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Purpose: MiR-654-3p plays important roles in many types of malignant tumours. However, 
the biological function of miR-654-3p in non-small cell lung cancer (NSCLC) remains 
unknown. In this study, the role of miR-654-3p in NSCLC was investigated.
Methods: qRT-PCR was used to evaluate the level of miR-654-3p in NSCLC tissues and 
cell lines, while Cell Counting Kit-8, Annexin V/propidium iodide dual staining or TUNEL 
staining were used to investigate proliferation and apoptosis of NSCLC cells. Luciferase 
assays and Western blotting were performed to validate potential targets of miR-654-3p.
Results: MiR-654-3p levels were significantly decreased in NSCLC patients and cell lines 
and were significantly correlated with the tumour size and tumour node metastasis stage of 
NSCLC patients. In A549 cells, miR-654-3p overexpression significantly increased apoptosis 
and inhibited growth both in vivo and in vitro, while downregulation of miR-654-3p had the 
opposite effects. In addition, polo-like kinase 4 (PLK4) was shown to be a target gene of 
miR-654-3p that is negatively regulated by miR-654-3p in A549 cells. Furthermore, PLK4 
was observed to be highly expressed in NSCLC tissues and cells, and PLK4 overexpression 
abolished the inhibitory effects of miR-654-3p overexpression on NSCLC cell proliferation. 
Finally, the animal experiment results further demonstrated that miR-654-3p inhibits tumour 
growth and regulates PLK4 expression.
Conclusion: Our results demonstrate that miR-654-3p functions as a growth-suppressing 
miRNA by targeting PLK4 in NSCLC.
Keywords: non-small cell lung cancer, miR-654-3p, polo-like kinase 4, apoptosis

Introduction
Lung cancer is the leading cause of cancer-related mortality worldwide, and non- 
small cell lung cancer (NSCLC) is the most common type of cancer affecting the 
lungs. It is estimated that approximately 85% of diagnosed lung cancers are 
NSCLC, including adenocarcinoma, squamous cell carcinoma, and many other 
histologies.1,2 The progression of NSCLC is a multistage process that is believed 
to include the deregulation of genes involved in cell cycle control, cell growth, 
apoptosis and cell migration. At present, an increasing number of studies have 
focused on investigating the roles of microRNAs (miRNAs) in the development of 
NSCLC. The results of these studies have shown that miRNAs play important roles 
in lung tumour development and progression, such as participation in the regulation 
of tumour cell proliferation and metastasis, cancer stem cell differentiation, and 
apoptosis.3–6 MiRNAs are a class of small non-coding genes that control the 
expression of their target mRNAs. In recent studies, many investigations have 
observed changes in the expression of many miRNAs, some of which showed 
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significant correlations with the severity of NSCLC. 
Moreover, many differentially expressed miRNAs have 
been regarded as potential biomarkers for the diagnosis 
and prognosis NSCLC, as well as targets for treatment.7,8 

MiR-654-3p, a recently identified miRNA, was first 
described publicly in 2010. However, its biological func-
tion was not disclosed until 2014.9 In papillary thyroid and 
ovarian cancers, the restoration of miR-654-3p has been 
reported to decrease cell proliferation and migration and 
induce the reprogramming of metastasis-related genes, 
suggesting a tumour suppressor role of this miRNA.10,11 

Moreover, other published reports have confirmed that 
miR-654-3p may serve as a promising non-invasive bio-
marker to predict the efficacy of carbon ion radiotherapy 
for prostate cancer, suggesting that it has an important role 
in the development of malignant tumours.12 Nonetheless, 
the function and role of miR-654-3p in NSCLC has not yet 
been elucidated, although miR-654-3p expression has been 
reported to increase in NSCLC tissue.13 Therefore, in this 
study, we investigated miR-654-3p and its downstream 
biomolecular targets to gain a better understanding of the 
pathogenesis of NSCLC, the results of which may provide 
a promising therapeutic target for NSCLC.

Materials and Methods
Human Tissue Samples and Cell Culture
One hundred and seven (107) pairs of tumour and matched 
noncancerous tissue samples were collected from NSCLC 
patients (71 males and 59 females) who underwent surgi-
cal resection at the affiliated hospital of Southwest 
Medical University of China (Luzhou, China) from May 
2017 to March 2019. The protocol (CE20160136) was 
approved by the Ethics Review Board of the affiliated 
hospital of Southwest Medical University and carried out 
in accordance with the Code of Ethics of the World 
Medical Association and the ethical guidelines of our 
institution. All patients were informed and provided writ-
ten consent before the samples were collected. The inclu-
sion criteria cover patients who had been diagnosed with 
NSCLC as the pathological type after surgical biopsy. 
Patients’ clinical medical records and signed informed 
consent forms were available. Exclusion criteria included 
NSCLC patients that had received radiotherapy, che-
motherapy or immunotherapy, and patients that exhibited 
an unclear clinical stage of NSCLC or identified as non- 
pulmonary primary tumours. Also, NSCLC patients that 
exhibited other chronic lung diseases such as chronic 

obstructive pneumonia, chronic bronchitis, pulmonary 
interstitial diseases, pulmonary hypertension and tubercu-
losis, etc. were excluded. Detailed demographic informa-
tion and clinical pathological parameters are presented in 
Table 1. Normal lung epithelial cells (BEAS-2B) and 
NSCLC cell lines (A549, H1299, SPC-A1 and H226) 
were obtained from the American Type Culture 
Collection (Manassas, VA, USA). All cells were cultured 
in RPMI-1640 medium supplemented with 10% foetal 
bovine serum, 50 U/mL penicillin, and 50 mg/mL strepto-
mycin at 37°C in a humidified atmosphere containing 
5% CO2.

Cell Transfection
A549 cells were transfected with the LV-hsa-miR-654-3p- 
mimic vector (miR-654-3p-mimic) or the LV-hsa-miR-654- 
3p-inhibitor vector (miR-654-3p-inhibitor) (GenePharma, 
Shanghai, China), while the LV empty lentiviral construct 
(mimic or inhibitor control) served as a negative control. To 
generate a polo-like kinase 4 (PLK4) overexpression con-
struct, the gene encoding human PLK4 was cloned to gen-
erate the plasmid pcDNA3.1-PLK4 (GenePharma) and then 

Table 1 Relationship of MiR-654-3p with Pathological Features 
of NSCLC Patients

Factors Numbersa MiR-654-3p 

Low

MiR-654-3p 

High

P 

value

Sex 0.165

Male 51 27 24

Female 56 38 18

Age (years) 0.558

<60 42 20 22

≥60 65 35 30

Histological type 0.691

Squamous cell 

carcinoma

45 28 17

Adenocarcinoma 62 35 27

Differentiation 0.167

Well/Moderate 43 19 24

Poor 64 38 26

Tumour size 0.007

<5 cm 58 22 36

≥5 cm 49 32 17

TNM stage 0.002

I+II 39 15 24

III+IV 68 48 20

Note: aThe patients (107) were divided into miR-654-3p high and low groups based 
on the median miR-654-3p level. 
Abbreviation: TNM, tumour node metastases.
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transferred into A549 cells according to the manufacturer’s 
instructions.

Quantitative Real-Time PCR
Total RNA was extracted from human tissues or cell lines 
using TRIzol reagent (Invitrogen, CA, USA) according to 
the manufacturer’s protocol. To assess the level of miR- 
654-3p, small RNAs were reverse transcribed to cDNA 
using a miRNA First-Strand cDNA Synthesis kit 
(Invitrogen) according to the manufacturer’s instructions. 
Quantitative real-time PCR (qRT-PCR) analysis of miR- 
654-3p expression was performed in triplicate with SYBR 
Green PCR Master Mix (Takara, Japan) according to the 
manufacturer’s instructions. U6 was used to normalize 
gene expression. Furthermore, to detect the mRNA level 
of PLK4, RNA was reverse transcribed to cDNA using 
oligo (dT) primers, and GAPDH was used to normalize 
gene expression. Data analysis was performed using the 
2−ΔΔCt method.

MiRNA Target Prediction
The predicted target genes of miR-654-3p were identified 
using TargetScan (http://targetscan.org/) and miRDB 
(http://www.mirdb.org/miRDB/).

Luciferase Reporter Assay
Wild-type or mutant PLK4 3ʹ-UTR sequences were 
inserted into the vector pmir-GLO-promoter (Promega, 
Madison, USA). A549 cells were seeded in 24-well plates 
and transfected with 100 ng of the pmirGLO-PLK4-wild- 
type (WT), pmirGLO-PLK4-mutant (MT), miR-654-3p 
mimics, or normal control (NC, GenePharma, Shanghai, 
China) vectors by using Lipofectamine 2000 (Invitrogen, 
CA, USA). After 24 h, the relative luciferase activity was 
measured by using a Dual-Glo Luciferase Assay kit 
(Promega, USA).

Cell Proliferation Assay
A549 were grown to over 80% confluence and then 
digested with 0.25% trypsin into a single cell suspension. 
After counting, the cells were seeded in a 96-well plate at 
a density of 5×103 cells per well. The cells were cultured 
in RPMI-1640 medium supplemented with 10% foetal 
bovine serum, 50 U/mL penicillin, and 50 mg/mL strepto-
mycin at 37°C in a humidified atmosphere containing 5% 
CO2. The plate was removed after 24, 48, and 72 h 
cultivation, and then 10 µL/well of Cell Counting Kit-8 
solution was added (Sigma, St. Louis, MO, USA). 

Subsequently, the cells were incubated for an additional 
4 hours, and the optical density (OD) of each well was 
measured at 450 nm by using a microplate reader (Thermo 
Scientific, MA, USA).

Apoptosis Assay
To assess apoptosis in vitro, 5×104 cells were seeded in 
each well of 24-well plate, and after 48 h, the cells were 
hydrated with PBS and then washed twice. Subsequently, 
staining was performed with Annexin V/propidium iodide 
(BD Biosciences, San Jose, CA, USA), and the cells were 
evaluated using a BD FACSCanto II (BD, Biosciences, 
USA) flow cytometer. To assess apoptosis in vivo, all 
specimens were fixed in 4% paraformaldehyde overnight 
at 4°C, permeabilized with 0.1% Triton X-100 and then 
incubated with TUNEL staining solution (Beyotime, 
Haimen, China) for 1 h according to the manufacturer’s 
protocol. TUNEL-positive cells were counted in five ran-
domly selected fields of the slide under a microscope 
(Olympus).

Western Blotting Analysis
Radio immuno-precipitation assay buffer was used to pre-
pare tissue or whole-cell lysates. Equal amounts of pro-
teins were separated by 12% SDS-polyacrylamide gel 
electrophoresis and transferred to Polyvinylidene 
Fluoride membranes. Following blocking with 5% bovine 
serum albumin, the membranes were probed with anti- 
PLK4 and anti-GAPDH antibodies (Santa Cruz, CA, 
USA), which was followed by an incubation with a horse-
radish peroxidase-conjugated secondary antibody. 
GAPDH was used as a loading control.

Tumourigenicity Assay in vivo
Animals studies were approved by the Animal Care and 
Use Committee of the Southwest Medical University 
(SL20170874) and conducted in accordance with the UK 
Animals (Scientific Procedures) Act, 1986 and associated 
guidelines. Twenty-four male BALB/c nude mice were 
purchased from the Model Animal Research Center of 
Nanjing University (Nanjing, China). To evaluate the 
effects of miR-654-3p on NSCLC growth in vivo, we 
prepared A549 cells transfected with the miR-654-3p 
mimic or miR-654-3p inhibitor and control cells, which 
were subcutaneously injected into the right subcutaneous 
anterior axillary of BALB/c nude mice (2×106 cells per 
mouse). The nude mice were randomly divided into the 
following three groups (n=8 each): the normal control 
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group, the miR-654-3p inhibitor group and the mimic 
group. Tumour volume (V) was monitored every 4 days 
beginning at 12 days after the first injection and was 
calculated using the formula V = 0.5×L×W2, where “L” 
is tumour length and “W” is tumour width. The animals 
were sacrificed 32 days after injection, and the tumour 
tissues were removed.

Immunohistochemistry
Tissue sections were prepared from patients and animals 
and were deparaffinized and boiled in 10 mM citrate 
buffer (pH 6.0) for antigen retrieval. Endogenous perox-
idase was blocked with 3% H2O2. Afterwards, all slides 
were blocked in serum, incubated with an anti-PLK4 
antibody (Santa Cruz, CA, USA) at 4°C overnight and 
then incubated with an anti-rabbit secondary antibody. 
Finally, the slides were visualized with diaminobenzidine 
(Sigma). For immunohistochemical staining, five random 

fields were imaged under a microscope (Olympus) at 
200× magnification.

Statistical Analysis
The data are presented as the means ± SD. Three replicates of 
each in vitro experiment were performed. One-way analysis of 
variance (ANOVA), least significant difference (LSD), Chi- 
square and Student’s t-test (SPSS 17.0, IBM, Inc., Chicago, 
IL, USA) were used for statistical analyses. The correlation 
analyses between miRNA expression with tumour size or 
PLK4 expression were performed using GraphPad Prism 8.0 
version (GraphPad Software, San Diego, CA, USA).

Results
MiR-654-3p Expression in NSCLC 
Tissues and Cell Lines
To investigate the important role of miR-654-3p 
in NSCLC, we assessed the expression pattern of 

Figure 1 MiR-654-3p expression in specimens from NSCLC patients. (A–B) MiR-654-3p expression in tumour tissue and blood from NSCLC patients was detected by qRT- 
PCR (N =107). (C) MiR-654-3p expression in normal lung epithelial cells (BEAS-2B) and NSCLC cell lines (A549, H1299, SPC-A1 and H226). (D) Correlation analysis of 
miR-654-3p and tumour size (N = 107; **P < 0.01 vs the paracancerous tissue, healthy control or BEAS-2B).
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miR-654-3p in NSCLC tissues collected from patients. 
As shown in Figure 1A, the level of miR-654-3p 
expression in the NSCLC tissues was lower than that 
observed in the paracancerous tissues (P<0.01). 
Furthermore, decreased miR-654-3p levels were also 
observed in the blood of NSCLC patients compared 
with that observed in the health controls (Figure 1B, 
P<0.01). Subsequently, we further investigated the 
relationship between miR-654-3p expression and 
tumour size in patients with NSCLC. To this end, we 
first divided the 107 patients into high and low expres-
sion groups based on the median miR-654-3p level. As 
shown in Table 1 and Figure 1D, miR-654-3p expres-
sion was negatively correlated with tumour size. 
Finally, we examined miR-654-3p levels in NSCLC 
cell lines. Compared with the control cells (normal 
lung epithelial cells, BEAS-2B), miR-654-3p expres-
sion was reduced in all NSCLC cell lines (Figure 1C, 
P<0.01), including A549, H1299, SPC-A1 and H226.

MiR-654-3p Inhibits the Proliferation of 
NSCLC Cells
To study the effect of miR-654-3p on the proliferation of 
NSCLC cells, A549 cells were transfected with vectors 
LV-hsa-miR-654-3p-mimic (miR-654-3p mimic) and 
LV2-hsa-miR-654-3p-inhibitor (miR-654-3p inhibitor) to 
promote the overexpression and downregulation of miR- 
654-3p. As shown in Figure 2A and B, miR-654-3p 
levels were upregulated nearly 7-fold and decreased by 
approximately 70% in A549 cells transfected with the 
miR-654-3p mimic and miR-654-3p inhibitor, respec-
tively (P<0.01). Overexpression of miR-654-3p signifi-
cantly decreased the cell viability of A549 cells, while 
the downregulation of miR-654-3p markedly promoted 
A549 cell proliferation (P<0.01). The apoptotic assay 
results as presented in Figure 3 show that miR-654-3p 
overexpression significantly promoted A549 cells apopto-
sis, whereas miR-654-3p downregulation had the opposite 
effects (P<0.01).

Figure 2 MiR-654-3p inhibits A549 cell proliferation. Cell viability was determined in A549 cells transfected with the LV2-hsa-miR-654-3p-mimic (A) or LV2- hsa-miR-654- 
3p-inhibitor vectors (B), and the levels of miR-654-3p were detected by qRT-PCR. The effect of miR-654-3p on cell viability was determined in A549 cells. The data are 
presented as the means ± SD of three measurements. **P< 0.01 vs the NC.

Dovepress                                                                                                                                                                Pu et al

OncoTargets and Therapy 2020:13                                                                                         submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
8001

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


PLK4 is a Direct Target of MiR-654-3p
To better understand the molecular mechanism associated 
with the ability of miR-654-3p to promote cell death, we 
used the miRNA target analysis tools TargetScan and 
miRanda to predict putative target molecules of miR- 
654-3p. The results showed that PLK4 mRNA was 
a good match for miR-654-3p (Figure 4A). Therefore, 
PLK4 was selected for further investigation as a potential 
target of miR-654-3p in the present study. To validate 
PLK4 as a target of miR-654-3p, we performed a lucifer-
ase assay using luciferase expression plasmids containing 
either WT or MT PLK4. The results demonstrated that 
miR-654-3p inhibited luciferase activity in A549 cells 
with the PLK4-WT but not PLK4-MT construct 
(Figure 4D, P<0.01). Subsequently, we treated A549 
cells with the miR-654-3p inhibitor or mimic and assessed 
PLK4 mRNA and protein levels by qRT-PCR and immu-
noblotting, respectively. As shown in Figure 4B and C, the 
miR-654-3p overexpression decreased PLK4 mRNA and 

protein levels in A549 cells, whereas miR-654-3p down-
regulation had the opposite effect (P<0.01).

PLK4 Expression in NSCLC Patients
After confirming that PLK4 is a direct downstream target 
of miR-654-3p, we investigated the expression of PLK4 in 
NSCLC patients and cell lines. As shown in Figure 5A 
and B, PLK4 mRNA and protein levels in the miR-654-3p 
low group were significantly higher than those observed in 
the miR-654-3p high group (P<0.01). Furthermore, the 
level of miR-654-3p was negatively correlated with 
PLK4 expression (Figure 5D, P<0.01). In addition, PLK4 
levels were also increased in the tumour tissues compared 
with those observed in the paracancerous tissues 
(Figure 5C, P<0.01). Consistent with these results, further 
analysis of PLK4 in NSCLC cells revealed that the PLK4 
mRNA and protein levels were higher in A549, H1299, 
SPC-A1 and H226 cells than those observed in the BEAS- 
2B cells (Figure 5E and F, P<0.01).

Figure 3 MiR-654-3p promotes A549 cell apoptosis. A549 apoptotic death was determined by Annexin V/propidium iodide staining. (A): normal control (NC); (B): 
inhibitor control; (C): inhibitor; (D): mimic control; (E):mimic; (F): the data are presented as the means± SD of three measurements. **P < 0.01 vs the NC.
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Targeting PLK4 is Required for the 
Biological Functions of MiR-654-3p in 
NSCLC Cells
To determine whether miR-654-3p exerts its tumour-sup-
pressing activity through the downregulation of PLK4, we 
overexpressed PLK4 in miR-654-3p mimic-transfected 
A549 cells (Figure 6A). As shown in Figure 6B, PLK4 
overexpression decreased the miR-654-3p-induced inhibi-
tory effects on A549 cell viability (P<0.01). Furthermore, 
the results presented in Figure 7 show that PLK4 over-
expression in A549 cells inhibited miR-654-3p-induced 
apoptosis (P<0.01).

MiR-654-3p Represses A549 Cell- 
Mediated Tumourigenesis in vivo
Subsequently, we explored the function of miR-654-3p in 
the progression of NSCLC in vivo. We subcutaneously 
injected A549 cells in BALB/c nude mice to induce tumour 
formation. Twelve days after injection, the tumour volumes 
were measured every 4 days. As shown in Figure 8A, the 
tumour growth curves revealed a significantly higher 
growth rate in the miR-654-3p downregulated group and 

a lower growth rate in the miR-654-3p upregulated group 
compared with that observed in the control group (P<0.01). 
In addition, compared with the normal control (NC) group, 
the TUNEL staining intensities were decreased in the 
tumours from the miR-654-3p inhibitor group and increased 
in tumours from the miR-654-3p mimic group (Figure 8B, 
P<0.01). Finally, the miR-654-3p mimic and miR-654-3p 
inhibitor groups showed decreased and increased PLK4 
levels in tumour tissues, respectively, compared with that 
observed in the NC group (Figure 8C, P<0.01).

Discussion
Although miR-654-3p has been confirmed to be a 
tumour suppressor in thyroid and ovarian cancers, how-
ever, whether it suppresses the development of NSCLC 
remains unknown. In a previous investigation, a signifi-
cant differential expression of miR-654-3p in NSCLC 
tissue was observed. However, they did not focus on 
biofunction of miR-654-3p in NSCLC development. The 
primary discovery of this study is the confirmation of 
the tumour suppressor activity of miR-654-3p in the 
development of NSCLC. Moreover, in another study, it 
has been shown that miR-654-3p was significantly 

Figure 4 PLK4 is a direct target gene of miR-654-3p. (A) The predicted miR-654-3p-binding site in the 3ʹUTR of PLK4 mRNA and its mutated version. (B–C) PLK4 mRNA 
and protein expression levels were measured by qRT-PCR and Western blot analysis using GAPDH as the loading control after transfection of the miR-654-3p inhibitor or 
mimic in A549 cells, respectively. (D) Dual-luciferase reporter assay. The relative luciferase activity was assessed after cells were co-transfected with the miR-654-3p mimic. 
The data are presented as the means ± SD of three measurements. **P < 0.01 vs the NC.
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altered after the application of carbon ion radiotherapy 
(CIRT), and the expression of miR-654-3p could be a 
promising non-invasive biomarker predicting the effi-
cacy of CIRT. Differing with the study, we found the 
levels of miR-654-3p in the NSCLC serum were lower 
than those observed in the healthy control, suggesting 
miR-654-3p may have another medical value for 
NSCLC diagnosis. In the present study, we observed 
that miR-654-3p expression was downregulated in 
NSCLC tumour tissues compared with that observed in 
paracancerous tissues. Furthermore, miR-654-3p levels 
were also negatively correlated with tumour size and 
TNM stage. To better understand the biological role of 
miR-654-3p in NSCLC, we selected several NSCLC cell 
lines based on their characteristics [A549 from lung, 
H1266 from a metastatic site (lymph node), H226 
from a metastatic site (pleural effusion), etc.] to assess 
the biological function of miR-654-3p. We observed that 
miR-654-3p expression was downregulated in NSCLC 
cell lines compared with that observed in normal lung 

epithelial cells (BEAS-2B). These findings were similar 
to those reported previously. For instance, Geraldo et al. 
reported that miR-654-3p levels decreased with long- 
term papillary thyroid carcinoma progression in mice 
and was inversely correlated with epithelial–mesenchy-
mal transition.10 In another study, Formosa et al 
observed a severe and consistent downregulation of 
miRNAs, including miR-654-3p, in metastatic cell 
lines compared with that observed normal prostatic 
epithelial cells.9 These findings suggest that miR-654- 
3p should be further investigated as a tumour suppres-
sor. To further elucidate its role in the development of 
NSCLC, we transfected A549 cells with miR-654-3p- 
mimic or miR-654-3p-inhibitor vectors and investigated 
the proliferative ability and growth of both cell lines in 
vitro and in vivo. We observed that miR-654-3p over-
expression significantly inhibited A549 cell growth and 
promoted apoptosis both in vivo and in vitro. Our data 
also indicated that miR-654-3p downregulation in 
NSCLC may contribute to the progression of NSCLC.

Figure 5 PLK4 expression is upregulated in NSCLC patients and cells. (A–B) The levels of PLK4 mRNA and protein expression in NSCLC patients were measured (**P< 0.01 
vs the miR-654-3p low). (C) PLK4 expression in tumour tissue (c2) and adjacent tissue (c1). The pictures were captured with a final magnification (×200). (D) Correlation 
analysis of miR-654-3p and PLK4 (N=107). (E–F) PLK4 mRNA and protein expression in NSCLC cell lines. The data are presented as the means ± SD of three measurements. 
##P < 0.01 vs the BEAS-2B.
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Figure 6 PLK4 overexpression reverses the inhibitory effects of miR-654-3p on the proliferation of A549 cells. (A) The PLK4 expression vector significantly increased the 
expression of PLK4 in A549 cells treated with the miR-654-3p mimic. (B) The effect of miR-654-3p and PLK4 on cell viability was determined in A549 cells. The data are 
presented as the means ± SD of three measurements. **P < 0.01 vs the NC; ##P < 0.01 vs the miR-654-3p mimic.

Figure 7 PLK4 overexpression reverses the effects of miR-654-3p on the apoptosis of A549 cells. A549 cell apoptosis was assessed by Annexin V/propidium iodide staining. 
(A): normal control (NC); (B): miR-654-3p mimic; (C): PLK4 vector; (D): miR-654-3p mimic+PLK4 vector, (E): the data are presented as the means ± SD of three 
measurements. ##P < 0.01 vs the miR-654-3p mimic.
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An additional discovery of this study is the identification of 
a new target gene of miR-654-3p. In a previous study, Gu et al 
proposed that Frizzled-10 (FZD10) may be an important 
downstream target gene of miR-654-3p due to its important 
roles in osteoporosis.14 FZD10 is well known to promote the 
development of tumours as demonstrated by the requirement 
for FZD10 to sustain cancer cell proliferation and downregu-
lates gene expression in many types of tumours.15–17 

However, no additional details regarding the targets of miR- 
654-3p have been reported. To gain a better understanding of 
the anticancer mechanism of miR-654-3p, we used 
several online tools to predict potential molecular targets of 
miR-654-3p in NSCLC. However, every single online tool 
provided hundreds of potential genes targeted by miR-654-3p. 
Therefore, we focused on the gene predicted by all online 
tools simultaneously, with high expression in the lung 
tissue (checked by https://www.proteinatlas.org/ 
ENSG00000142731-PLK4) and with potential diagnostic 
value in NSCLC.18 As a result, PLK4 was selected as a target 
gene of miR-654-3p for further study. PLKs are regulatory 
serine/threonine kinases of the cell cycle involved in mitotic 
entry and exit, spindle formation, cytokinesis, and meiosis.19 

PLK4 is a PLK member that has been confirmed to be a 
regulator of centriole duplication.19,20 Under physiological 
conditions, human PLK4 shows increased expression in tis-
sues with high levels of proliferation, such as embryonic 
tissues and testis.21 Moreover, the aberrant overexpression of 
PLK4 has been observed in several cancers.22–24 In recent 
studies, PLK4 expression was shown to be significantly higher 
in malignant versus normal lungs and conferred an unfavour-
able survival rate, while PLK4 inhibition produces polyploidy 
and apoptotic death of lung cancers.25,26 All of these results 
support our hypothesis that PLK4 may be a downstream target 
of miR-654-3p. In our study, we observed that PLK4 expres-
sion was upregulated in NSCLC tissues compared with the 
adjacent tissue and was negatively correlated with miR-654- 
3p in NSCLC patients. Subsequent analysis verified that miR- 
654-3p robustly suppresses PLK4 mRNA and protein expres-
sion in A549 cells with wild-type but not the mutant PLK4, 
demonstrating that PLK4 is the direct target of miR-654-3p. 
Furthermore, PLK4 overexpression in A549 cells decreased 
the miR-654-3p-induced inhibitory effects on cell viability, 
suggesting that PLK4 downregulation is at least partially 
responsible for the miR-654-3p-mediated increase in 

Figure 8 MiR-654-3p inhibits A549 xenograft tumourigenicity in vivo. (A1–A2) The tumour volume was recorded every 4 days starting at 12 days after the initial injection. 
1: NC; 2: miR-654-3p inhibitor; 3: miR-654-3p mimic. (B1–B2) Apoptosis in tumour tissues was assessed by TUNEL staining, and the pictures were captured with a final 
magnification (×200); and (C1–C2) PLK4 expression in the implanted tumours was assessed by Western blotting. 1:NC; 2: miR-654-3p inhibitor; 3: miR-654-3p mimic. The 
data are presented as the means ± SD. N=8; **P < 0.01 vs the NC.
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apoptosis in NSCLC. Our research has some limitations. First, 
we did not detect blood PLK4 levels and analyse its relation-
ship with miR-654-3p in NSCLC patients. Second, peripheral 
blood miRs have potential value for tumour diagnosis. 
Although we evaluated blood miR-654-3p levels, we did not 
observe a correlation between blood miR-654-3p levels and 
tumour parameters (eg, tumour size and TNM stage). Thus, in 
future studies, additional clinical samples are required to rea-
nalyse the diagnostic value of miR-654-3p in NSCLC.

Conclusion
In summary, in this study, we demonstrated that miR-654- 
3p inhibits the proliferation and tumourigenesis of NSCLC 
cells in vitro and in vivo by directly targeting PLK4, 
suggesting that miR-654-3p may serve as a potential indi-
cator and therapeutic target for the progression of NSCLC.
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