
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
1:

13
:1

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Long non-coding
Department of Cardiothoracic Surgery, Hua

Baobei Road, Gulou District, Kaifeng 4750

Tel: +86-0371-23906599

† These authors contributed equally to th

Cite this: RSC Adv., 2017, 7, 49710

Received 21st July 2017
Accepted 15th October 2017

DOI: 10.1039/c7ra08057c

rsc.li/rsc-advances

49710 | RSC Adv., 2017, 7, 49710–4971
RNA MEG3 regulates
proliferation and apoptosis in non-small cell lung
cancer via the miR-205-5p/LRP1 pathway

Pei Wang, †* Dong Chen,† Hongbing Ma and Yong Li

Long non-coding RNA (lncRNA) MEG3 has been identified as a tumor suppressor in various cancers

including non-small cell lung cancer (NSCLC). However, its molecular mechanisms in the development

and progression of NSCLC have not been thoroughly elucidated until now. Here, we identified that the

expression levels of MEG3 and miR-205-5p were respectively down-regulated and up-regulated in

human NSCLC tissues and cells. Bioinformatics analysis, luciferase reporter assays, and RNA

immunoprecipitation (RIP) assays combined with western blot assays further validated that MEG3

inhibited miR-205-5p expression via direct interaction. Function and mechanism analysis revealed that

the exogenous expression of MEG3 hindered proliferation and induced apoptosis by acting as

a miR-205-5p sponge to enhance low-density lipoprotein (LDL) receptor-related protein-1 (LRP1)

expression in NSCLC. Moreover, a transplantation experiment demonstrated that MEG3 exerted an

oncosuppressive effect via the miR-205-5p/LRP1 axis. Taken together, our study demonstrates that

MEG3 represses tumorigenesis through regulating the miR-205-5p/LRP1 pathway in NSCLC.
1. Introduction

Lung cancer is categorized into two groups by the WHO
according to its histological characteristics: non-small cell lung
cancer (NSCLC) and small cell lung cancer (SCLC). NSCLC,
representing 85% of all lung cancer cases, contains three major
histology types: squamous cell carcinoma, large-cell carcinoma,
and adenocarcinoma.1 It is estimated that lung cancer ranks
second in all newly diagnosed cancer cases (14% in men and
13% in women) and it occupied the rst position in cancer-
related mortality in 2016 (27% in males and 26% in females).2

The 5-year survival rate for lung cancer patients is only 17.4%,
and this declines further to about 2% for patients diagnosed at
the metastatic stage.3 Thus, there is still an urgent need to
explore the underlying molecular mechanism involved in
NSCLC development to inform research into new and reliable
therapeutic targets.

Long non-coding RNAs (lncRNAs), a group of transcripts
with lengths over 200 nucleotides (nts) and without protein
coding potential, have attracted broad attention due to their
regulatory functions in various diseases including cancers.4

LncRNA-targeted therapy for lung cancer has become a hot
topic in recent years. For instance, some lncRNAs (such as
MALAT1, CCAT2, HOTAIR, PVT1, UCA1 and AK126698) act as
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oncogenes to facilitate the progression of NSCLC, whereas other
lncRNAs (such as MEG3, GAS6-AS1, GAS5, PANDAR and
BANCR) serve as tumor suppressors to hamper the development
of NSCLC.5,6 Maternally expressed gene 3 (MEG3), an imprinted
gene located on human chromosome 14q32.3, is widely
expressed in a variety of normal tissues. However, MEG3
expression is decreased in several cancers, probably triggered by
gene deletion or promoter hypermethylation.7 MEG3 has been
demonstrated to suppress tumorigenesis in several kinds of
malignancies, including prostate cancer,8 breast cancer9 and
cervical cancer.10 Also, MEG3 contributes to NSCLC progression
via regulating cell proliferation, apoptosis, invasion, the
epithelial-to-mesenchymal transition (EMT) and migration
through different targets and signaling pathways.11–14 Never-
theless, the underlying molecular mechanisms for the effects of
MEG3 in NSCLC have not been well elaborated until now.

MiRNAs have been indicated to be aberrantly expressed in
lung cancer and involved in lung carcinogenesis.15 Numerous
literature studies have reported contradictory ndings relating
to miR-205 in distinctive types of cancers,16 such as anti-
oncogene activity in breast cancer17 and oncogene activity in
endometrial cancer.18 In NSCLC, miR-205 was found to be
up-regulated and to drive the development of malignant
phenotypes.19,20 However, little is known about the interaction
between MEG3 and miR-205-5p in NSCLC.

Here, we demonstrated that MEG3 expression was down-
regulated and miR-205-5p expression was up-regulated in
human NSCLC tissues and cells. Overexpression of MEG3
repressed cell growth and induced apoptosis by regulating
This journal is © The Royal Society of Chemistry 2017
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miR-205-5p. Ectopic expression of miR-205-5p improved cell
proliferation and suppressed apoptosis through targeting low-
density lipoprotein (LDL) receptor-related protein-1 (LRP1).
Moreover, MEG3 performed as a competing endogenous RNA
(ceRNA) of miR-205-5p to enhance the expression of its target
gene LRP1. All these data suggest a novel MEG3/miR-205-5p/
LRP1 regulatory axis in NSCLC, providing a theoretical basis
for the potential application of MEG3 in NSCLC therapy.
2. Materials and methods
2.1. Tissue collection and cell culture

NSCLC tissues and corresponding normal counterparts were
obtained from 60 NSCLC patients receiving primary surgical
resection at Huaihe Hospital. All tissue samples were immedi-
ately frozen in liquid nitrogen and then stored at �80 �C for
RNA extraction. Our study gained the approval of the Research
Ethics Committee of Huaihe Hospital and every patient signed
the informed consent before surgery.

NSCLC cell lines (A549, H1975, and H1299) and normal
bronchial epithelial cell line 16HBE were obtained from the
Institute of Biochemistry and Cell Biology of the Chinese
Academy of Sciences (Shanghai, China). All cells were cultured
in RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (Invitrogen) and antibi-
otics, in humidied air with 5% CO2 at 37 �C.
2.2. Construction of stable MEG3-knockdown NSCLC cell
lines

To generate stable MEG3-decient NSCLC cells, sh-MEG3
sequences were designed and subcloned into pLKO.1 vectors.
Then pLKO.1-sh-MEG3 plasmid was co-transfected with pspAX2
and pMD2.G into 293T cells to obtain sh-MEG3 lentivirus,
which was subsequently used to infect A549 cells. A549 cells
with the lentivirus infection were identied by screening with
puromycin over 7 days. The surviving sh-MEG3-A549 cells were
used to establish nude mice xenogras of NSCLC. The sh-MEG3
sequences were as follows: sh-MEG3, 50-CCGGATAG
AGGAGGTG ATCAGCAA ACTCGAGT TTGCTGAT CACCTCCT
CTATTTTT TG-30 (forward oligo), 50-AATTCAAA AAATAGAG
GAGGTGAT CAGCAAAC TCGAGTTT GCTGATCA CCTCCTCT
AT-30 (reverse oligo).
2.3. Transient transfection

The MEG3 and LRP1 sequences were synthesized by PCR,
subcloned into pcDNA3.1 empty vectors (Invitrogen), and
named as pcDNA3.1-MEG3 (MEG3) and pcDNA3.1-LRP1 (LRP1),
respectively. Small interfering RNA (siRNA) specically target-
ing MEG3 (si-MEG3) and a matching siRNA control (si-NC),
siRNA specically targeting LRP1 (si-LRP1) and the corre-
sponding siRNA control (si-NC), a miR-205-5p mimic (miR-205-
5p) and scrambled control (miR-NC), and a miR-205-5p inhib-
itor (anti-miR-145-5p) and scrambled inhibitor control
(anti-miR-NC) were all purchased from GenePharma Co., Ltd
(Shanghai, China). All transfection assays were carried out
This journal is © The Royal Society of Chemistry 2017
using Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer's instructions.
2.4. Western blot assays

Total protein was obtained from NSCLC cells or tissues using
pre-cooled RIPA buffer (Beyotime, Shanghai, China) containing
a protease inhibitor cocktail (Roche, Basle, Switzerland). Total
protein (50 mg) was separated by SDS-PAGE gels, transferred to
PVDF membranes (Millipore, Bedford, MA, USA) and incubated
with appropriate concentrations of antibodies against P53, P21,
LRP1, cleaved caspase-3 and b-actin (Santa Cruz Biotechnology,
Dallas, TX, USA). The membranes were then probed with
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies. The protein signal was enhanced for 5 min using the
Pierce™ ECL Western Blotting Substrate (Thermo Scientic,
Waltham, Massachusetts, USA) and visualized by Quantity One
4.1 (Bio-Rad Laboratories, Hercules, CA). The gray values anal-
ysis of protein bands was performed using Image J soware.
2.5. qRT-PCR assays

The total RNA in tissues and cells was extracted by TRIzol
reagent (Invitrogen) following the manufacturer's protocols.
Then the total RNA was used as the template to synthesize cDNA
rst strands using PrimeScript RT reagent kits (Perfect Real
Time; Takara, Tokyo, Japan). SYBR Premix Ex Taq kit (TaKaRa)
was employed to detect theMEG3 expression levels with GAPDH
as an endogenous control. The quantitative analysis of miR-205-
5p was performed using a mirVana™ qRT-PCR miRNA Detec-
tion Kit (Thermo Fisher Scientic, Waltham, MA, USA) and U6
snRNA served as the internal reference to normalize miR-205-5p
expression. The qPCR primer sequences were as follows: MEG3,
50-CTGCCCATCTACACCTCACG-30 (forward) and 50-CTCTCCG
CCGTCTGCGCTAGGGGCT-30 (reverse); GAPDH, 50-GTCAACG
GATTTGGTCT GTATT-30 (forward) and 50-AGTCTTCTGGGTGG
CAGTGAT-30 (reverse); miR-205-5p, 50-TCCACCGGAGTCTGT
CTCAT-30 (forward) and 50-GCTGTCAACGATACGCTACG-30

(reverse); U6, 50-CTCGCTTCGGCAGCACA-30 (forward) and 50-
AACGCTTCACGAATTTGCGT-30 (reverse); LRP1, 50-CACCT
TAACGGGAGCAATGT-30 (forward) and 50-GTCACCCCAGTCTG
TCCAGT-30 (reverse); P21, 50-GTGGACCTGTCACTGTCTT-30

(forward) and 50-GCGTTTGGAGTGGTAGAAATC-30 (reverse);
P53, 50-TCAGTCTACCTCCCGCCATA-30 (forward) and 50-TTACA
TCTCCCAAACATCCCT-30 (reverse).
2.6. RNA immunoprecipitation (RIP) assays

RIP assays were carried out using the Magna RIP RNA-Binding
Protein Immunoprecipitation Kit (Millipore) on the basis of
the manufacturer's instructions. Briey, A549 cells were har-
vested and lysed with RIP lysis buffer containing protease
inhibitor cocktail (Roche). Then the cell supernatants were
incubated with magnetic beads conjugated with antibody
against Ago2 (Abcam, Cambridge, MA, USA) and IgG (Millipore)
for 2 h at 4 �C. Following this, RNase-free DNase I and
Proteinase K were consecutively used to remove DNA and
protein in the RIP complex. The gained RNA was subjected to
RSC Adv., 2017, 7, 49710–49719 | 49711
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qRT-PCR in order to detect the enrichment patterns of MEG3
and miR-205-5p.

2.7. Luciferase reporter assays

The MEG3 fragment or LRP1-30UTR region containing wild-type
or mutant-type miR-205-5p binding sites were amplied from
human genomic DNA and then inserted into psiCHECK-2
luciferase reporter vectors (Promega, Madison, WI, USA),
generating WT-MEG3, MUT-MEG3, WT-LRP1-30 UTR and MUT-
LRP1-30 UTR reporter plasmids. These luciferase reporter
plasmids were respectively co-transfected with miR-NC or
miR-205-5p into A549 and H1975 cells. Cells were harvested
48 h aer transfection for luciferase activity analysis using
a dual luciferase reporter assay kit (Promega) following the
manufacturer's protocols.

2.8. Flow cytometry assays

At 48 h aer transfection, apoptotic rates were analyzed by
FACSan ow cytometry (Becton Dickinson, Franklin Lakes, NJ,
USA) using AnnexinV-FITC/PI Apoptosis Detection Kits (Becton
Dickinson). To assess the cell cycle distribution, cells were also
treated with propidium iodide (PI) using CycleTEST™ PLUS
DNA reagent kits (Becton Dickinson) and then analyzed by
FACSan ow cytometry (Becton Dickinson).
Fig. 1 Relative expression levels of MEG3 and miR-205-5p in NSCLC
tissues and cell lines. (A and C) Relative expression levels of MEG3 and
miR-205-5p in 60 pairs of NSCLC tissues and their adjacent normal
counterparts. (B and D) Relative expression levels of MEG3 and miR-
205-5p in NSCLC cell lines (A549, H1975, H1299) and a normal
bronchial epithelial cell line (16HBE). *P < 0.05.

49712 | RSC Adv., 2017, 7, 49710–49719
2.9. XTT assays

Cell proliferation was evaluated using the Cell Proliferation Kit
II (XTT; Roche Molecular Biochemicals, Mannheim, Germany).
Briey, transfected cells were plated in 96-well plates and
maintained in complete medium. Cell viability was detected at
the indicated time points (0, 24, 48, 72 h) following the manu-
facturer's directions.
2.10. Tumor formation in BALB/c nude mice

Male BALB/c athymic nude mice (4–6 weeks old) were obtained
from Hubei Research Center of Laboratory Animal (Wuhan,
China). All manipulations on mice were performed according to
the Guide for the Care and Use of Laboratory Animals of Huaihe
Hospital. To construct the NSCLC xenogra model, 8 � 106 A549
cells (NC), or sh-MEG3-A549 cells (sh-MEG3) were subcutaneously
injected into the posterior anks of the nudemice. Themice were
separated into 4 groups: NC, sh-MEG3, anti-miR-205-5p (isolated
from the NC group), and sh-MEG3 + anti-miR-205-5p (separated
from the sh-MEG3 group). The miR-205-5p inhibitor (anti-miR-
205-5p) was injected into the implanted tumors once every 4
days in the relevant groups (anti-miR-205-5p, and sh-MEG3 + anti-
ical characteristics of NSCLC patients (n ¼ 60)

Clinicopathological features n

Relative MEG3 expression

High Low P-Valuea

Age
#60 25 12 13 0.484
>60 35 20 15

Gender
Male 43 18 25 0.714
Female 17 8 9

Histology
Squamous cell carcinoma 29 12 17 0.297
Adenocarcinoma 31 17 14

Tumor size
#4 cm 25 16 9 0.023b

>4 cm 35 12 23

Site of tumor
Right lung 39 22 17 0.681
Le lung 21 13 8

Differentiation
Well, moderate 28 12 16 0.755
Poor 32 15 17

Lymph node metastasis
Yes 36 8 28 <0.001b

No 24 17 7

TNM stage
I 22 14 8 0.027b

II/III/IV 38 13 25

a Chi-square test. b P < 0.05.

This journal is © The Royal Society of Chemistry 2017
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miR-205-5p) starting 8 days aer transplantation. The tumor
volumes were measured with calipers. The tumors were excised,
weighted, and harvested for western blot analysis on day 36.

2.11. Statistical analyses

Each experiment was repeated at least three times and the data
are presented as mean � standard deviation (SD). A Student's t-
test or one-way ANOVA was used to assess the signicance of
differences between groups. P < 0.05 represented a statistically
signicant difference.

3. Results
3.1. MEG3 expression was down-regulated and miR-205-5p
expression was up-regulated in human NSCLC tissues and
cells

Firstly, the expression patterns of MEG3 and miR-205-5p in
human NSCLC tissues and cells were assessed by qRT-PCR
Fig. 2 MEG3 acted as a molecular sponge for miR-205-5p. (A) The bindin
in the MUT-MEG3 reporter vector. (B and C) The luciferase activity in A5
luciferase reporter vectors and miR-NC or miR-205-5p. (D) MEG3 and m
IgG (control) or Ago2 antibodies, followed by qRT-PCR analysis. (E) mi
transfected with pcDNA-MEG3. *P < 0.05.

This journal is © The Royal Society of Chemistry 2017
assays. As shown in Fig. 1A and C, the mean expression
levels of MEG3 were remarkably decreased, and miR-205-5p
expression was signicantly elevated in NSCLC tissues when
compared with their matched adjacent normal lung tissues
(data were obtained from 60 paired samples). As expected,
lower expression of MEG3 was observed in the NSCLC cell
lines (A549, H1975, H1299) when compared with the normal
bronchial epithelial cell line 16HBE (Fig. 1B). On the contrary,
the miR-205-5p expression level was strikingly up-regulated in
the NSCLC cell lines when compared with 16HBE cells
(Fig. 1D). Moreover, we assessed the association of MEG3
expression with clinicopathological parameters in NSCLC. The
results showed that high expression of MEG3 was negatively
correlated with tumor size (P ¼ 0.023), lymph node metastasis
(P < 0.001) and tumor, node and metastasis (TNM) stage (P ¼
0.027) (Table 1). All these data revealed that the dysregulation
of MEG3 and miR-205-5p might play vital roles in the devel-
opment of NSCLC.
g sites between MEG3 and miR-205-5p together with the mutant sites
49 and H1975 cells after co-transfection of WT-MEG3 or MUT-MEG3
iR-205-5p enrichment as determined from RIP assays performed using
R-205-5p expression in si-MEG3-treated A549 cells, and H1975 cells

RSC Adv., 2017, 7, 49710–49719 | 49713
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3.2. MEG3 acted as a molecular sponge for miR-205-5p

Recently, emerging evidence has indicated that lncRNAs can act
as miRNA sponges to down-regulate expression. Therefore,
bioinformatics prediction analysis was performed using the
miRcode online website to gure out the potential target miR-
NAs of MEG3. The results showed that some complementary
base pairing exists between MEG3 and miR-205-5p (Fig. 2A). To
further conrm the prediction result, dual luciferase reporter
assays were carried out by co-transfecting either the WT-MEG3
or the MUT-MEG3 luciferase reporter vector together with miR-
NC or miR-205-5p into A549 and H1975 cells. The outcomes
revealed that miR-205-5p overexpression prominently sup-
pressed the luciferase activity of the WT-MEG3 reporter system,
while it had no apparent impact on the luciferase activity of the
MUT-MEG3 reporter system (Fig. 2B and C). It is well known
that Ago2, a key component of the RNA-induced silencing
complex (RISC), plays critical roles in the biogenesis and
maturation of miRNAs.21 Therefore, potential miRNA targets
can be separated and obtained from the complex by Ago2 co-
immunoprecipitation.22 To assess whether or not MEG3 was
associated with the RISC complex, a RIP assay with an Ago
antibody was performed. As presented in Fig. 2D, MEG3 and
miR-205-5p were substantially enriched in Ago2-containing
beads compared with those harboring control IgG, indicating
that endogenous binding might occur between MEG3 and miR-
205-5p. To further investigate the specic regulatory effect of
MEG3 onmiR-205-5p, A549 cells were transfected with si-MEG3,
and H1975 cells were transfected with pcDNA-MEG3. The
results implied that the knockdown of MEG3 notably facilitated
the expression of miR-205-5p in A549 cells, while MEG3 over-
expression restrained the miR-205-5p level in H1975 cells
(Fig. 2E). In summary, MEG3 could act as a sponge to directly
inhibit miR-205-5p expression.
Fig. 3 The tumor suppressor activity of MEG3 was realized partly
through negative regulation of miR-205-5p in NSCLC cells. (A and C)
XTT and flow cytometry assays used to detect the effect of MEG3
knockdown and miR-205-5p inhibition on cell proliferation and the
cell cycle in A549 cells. (B, D and E) XTT and flow cytometry assays
performed to analyze the effect of MEG3 overexpression and miR-
205-5p stimulation on cell proliferation, the cell cycle and apoptosis in
H1975 cells. *P < 0.05.
3.3. Reintroduction of miR-205-5p partially reversed the
effects of MEG3 on proliferation and apoptosis in NSCLC cells

According to the above results, we concluded that MEG3 might
inuence NSCLC progression by modulating miR-205-5p. To
verify our hypothesis, A549 cells were transfected with si-MEG3
with or without anti-miR-205-5p, and H1975 cells were trans-
fected with pcDNA-MEG3 with or without miR-205-5p; analysis
of cell proliferation, the cell cycle and apoptosis was then per-
formed. XTT assays disclosed that MEG3 knockdown promoted
A549 cell proliferation, and this effect was dramatically atten-
uated aer co-transfection with anti-miR-205-5p (Fig. 3A).
Conversely, MEG3 up-regulation hindered H1975 cell growth,
which was obviously abated by miR-205-5p overexpression
(Fig. 3B). To examine whether or not the effect of MEG3 on
NSCLC cell growth was associated with cell cycle regulation, cell
cycle progression was analyzed with ow cytometry. As pre-
sented in Fig. 3C, MEG3 knockdown resulted in an apparent
decrease in the proportion of cells in the G1 phase and an
evident increase in the S-phase cell proportion in A549 cells,
whereas transfection of anti-miR-205-5p signicantly reversed
the promotive effect of si-MEG3 on cell cycle progression. In
contrast, H1975 cells overexpressing MEG3 exhibited a higher
49714 | RSC Adv., 2017, 7, 49710–49719
percentage of cells in the G1 phase and a lower percentage of
cells in the S phase, and ectopic expression of miR-205-5p
weakened the cell cycle arrest induced by MEG3 (Fig. 3D). To
further investigate whether or not MEG-induced growth inhi-
bition was mediated by cell apoptosis, ow cytometry analysis
was performed to measure the apoptotic rate in H1975 cells
transfected with either pcDNA-MEG3 alone, or in combination
with the miR-205-5p mimic. The results indicated that MEG3
overexpression greatly enhanced the apoptotic rate, however,
the reintroduction of miR-205-5p partly lowered the pro-
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08057c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
1:

13
:1

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
apoptotic effect of MEG3 (Fig. 3E). All of these results indicated
that MEG3 might exert its tumor suppressive function partially
by modulating miR-205-5p.
3.4. LRP1 was a direct target of miR-205-5p

As is well-known, miRNAs exert functions via interactions
with the 30-UTR of target mRNA. Consequently, the TargetS-
can online website was employed to search for potential
targets of miR-205-5p. The results revealed that the LRP1-30-
UTR has some complementary base pairing with the seed
region of miR-205-5p (Fig. 4A). Next, luciferase reporter
assays were used to assess whether or not LRP1 was indeed
regulated by miR-205-5p. The results showed that the up-
regulation of miR-205-5p suppressed luciferase activity in
A549 and H1975 cells transfected with reporter plasmid
containing the WT-LRP1-30-UTR compared with the miR-NC
group, whereas no signicant difference was observed for
the reporter plasmid carrying MUT-LRP1-30-UTR between the
miR-205-5p group and the miR-NC group (Fig. 4B). Then, the
effect of miR-205-5p on LRP1 expression at the mRNA and
protein levels was explored in A549 and H1975 cells. The
results revealed that suppressing miR-205-5p in A549 cells
enhanced LRP1 expression at the mRNA (Fig. 4C) and protein
(Fig. 4D) levels, and up-regulating miR-205-5p in H1975 cells
diminished the mRNA (Fig. 4C) and protein (Fig. 4D)
expression of LRP1. Collectively, our ndings suggested that
miR-205-5p inhibited LRP1 expression by directly targeting
the 30-UTR of LRP1.
Fig. 4 LRP1 was a direct target of miR-205-5p. (A) The binding sites be
getScan website. The mutant site in the MUT-LRP1-30-UTR reporter plas
co-transfected with WT-LRP1-30-UTR or MUT-LRP1-30-UTR reporter pla
protein (D) levels measured by qRT-PCR and western blot assays, respec
and H1975 cells treated with miR-NC or miR-205-5p. *P < 0.05.

This journal is © The Royal Society of Chemistry 2017
3.5. miR-205-5p exerted an oncogenic function partially
through down-regulation of LRP1

Due to the fact that miR-205-5p inhibited LRP1 expression, we
further investigated the effect of miR-205-5p on NSCLC devel-
opment, as well as its possible molecular mechanism. A549
cells were transfected with anti-miR-205-5p with or without si-
LRP1, and H1975 cells were transfected with miR-205-5p with
or without pcDNA-LRP1. XTT assays revealed that the trans-
fection of anti-miR-205-5p signicantly blocked cell prolifera-
tion, but this effect was largely abolished following LRP1
knockdown (Fig. 5A). Inversely, overexpression of miR-205-5p
strikingly improved cell growth, and restoration of LRP1
expression notably suppressed this miR-205-5p-mediated pro-
proliferative effect on H1975 cells (Fig. 5B). Flow cytometry
assays elucidated the down-regulation of the miR-205-5p
induced cell cycle arrest (Fig. 5C) and apoptosis (Fig. 5E) in
A549 cells, while these effects were substantially retarded aer
suppressing LRP1 expression. Moreover, enforced expression of
miR-205-5p promoted cell cycle progression in H1975 cells,
whereas overexpressing LRP1 greatly lessened this effect
(Fig. 5D). All these data supported the hypothesis that miR-205-
5p contributed to NSCLC tumorigenesis partially via the
inhibition of LRP1.
3.6. MEG3 up-regulated LRP1 and P53 expression by acting
as a sponge for miR-205-5p in NSCLC cells

As demonstrated above, we assumed that MEG3 exerted its anti-
tumor function partly through the miR-205-5p/LRP1 regulation
tween miR-205-5p and LRP1 30-UTR region as predicted by the Tar-
mid is also displayed. (B) The luciferase activity in A549 and H1975 cells
smids and miR-NC or miR-205-5p. LRP1 expression at mRNA (C) and
tively, in A549 cells transfected with anti-miR-NC or anti-miR-205-5p,
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Fig. 5 miR-205-5p exerted an oncogenic effect partially through
targeting LRP1 in NSCLC cells. A549 cells were transfected with anti-
miR-NC, anti-miR-205-5p, anti-miR-205-5p + si-NC, or anti-miR-
205-5p + si-LRP1. H1975 cells were transfected with miR-NC, miR-
205-5p, miR-205-5p + pcDNA vector, or miR-205-5p + pcDNA-LRP1.
(A and B) XTT assays performed to evaluate cell proliferation at the
indicated time points (0 h, 24 h, 48 h, 72 h) in A549 and H1975 cells
after transfection. (C and D) Cell cycle measured with PI staining fol-
lowed by flow cytometry in treated A549 and H1975 cells. (E) Cell
apoptosis measured by AnnexinV-FITC/PI double-staining and flow
cytometry analysis in transfected A549 cells. *P < 0.05.
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pathway. A549 cells were transfectedwith si-MEG3with or without
anti-miR-205-5p, and H1975 cells were transfected with the MEG3
overexpression plasmid with or without the miR-205-5p mimic.
qRT-PCR and western blot results demonstrated that knockdown
of MEG3 inhibited LRP1 expression at the mRNA (Fig. 6A) and
protein (Fig. 6B) levels, while introduction of anti-miR-205-5p
49716 | RSC Adv., 2017, 7, 49710–49719
relieved the si-MEG3-elicited decrease of LRP1 expression in
A549 cells (Fig. 6A and B). In contrast, overexpression of MEG3
enhanced LRP1 expression at the mRNA (Fig. 6C) and protein
(Fig. 6D) levels, while increased levels of miR-205-5p alleviated the
promotion effect of MEG3 on LRP1 expression in H1975 cells
(Fig. 6C and D). These data indicated that MEG3 up-regulated
LRP1 expression via interacting with miR-205-5p. MEG3 has
been reported as a tumor suppressor via activation of the P53
pathway.23,24 However, the molecular mechanism by which MEG3
activates P53 is still obscure, and it is unknown whether or not
miRNAs are involved. Thus, we further evaluated the protein
expression of P53, as well as its target gene P21 (a cyclin depen-
dent kinase inhibitor) and cleaved-caspase-3 (a critical indicator
of apoptosis). The results showed that the depletion of MEG3
markedly decreased P53 and P21 at the mRNA (Fig. 6A) and
protein (Fig. 6B) levels and suppressed cleaved-caspase-3 protein
expression (Fig. 6B), while these inhibition effects were partly
reversed by down-regulatingmiR-205-5p in A549 cells (Fig. 6A and
B). In contrast, enforced expression of MEG3 stimulated P53 and
P21 at themRNA (Fig. 6C) and protein (Fig. 6D) levels and induced
cleaved-caspase-3 protein expression (Fig. 6D), while restoration
of miR-205-5p expression partially abrogated these effects in
H1975 cells (Fig. 6C and D). These data suggested that MEG3-
induced P53 accumulation was mediated at least in part by
down-regulating miR-205-5p.
3.7. MEG3 blocked NSCLC tumor growth in vivo by
regulating the miR-205-5p/LRP1 axis

To investigate the effect of MEG3 on NSCLC tumorigenesis in
vivo, A549 cells (NC) or sh-MEG3-transfected A549 cells were
subcutaneously inoculated into nude mice. At the eighth day
aer implantation, the generated xenogras were injected with
or without anti-miR-205-5p, and this was subsequently repeated
once every 4 days. As shown in Fig. 7A–C, MEG3 knockdown
strikingly facilitated tumor growth (compare the sh-MEG3
group with the NC group). On the other hand, anti-miR-205-
5p injection signicantly suppressed tumor growth. Moreover,
the sh-MEG3-induced tumor growth was signicantly repressed
aer introduction of anti-miR-205-5p. Furthermore, the
expression patterns of LRP1, cleaved-caspase-3, P53 and P21 in
excised tumor masses were detected by qRT-PCR and western
blot assays. The results revealed that compared with the NC
group, mRNA (Fig. 7D) and protein (Fig. 7E) levels of LRP1, P53
and P21 together with protein expression of cleaved-caspase-3
(Fig. 7E) were all down-regulated in tumors which originated
from sh-MEG3 cells, whereas these proteins were all up-
regulated following anti-miR-205-5p treatment. In addition,
anti-miR-205-5p reversed the sh-MEG3-mediated inhibition of
LRP1, cleaved-caspase-3, P53 and P21 expression. Collectively,
all these results indicated that MEG3 exerted an anti-tumor
function in NSCLC via the miR-205-5p/LRP1 axis in vivo.
4. Discussion

Recent studies have revealed that lncRNAs play vital roles in the
carcinogenesis and development of various cancers.25 MEG3
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Effects of MEG3 on LRP1 and P53 expression were mediated by miR-205-5p. mRNA (A) and protein (B) expression levels of LRP1, P53 and
P21 together with expression levels of cleaved-caspase-3 protein (B) in A549 cells transfected with si-NC, si-MEG3, si-MEG3 + anti-miR-NC, or
si-MEG3 + anti-miR-205-5p. mRNA (C) and protein (D) expression levels of LRP1, P53 and P21 together with expression levels of cleaved-
caspase-3 protein (D) in H1975 cells transfected with pcDNA-vector, pcDNA-MEG3, pcDNA-MEG3 + miR-NC, or pcDNA-MEG3 +miR-205-5p.
*P < 0.05.
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has been identied as a tumor suppressor and is expressed at
lower levels in diverse cancers including NSCLC, colorectal
cancer, prostate cancer and gastric cancer.13,26–28 Nevertheless,
the mechanisms involving MEG3 in NSCLC have not been fully
elucidated. In NSCLC, miR-205 was found to be up-regulated
and to drive the development of malignant phenotypes.19,20

Moreover, bioinformatics analysis revealed that MEG3 might
interact with miR-205-5p. Therefore, we aimed to further
investigate whether or not MEG3 exerted its anti-cancer func-
tion by regulating miR-205-5p in NSCLC.

Firstly, we assessed the expression patterns of MEG3 and
miR-205-5p, and the results showed decreased MEG3 expres-
sion and increased miR-205-5p expression in human NSCLC
tissues and cells. Bioinformatics analysis indicated that miR-
205-5p had the potential to interact with MEG3, and this
conclusion was further validated by dual luciferase reporter
assays and RIP assays. Moreover, depletion of MEG3 promoted
miR-205-5p expression in A549 cells, while up-regulation of
MEG3 hampered miR-205-5p expression in H1975 cells. Func-
tional and mechanistic studies revealed that MEG3 inhibited
This journal is © The Royal Society of Chemistry 2017
cell proliferation and cell cycle progression, and facilitated
apoptosis by impeding miR-205-5p expression in NSCLC cells.

As is well-known, miRNAs exert functions by means of
binding to the 30-UTR of target mRNAs. The TargetScan online
website combined with luciferase reporter analysis indicated
that LRP1 was a direct target of miR-205-5p. LRP1 has been
identied as a critical mediator in the progression of various
cancers.29,30 For instance, LRP1 contributed to tumor develop-
ment in glioblastoma,31 whereas LRP1 acted as a tumor
suppressor in hepatocarcinoma.32 Also, a previous document
identied that LRP1 expression was decreased and was posi-
tively correlated with favorable clinical outcomes in lung
adenocarcinoma, indicating its oncosuppressive role in lung
cancer.33 Here, we demonstrated that miR-205-5p promoted cell
proliferation and cell cycle progression, and inhibited
apoptosis, while these effects were partially reversed by LRP1 in
NSCLC cells.

Recently, many researchers have favored a hypothesis that
lncRNAs act as ceRNAs to isolate miRNAs like a “sponge”, which
in turn gets rid of the inhibition effect of miRNAs on target
RSC Adv., 2017, 7, 49710–49719 | 49717
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Fig. 7 MEG3 inhibited NSCLC tumor growth by modulating the miR-205-5p/LRP1 axis in vivo. (A) Tumor volumemeasured at the indicated time
points (8, 12, 16, 20, 24, 28, 32, 36 days) after subcutaneous implantation of A549 cells in the nudemicemodel. (B) Tumor weight detected on day
36 post-inoculation. (C) Representative images of resected tumors on day 36 post-inoculation. mRNA (D) and protein (E) expression levels of
LRP1, P53 and P21 together with expression levels of cleaved-caspase-3 protein (E) in resected tumors. *P < 0.05.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
1:

13
:1

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
mRNAs.34 Hence, western blot assays were performed to further
validate that MEG3 overexpression and knockdown respectively
enhanced and inhibited the expression of LRP1 in NSCLC cells.
Furthermore, the reintroduction of anti-miR-205-5p and miR-
205-5p attenuated the effects of si-MEG3 and pcDNA-MEG3,
respectively, on LRP1 expression. These data indicated that
MEG3 might serve as a sponge of miR-205-5p, leading to
increased expression of LRP1. MEG3 has been shown to func-
tion as a tumor suppressor via interacting with P53 to activate
P53-mediated transcriptional activity and affect the expression
of partial P53 target genes in hepatoma cells,24 breast cancer35

and cervical cancer.10 Moreover, a previous study demonstrated
that MEG3 inhibited cell proliferation and induced apoptosis in
NSCLC by regulating P53 expression.13 Here, we further
measured the expression proles of P53, P21 and cleaved-
caspase-3 by western blot assays in NSCLC cells. As expected,
the results showed that MEG3 enhanced P53, P21 and cleaved-
caspase-3 protein expression, while the introduction of miR-
205-5p reversed this MEG3-elicited increase in P53, P21 and
cleaved-caspase-3, indicating that miR-205-5p suppression may
partly contribute to the P53 activation induced by MEG3.
However, P53 was previously revealed to be able to directly bind
to the upstream region of miR-205, causing the up-regulation of
miR-205 expression in triple negative breast cancer.36 Therefore,
more research is required to elaborate the detailed molecular
49718 | RSC Adv., 2017, 7, 49710–49719
mechanism of the interactions between MEG3, miR-205-5p and
P53 in the progression of NSCLC. Subsequently, in vivo experi-
ments found that MEG3 inhibited NSCLC tumor growth
possibly via the miR-205-5p/LRP1 regulatory axis.
5. Conclusions

In conclusion, our ndings revealed that MEG3 acted as
a tumor suppressor to inhibit tumorigenesis and progression of
NSCLC via the miR-205-5p/LRP1 axis, providing new evidence
for molecular mechanisms involving MEG3 in NSCLC, and
highlighting a potential therapy target for NSCLC.
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