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nhibits autophagy and promotes
apoptosis in non-small cell lung cancer cells via
regulating the miR-214/TRIM16 axis

Qian Li,a Kai Chen,a Rong Donga and Hengxiao Lu*b

Background: Dysregulated long noncoding RNAs (lncRNAs) have been frequently observed in various

cancers including non-small cell lung cancer (NSCLC) and are closely associated with cancer

progression. Previous studies also found that low expression of lncRNA cancer susceptibility candidate 2

(CASC2) functioned as a tumor suppressor in NSCLC. Our study aimed to explore the detailed molecular

mechanism of CASC2 involved in NSCLC progression. Methods: The expressions of CASC2, tripartite

motif-containing protein 16 (TRIM16) and miR-214 in NSCLC tissues and cells were detected by reverse

transcription-quantitative polymerase chain reaction (RT-qPCR) or western blot. Flow cytometry analysis

was performed to evaluate apoptosis. Autophagy was assessed using green fluorescent protein

microtubule-associated protein 1 light chain 3a (GFP-LC3) puncta analysis, acridine orange (AO) staining

and western blot. Luciferase reporter assay, RNA immunoprecipitation (RIP), RNA pull-down and

immunofluorescence staining were employed to explore the association between CASC2, TRIM16 and

miR-214. Results: CASC2 and TRIM16 expressions were significantly downregulated and miR-214

expression was dramatically upregulated in NSCLC tissues and cells. Overexpression of CASC2 induced

apoptosis and inhibited autophagy in NSCLC cells. miR-214 was bound to CASC2 and its knockdown

reversed the regulatory effect of CASC2 inhibition on apoptosis and autophagy in NSCLC cells.

Moreover, TRIM16 was validated as a target of miR-214 and its interference attenuated miR-214

knockdown-mediated promotion of apoptosis and inhibition of autophagy. Besides, CASC2 enhanced

TRIM16 expression through functioning as a competing endogenous RNA (ceRNA) for miR-214 in NSCLC

cells. Conclusion: lncRNA CASC2 inhibited autophagy and promoted apoptosis in NSCLC cells via

regulating the miR-214/TRIM16 axis, shedding light on the mechanism underlying NSCLC carcinogenesis.
1. Introduction

Lung cancer, one of the most aggressive malignancies, is the
leading cause of cancer-associated deaths all over the world,
accounting for almost 610 200 deaths of the 2 814 200 total
cancer deaths in 2015.1 As the most common type of lung
cancer, non-small cell lung cancer (NSCLC) accounts for nearly
85% of all lung cancer cases.2 Despite the tremendous
improvements in early diagnosis and clinical treatment of
NSCLC over the past decades, the prognosis of NSCLC patients
remains unsatisfactory, with a lower than 15% 5 year overall
survival rate of NSCLC patients.3 Thus, it is imperatively needed
to better understand the mechanisms involved in the develop-
ment and progression of NSCLC and to develop novel thera-
peutic approaches for the treatment of NSCLC patients.
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Emerging evidence has documented the roles of noncoding
RNAs (ncRNAs), including long ncRNAs (lncRNAs) and micro-
RNAs (miRNAs), in malignant transformation as well as cancer
development.4 LncRNAs are a class of recently recognized
ncRNA transcripts longer than 200 nucleotides, which play
functional roles in regulating and controlling various cellular
processes, including cell proliferation, differentiation,
apoptosis, autophagy and migration.5 It has been shown that
dysregulated lncRNAs are frequently observed in various
cancers including NSCLC and are closely associated with cancer
progression, acting as oncogenic or tumor-suppressive genes.6

LncRNA cancer susceptibility candidate 2 (CASC2), located at
chromosome 10q26, was rstly identied as a downregulated
gene in human endometrial cancer.7 Moreover, CASC2 has been
reported to play a tumor-suppressive role in regulating cell
proliferation and metastasis in various cancers, such as hepa-
tocellular carcinoma, breast cancer and bladder cancer.8–10

Notably, previous studies also found that low expression of
CASC2 functioned as a tumor suppressor in NSCLC.11 However,
the detailed molecular mechanism of CASC2 involved in NSCLC
progression remains to be further explored.
This journal is © The Royal Society of Chemistry 2018
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miRNAs are endogenous, highly conserved ncRNAs with 18–
25 nucleotides in length that post-transcriptionally regulate
gene expression by binding to the 30 untranslated regions
(UTRs) of their targets.12 miRNAs have been reported to play
crucial regulatory roles in various physiological and patholog-
ical processes including cell differentiation, proliferation,
apoptosis, and metastasis.13 Moreover, convincing evidence has
demonstrated that aberrantly expressed miRNAs contribute to
the initiation and development of human cancers.14 miR-214,
a vertebrate-specic family of miRNA precursor, has been
demonstrated to be deregulated in malignancies and shows
contrasting roles as oncogenic or tumor suppressor.15 It has
been previously demonstrated that miR-214 expression was
elevated in lung cancer and promoted the progression of lung
cancer by acting as an oncogene.16,17 Recently, competing
endogenous RNA (ceRNA) hypothesis suggests that lncRNAs
could function as miRNA sponges to prevent miRNAs from
binding to their regulatory targets, thus participating in the
pathogenesis and development of cancers.18 Nevertheless,
whether CASC2 could interact with miR-214 to regulate the
progression of NSCLC remains largely unknown.

In the present study, we investigated the effects of CASC2 on
apoptosis and autophagy of NSCLC cells and explored its
underlying molecular mechanism.
2. Materials and methods
2.1 Patients and tissue samples

A total of 21 pairs of NSCLC tissues and adjacent normal tissues
were collected from patients who had undergone surgery
between 2016 and 2017 in respiratory medical of Rizhao
People's Hospital. No patient had received radiotherapy,
chemotherapy or other systemic treatments before surgery
resection. NSCLC patients were diagnosed by two experienced
pathologists according to the World Health Organization
criteria.19 All tissue samples were snap-frozen immediately into
liquid nitrogen following collection and stored at �80 �C for
use. Our study was approved by the Ethic Committee of People's
Hospital of Rizhao in accordance with the Declaration of Hel-
sinki Principles. Informed consents were obtained from all
participants.
2.2 Cell culture and transfection

Human NSCLC cell lines (A549 and H1299) and human
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 propa-
gated in Dulbecco's modied Eagle's medium (DMEM;
Thermo Fisher Scientic, Inc., Waltham, MA, USA) containing
10% fetal bovine serum (FBS; Thermo Fisher Scientic, Inc.),
100 U ml�1 penicillin G/streptomycin (Sigma, St. Louis, MO,
USA) at 37 �C in a humidied atmosphere containing 5% CO2.

pcDNA-CASC2 (CASC2), pcDNA-tripartite motif-containing
protein (TRIM) 16 (TRIM16), pcDNA empty vector (pcDNA),
siRNA specically targeting CASC2 (si-CASC2), siRNA speci-
cally targeting TRIM16 (si-TRIM16), siRNA negative control (si-
This journal is © The Royal Society of Chemistry 2018
NC), miR-214 mimic (miR-214), mimic negative control (miR-
NC), miR-214 inhibitor (anti-miR-214), inhibitor negative
control (anti-miR-NC) were synthesized by GenePharma Co.
Ltd., (Shanghai, China). A549 and H1299 cells were seeded
into 6-well plates at a density of 2 � 106 cells per well and
transfected with these above plasmids or nucleotides at 70–
80% conuence using lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer's protocol.
2.3 Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was isolated from tissue samples or treated cells
with TRIzol® reagent (Invitrogen) and RNA concentration was
determined using a Nanodrop® ND-1000 spectrophotometer
(Thermo Fisher Scientic, Inc.). For the detection of miR-214
expression, total RNA was reversely transcribed into comple-
mentary DNA (cDNA) using a TaqMan® MicroRNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA, USA)
and qPCR was performed using the TaqMan MicroRNA Assay
kit (Applied Biosystems), with U6 small nuclear RNA (snRNA)
as an internal control. For the measurement of CASC2 and
TRIM16 mRNA expressions, cDNA was synthesized from total
RNA using PrimeScript™ RT Reagent Kit (Promega, Madison,
WI, USA) (Takara, Dalian, China) and a SYBR Green qPCR
Master Mix (Takara) was used to the mRNA level, with GAPDH
as an endogenous control. All PCR reaction was conducted on
an Applied Biosystems 7500 thermocycler (Thermo Fisher
Scientic, Inc.). The relative expression levels were calculated
using the 2�DDCt method.
2.4 Green uorescent protein microtubule-associated
protein 1 light chain 3a (GFP-LC3) analysis

The transfected A549 and H1299 cells were seeded into 6-well
plates and co-transfected with GFP-LC3-expressing plasmids
(Hanbio Co., LTD, China), and CASC2, TRIM16, pcDNA, anti-
miR-214, anti-miR-NC, si-NC + anti-miR-214, si-CASC2 + anti-
miR-214, miR-NC + TRIM16, or miR-214 + TRIM16 using Lip-
ofectamine (Invitrogen). Then GFP-LC3-positive punctate cells
were visualized by confocal microscope (magnication, �100;
Olympus, Tokyo, Japan) and the percentage of GFP-LC3-
positive cells were calculated. Cells with ve or more intense
GFP-LC3 puncta were considered as autophagic.
2.5 Acridine orange (AO) staining

Autophagy is a lysosomal degradation pathway for cytoplasmic
material. The formation of autophagic vesicles wasmeasured by
AO staining. The transfected A549 and H1299 cells were washed
with PBS and then stained with 1 mg ml�1 AO (Sigma) for 20 min
at 37 �C in the dark. Subsequently, cells were observed under
a confocal microscope. The autophagic lysosomes displayed as
orange/red uorescent cytoplasmic vesicles, but the cytoplasm
and nucleolus were green because of the difference of acidity.
RSC Adv., 2018, 8, 40846–40855 | 40847

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09573f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 1
2:

29
:4

8 
A

M
. 

 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
2.6 Western blot analysis

Total protein was extracted from treated cells with RIPA buffer
(Wanlei Biotechnology, Shanghai, China) containing a protease
inhibitor cocktail (Roche, Mannheim, Germany). The protein
samples (30 mg per lane) were loaded onto 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and
electro-transferred onto polyvinylidene diuoride membranes
(PVDF) (Millipore, Billerica, MA, USA). Then, the membranes
were saturated with 5% non-fat milk in Tris-buffered saline with
Tween (TBST) for 2 h at room temperature and separately
incubated at 4 �C overnight with primary antibodies against p62
(1 : 1000 dilution; Cell Signaling Technology, Danvers, MA,
USA), autophagy related protein-5 (Atg-5) (1 : 1000 dilution; Cell
Signaling Technology), LC3 (1 : 1000 dilution; Abcam, Cam-
bridge, MA, USA), TRIM16 (1 : 500 dilution; Abcam) and GAPDH
(1 : 2000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA),
followed by horseradish peroxidase (HRP)-conjugated
secondary antibody IgG (1 : 2000 dilution; Cell Signaling Tech-
nology). The protein signals were visualized using an enhanced
chemiluminescence detection system (Thermo Fisher Scien-
tic, Inc.), with GAPDH as a loading control.
2.7 Apoptosis analysis by ow cytometry

Cell apoptosis was assessed using Annexin V-uorescein iso-
thiocyanate (FITC) Apoptosis Detection kit (BD Biosciences,
Franklin Lakes, NJ, USA). A549 andH1299 cells were seeded into
6-well plates overnight and transfected with CASC2, TRIM16,
pcDNA, anti-miR-214, anti-miR-NC, si-NC + anti-miR-214, si-
CASC2 + anti-miR-214, miR-NC + TRIM16, or miR-214 +
TRIM16. Following 48 h of transfection, A549 and H1299 cells
were collected and digested with trypsin, washed with ice-cold
PBS and resuspended in 200 ml binding buffer. Then cells
were labeled with 10 ml annexin V-FITC and 5 ml propidium
iodide (PI) for in the dark 15 min at room temperature. The cell
apoptotic rates were analyzed by ow cytometry using a ow
cytometer (FACScan; BD Biosciences).
2.8 Luciferase reporter assay

A wild-type (WT) fragment of CASC2 harboring the miR-214
binding site and its mutated (MUT) seed sequence were
purchased from Guangzhou RiboBio Co., Ltd. (Guangzhou,
China) and cloned into the pMirGLO reporter vector (Promega,
Madison, WI, USA), namely CASC2-WT and CASC2-MUT. Simi-
larly, the luciferase reporter plasmids containing the WT or
MUT 30UTR of TRIM16 were also constructed and named as
TRIM16-WT and TRIM16-MUT. For the luciferase reporter
assay, 293T cells were seeded into 24-well plates and co-
transfected with 100 ng WT or MUT luciferase reporter,
together with 20 ng Renilla luciferase vector (Promega) and
100 nM miR-214 or miR-NC using lipofectamine 2000 (Invi-
trogen). At 48 h post-transfection, the luciferase activity was
measured using the dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer's instructions.
40848 | RSC Adv., 2018, 8, 40846–40855
2.9 RNA immunoprecipitation (RIP)

The EZ-Magna RIP Kit (Millipore) was applied to conduct the
RIP assay. A549 cells at 80% conuence were collected and lysed
in complete RIP lysis buffer. Then, the supernatant of RIP lysate
was incubated with RIP buffer containing magnetic beads
conjugated with human anti-Ago2 or anti-Ago1 antibodies (Cell
Signaling Technology) or negative control IgG (Cell Signaling
Technology). Aer incubated at 4 �C overnight, samples were
incubated with proteinase K with shaking to digest proteins and
the coprecipitated RNA was isolated and subjected to RT-qPCR
analysis.

2.10 RNA pull-down assay with biotinylated CASC2

The biotinylated DNA probe complementary to CASC2 was
amplied by PCR using T7-containing primer (Roche, Basel,
Switzerland) and then inserted into GV394 (Genechem,
Shanghai, China). The resultant plasmids DNAs were linearized
using restriction enzyme XhoI. Biotin-labeled RNAs were tran-
scribed with Biotin RNA Labeling Mix (Roche) and T7 RNA
polymerase (Takara). The products were treated with RNase-free
DNase I (Roche) and puried with the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). RNA were extracted for RT-qPCR analysis.

2.11 RNA pull-down assay with biotinylated miR-214

A549 cells were transfected with biotinylated miR-214 (bio-miR-
214-WT or bio-miR-214-MUT), collected 48 h aer transfection
and lysed in 1 ml of lysis buffer (Promega). The cell lysates were
incubated with M-280 streptavidin magnetic beads (Invitrogen)
and bound RNAs were puried using TRIzol reagent (Invi-
trogen) for further RT-qPCR analysis.

2.12 Immunouorescence staining

A549 cells were seeded into 24-well plates on slide overnight and
transfected with miR-214, anti-miR-214, or matched controls.
Aer 48 h of transfection, the cells were xed with 4% para-
formaldehyde for 10 min at room temperature, followed by
permeabilization with 0.1% Triton X-100 for 10 min. Aer being
blocked with 5% bovine serum albumin for 30 min at 37 �C,
cells were incubated overnight at 4 �C with primary antibodies
against TRIM16 (1 : 500 dilution; Abcam) and then incubated
with CY3-conjugated secondary antibodies IgG (1 : 1000 dilu-
tion; Boster, Wuhan, China) for 1 h at 37 �C. The nucleus was
stained with 40,6-diamidino-2-phenylindole (DAPI; Sigma) for
15 min. The uorescence images were obtained using a LSM 5
Pa Laser Scanning Microscope (Zeiss Germany, Oberkochen,
Germany) and merged by Image-Pro Plus (Media Cybernetics,
Bethesda, MD, USA).

2.13 Statistical analysis

All data were showed as mean � standard deviation (SD). All
statistical analyses were performed using SPSS 17.0 soware
(SPSS, Chicago, IL, USA). Statistical differences were analyzed by
two-tailed Student's t-test or one-way analysis of variance
(ANOVA). A value of P less than 0.05 was considered to be
statistically signicant.
This journal is © The Royal Society of Chemistry 2018
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3. Results
3.1 CASC2 overexpression induced apoptosis and impeded
autophagy in NSCLC cells

The expression prole of CASC2 in 21 paired NSCLC tissues and
adjacent normal tissues were initially examined by RT-qPCR.
The result disclosed that CASC2 expression was aberrantly
downregulated in NSCLC tissues in comparison with normal
tissues (Fig. 1A). Moreover, the expression of CASC2 was
determined in NSCLC cell lines and human bronchial epithelial
cell line (16HBE). As compared with 16HBE cells, A549 and
H1299 cells exhibited evidently reduction of CASC2 expression
(Fig. 1B). To characterize the effects of CASC2 on apoptosis and
autophagy in NSCLC, A549 and H1299 cells were transfected
with CASC2 or pcDNA. As displayed in Fig. 1C, CASC2 expres-
sion was distinctly enhanced by CASC2 transfection in A549 and
H1299 cells with respect to pcDNA group. Flow cytometry
analysis presented that the apoptotic rate of A549 and H1299
cells transfected with CASC2 was greatly enhanced versus that in
pcDNA-introduced cells (Fig. 1D). During the process of auto-
phagy, LC3 is recruited to the autophagosomes and thus uo-
rescent GFP-LC3 spots can be used to monitor the autophagic
ux.20 As shown in Fig. 1E, the percentage of GFP-LC3 positive
cells were substantially reduced following CASC2 over-
expression in A549 and H1299 cells. Moreover, western blot
analysis revealed that p62 level was notably increased but Atg-5
expression and the ratio of LC3-II/LC3-I were markedly dimin-
ished in the CASC2-overexpressing group in A549 and H1299
Fig. 1 CASC2 overexpression induced apoptosis and impeded autophag
adjacent normal tissues was detected by RT-qPCR. (B) The expression of
lines (A549 and H1299) was detected by RT-qPCR. (C) The expression
measured by RT-qPCR. (D) Flow cytometry analysis was conducted to e
CASC2 or pcDNA. (E) GFP-LC3 analysis was performed to monitor the au
Western blot was performed to examine the protein levels of p62, Atg
transfection. (G) AO staining was conducted to analyze the formation o
transfection. *P < 0.05.

This journal is © The Royal Society of Chemistry 2018
cells with respect to pcDNA group (Fig. 1F). Besides, the
formation of autophagic vesicles was measured in A549 and
H1299 cells by AO staining. Results showed that addition of
CASC2 decreased the bright orange/red vacuoles in A549 and
H1299 cells (Fig. 1G). These results demonstrated that CASC2
functioned as a tumor suppressor in NSCLC cells by promoting
apoptosis and blocking autophagy.

3.2 CASC2 directly interacted with miR-214 in NSCLC cells

To explore the underlying mechanism of CASC2 functioning in
NSCLC cells, bioinformatics analyses were performed to predict
the potential targets of CASC2. The prediction analysis showed
that CASC2 contained the potential binding sites of miR-214
(Fig. 2A). To conrm the prediction, we cloned the WT or
MUT fragment of CASC2 containing the predicted binding sites
into the luciferase reporter vectors and transfected into 293T
cells. The luciferase reporter assay demonstrated that ectopic
expression of miR-214 led to a signicant decrease of luciferase
activity in 293T cells transfected with CASC2-WT, but not in
those transfected with CASC2-MUT (Fig. 2B). Moreover, RIP
assay revealed that CASC2 and miR-214 were remarkably
enriched in the Ago2 pellet in contrast to IgG pellet (Fig. 2C). To
further conrm the direct interaction between CASC2 and miR-
214, RNA pull-down assay with biotin-labeled miR-214 was
performed to capture CASC2 using M-280 streptavidin magnetic
beads from 549 cells transfected with bio-miR-214-WT or bio-
miR-214-MUT. As shown in Fig. 2D, CASC2 was pulled down
in the cell lysates of 549 cells transfected with bio-miR-214-WT
y in NSCLC cells. (A) The expression of CASC2 in 21 NSCLC tissues and
CASC2 in human bronchial epithelial cell line (16HBE) and NSCLC cell
of CASC2 in A549 and H1299 transfected with CASC2 or pcDNA was
valuate the apoptosis of A549 and H1299 cells after transfection with
tophagic flux in CASC2 or pcDNA-introduced A549 and H1299 cells. (F)
-5, LC3-I and LC3-II in A549 and H1299 cells with CASC2 or pcDNA
f autophagic vacuoles in A549 and H1299 cells with CASC2 or pcDNA

RSC Adv., 2018, 8, 40846–40855 | 40849
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Fig. 2 The interaction between CASC2 and miR-214 in NSCLC cells. (A) Sequence alignment showing the binding sites between CASC2 and
miR-214. (B) Luciferase activity wasmeasured by luciferase reporter assay in 293T cells co-transfectedwith CASC2-WT or CASC2-MUT andmiR-
214 or miR-NC. (C) Amount of CASC2 and miR-214 bound to Ago2 or IgG detected by RT-qPCR after RIP. (D) A549 cells were transfected with
bio-miR-214-WT, bio-miR-214-MUT, bio-NC. At 48 h post-transfection, cells were collected and the level of CASC2 in the precipitated samples
was detected by RT-qPCR. miR-214 expression in the cell lysate of A549 cells pulled down by biotinylated CASC2 probe was detected by RT-
qPCR. *P < 0.05.
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compared to those transfected with biotin-labeled scrambled
controls (bio-NC), whereas miR-214-MUT with mutant binding
sites of CASC2 resulted in the inability of miR-214 to pull down
CASC2. In addition, the inverse pull-down system using
a biotin-labeled specic CASC2 probe was performed to conrm
whether CASC2 could pull down miR-214 and the results
demonstrated that miR-214 was specically enriched in the
CASC2 pulled down pellet compared with biotin-labeled
scrambled controls (Fig. 2D). Therefore, these results demon-
strated that CASC2 could direct bind to miR-214 in NSCLC cells.
3.3 CASC2 knockdown partially reversed miR-214
inhibition-mediated promotion of apoptosis and suppression
of autophagy in NSCLC cells

RT-qPCR results hinted that miR-214 expression was signi-
cantly increased in 21 NSCLC tissues and NSCLC cells (A549 and
H1299 cells) compared with normal tissues and 16HBE cells,
40850 | RSC Adv., 2018, 8, 40846–40855
respectively (Fig. 3A and B). To explore the regulatory effects of
CASC2 on the functional roles of miR-214 in NSCLC progres-
sion, rescue experiments were performed in A549 and H1299
cells by transfecting with anti-miR-214, anti-miR-NC, or
combined with si-CASC2 or si-NC. Flow cytometry analysis
proved that A549 and H1299 cells transfected with anti-miR-214
showed an evident increase of the apoptotic rates compared
with anti-miR-NC-transfected cells, which was effectively abol-
ished following CASC2 knockdown (Fig. 3C). GFP-LC3 analysis
revealed that suppression of miR-214 successfully reduced the
percentage of GFP-LC3 positive cells in A549 and H1299 cells,
while CASC2 depletion remarkably restored the reduction of the
percentage of GFP-LC3 positive cells induced by anti-miR-214
(Fig. 3D). Consistently, western blot analysis manifested that
miR-214 inhibitor apparently augmented the protein level of
p62, an index of autophagic degradation, but declined the
expression of Atg-5 and ratio of LC3-II/LC3-I, useful markers of
autophagy, in A549 and H1299 cells relative to anti-miR-NC
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 CASC2 knockdown partially reversedmiR-214 inhibition-mediated promotion of apoptosis and suppression of autophagy in NSCLC cells.
(A) RT-qPCR analysis of the expressions of miR-214 in 21 NSCLC tissues and adjacent normal tissues. (B) RT-qPCR analysis of the expressions of
miR-214 in NSCLC cell lines (A549 and H1299) and 16HBE cells. (C) Flow cytometry analysis was employed to assess apoptosis of A549 and
H1299 cells transfected with anti-miR-214, anti-miR-NC, or combined with si-CASC2 or si-NC. (D) GFP-LC3 analysis was performed to detect
the percentage of GFP-LC3 positive cells in A549 and H1299 cells transfected with anti-miR-214, anti-miR-NC, or combined with si-CASC2 or
si-NC. (E) Western blot was performed to determine the protein levels of p62, Atg-5, LC3-I and LC3-II in A549 and H1299 cells transfected with
anti-miR-214, anti-miR-NC, or combined with si-CASC2 or si-NC. *P < 0.05.
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group, which was partially overturned by CASC2 silencing
(Fig. 3E). Therefore, these data suggested that CASC2 knock-
down partially reversed miR-214 inhibition-mediated promo-
tion of apoptosis and suppression of autophagy in NSCLC cells.
3.4 TRIM16 was a direct target of miR-214 in NSCLC cells

Bioinformatics analysis showed that TRIM16 was a potential
target of miR-214, as shown in Fig. 4A. TRIM6 was found to play
an important role in different types of cancers, including
NSCLC.21 To conrm the direct binding between miR-214 and
TRIM16, luciferase reporter plasmids containing the WT or
MUT 30UTR of TRIM16 were constructed. The subsequent
luciferase reporter assay demonstrated that co-transfection of
miR-214 and TRIM16-WT signicantly reduced the luciferase
activity in 293T cells, while the luciferase activity showed little
change aer co-transfection of miR-214 and TRIM16-MUT
(Fig. 4B). Moreover, RIP assay showed that the mRNA of
TRIP16 could be specically recruited to the miRNP complexes
isolated using anti-Ago1 antibody aer miR-214 overexpression
in A549 cells (Fig. 4C), conrming the authentic binding
between miR-214 and TRIM16. Western blot further revealed
that up-regulation of miR-214 caused a remarkable decrease of
TRIM16 expression, while its knockdown led to an obvious
increase of TRIM16 level in A549 cells, suggesting that miR-214
negatively regulated TRIM16 expression. Similar results were
obtained from immunouorescence staining (Fig. 4E).
This journal is © The Royal Society of Chemistry 2018
Collectively, these data implicated that TRIM16 was a direct
target of miR-214 in NSCLC cells.
3.5 TRIM16 knockdown signicantly overturned anti-miR-
214-mediated promotion of apoptosis and inhibition of
autophagy in NSCLC cells

Next, we analyzed the expression of TRIM16 in NSCLC tissues
and cells. We found that TRIM16 was remarkably down-
regulated at mRNA and protein levels in NSCLC tissues and cell
lines (A549 and H1299) in comparison with respective controls
(Fig. 5A and B). Then, rescue experiments were performed to
explore the effects of anti-miR-214 or combined with TRIM16
silencing on apoptosis and autophagy in NSCLC cells. Flow
cytometry analysis manifested that anti-miR-214 effectively
induced apoptosis in A549 and H1299 cells, while reintro-
duction of si-TRIM16 partially receded the increase of apoptotic
rates induced by anti-miR-214 (Fig. 5C). In addition, ectopic
expression of anti-miR-214-mediated suppression of the
number of GFP-LC3 positive punctate cells was notably abro-
gated following the transfection of si-TRIM16 (Fig. 5D). Also, the
increased level of p62 and decreased expression of Atg-5 and
ratio of LC3-II/LC3-I were observed in anti-miR-214-transfected
A549 and H1299 cells, which were remarkably reversed by co-
transfection of anti-miR-214 and si-TRIM16 (Fig. 5E). Collec-
tively, these ndings indicated that TRIM16 depletion signi-
cantly overturned anti-miR-214-mediated promotion of
apoptosis and inhibition of autophagy in NSCLC cells.
RSC Adv., 2018, 8, 40846–40855 | 40851
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Fig. 4 The interaction between miR-214 and TRIM16 in NSCLC cells. (A) The predicted binding sites of miR-214 in the 30UTR of TRIM16. (B)
Luciferase activity was detected by luciferase reporter assay in 293T cells after co-transfection of miR-214 or miR-NC and TRIM16-WT or
TRIM16-MUT. (C) Anti-Ago1 RIP assay was performed to confirm the association between miR-214 and TRIM16. (D and E) Expression and
localization of TRIM16 in A549 cells transfected with miR-214, anti-miR-214, or matched controls by western blot and immunofluorescence
staining. *P < 0.05.
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3.6 CASC2 positively regulated TRIM16 expression by acting
as a sponge of miR-214

Of note, spearman correlation analysis found that miR-214
expression was negatively correlated with CASC2 and TRIM16
expression in NSCLC tissues (Fig. 6A and B). Moreover, a posi-
tive correlation between CASC2 and miR-214 was observed in
NSCLC tissues (Fig. 6C). Luciferase reporter assay demonstrated
that miR-214-mediated suppression of the luciferase activity of
reporter plasmids carrying the WT fragment of TRIM16 30UTR
was dramatically recuperated aer overexpressing CASC2 in
293T cells (Fig. 6D). The regulatory effects of CASC2 or
combined with miR-214 on the expression of TRIM16 in A549
and H1299 cells were further studied. As shown in Fig. 6E and F,
ectopic expression of CASC2 notably enhanced TRIM16 level in
A549 and H1299 cells, while this effect was greatly attenuated
increased expression of miR-214. Therefore, these results
demonstrated that CASC2 positively regulated TRIM16 expres-
sion by suppressing miR-214 expression in NSCLC cells.
4. Discussion

Previous evidence has suggested the critical functions of
lncRNAs in regulating the tumorigenesis and development of
malignancies including NSCLC.22 However, more researches are
needed to better understand the underlying molecular mecha-
nisms by which lncRNAs function in tumors. In our study, we
showed that CASC2 and TRIM16 were downregulated but miR-
214 was upregulated in NSCLC tissues and cells. CASC2 resto-
ration induced apoptosis and inhibited autophagy in NSCLC
cells. Notably, we found that CASC2 could positively regulate
TRIM16 by sponging miR-214 in NSCLC cells. Moreover, rescue
experiments demonstrated that CASC2 and TRIM16 knockdown
40852 | RSC Adv., 2018, 8, 40846–40855
signicantly reversed anti-miR-214-mediated promotion of
apoptosis and suppression of autophagy in NSCLC cells. These
results suggested that CASC2 induced apoptosis and inhibited
autophagy in regulating the miR-214/TRIM16 axis in NSCLC
cells.

CASC2 is a novel lncRNA transcript which is frequently
downregulated and plays a tumor suppressor role in the
progression of human malignancies.23 Pei et al. revealed that
downregulation of CASC2 promoted cell proliferation as well as
metastasis and promoted early apoptosis of bladder cancer cells
by activation of Wnt/b-catenin signal pathway.10 Xiong et al.
found that low expression of CASC2 indicated poor prognosis
and its overexpression inhibited the proliferation and arrested
cell cycle at Go/G1 stage in thyroid cancer cells.24 Gan et al. re-
ported that CASC2 expression was downregulated in hepato-
cellular carcinoma (HCC) cases and cell lines and
overexpression of CASC2 decreased HCC cell proliferation,
migration and invasion as well as promoted apoptosis via
inactivating the mitogen-activated protein kinase signaling
pathway.25 More importantly, He et al. demonstrated that low
expression of CASC2 served as an independent predictor for
overall survival of NSCLC and overexpression of CASC2 signi-
cantly inhibited NSCLC cell proliferation.11 In accordance with
the previous study, we demonstrated that CASC2 expression was
downregulated in NSCLC tissues and cells, and its over-
expression triggered apoptosis and impeded autophagy in
NSCLC cells, suggesting the tumor suppressive role of CASC2 in
NSCLC cells.

A growing body of evidence suggested that lncRNAs play as
a “Sponge” of miRNA to segregate miRNAs away from their
target mRNA. Previous studies have reported this novel regu-
latory mechanism of CASC2 in several tumors. For instance, Ba
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 TRIM16 knockdown significantly overturned anti-miR-214-mediated promotion of apoptosis and inhibition of autophagy in NSCLC cells.
(A) The expression of TRIM16mRNA in 21 NSCLC tissues and adjacent normal tissues was examined by RT-qPCR. (B) The protein level of TRIM16
in 16HBE, A549, and H1299 cells was determined by western blot. (C) Apoptosis of A549 and H1299 cells transfected with anti-miR-214 or anti-
miR-NC along with si-NC or si-TRIM16 was evaluated by flow cytometry analysis. (D) A549 and H1299 cells were transfected with anti-miR-214
or anti-miR-NC alongwith si-NC or si-TRIM16 and GFP-LC3-positive punctate cells were visualized by confocal microscope and the percentage
of GFP-LC3-positive cells were calculated. (E) Western blot was applied to detect the protein levels of p62, Atg-5, LC3-I and LC3-II in A549 and
H1299 cells transfected with anti-miR-214 or anti-miR-NC along with si-NC or si-TRIM16. *P < 0.05.
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et al. revealed that ectopic expression of CASC2 suppressed the
osteosarcoma cell growth and invasion through suppressing
miR-181a expression and thereby enhancing the expression of
RAS association domain family member 6 (RASSF6).26 Wang
et al. reported that CASC2 positively modulated F-box and WD
repeat domain containing 7 (FBXW7) expression by functioning
as a ceRNA for miR-367 in HCC cells.27 In this study, luciferase
reporter assay, RIP, and RNA pull down assay demonstrated
that CASC2 directly interacted with miR-214 in NSCLC cells.
There is striking evidence that miR-214 is oen dysregulated in
multiple cancers and its specic roles vary depending on the
types of cancers. It has been shown that miR-214 was upregu-
lated and contributed to tumor progression in melanoma,28

nasopharyngeal carcinoma29 and lung cancer.16,17 By contrast,
miR-214 was reported to be downregulated and exerted a tumor
suppressive role in other tumors such as cervical cancer,30

breast cancer31 and HCC.32 Our study demonstrated that miR-
214 was aberrantly upregulated in NSCLC tissues and cells,
consistently with the previous studies.16,17 Rescue experiments
demonstrated that CASC2 knockdown partially reversed miR-
214 inhibition-mediated promotion of apoptosis and suppres-
sion of autophagy in NSCLC cells, suggesting that CASC2
knockdown exerted its function in NSCLC cells by upregulating
miR-214.
This journal is © The Royal Society of Chemistry 2018
TRIM16 (also known as estrogen-responsive B-box protein,
EBBP), a member of TRIM family, is identied as a positive
transcriptional regulator of the retinoic acid receptor b2 in
retinoid-treated cancer cells.33 TRIM16 has been shown to be
implicated in the pathogenic mechanism of various tumors by
acting as a tumor suppressor.34 Previous studies reported that
TRIM16 expression acted as a tumor suppressor, affecting
neuritic differentiation, cell migration, and replication through
directly interacting with cytoplasmic vimentin and nuclear E2F1
in neuroblastoma cells.34 Additionally, TRIM16 expression was
downregulated in distant metastatic prostate cancer tissues and
overexpression of TRIM16 inhibited the migration, invasion
and epithelial-to-mesenchymal transition (EMT) process of
prostate cancer by inhibiting the Snail signaling pathway.35

Moreover, TRIM16 expression was found to be markedly
decreased in NSCLC and signicantly promoted EMT and
metastasis in NSCLC both in vitro and in vivo by activating the
sonic hedgehog pathway.36 Consistently, our study conrmed
the downregulation of TRIM16 in NSCLC tissues and cells.
Besides, TRIM16 was identied as a direct target of miR-214 in
NSCLC cells by luciferase reporter assay and RIP. TRIM16
knockdown strikingly attenuated anti-miR-214-mediated
promotion of apoptosis and inhibition of autophagy in
NSCLC cells, suggesting that anti-miR-214 promoted apoptosis
RSC Adv., 2018, 8, 40846–40855 | 40853
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Fig. 6 CASC2 positively regulated TRIM16 expression by suppressing miR-214 expression in NSCLC cells. (A) The negative correlation between
miR-214 and CASC2 expressions in NSCLC tissues. (B) The negative correlation between miR-214 and TRIM16 expressions in NSCLC tissues. (C)
The positive correlation between TRIM16 and miR-214 expressions in NSCLC tissues. (D) After 293T cells were co-transfected with miR-214,
miR-214 + pcDNA, or miR-214 + CASC2 and TRIM16-WT or TRIM16-MUT, luciferase activity was measured by luciferase reporter assay. (E and F)
Western blot was conducted to detect the protein level of TRIM16 in A549 and H1299 cells after transfection with CASC2, pcDNA, CASC2 +miR-
214, CASC2 + miR-NC. *P < 0.05.
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and inhibited autophagy in NSCLC cells by upregulating
TRIM16. Furthermore, we found that CASC2 positively regu-
lated TRIM16 expression by acting as a sponge of miR-214.
Therefore, we concluded that CASC2 regulated apoptosis and
autophagy in NSCLC cells by upregulating TRIM16 through
acting as a sponge of miR-214.

In summary, our study indicated that CASC2 and TRIM16
were signicantly downregulated and miR-214 was dramatically
upregulated in NSCLC tissues and cells. Moreover, we provided
the rst evidence that CASC2 promoted apoptosis and impeded
autophagy in NSCLC cells by regulating the miR-214/TRIM16
axis, suggesting that targeting CASC2/miR-214/TRIM16 regula-
tory network may be a novel therapeutic application in the
treatment of NSCLC.
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