACCTACAT-3′, reverse 5′-GGGTCTAGAA
ATCAATACTGCTTCAC ATG-3′. The full-length 3′ UTR
of PDCD4 was checked by sequencing and named pGL-3-
wt 3′-UTR. Site-directed mutagenesis of the miR-182 target
site in the PDCD4-3′-UTR was carried out using a
Quikchange site-directed mutagenesis kit (Promega), with
pGL-3-wt 3′-UTR as the template. For the luciferase reporter
assay, A549 and SPC-A-1 cells were cultured in 96-well
plates; then, using LipofectamineTM 2000 (Invitrogen), they
were each cotransfected with wild-type or the mutant-type
reporter plasmid (100 nM), Renilla vector (pRL-TK;
25 nM), and microRNA (100 nM). At 48 h after transfection,
luciferase activity was measured using the dual-luciferase
assay system (Promega).

Methyl thiazolyl tetrazolium assay for cell proliferation

Three test groups (blank, untransfected cells; inhibitor-NC,
cells transfected with miR-182 inhibitor negative control;
inhibitor miR-182, cells transfected with miR-182 inhibitor)
of the A549 and SPC-A-1 cell lines were seeded into 96-well
plates at a density of 1×104 cells/well with five replicate
wells of each condition. The methyl thiazolyl tetrazolium
(MTT) (Sigma-Aldrich, St Louis, MO) reagent (5 mg/mL)
was added to the maintenance cell medium, and cultures
were incubated at 37 °C for an additional 4 h before being
measured. The reaction was terminated by adding 150 μL
dimethylsulfoxide (Sigma-Aldrich) per well. Absorbance
values were measured daily for six consecutive days at a
wavelength of 490 nm.

Colony formation assay

To measure colony-forming activity, the three groups of
A549 and SPC-A-1 cells were counted and seeded into 12-
well plates at 100 cells per well. The culture medium was
replaced every 3 days. Twelve days after seeding, the num-
bers of colonies containing more than 50 cells were counted.
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Wound healing assay

The three groups of A549 and SPC-A-1 cells were cultured
to confluence or near confluence (>90 %) in six-well plates.
A sterile 200-μL pipette tip was used to scratch a straight line
through the cell layer. The mediumwas removed and replaced
with fresh medium, and the cultures were photographed 24 h
after scratching. Assays were repeated three times for each
clone.

Transwell invasion assay

Transwell filters (Costar) were coated with 40 μL Matrigel
(BD, Franklin Lakes, NJ) at a concentration of 3.9 μg/μL on
the upper surface of the polycarbonic membrane (6.5-mm
diameter, 8-μm pore size). The Matrigel, after solidifying at
37 °C for 30 min, served as the extracellular matrix for analysis
of tumor cell invasion. Cells (2×105) were resuspended in
200 μL of serum-free medium and seeded into the upper
chamber of the Transwell filters. The remaining medium
(500 μL) containing 10 % FBS (used as a chemoattractant)
was added to the bottom chamber. The cells were allowed to
migrate for 24 h at 37 °C in a humidified incubator with 5 %
CO2; then, the upper surface of the membrane was wiped with
a cotton tip to mechanically remove noninvasive cells, and the
invasive cells attached to the lower surface of the membrane
were stained with crystal violet for 20 min. The membranes
were cut out and mounted under cover slips with the cells on
the upper surface. Under an inverted microscope at ×200
magnification, the number of cells invading the Matrigel was
counted in three randomly selected visual fields from the
central and peripheral portions of the filter. Each type of cell
was assayed in triplicate.

Statistical analysis

Statistical analysis was performed using the SPSS software
version 15.0. All data are shown as the mean ± SE where
applicable. Differences were evaluated using Student's t
test. A probability of <0.05 was considered statistically
significant.

Results

miR-182 is upregulated, whereas PDCD4 protein
is downregulated, in lung cancer cell lines

We first determined the expression levels of miR-182 in four
different lung cancer cell lines (A549, NCI-H1299, LTEP-a-
2, SPC-A-1) and in normal human bronchial epithelial cells
by qRT-PCR. The results showed that miR-182 levels in the
four lung cancer cell lines were all notably higher than in

normal cells (Fig. 1a) (P<0.05). We then analyzed PDCD4
protein levels in the five different cell types by western blot,
and our results showed that PDCD4 was lower in lung cancer
cell lines than in normal cells (Fig. 1b) (P<0.05). These data
indicate that miR-182 expression is higher, whereas PDCD4
is lower in lung cancer cell lines.

Downregulation of miR-182 inhibits cell proliferation
in A549 and SPC-A-1 cells

We performed MTT and colony formation assays in lung
cancer cells to further evaluate the effect of miR-182 on cell
growth. In the MTT assay, we observed that, compared with
the blank and inhibitor-NC groups, the viability of the inhib-
itor miR-182 group decreased from the third day onwards in
A549 (Fig. 2a) and SPC-A-1 (Fig. 2b) cells (P<0.05). In
contrast, we found no significant difference between the
blank and the inhibitor-NC groups (P>0.05). In the colony
formation assay, the colony-forming activity of the inhibitor
miR-182 group was lower than that of the blank and
inhibitor-NC groups in both A549 (Fig. 2c) and SPC-A-1
(Fig. 2d) cells (P<0.05), while there was no significant
difference between the blank and the inhibitor-NC groups
(P>0.05). Based on these results, we concluded that the
downregulation of miR-182, as a result of transfection with
miR-182 inhibitor, could slow the proliferation of A549 and
SPC-A-1 cells.

Downregulation of miR-182 restricts cell invasion
and migration ability of A549 and SPC-A-1 cells

We performed a Transwell assay and a wound healing assay
to evaluate the role of miR-182 in regulating the invasion and
migration activity of lung cancer cells. Panels a and b of
Fig. 3 show the average numbers of cells penetrating the
Transwell membrane in the three groups of A549 and SPC-
A-1 cells, respectively. There was no significant difference
(P>0.05) between the blank and the inhibitor-NC groups,
but compared with both blank and inhibitor-NC groups, the
average number of cells penetrating the Transwell membrane
was significantly lower in the inhibitor miR-182 group
(P<0.05). Figure 3c shows the migration ability of all three
groups of A549 and SPC-A-1 cells. Both blank and
inhibitor-NC groups had reached a higher cell density at
24 h postwounding compared to the inhibitor miR-182 group
in both cell types. These data indicate that inhibiting miR-
182 restricts the migration and invasion capacity of A549
and SPC-A-1 cells.

PDCD4 is a direct target of miR-182

Bioinformatics analysis by TargetScan and miRanda indicat-
ed that the 3′-UTR of PDCD4 contains a predicted binding
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site for miR-182 (Fig. 4a). To determine whether PDCD4 is
regulated by miR-182, we conducted western blot analysis

and luciferase reporter assays. Western blot analysis showed
that PDCD4 expression was upregulated in A549 and SPC-

Fig. 1 Expression of miR-182 and of PDCD4 protein in four lung
cancer cell lines (A549, NCI-H1299, LTEP-a-2, SPC-A-1) and in
NHBE. a Relative expression of miR-182, measured by qRT-PCR.
U6 snRNA served as an endogenous control for normalization. The
expression of miR-182 differed significantly between lung cancer cells

and normal cells (*P<0.05). b PDCD4 protein level, measured by
western blot, in the five different cell types. GAPDH served as an
endogenous reference. PDCD4 expression in the four lung cancer cell
lines was significantly lower than in normal cells

Fig. 2 To analyze the biologic function of miR-182 inhibitor on cell
proliferation of the lung cancer cell lines A549 and SPC-A-1, MTT and
colony formation assays were performed. a, b MTT assay. A statistically
significant decrease in A549 (a) and SPC-A-1 (b) proliferation was ob-
served in the inhibitor miR-182 group compared with the inhibitor-NC and
the blank groups (*P<0.05). No difference was found between the blank

group and the inhibitor-NC group. c, d colony forming assay. A statistically
significant reduction in the number of colonies in A549 (c) and SPC-A-1
(d) cultures was observed in the inhibitor miR-182 group compared with
the inhibitor-NC and blank groups (*P<0.05). Blank untransfected cells,
Inhibitor-NC cells transfected with miR-182 inhibitor negative control,
Inhibitor miR-182 cells transfected with miR-182 inhibitor
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A-1 cells after transfection with miR-182 inhibitor (Fig. 4b).
To verify whether PDCD4 is a direct target of miR-182, we

first employed a dual-luciferase reporter system with lucif-
erase reporter vectors containing either the wild-type or the

Fig. 3 The invasive ability of A549 and SPC-A-1 lung cancer cells
after transfection with miR-182 was assessed by Transwell assay and
wound healing assay. a The number of A549 cells passing through the
Matrigel was much lower in the inhibitor miR-182 group than in either
the blank or the inhibitor-NC group (*P<0.05). b The number of SPC-
A-1 cells passing through the Matrigel was significantly lower in the

inhibitor miR-182 group than in either the blank or the inhibitor-NC
group (*P<0.05). c Both the blank and the inhibitor-NC groups
contained a higher density of cells at 24 h after wounding compared
to the inhibitor miR-182 group. Blank untransfected cells, Inhibitor-NC
cells transfected with miR-182 inhibitor negative control, Inhibitor
miR-182 cells transfected with miR-182 inhibitor

Fig. 4 PDCD4 identified as a target gene of miR-182 in the human lung
cancer cell lines A549 and SPC-A-1. a The putative PDCD4 wt 3′-UTR
and PDCD4 mut 3′-UTR binding sequences in miR-182. b Western blot
analysis of PDCD4 expression in transfected cells. GAPDH was used as
the endogenous reference. miR-182 inhibitor can significantly increase
expression of PDCD4 in both A549 and SPC-A-1 cells. c, d Luciferase
reporter assay. Luciferase reporter vectors that contained wild-type (or

mutant-type) 3′UTR segments of PDCD4 were constructed and
cotransfected into A549 (c) or SPC-A-1 (d) cells together with inhibi-
tor-NC or inhibitor miR-182. Cotransfection of miR-182 inhibitor signif-
icantly increased the luciferase activity of the reporter containing pGL-3-
wt 3′-UTR but did not increase that of the pGL-3-mut 3′-UTR reporter
(*P<0.05). Inhibitor-NC cells transfected with miR-182 inhibitor nega-
tive control, Inhibitor miR-182 cells transfected with miR-182 inhibitor
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mutant-type 3′-UTR of PDCD4. While cotransfection with
miR-182 inhibitor significantly increased the luciferase ac-
tivity of the reporter containing wild-type 3′-UTR, it did not
suppress that of the mutant-type reporter in A549 (Fig. 4c) or
SPC-A-1 (Fig. 4d) cells. Taken together, these data strongly
suggest that miR-182 negatively regulates PDCD4 expres-
sion by directly binding to its putative binding site in the 3′-
UTR sequence. This finding also reveals that PDCD4 is a
direct functional target of miR-182.

Expression of PDCD4 restores miR-182 antimigration
function

We next performed western blots and Transwell assays in
order to confirm that PDCD4 is a direct target of miR-182.
The PDCD4 level in cells was lower after transfection with
miR-182 mimics and was higher after transfection with
vector containing PDCD4 lacking the 3′UTR (pcDNA3.1-
PDCD4) into A549 cells. Cotransfection of miR-182 mimics
and pcDNA3.1-PDCD4 led to increased expression of
PDCD4 and abrogated the PDCD4 expression-reducing ef-
fect of miR-182 mimics (Fig. 5a). For Transwell assays, the
mean number of cells penetrating the Transwell membrane
increased after transfection with miR-182 mimics and de-
creased after transfection with pcDNA3.1-PDCD4. Howev-
er, cotransfection with pcDNA3.1-PDCD4 and miR-182
mimics reduced the average number of Transwell cells,
abrogating the effect of miR-182 mimics on increasing cell
numbers. These results suggest that PDCD4 is a major target
of miR-182 (Fig. 5b).

Discussion

miRNAs have been estimated to regulate up to 30 % of
human genes and to control a variety of cellular processes
[28, 29]. Recent studies have shown that miRNAs are
dysregulated in various cancers, and their expression is rel-
evant to a diverse array of tumors [30, 31]. Furthermore,
information emerging about the role of miR-182 in cancers
indicates that miR-182 acts as an oncogenic miRNA, which
is frequently overexpressed in many solitary tumors [32–35].
These previous research findings correlate with our results,
demonstrating that miR-182 is markedly upregulated in hu-
man lung cancer cells. However, it has been reported that
miR-182 is downregulated in human gastric adenocarcinoma
and negatively regulates cAMP-response element-binding
protein 1 [36]. In this study, we conducted MTT and colony
formation assays to further evaluate the effect of miR-182 on
cell growth, and we performed Transwell and wound healing
assays to evaluate its role in regulating invasion and migra-
tion activity. Our results demonstrate that miR-182 acts as an
oncogene. The expression level of miR-182 varies among

different cancers, and its function differs depending on con-
text. The reported variability in miRNA-182 function may be
due to the fact that miRNA can downregulate numerous
targets, including both oncogenes and oncosuppressor genes,
and that different genes take effect in different cancers.

Based on the results of bioinformatics analysis by
TargetScan and miRanda, we hypothesized that PDCD4 was
among the targets of miR-182. The PDCD4 gene was first
isolated from a human glioma cell cDNA library as a tumor-
related gene [37, 38] and originally identified as a transcript
upregulated in apoptotic cells [39]. Accumulating evidence
indicates that PDCD4 is a novel tumor suppressor gene. Loss
or reduction of PDCD4 expression has been found in several
types of human primary tumors such as colorectal cancer [40],
glioma [41], and lung cancer.

In cancer cells, PDCD4 regulates multiple proteins which are
involved in tumor progression, cell cycle, and differentiation

Fig. 5 Expression of PDCD4 abrogates miR-182 antimigration func-
tion. a The PDCD4 level of A549 cells was lower after transfection with
miR-182 mimics and was higher after transfection with miR-182 inhib-
itor. However, transfection with PDCD4 vector lacking 3′UTR
(pcDNA3.1-PDCD4) together with miR-182 mimics increased PDCD4
expression, abrogating the inhibitory effect of miR-182 mimics on
PDCD4 expression. b The average numbers of cells penetrating the
Transwell membrane increased after transfection with miR-182 mimics
and decreased after transfection with miR-182 inhibitor. However,
transfection with the PDCD4 vector lacking the 3′UTR (pcDNA3.1-
PDCD4) together with miR-182 mimics decreased the average number
of Transwell cells, abrogating the effect of miR-182 mimics on increas-
ing cell numbers. These results suggest that PDCD4 is a major target of
miR-182. Inhibitor-NC cells transfected with miR-182 inhibitor nega-
tive control, Inhibitor miR-182 cells transfected with miR-182 inhibitor,
pcDNA3.1-PDCD4 cells transfected with vector of PDCD4 lacking 3′
UTR
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[42]. In colon cancer cells, PDCD4 inhibits the expression of a
kinase upstream of JNK, known asMAPK kinase (MAPKKK),
and suppresses cell invasion [43]. In breast cancer, PDCD4
increases tissue inhibitor of metalloproteinase 2 and thereby
inhibits cell invasion [44]. These data indicated that PDCD4
might act as a cancer suppressor. In the current study, we found
that downregulation of miR-182 expression positively regulated
the expression of PDCD4 and simultaneously restricted cell
proliferation and reduced the metastasis and invasiveness of
A549 and SPC-A-1 lung cancer cells. Moreover, we showed,
by western blot and luciferase reporter assay, that PDCD4 is a
target of miR-182, and we confirmed these findings using an
override assay. These results suggest that miR-182 might inhibit
proliferation and suppress invasiveness by suppressing the mol-
ecule Bcl-2.

In conclusion, we have demonstrated that miR-182 is
upregulated in lung adenocarcinoma cells. We have also
shown that in lung cancer cell lines (A549 and SPC-A-1),
by targeting PDCD4, downregulation of miR-182 inhibits
proliferation and invasion by these cells. Our results expand
knowledge of the mechanism of action of miRNA in regu-
lating cancer cells and may also aid the development of new
therapeutic strategies to target lung adenocarcinoma.
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