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Abstract
Non-small cell lung cancer (NSCLC) is a malignant tumor with a high fatality, low overall cure, and survival rates worldwide. 
When only palliative therapy is available, the disease leads to malignant proliferation. Previous studies showed miR-29b 
serves as an NSCLC suppressor by inhibiting cells proliferation, migration, and invasion. However, the mechanism underlying 
NSCLC progression remains elusive. In this study, we identified Striatin 4 (STRN4), a target of miR-29b, which serves as a 
pro-oncogenic protein by promoting cells proliferation, migration, and invasion in NSCLC. Besides, the STRN4 was highly 
expressed in NSCLC and negatively regulated by miR-29b. Down-regulation of STRN4 inhibits NSCLC cells proliferation, 
migration, invasion, and promotes apoptosis in vitro, whereas overexpression-induced enhanced cell migration and invasion 
could be reverved by miR-29b. Notably, overexpression of miR-29b and down-regulation of STRN4 by shRNA suppressed 
cellular proliferation and delayed tumor progression in vivo. Together, these findings identify a miR-29b/STRN4 regulatory 
pathway in NSCLC progression, which may provide a new sight for the treatment of NSCLC.
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Introduction

Lung cancer is the leading cause of cancer death in the 
world, with an estimated 1.6 million deaths each year [1]. It 
has been estimated that about 85% of patients with lung can-
cer are NSCLC [2]. However, the overall survival and cure 
rates of NSCLC remain low. Therefore, further research into 
the disease biology and mechanisms of malignant prolifera-
tion is required to increase our understanding of NSCLC and 
improve the survival rate.

Numerous studies have revealed microRNAs (miRNAs), 
small noncoding RNAs that have the capacity to regulate 
gene expression, are implicated in cancer initiation and 
progression [3, 4]. Aberrant patterns of miRNA expression 
have been reported in multiple cancers, and they have been 
demonstrated to act as key factors in cancer at all stages, 

ranging from initiation to metastasis [5]. The miR-29 fam-
ily (miR-29s) contains miR-29a, miR-29b, and miR-29c 
in humans. The structure, function, and regulation of the 
miR-29s are highly similar in humans and rodents [6]. The 
Kirsten ras oncogene (KRAS) mutation is one of the most 
common mutations in lung cancer [7], and the miR-29b can 
be driven by KRAS through the RAF–MEK–ERK pathway 
[8]. In addition, miR-29b functions as a tumor suppressor in 
breast cancer cells and inhibits the invasion and angiogen-
esis of cervical cancer by targeting STAT3 [9–11]. Previ-
ous studies have revealed a down-regulation of miR-29s, 
including the miR-29b, in NSCLC [12–14]. Further studies 
showed that loss of tumor-suppressive miR-29s promoted 
cancer cell invasion in lung squamous cell carcinoma [15], 
while up-regulation of miR-29 attenuated NSCLC metastasis 
[12]. The molecular targets of miR-29b in NSCLC have been 
reported. Recently, Chen et al. demonstrated that the miR-
29 family could directly target SET domain bifurcated-1 
(SETDB1) in NSCLC [13]. And Wang et al. reported that 
miR-29b suppressed NSCLC metastasis in vitro and in vivo 
by directly targeting 3′-UTR of Phosphatase and Tensin 
homolog deleted on chromosome Ten (PTEN) and Matrix 
Metalloprotein 2 (MMP2) mRNAs and down-regulated 
MMP2 protein expression [12]. However, it is not clear 
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whether other downstream targets of miR-29b are involved 
in NSCLC progression.

Emerging evidence shows STRN4, a member of the 
striatin family interacts with a diverse set of proteins (e.g., 
calmodulin and caveolin), is widely expressed in the nerv-
ous system as well as in other tissues and cell lines [16–19]. 
Previous studies suggest that STRN4 regulates dendritic 
growth and rodent’s behaviors [20–22]. Of note, STRN4 
plays a pivotal role in pancreatic cancer malignancy by pro-
moting the proliferation, migration, invasion, and anchor-
age-independent growth of cancer cells [23]. Accumulating 
evidence has revealed that up-regulated STRN4 is associated 
with germinal center kinases that exert tumor-promoting or 
tumor-suppressing activity [24–26]. In addition, Fan et al. 
reported that miR-873 inhibited colorectal cancer metasta-
sis by directly binding to the 3ʹUTRs of ELK1 and STRN4 
[27]. However, there is a lack of information about whether 
STRN4 involves in the progression of NSCLC.

In this study, we performed bioinformatics analysis to 
explore the downstream targets of miR-29b, and found that 
STRN4 may be a novel candidate target of miR-29b. Fur-
ther luciferase reporter assays revealed that miR-29b inter-
acted with STRN4 by directly targeting its 3ʹUTRs. And 
the STRN4 was highly expressed in NSCLC. In addition, 
miR-29b reversed STRN4-induced enhancement of NSCLC 
cell apoptosis, migration, and invasion. These results pro-
vide new sights into the molecular mechanism and therapy 
of NSCLC.

Materials and methods

Patient samples

We collected 40 NSCLC tissue samples from the years 2015 
to 2018, after surgical resection at the West China Second 
University Hospital (Sichuan, China). Patients who had any 
anticancer therapy before tissue sample collection were 
excluded. The tumor stage was characterized using guide-
lines from the 2010 American Joint Committee on Cancer 
and the International Union against Cancer Tumor-Node-
Metastasis (TNM) classification system, and the tumor dif-
ferentiation was graded according to the Edmondson and 
Steiner grading system. This study was approved by the Eth-
ics Committee of West China Second University Hospital, 
and all patients provided written informed consent.

Cell culture and chemicals

The subtypes of the non-small cell lung cancer cell lines, 
namely, A549, NCI-H460, PC9, and NCI-H441, were 
purchased from the Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China). The cells were cultured 

in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, 
USA), supplemented with 10% heat-inactivated fetal 
bovine serum (FBS), 2 mM l-glutamine, and antibiotics 
(0.1 mg mL−1 streptomycin and 100 U  mL−1 penicillin). All 
cells were cultured in a 37 °C incubator with 5%  CO2. Anti-
STRN4 (ab177155), Anti-p21 (ab109199), Anti-cyclinD1 
(ab16663), Anti-Bax (ab32503), Anti-E-cadherin (ab1416), 
Anti-MMP-9 (ab73734), and GAPDH (ab181602) antibod-
ies were purchased from Abcam (Cambridge, MA, USA). 
The miR-29b-3p mimics (5′-UAG CAC CAU UUG AAA UCA 
GUGUU-3′, 5′-UAG CAC CAU UUG AAA UCA GUGUU-3′) 
and inhibitors (5′-AAC ACU GAU UUC AAA UGG UGCUA-
3′) were purchased from RiboBio Co., Ltd. (Guangzhou, 
China). The shRNA STRN4-1 (CCG GGC TAG ATG TGG 
AAC CTA TAC CTC GAG GTA TAG GTT CCA CAT CTA GCT 
TTT TG), and shRNA STRN4-2 (CCG GGC CTC TGT CTG 
TTT GCC ATG GCT CGA GCC ATG GCA AAC AGA CAG 
AGG CTT TTTG) specific for STRN4.

Generation of stable cell lines

A549 cells that expressed shRNA-STRN4 or miR-29b-3p 
were established by retroviral infection and selected by puro-
mycin. The shRNA STRN4-1, pre-miR-29b-3p, and nega-
tive control (NC) that packaged in lentivirus were bought 
from Hefei Zhien Biotech. Co. (Hefei, China). The A549 
cells were seeded into 6-well plates, and the lentivirus with 
the best multiplicity of infection (MOI) was added for 24 h, 
then puromycin (5 μg/mL, Sigma-Aldrich) was added to the 
culture for a specific selection of the infected cells.

Proliferation assay

The viability of cells was analyzed by the standard MTT 
[3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide] reagent (Roche, Basel, Switzerland) assay. Cells were 
seeded into 96-well plates (5 × 103 cells/well) at 37 °C. The 
cell culture (100 μl) and MTT solution (10 μl/well) were 
mixed well and added into the wells, which were incubated 
with 5%  CO2 for 4 h at 37 °C. A microplate reader (Bio-Rad, 
USA) was used to measure the absorbance at 490 nm.

Flow cytometry

For the cell-cycle analysis, cells were collected and centri-
fuged in a centrifuge at 600g for 10 min. The pellet was fixed 
with cold 70% ethanol for 2 h at 4 °C and then centrifuged 
at 3000g for 5 min, followed by resuspension in 100 µl PBS 
and incubation with 5 µl RNAse (20 µg/ml) for 30 min at 
37 °C. Then, the cells were stained with propidium iodide 
(50 µg/ml) for 30 min and counted using an Accuri™ C6 
flow cytometer (BD Biosciences). The results were analyzed 
using ModFit S software.
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For the apoptosis analysis, cells were collected and resus-
pensed in 500 µl binding buffer. Subsequently, they were 
stained with 5 µl (250 µg/ml, final concentration) Annexin 
V mixed with 5 µl propidium iodide (1 µg/ml, BD Bio-
sciences). Stained cells were quantified by an Accuri™ C6 
flow cytometer, and the data were displayed on a graph by 
FlowJo software version 10 (FlowJo LLC, USA). All experi-
ments were conducted in triplicates.

Migration and invasion assay by Transwell assay

The Transwell assay was used to estimate the migration and 
invasion ability of cells. Cells were detached by digestion 
with 0.25% trypsin, then re-suspension using DMEM with-
out serum to 1 × 105 cells/ml. Transwell membranes with 
8-mm-pore size (Corning Inc. USA) were placed into the 
wells of the 24-well plates containing 600 µl DMEM with 
10% FBS. After the membranes were seeded with 200 µl 
of cultured cells in culture medium and incubated for 24 h 
in a 5%  CO2 incubator, the cells were fixed on the Tran-
swell membranes with 4% polyformaldehyde and stained 
with 0.5% crystal violet solution for 5 min and rinsed again 
with water for 5 min. Images were captured by a microscope 
(Leica, DM2500, Germany). For the invasion assay, the cells 
were seeded on the pre-coated Matrigel (BD Biosciences) of 
the polyethylene terephthalate membranes.

Wound healing assay

The 5 × 105 cells were seeded into each well of plates and 
allowed to grow to a confluent monolayer in a 37 °C incuba-
tor before wounding the monolayer by scratching the surface 
with a pipette tip. Next, the cells were washed three times, 
replacement with fresh medium to continue culture for 24 h. 
The images of cell migration were captured with a micro-
scope (Leica, DM2500, Germany).

Immunohistochemical staining

The tissue specimens were fixed with formalin and embed-
ded in paraffin blocks, and then sliced into 6-µm thick sec-
tions. After antigen retrieval and blocking, the sections were 
incubated with STRN4 antibody at 4 °C overnight. After 
staining, the images were visualized and captured with a 
microscope (Zeiss, Germany).

Real‑time polymerase chain reaction (RT‑PCR)

Trizol reagent (Invitrogen) was used to extract total RNA 
from tissues or cells, according to instructions from the 
manufacturer. The purity and concentration of the isolated 
total RNA were measured using a UV spectrophotometry. 
Then, the cDNA was synthesized using a qRT-PCR kit 

(TransGen) and amplified in a reaction mixture containing 
10 µl of master mix SYBR Green, 1 µl of each primer of 
STRN4 (forward: GAT CTC ACC GTC ACC AAC GA; reverse: 
GGA ACG AAT GCC GTC GTA GT), 1 µl cDNA template, 
and 8 µl  ddH2O. The expression levels of STRN4 were nor-
malized to those of the housekeeping gene, glyceraldehyde 
3-phosphate dehydrogenase (GAPDH, forward: AAT CCC 
ATC ACC ATC TTC CA; reverse: GGC GGA GAT GAT GAC 
CCT T). The relative gene expression was calculated with 
the LightCycle Application (LC96, USA).

Western blotting

Protein lysates from cells were prepared by using a lysis 
buffer. The proteins were purified after centrifugation. The 
protein sample was separated using gel electrophoresis, and 
transferred to the membrane using previously a described 
method [28]. After blocking with 5% non-fat milk on a 
shaking bed and then incubated with the primary antibod-
ies against STRN4 (1:1000) and GAPDH (1:1000) and 
subsequently incubated with relevant anti-rabbit IgG-HRP 
(1:5000, CST) and goat anti-mouse IgG-HRP (1:5000, CST) 
secondary antibodies. Finally, the visualization of protein 
bands was accomplished with a gel imaging system (Fusion 
Solo, France). The quantification of the bands’ signals was 
performed using by ImageJ software.

Bioinformatics

The gene STRN4 was predicted to be targeted by miR-29b 
using TargetScan (www.targe tscan .org). Using three inde-
pendent prediction programs (miRecords, mirecords.biolead.
org; miRGator, genome.ewha.ac.kr/miRGator/miRGator.
html; miRGen, www.diana.pcbi.upenn.edu/miRGen.html) 
to perform comparative analyses to confirm the accuracy of 
the prediction.

Luciferase reporter assays

Luciferase reporter assays were performed as previously 
described previously [29]. Briefly, 293T cells were seeded 
into 24-well plates at 70–80% confluency, 1 day prior to 
transfection. miR-29b-3p mimics and NC mimics were 
co-transfected with the reporter vector STRN4 wild-type 
(3′UTR-WT) or STRN4 mutated-type (3′UTR-MUT) into 
the 293T cells, using Lipofectamine 2000 (Invitrogen) 
transfection reagent and incubated for 6 h according to 
instructions from the manufacturer. Forty-eight hours after 
transfection, luciferase activity was measured using the 
Dual-Luciferase® Reporter Assay System (Promega Cor-
poration, Fitchburg, WI, USA).

http://www.targetscan.org
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EdU staining

Cells were seeded into 24-well plates and incubated for 2 h 
with a preheated EdU working solution (10 M) at 37 °C. 
The cells were washed 3 times and a permeable solution 
was added to 24-well plates for incubating 10–15 min. After 
washing 3 times, 200 μl Click reaction mixture was used to 
incubate 30 min at room temperature in the dark. Following 
washing 3 times, the images were observed and captured 
with a microscope.

Animal experiments

Animal experiments were conducted in accordance with 
the regulations of Sichuan University. A total of 2 × 106 
cell(1 × 107 cell/mL, 200 µl) control, miR-29b-3p overex-
pressing, and shRNA-STRN4 lung cancer cells were injected 
s.c. into both sides of the femoral area of six nude mice. 
The mice were killed 4 weeks after tumor inoculation, and 
the tumors were extracted to determine their volumes and 
weights. A caliper was used to measure tumor diameter, and 
tumor volume was calculated using the following formula: 
π/6 × (largest diameter)3.

Statistics

All statistical analyses and graphing were performed using 
SPSS software (version 22; SPSS Inc., Chicago, IL, USA) 
and the GraphPad Prism 7 (Graph Pad Software, Inc., USA). 
All data were expressed as mean ± standard deviation. To 
test the significance of the data, Student’s t test, ANOVA 
analysis, and Spearman’s rank correlation were used. A p 
value of < 0.05 represented statistical significance.

Results

miR‑29b negatively regulate STRN4 expression 
by directly targeting 3′UTR region

Previous studies reported miR-29b suppressed NSCLC 
metastasis in vitro and in vivo [12]. In an effort to find the 
downstream target of miR-29b in NSCLC, we first per-
formed a bioinformatic analysis using TargetScan and found 
PTEN, MMP2, and STRN4 were potential target molecules 
of miR-29b. Unlike PTEN and MMP2 that have been dem-
onstrated by Wang et al. [12], STRN4 is a novel target of 
miR-29b that has never been reported. Given the impor-
tant role of STRN4 in cancer cell proliferation, migration, 
and invasion [23, 27]. The luciferase reporter assays were 
employed to further determine whether miR-29b can directly 
target the 3′UTR region of STRN4. After cloning the target 
sequence (3′UTR-WT) or MUT sequence (3′UTR-MUT) 

into a luciferase reporter vector, and transfecting 293T cells 
with the WT or MUT 3′UTR vector and miR-29b-3p mimic 
or control mimic (Fig. 1a). We observed an obvious decrease 
of the luciferase activity in WT vectors after co-transfect-
ing with miR-29b-3p mimic, and a mutation in the putative 
binding site within the STRN4 3′UTR region abrogated the 
suppressive effect of miR-29b-3p mimic (Fig. 1b). To fur-
ther examine the interplay between miR-29b and STRN4 in 
the NSCLC, four subtypes of the NSCLC cell lines, namely 
A549, NCI-H460, PC9, and NCI-H441, were screened for 
their STRN4 mRNA and protein expressions. Compared 
with NCI-H460 and NCI-H441 cell lines, the expression 
of STRN4 mRNA and protein in A549 and PC9, especially 
in PC9 cells, were higher (Fig. 1c, d). Then both the A549 
and PC9 cells were transfected by the WT/MUT 3′UTR 
vector and miR-29b-3p/control mimic, we found that the 
miR-29b was able to repress STRN4 expression at both the 
mRNA and protein levels in A549 and PC9 cells (Fig. 1e, f). 
Together, these results indicate miR-29b negatively regulate 
STRN4 expression by directly targeting its 3′UTR region in 
NSCLC cells.

Upregulated STRN4 in NSCLC tissues and cell lines

To investigate the function of STRN4 in NSCLC, we next 
examined the expression levels of STRN4 in NSCLC tis-
sues (tumor, n = 40) and corresponding paracancerous 
tissues (normal, n = 40) by immunofluorescence. Immu-
nofluorescence stains showed STRN4 located both in the 
cytoplasm and cytomembrane, the number and fluorescence 
intensity of STRN4 positive cells significantly increased in 
NSCLC tissues compared with those of the normal tissues 
(Fig. 2a). Using RT-PCR and western blotting approaches, 
we found higher STRN4 mRNA and protein expressions in 
NSCLC tissues than the corresponding paracancerous tis-
sues (Fig. 2b, c). Together, these results suggest increased 
expression of STRN4 in NSCLC. Besides, the STRN4 
expression in NSCLC cells was also analyzed. Consistent 
with the results obtained from the NSCLC tissue, the expres-
sion of STRN4 mRNA and protein in A549 and PC9 cell 
lines is much higher than that of the normal lung epithelial 
cell lines, namely, HFL-1 and HBEC (Fig. 2d, e). Given 
the higher expressions of STRN4 in A549 and PC9 cells, 
we next focused on its biological role in cell proliferation, 
migration, invasion, and apoptosis in A549 and PC9 cell 
lines.

STRN4 knockdown inhibits NSCLC cells proliferation, 
migration, and invasion and promotes apoptosis 
in vitro

We first used two different kinds of shRNA-STRN4 (shRNA 
STRN4-1 and shRNA STRN4-2) to knock down STRN4 
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expression in A549 and PC9 cells (Fig.  3a). When the 
STRN4 level decreased, the cell proliferation rate was sig-
nificantly decreased as detected by MTT assay (Fig. 3b). We 
subsequently explored whether STRN4 knockdown could 
influence the cell cycle and apoptosis of A549 and PC9 cells. 
Flow cytometric analysis indicated that the knockdown of 
STRN4 induces G1 cell cycle arrest and a concomitant 
decrease in the number of cells in the S phase (Fig. 3c, d). 
We then stained the cells with annexin V-FITC and PI and 

found that STRN4 knockdown promoted apoptosis of both 
cell lines mentioned above (Fig. 3e, f). To investigate the 
effect of STRN4 knockdown on the ability of cell migra-
tion and invasion, both A549 and PC9 were transfected with 
shRNA Control, shRNA STRN4-1 and shRNA STRN4-2. 
24 h post-transfection, wound healing assay, and Transwell 
assay showed that the percentage of wound healing (Fig. 4a, 
b) and the migration cell per field (Fig. 4c–e) in shRNA 
STRN4 groups were obviously decreased compared with 

Fig. 1  miR-29b mediates STRN4 in NSCLC. a Luciferase reporter 
assays of 3ʹUTRs of candidate genes upon transfection of miR-29b 
in 293T cells. b Luciferase reporter assay showed that miR-29b-3p 
mimic reduced the intensity of fluorescence in 293T cells transfected 
with STRN4-WT, while it had no effect on the STRN4-MUT or con-
trol vectors. c qRT-PCR analysis of STRN4 mRNA expression in 
four tumor cell lines. d Representative bands showing STRN4 pro-
tein expression in four tumor cell lines by western blotting. e mRNA 

(left) and protein (right) levels of STRN4 in A549 cells transfected 
with mimic-control, miR-29b-3p mimic, inhibitor-control, and miR-
29b-3p inhibitor. f mRNA (left) and protein (right) levels of STRN4 
in PC9 cells transfected with mimic-control, miR-29b-3p mimic, 
inhibitor-control, and miR-29b-3p inhibitor. Unpaired t test for e and 
f. The data are represented as the mean ± SEM of three independent 
experiments, **P < 0.01, ***P < 0.001. WT wild type, MUT mutant, 
NC negative control
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the control, which indicates that the ability of A549 and 
PC9 cell migration and invasion was dramatically weakened 
by STRN4 knockdown. Together, these results suggest that 
STRN4 promotes the proliferation, migration, and invasion 
of NSCLC cells.

The miR‑29b/STRN4 pathway regulates NSCLC cells 
proliferation, migration, invasion, and apoptosis

Since the decrease of miR-29b leads to up-regulation 
of STRN4 in NSCLC, this prompted us to test whether 
manipulation of the miR-29b/STRN4 pathway can regu-
late the NSCLC cells proliferation, apoptosis, migration, 
and invasion in vitro. We subsequently co-transfected 

A549 cell with miR-29b-3p mimic and STRN4 expression 
plasmids. The quantative analysis showed an increased 
cell proliferation rate in STRN4-overexpressing groups, 
while a decreased cell proliferation rate in miR-29b-ex-
pressing groups by EdU staining, and miR-29b reversed 
the high cell proliferation rate induced by STRN4 over-
expression in A549 cells (Fig. 5a). We also found higher 
STRN4 expression in STRN4-overexpressing groups 
and decreased STRN4 expression in miR-29b-expressing 
groups by western blotting (Fig. 5b). Flow cytometric 
analysis suggested that STRN4 overexpression increased 
A549 cell number in the S phase, while miR-29b mimic 
induced G1 cell-cycle arrest, and OE-STRN4 and miR-
29b mimic co-transfection inhibited the S-phase cell 

Fig. 2  Analysis of STRN4 expression in clinical samples and cell 
line. a Immunofluorescence analysis of STRN4 expression in cor-
responding paracancerous (normal) and NSCLC (tumor) tissue sam-
ples. Scale bar, 50 μm; panels show a close-up view of the white box, 
scale bar, 10 µm. b qRT-PCR analysis of STRN4 mRNA expression 
in normal and tumor tissue samples. c Representative bands show-

ing STRN4 expression in normal and tumor tissues by western blot-
ting. d STRN4 mRNA expression in normal and NSCLC cell lines. 
e Representative bands showing STRN4 expression in normal and 
NSCLC cell lines by western blotting. Unpaired t test for b. The data 
are represented as the mean ± SEM of three independent experiments, 
*P < 0.05, ***P < 0.001. N normal tissues, T tumor tissues
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increase induced by STRN4 overexpression (Fig.  5c, 
d). In addition, we also found miR-29b promoted, but 
STRN4 overexpression inhibited the apoptosis of A549 
cells (Fig.  5e, f). Meanwhile, wound healing assay 
and Transwell assay showed that miR-29b was able to 
reverse the STRN4 overexpression-induced enhanced 
cell migration and invasion of A549 cells, respectively 

(Fig. 5g, h). To explore the expression of tumor associ-
ated genes, proliferation genes (p21, Cyclin D1), apop-
tosis gene (Bax), and migration/invasion genes (MMP-9, 
E-cadherin) were examined in A549 cells co-transfected 
with different mimic/plasmid combinations mentioned 
above. The results showed that miR-29b promoted p21, 
Bax, and E-cadherin, but inhibited Cyclin D1 and MMP-9 

Fig. 3  Analysis of STRN4 knockdown effects on cell prolifera-
tion and apoptosis. a mRNA (left) and protein (right) levels of 
STRN4 were determined after A549 and PC9 cells were transfected 
with two different short hairpin RNA sequences (shRNAs) shRNA-
STRN4-1 and shRNA-STRN4-2. Control shRNA served as a con-
trol. b Cell proliferation of A549 (left) and PC9 cells (right) was 
analyzed with MTT assays at indicated time points after control and 
STRN4 knockdown. c, d Cell cycle was tested and quantified by flow 

cytometry in A549 (c) and PC9 cells (d) transfected with shRNA-
STRN4-1, shRNA-STRN4-2 or shRNA-Control. e, f Cell apoptosis 
analysis by annexin V-FITC and PI staining was tested and quanti-
fied by flow cytometry in A549 (e) and PC9 cells (f) transfected with 
shRNA-STRN4-1, shRNA-STRN4-2 or shRNA-Control. Unpaired 
t test for (a) and (c–f); ANOVA for b. The data are represented as 
the mean ± SEM of three independent experiments, ***P < 0.001. sh 
shRNA



227miR-29b inhibits non-small cell lung cancer progression by targeting STRN4  

1 3

Fig. 4  Analysis of STRN4 knockdown effects on cell migration and 
invasion. a Representative images of the wound healing assay of indi-
cated groups (A549-shRNA-Control cells, A549-shRNA-STRN4-1/
A549-shRNA-STRN4-2 cells, PC9-shRNA-Control cells and PC9-
shRNA-STRN4-1/PC9-shRNA-STRN4-2 cells). Scale bar, 50  μm. 
b Quantification of the healed wound area showed that when A549/
PC9 cells were transfected with shRNA-STRN4-1/shRNA-STRN4-2, 
wound closure was inhibited by approximately 75% compared to 
shRNA-Control. c Images from the Transwell assay showed the inva-
sion of indicated groups (A549-shRNA-Control cells, A549-shRNA-
STRN4-1/A549-shRNA-STRN4-2 cells, PC9-shRNA-Control cells 

and PC9-shRNA-STRN4-1/PC9-shRNA-STRN4-2 cells). Scale bar, 
50 μm. d, e Summary data of the migration and invasion of different 
groups (A549-shRNA-Control cells, A549-shRNA-STRN4-1/A549-
shRNA-STRN4-2 cells, PC9-shRNA-Control cells and PC9-shRNA-
STRN4-1/PC9-shRNA-STRN4-2 cells). Cell counts of transmigrated 
cells from the five photographed fields in each group. After 24 h for 
the migration and invasion assay, A549 and PC9 cell proliferation 
was decreased by STRN4 silencing. Unpaired t test for b, d, and e. 
The data are represented as the mean ± SEM of three independent 
experiments, **P < 0.01, ***P < 0.001. sh shRNA
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Fig. 5  miR-29b reverses STRN4-induced cell proliferation and inhib-
its STRN4-induced cell migration and invasion. a Left: images of 
EdU immunostaining in the A549 cells that were co-transfected with 
OE-control and NC-mimic, OE-control and miR-29b-3p mimic, OE-
STRN4 and NC-mimic, OE-STRN4-WT and miR-29b-3p mimic or 
OE-STRN4-MT and miR-29b-3p mimic. Scale bar, 20  μm. Right: 
Bar graphs of the number of  EdU+ cells under different conditions. 
b Expression of STRN4 protein in A549 cells transfected with OE-
control and NC-mimic, OE-control and miR-29b-3p mimic, OE-
STRN4 and NC-mimic, OE-STRN4-WT and miR-29b-3p mimic or 
OE-STRN4-MT and miR-29b-3p mimic was detected by western 
blotting. c Cell cycle was tested by flow cytometry of A549 cells 
under different conditions. d Cell cycle was quantified following flow 
cytometry analysis in A549 cells. e Cell apoptosis was measured by 

flow cytometry in A549 cells. f Cell apoptosis was quantified follow-
ing flow cytometry analysis in A549 cells. g Representative images 
and h quantification of migration and invasion assays in A549 cells 
of indicated groups (OE-control and NC mimic, OE-control and 
miR-29b-3p mimic, OE- STRN4 and NC mimic, or OE-STRN4 and 
miR-29b-3p mimic). Scale bar, 50  μm. i Western blotting was per-
formed to test the expression of cell proliferation and apoptosis-
related genes. j Representative bands showing migration and inva-
sion-related E-cadherin and MMP-9 expression. k Statistical data on 
the relative expression of tumor cell proliferation, apoptosis, migra-
tion and invasion-related genes in A549 cells under different condi-
tions. Unpaired t test for b, d, f, h, and k. The data are represented 
as the mean ± SEM of three independent experiments, **P < 0.01, 
***P < 0.001. OE overexpression, NC negative control
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expression, while STRN4 overexpression promoted Cyc-
lin D1 and MMP-9, but inhibited p21, Bax, and E-cad-
herin expression (Fig. 5i–k). In view of the critical roles 
played by these genes in tumor cell proliferation, apopto-
sis, migration, and invasion, they are potential targets of 
the miR-29b/STRN4 regulatory pathway in the control of 
NSCLC progression.

To further explore the miR-29b/STRN4 regulatory 
pathway in vivo, A549 cells infected by lentivirus vectors 
that could stably overexpress miR-29b gene or shRNA-
STRN4 were subcutaneously injected into the ventral 
regions of six female BALB/C nude mice for 4 weeks. 
We observed that mice injected with NSCLC cells over-
expressing miR-29b and shRNA-STRN4 formed smaller 
tumors compared with the control. We then measured the 
weight of tumors and found the weights of miR-29b over-
expressing and shRNA–STRN4 tumors were significantly 
decreased compared with control tumors (Fig. 6a–c), 
and immunohistochemical staining showed that shRNA-
STRN4/overexpression miR-29b was able to markedly 
increased the apoptosis of A549 cells (Fig. 6d).

In summary, these above results indicated that miR-29b 
negatively regulates the expression of STRN4 to inhibit 
NSCLC progression.

Discussion

Lung cancer is the most common cause of death from cancer 
death, and among lung cancers, NSCLC top the list of those 
that cause death [30]. In the present study, we found that 
STRN4 was highly expressed in NSCLC cell lines A549 and 
PC9, and miR-29b negatively modulated STRN4 expression 
by directly binding to the 3′-UTR region of STRN4. Excit-
ingly, miR-29b up-regulation or STRN4 knockdown dra-
matically inhibited the proliferation, migration, and invasion 
of A549 cell both in vivo and in vitro. Thus, our research 
sheds light on the mechanism underlying NSCLC progres-
sion and provides new sight that will expand the clinical 
benefit to a broader patient population by improving out-
comes in NSCLC.

The miR-29b is able to bind to specific sites typically 
present in the 3′-UTR of its target genes to mediate mRNA 
decay in lung cancer [15, 31]. Similarly, we found that miR-
29b negatively regulated the expression of STRN4 both in 
A549 and PC9 cells, which is due to the interaction of the 
STRN4 3′-UTR with miR-29b. As is well known, miRNAs 
function through base-pairing the complementary sequences 
within mRNA [32], which results in silence of mRNA mol-
ecules by cleaving the mRNA strand into two pieces, desta-
bilizing mRNA through the shortening of its poly(A) tail, or 

Fig. 6  Depletion of STRN4 or overexpression of miR-29b suppresses 
tumor growth in  vivo. a Volume quantification of six subcutaneous 
tumors formed by A549-control, A549-shRNA-STRN4, and A549-
miR-29b-3p mimic cells every other week after NSCLC cells injec-
tion. b Images of tumors removed from nude mice after 4 weeks of 
NSCLC cells injection. c Weight quantification of extracted subcu-
taneous tumors formed by A549-control, A549-shRNA-STRN4, and 

A549-miR-29b-3p mimic cells. d Immunohistochemical images of 
NSCLC tissues injected with A549-control, A549-shRNA-STRN4, 
and A549-miR-29b-3p mimic cell. Scale bar, 50 μm. ANOVA for a; 
unpaired t test for c. The data are represented as the mean ± SEM of 
three independent experiments, ***P < 0.001. OE overexpression, sh 
shRNA
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decreasing the translation efficiency of mRNA into proteins 
by ribosomes [32, 33]. In our study, we found a significant 
decrease of STRN4 mRNA expression both in A549 (by 
31%) and PC9 (by 33%) cells after the transfection of miR-
29b-3p mimic, which may result from the cleavage of the 
STRN4 mRNA strand by miR-29b-3p mimic. Further stud-
ies about the process that STRN4 mRNA was silenced by 
miR-29b are needed.

The contribution of STRN4 in many other cancers, as 
well as its transcriptional regulation by other molecules, 
has been widely investigated [6, 23, 34, 35]. However, it is 
still unknown whether STRN4 is associated with the pro-
gression of NSCLC. In this study, we found that STRN4 
is highly expressed in NSCLC compared with the cor-
responding paracancerous tissues. Further experimental 
results showed that down-regulation of STRN4 inhibited 
the proliferation, migration, and invasion of NSCLC cells. 
How does the STRN4 expression affect NSCLC? Our study 
showed that the STRN4 overexpression promoted the pro-
liferation, invasion, and survival of A549 cells probably 
by increasing the level of Cyclin D1 and MMP-9, and by 
decreasing the level of p21, Bax, and E-cadherin. In fact, 
p21, Cyclin D1, and Bax play important roles in the regula-
tion of NSCLC cell cycle [14], proliferation [36, 37], and 
apoptosis [38, 39]. Timosaponin AIII can inhibit migra-
tion and invasion of human NSCLC A549 cells via attenu-
ations of MMP-2 and MMP-9 by inhibitions of ERK1/2, 
Src/FAK and β-catenin signaling pathways [40]. Loss of 
E-cadherin activates EGFR–MEK/ERK signaling that pro-
motes NSCLC cells invasion via the ZEB1/MMP2 axis 
[41]. Therefore, our results indicate that miR-29b/STRN4 
pathway modulated the progression of NSCLC probably by 
regulating the expression of p21, Cyclin D1, Bax, MMP-9, 
and E-cadherin. We advocate for further studies to elucidate 
how these downstream targets are regulated by STRN4 in 
NSCLC progression.

In conclusion, our research defines a new miR-29b/
STRN4 inhibitory pathway, dysfunction of which may 
account for the progression of NSCLC. The STRN4 was 
highly expressed in NSCLC, and inhibition of STRN4 leads 
to aberrant expression of tumor associated genes. This opens 
a new window for therapeutic intervention in NSCLC.
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