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Abstract. Long non‑coding RNA (lncRNA) is essential to 
the development and progression of malignant human cancer. 
Growing evidence suggests that the lncRNA forkhead box D3 
antisense 1 (FOXD3‑AS1) is a crucial regulatory effector 
for multiple cancer types and is closely associated with poor 
prognosis. However, in most cases, the molecular mechanism 
underlying the role of FOXD3‑AS1 in cancer development 
has not yet been fully elucidated. The present study focused 
on non‑small cell lung cancer (NSCLC) in order to gain 
insight into how FOXD3‑AS1 drives cancer progression. 
First, FOXD3‑AS1 expression in NSCLC tissue samples was 
detected using reverse transcription‑quantitative (RT‑qPCR). 
Moreover, cell proliferation and apoptosis were determined 
using Cell Counting Kit‑8 assays and flow cytometry, 
respectively. A luciferase reporter assay was then performed 
to determine whether there was a direct binding association 
between FOXD3‑AS1 and microRNA (miR)‑135a‑5p. Lastly, 
a tumor subcutaneous xenograft model was established 
to examine the role of FOXD3‑AS1 in tumor growth. 
FOXD3‑AS1 was significantly overexpressed in NSCLC tissue 
samples and cell lines compared with normal tissue samples 
and cells. FOXD3‑AS1 silencing expression significantly 
inhibited A549 and H1229 cell proliferation while inducing 
apoptosis compared with sh‑NC group. The luciferase reporter 
assay demonstrated the direct binding interaction between 

FOXD3‑AS1 and miR‑135a‑5p. Moreover, FOXD3‑AS1 
silencing led to the upregulation of miR‑135a‑5p in A549 and 
H1229 cells compared with sh‑NC group. It was also demon‑
strated that miR‑135a‑5p could bind to the 3' untranslated 
region of cyclin‑dependent kinase 6 (CDK6) and negatively 
modulate its transcription. miR‑135a‑5p knockdown or CDK6 
overexpression reversed the inhibition on cell proliferation and 
apoptosis following FOXD3‑AS1 knockdown. Altogether, the 
present study suggests that FOXD3‑AS1 sponges miR‑135a‑5p 
to promote cell proliferation and concomitantly inhibit 
apoptosis by regulating CDK6 expression in NSCLC cells.

Introduction

Lung cancer is a frequently diagnosed malignant cancer and 
the leading cause of cancer‑related death in the world (1). 
Non‑small cell lung cancer (NSCLC) accounts for 75‑80% of 
lung cancer cases worldwide (2). Although great progress has 
been made in the development of various common treatments, 
including surgical resection, chemotherapy, radiotherapy 
and targeted drugs, considering the low survival rate, the 
improvement of the prognosis and treatment of NSCLC is still 
urgently needed (3). Therefore, it is crucial to further study 
the molecular mechanisms underlying NSCLC carcinogenesis 
and to identify biomarkers and targets for early detection, 
intervention and treatment.

Long non‑coding RNA (lncRNA) is a common class of 
non‑coding small RNA with a length >200 nucleotides (4,5). 
Although most of lncRNA molecules do not encode proteins 
or peptides, they can modulate the expression and function of 
a given gene epigenetically, transcriptionally and post‑tran‑
scriptionally by sponging microRNA (miRNA/miR) (6‑8). 
Moreover, lncRNA has been implicated in numerous patho‑
logical and physiological processes, such as cell proliferation, 
apoptosis, tissue differentiation, angiogenesis, carcinogenesis, 
migration, invasion, anti‑tumor drug resistance and energy 
metabolism (9,10). Therefore, lncRNA holds potential for the 
development of biomarkers for the early diagnosis of NSCLC.

lncRNA forkhead box D3 antisense 1 (FOXD3‑AS1) is an 
antisense transcript of the protein‑coding gene FOXD3, which 
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is located on chromosome 1p31.3 in humans. Upregulation 
of FOXD3‑AS1 is associated with poor prognosis in glioma, 
thyroid cancer, breast cancer, hepatocellular carcinoma, 
colorectal cancer and malignant melanoma (11‑15). For example, 
high levels of FOXD3‑AS1 result in poor prognosis in patients 
with glioma, while FOXD3‑AS1 silencing suppresses glioma 
cell proliferation, migration and invasion (11). Additionally, 
FOXD3‑AS1 regulates thyroid cancer progression by regulating 
miR‑296‑5p/TGF‑β1/Smad (Smad2/3, 4 and 7) axis (16). In hepa‑
tocellular carcinoma cells, inhibition of FOXD3‑AS1 through 
regulation of miR‑335 and rapamycin‑insensitive companion 
of mTOR expression reduced cell proliferation, colony forma‑
tion, migration and invasion. In recent studies, FOXD3‑AS1 
has also been confirmed to play an important role in NSCLC. 
For instance, FOXD3‑AS1 promotes cisplatin chemoresistance 
of NSCLC cells by directly acting on the miR‑127‑3p/MDM2 
axis (17). High expression levels of FOXD3‑AS1 promote 
NSCLC progression by regulating the miR‑127‑3p/mediator 
complex subunit 28 (MED28) axis (18). Therefore, FOXD3‑AS1 
might be a crucial regulator involved in NSCLC tumorigen‑
esis, although the underlying mechanisms of FOXD3‑AS1 
in NSCLC remain elusive. The present study demonstrated 
that FOXD3‑AS1 expression was increased in both NSCLC 
tissue and cell lines. Furthermore, an axis involving NSCLC, 
miR‑135a‑5p/CDK6 was identified as essential to NSCLC 
progression. These findings may provide potential novel insights 
for therapeutics in patients with NSCLC.

Materials and methods

Cell culture and patient samples. The NSCLC tissue and 
adjacent non‑cancerous tissue samples (distance from tumor 
tissues >5 cm.) were collected between May 2016 and 
December 2019 at the Affiliated Nanhai Hospital, Southern 
Medical University. A total of 30 patients with lung cancer 
(age range, 38‑75 years; mean age, 62±1.5 years; male/female 
ratio, 7:8) were selected because they met the following inclu‑
sion criteria: Pathological examination confirmed primary 
lung cancer by biopsy samples; and no anticancer treat‑
ments were given before surgery. All participants provided 
written informed consent and were aware that their samples 
would be used for research, according to the Declaration 
of Helsinki. The clinicopathological characteristics of the 
30 patients are presented in Table I. This study was approved 
by The Institutional Board of The Affiliated Nanhai Hospital, 
Southern Medical University (People's Hospital of Nanhai 
District; approval no. KY‑E‑2019‑6‑17).

The NSCLC cell lines (CALU3, HCT116, A549 and H1229) 
and the normal human bronchial epithelial cells (16HBE) were 
purchased from the American Type Culture Collection (ATCC). 
These cells were cultured in Dulbecco's modified Eagle's medium 
(Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal 
bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 1% 
penicillin‑streptomycin (Invitrogen; Thermo Fisher Scientific, 
Inc.) in a humidified atmosphere containing 5% CO2 at 37˚C.

RNA isolation and reverse transcription‑quantitative 
(RT‑qPCR). Total RNA was isolated from tissue samples or 
cultured cells using RNAiso Plus reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.). A NanoDrop® 2000 spectrophotometer 

(Thermo Fisher Scientific, Inc.) was used to check the 
concentration and purity of RNA, and the A260/A280 ratio 
of all samples was between 1.9‑2.1. After measuring concen‑
tration, RNA was reverse transcribed into cDNA using the 
PrimeScript™ II 1st RT reagent kit (Takara Biotechnology 
Co., Ltd.) according to the manufacturer's protocol. qPCR 
was performed using the SYBR Premix Ex Taq II kit (Takara 
Biotechnology Co., Ltd.). The reaction mixture was incubated 
at 95˚C for 2 min. The thermocycling program consisted of 
holding at 94˚C for 2 min, followed by 30 cycles of 30 sec 
at 94˚C, 30 sec at 56˚C, and 60 sec at 72˚C. The expression 
levels of the small nucleolar RNA U6 and GAPDH served as 
an endogenous control. The relative expression levels were 
calculated using the 2‑ΔΔCq method (19). The sequences of the 
primers used for FOXD3‑AS1, miR‑135a‑5p, GAPDH and U6 
were as follows: i) FOXD3‑AS1 forward, 5'‑TTT CCG TAG 
CTC CAC AGC TT‑3' and reverse, 5'‑CAG AGC AAA GGA GGT 
TCC TG‑3'; ii) miR‑135a‑5p forward, 5'‑ATA CCG AAA AAT 
AAG GAT ACA CT‑3' and reverse 5'‑GCG CGC GTA ACA GTC 
TAC AGC‑3'; iii) CDK6 forward, 5'‑TCT TCA TTC ACA CCG 
AGT AGT GC‑3' and reverse, 5'‑TGA GGT TAG AGC CAT CTG 
GAA A‑3'; GAPDH forward, 5'‑TGC ACC ACC AAC TGC TTA 
GC‑3' and reverse, 5'‑GGC ATG CAC TGT GGT CAT GAG‑3'; 
and iv) U6 forward, 5'‑CTC GCT TCG GCA GCA CA‑3' and 
reverse, 5'‑AAC GCT TCA CGA ATT TGC GT‑3'.

Cell transfection. To construct the sh‑FOXD3‑AS1 vector, 
the effective shRNA was subcloned into the lentivirus 
vector (pHBLV‑U6‑MCS‑CMV‑ZsGreen‑PGKPuro; HanBio 
Biotechnology Co, Ltd.) sh‑NC was used as the nega‑
tive control. The virus was packaged with three‑plasmid 
system. Briefly, the FOXD3‑AS1 or sh‑NC were carried by 
1 ng lentiviral vector and two packaging vectors (psPAX2, 
1 ng and pMD2.G, 1 ng; HanBio Biotechnology Co., 
Ltd.) and were transiently transfected into 293T (ATCC) 
using Lipofectamine 3000 (Sigma Aldrich; Merck KGaA) 
according to the manufacturer's instructions at 37˚C for 
15 min. Following transfection, the viral supernatants were 
collected at 48 and 72 h and filtered through a 0.45 µm filter. 
Subsequently, a 40 ml ultracentrifuge tube was used to centri‑
fuge the viral supernatants (4˚C, 58,700 x g, 120 min). The 
viral supernatants (sh‑FOXD3‑AS1 and sh‑NC) were used to 
infect A549 and H1299 cells, with a MOI to infect the cells 
of 20‑40. Subsequently, the virus was screened with puro‑
mycin and the expression level of FOXD3‑AS1 was detected 
by RT‑qPCR. miR‑135a‑5p inhibitor, miR‑135a‑5p mimics, 
miR negative control (NC) mimics and miR‑NC‑inhibitor 
were carried out by Shanghai GeneChem Co., Ltd. The open 
reading frame of CDK6 was inserted into the expression 
vector pcDNA3.1+ (Sigma‑Aldrich; Merck KGaA) to overex‑
press CDK6 by Genechem Shanghai GeneChem Co., Ltd. The 
empty pcDNA3.1+ vector was used as the negative control for 
CDK6 overexpression. The NSCLC cells were transfected with 
the indicated constructs (20 nM) using Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C for 15 min 
following the manufacturer's protocol. Cells were collected 
at 48 h after transfection for subsequent experimentation. 
The sequences used were as follows: i) sh‑FOXD3‑AS1#1, 
5'‑GCU ACU UGG AGU UGU UAA AUU CAA GAG ACG AUG 
AAC CUC AAC AAU UUU UUU UU‑3'; ii) sh‑FOXD3‑AS1#2, 
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5'‑GGA GUU GUU AAA CGA CUU AUU CAA GAG ACC UCA 
ACA AUU UGC UGA AUU UUU UU‑3'; iii) sh‑NC, 5'‑CCG 
GCA ACA AGA TGA AGA GCA CCA ACT CGA GTT GGT GCT 
CTT CAT CTT GTT GTT TTT G‑3'; iv) miR‑NC‑mimics, 
5'‑GUC GUA UCC AGU GCA GGG UCC‑3'; v) miR‑NC‑inhib‑
itor, 5'‑CGA ACG UGU CAC GUT T‑3'; vi) miR‑135a‑5p 
mimics, 5'‑AUA CCG AAA AAU AAG GAU ACA CU‑3'; 
and vii) miR‑135a‑5p inhibitor, 5'‑UGU AUC CUU AUU 
UUU CGG UAU‑3'. Following transfection, RT‑qPCR was 
performed to determine the transfection efficiency.

Cell Counting Kit‑8 (CCK‑8) assay. CCK‑8 (Dojido) assays 
were performed to assess cell proliferation. After transfection, 
cells were cultured in 96‑well plates and used for the assay 
at the 0, 24, 48 and 72‑h time‑points. After incubation with 
CCK‑8 reagent for 2 h at 37˚C, cell viability was evaluated 
according to the manufacturer's protocol.

Isolat ion of cell cytosolic/nuclear f ract ions. The 
Cytoplasmic Nuclear RNA Purification kit (Norgen Biotek 
Corp.) was used to separate the A549 and H1299 cell 
nuclear and cytosolic fractions according to the manufac‑
turer's protocol. The RNA was extracted from the cytosolic 
as well as nuclear fractions. Subsequently, the expression 
level of FOXD3‑AS1 in both fractions of NSCLC cell was 
determined using RT‑qPCR.

Dual luciferase reporter assay. Dual luciferase assay was 
performed using a customized pmirGLO Dual‑Luciferase 
miRNA Target Expression Vector (Promega). Brief ly, 
wild‑type (WT) containing putative binding sites or mutant 
(Mut) reporter containing all mutated putative binding sites of 
FOXD3‑AS1 and CDK6 were inserted into the pmirGLO basic 
vector. For the luciferase reporter assay, cells with the reporter 
vector (Pmir‑GLO‑NC, Pmir‑GLO‑FOXD3‑AS1‑WT/Mut or 
Pmir‑GLO‑CDK6 WT/Mut; Promega) were co‑transfected 
with negative control and miR‑135a‑5p mimics at the final 
concentration of 20 nM for each construct using Lipofectamine 
2000 (Invitrogen; Thermo Fisher Scientific, Inc.). After trans‑
fection for 36 h, the luciferase activity was measured using 
the Dual‑Lucy Assay Kit (Promega) according to the manu‑
facturer's protocol. Luciferase activity was first normalized to 
that of Renilla luciferase from the same sample.

RNA immunoprecipitation (RIP) assay. RIP assay was 
utilized to explore the interaction between FOXD3‑AS1 and 
miR‑135a‑5p. The EZMagna RIP kit (Merck KGaA) was used 
for RIP assay according to the manufacturer's protocol. A549 
and H1299 cells were collected by centrifugation at 800 x g for 
5 min at 4˚C and lysed using complete Lysis buffer (Beyotime 
Institute of Biotechnology) containing RNase (Sigma‑Aldrich; 
Merck KGaA) and protease inhibitor cocktail (Sigma‑Aldrich; 
Merck KGaA). Cell extracts (100 µl) were co‑immunoprecip‑
itated with protein G Sepharose beads (included in the kit) 
pre‑coated with the conjugated Argonaute2 (Ago2) antibodies 
(1:150; cat. no. 2897S; Cell Signaling Technology, Inc.) or 
IgG (1:150; cat. no. 3900S; Cell Signaling Technology, Inc.) 
according to the manufacturer's protocol. Following incuba‑
tion for 2 h at 4˚C, the precipitated RNA was isolated from the 
beads and quantified by RT‑qPCR.

Apoptotic assay. Annexin V‑FITC apoptosis detection kit 
(Beyotime Institute of Biotechnology) was used to determine 
A549 and H1299 cell apoptosis. Annexin V‑FITC and propidium 
iodide (PI) (Beyotime Institute of Biotechnology) were used to 
stain A549 and H1299 cells at room temperature in the dark for 
20 min to assess apoptotic cells following the manufacturer's 
instructions. After staining, the percentage of apoptotic cells was 
quantified using flow cytometry (FACSCalibur; BD Biosciences) 
following the supplier's instructions. A negative control was used 
to confirm the correct gate. A549 and H1299 cell apoptosis was 
determined using FlowJo 7.6.1 software (FlowJo LLC).

Cell cycle assay. Cell cycle progression was analyzed by fixing 
the cells overnight in cold 70% alcohol at 4˚C followed by washing 
and staining with PI (Beijing Solarbio Science & Technology 
Co., Ltd.) containing RNase A. After incubation with an RNA 
enzyme containing PI (40%; Sigma‑Aldrich; Merck KaA) for 
30 min at 4˚C, the cells were analyzed within 1 h. The percent‑
ages of cells in each cell cycle phase (G0/G1, S and G2/M) were 
determined. The data are presented as a histogram.

Western blot analysis. Proteins were extracted using RIPA 
lysis buffer (Thermo Fisher Scientific, Inc.). BCA protein assay 
kit (Beyotime Institute of Biotechnology) was used to determine 
the protein concentration. Proteins (40 µg) were separated by 
10% SDS‑PAGE and transferred onto PVD membranes (EMD 

Table I. Relationship between the expression of FOXD3‑AS1 
and the clinicopathological characteristics of patients with 
non‑small cell lung cancer (n=15).

 FOXD3‑AS1
 expression
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variable Low, n High, n P‑value

Age, years   
  <60 7 5 0.456
  ≥60 8 10 
Sex   
  Male 6 8 0.464
  Female 9 7 
Tumor stage   
  I+II 10 4 0.028
  III+IV 5 11 
Differentiation   
  Well‑differentiated 12 5 0.010
  Moderate‑poor 3 10 
Lymph node metastasis   
  Negative 11 5 0.028
  Positive 4 10 
Smoking status   
  Yes 7 6 0.713
  No 8 9 

FOXD3‑AS1, forkhead box D3 antisense 1.
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Millipore). Subsequently, the membranes were blocked in 5% 
non‑fat milk and incubated with primary antibodies against 
CDK6 (1:1,000; cat. no. 3136S; Cell Signaling Technology, 
Inc.) and GAPDH (1:500; cat. no. ab8245; Abcam) overnight 
at 4˚C. The following day, the membranes were blocked with 
appropriate HRP‑conjugated secondary antibodies (1:1,000; 
cat. no. 7076S; Cell Signaling Technology, Inc.) at 37˚C for 
1 h. Lastly, the bands were visualized using a chemilumines‑
cence detection kit (Thermo Fisher Scientific, Inc.). ImageJ 
1 software (National Institutes of Health) was used for the 
quantification of band densities. GAPDH protein was used as 
the internal reference.

In vivo experiment. A total of 12 male BALB/c nude mice aged 
6‑8 weeks (20‑25 g) were obtained from Shanghai Animal 
Laboratory Center. The mice were raised under a 12L/12D 
photoperiod at 18‑22˚C and 50‑60% humidity. Drinking water 
was continuously provided and food was supplemented 3 times a 
week. The behavior and food intake of the mice were monitored 
every day to maintain their health. After transfection, 5x106 
A549 cells were injected into the BALB/c nude mice subcuta‑
neously. Tumor size was monitored using a caliper and tumor 
volumes were calculated every week for 28 days after injection. 
The mice were separately sacrificed at 7, 14, 21 and 28 days. In 
strict accordance with the principles of animal welfare, anes‑
thesia is used to relieve pain during euthanasia. The mice were 
euthanized using sodium pentobarbital injected intraperitone‑
ally at a dose of 150 mg/kg, and death was confirmed by the 
cessation of the heartbeat. All animal protocols were approved 
by The Animal Ethics Committee of Affiliated Nanhai Hospital, 
Southern Medical University (People's Hospital of Nanhai 
District; approval no. KY‑E‑2019‑7‑05).

Bioinformatics analysis. The Cancer Genome Atlas 
(TCGA, https://www.cancer.gov/about‑nci /organiza‑
tion/ccg/research/structural‑genomics/tcga) and Gene 
Expression Profiling Interactive Analysis (GEPIA; http://gepia.
cancer‑pku.cn/) were used to explore the clinical characteristics 
of FOXD3‑AS1 in patients with NSCLC. The LncBASE‑DIANA 
database (http://bigd.big.ac.cn/databasecommons/data‑
base/id/336) was used to predict FOXD3‑AS1 binding sites to 

miR‑135a‑5p. The Starbase miRNA target prediction website 
(https://www.lncrnablog.com/tag/starbase‑v2‑0/) was mined 
to explore the potential miR‑135a‑5p binding sites to CDK6.

Statistical analysis. The results are presented as the 
mean ± SEM. The data were statistical analyzed using GraphPad 
Prism 7.0 software (GraphPad Software, Inc.). All statistical 
analysis was conducted via SPSS 13.0 (SPSS Statistics, Inc.). 
All the experiments were performed three times. The data 
were normalized to the mean value of the control group and 
are presented as fold change, unless otherwise indicated. The 
differences between two groups were analyzed using unpaired 
Student's t‑test. The differences between multiple groups were 
compared using one‑way ANOVA with Bonferroni correction. 
The χ2 test was used to analyze the differences in the clinico‑
pathological characteristics of the patients with NSCLC. P<0.05 
was considered to indicate a statistically significant difference.

Results

FOXD3‑AS1 is highly expressed in NSCLC tissues and cell 
lines. To investigate the clinical significance of FOXD3‑AS1 
in NSCLC tissue samples, TCGA data were analyzed, which 
demonstrated that FOXD3‑AS1 expression was significantly 
upregulated in lung squamous cell carcinoma and lung adenocar‑
cinoma samples relative to normal samples (Fig. 1A). Moreover, 
FOXD3‑AS1 expression levels in 30 pairs of human NSCLC 
tissues and matched adjacent normal tissues were determined 
using RT‑qPCR. FOXD3‑AS1 expression was significantly 
upregulated in NSCLC tissue compared with normal adjacent 
tissue (Fig. 1B). In addition, the expression levels of FOXD3‑AS1 
were also determined in four NSCLC cell lines (CALU3, 
HCT116, A549 and H1229) and normal human bronchial 
epithelial cells (16HBE). Echoing the expression pattern found 
in NSCLC tissue, FOXD3‑AS1 expression was significantly 
increased in NSCLC cells compared with 16HBE cell (Fig. 1C).

The 30 patients with NSCLC were then divided equally 
into high‑ and low‑expression groups using the median 
FOXD3‑AS1 expression value as the cut‑off. FOXD3‑AS1 
levels were positively associated with NSCLC tumor differ‑
entiation, lymph node metastasis and TNM stage (Table I; 

Figure 1. FOXD3‑AS1 is highly expressed in NSCLC tissue samples and cell lines. (A) FOXD3‑AS1 was overexpressed in LUAD and LUSC samples from 
The Cancer Genome Atlas. (B) Relative FOXD3‑AS1 expression in 30 pairs of NSCLC and matched adjacent normal tissue samples. (C) Relative expression 
level of FOXD3‑AS1 in four NSCLC cell lines (CALU3, HCT116, A549 and H1229) and normal human bronchial epithelial cells (16HBE). *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. NSCLC, non‑small cell lung cancer; FOXD3‑AS1, forkhead box D3 antisense 1; LUAD, lung adenocarcinoma; LUSC, lung squamous 
carcinoma; num(T), number of tumor samples; num(N), number of normal samples.
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P<0.05). Collectively, these data suggested that FOXD3‑AS1 
expression was significantly increased, both in NSCLC tissue 
and cell lines.

FOXD3‑AS1 promotes proliferation and inhibits apoptosis of 
NSCLC cells in vitro and tumor growth in vivo. In order to 
clarify the function of FOXD3‑AS1 in NSCLC, FOXD3‑AS1 
expression was silenced in the A549 and H1229 cell lines using 
a shRNA specifically targeting FOXD3‑AS1. FOXD3‑AS1 
expression levels significantly decreased in the cells trans‑
fected with sh‑FOXD3‑AS1#1 and #2 compared with sh‑NC 
(Fig. 2A). Additionally, CCK‑8 and colony formation assays 
indicated that FOXD3‑AS1 enhanced the proliferation of both 
A549 and H1229 cells (Fig. 2B and C). Furthermore, the effect 
of FOXD3‑AS1 on the apoptosis in A549 and H1229 cells was 
also examined by flow cytometry. The results suggested that 
cell apoptosis was significantly increased following transfec‑
tion with sh‑FOXD3‑AS1 compared with sh‑NC (Fig. 2D). In 
order to evaluate the effect of FOXD3‑AS1 on tumor growth 
in vivo, a subcutaneous tumor xenograft model was established. 
The weight of the tumors was smaller in the sh‑FOXD3‑AS1 
group compared with the sh‑NC group (Fig. 2E). In the tumor 
tissue, the expression levels of FOXD3‑AS1 significantly 
decreased in the sh‑FOXD3‑AS1 group in comparison with 
the sh‑NC group (Fig. 2F). Taken together, the results indi‑
cated that FOXD3‑AS1 increased NSCLC cell proliferation 
whilst inhibiting apoptosis.

FOXD3‑AS1 promotes CDK6 expression by sponging 
miR‑135a‑5p. Subsequently, it was further demonstrated that 
FOXD3‑AS1 was mainly localized in the cytoplasm (Fig. 3A). 
Since miRNA is a well‑documented downstream target of 
lncRNA (20), an online database lncBASE‑DIANA to predict 
miRNA candidates with putative binding sites for FOXD3‑AS1 
(Fig. 3B). This database suggested that miR‑135a‑5p may 
be sponged by FOXD3‑AS1. Before performing validation 
experiments, we first ensured that miR‑135a‑5p mimics was 
successfully transfected in cells. RT‑qPCR was used to detect 
the expression of miR‑135a‑5p in A549 and H1229 cells 
transfected with miR‑135a‑5p mimics (Fig. S1A). The results 
indicated that in cells transfected with miR‑135a‑5p mimics, the 
levels of miR‑135a‑5p were significantly increased compared 
with miR‑NC‑mimics, indicating a successful transfection. A 
luciferase reporter assay was then performed to confirm whether 
FOXD3‑AS1 could bind to miR‑135a‑5p. The results demon‑
strated that the relative luciferase activity was significantly 
decreased in 293T cells which miR‑135a‑5p co‑transfected with 
FOXD3‑AS1‑WT, whereas the luciferase activity of cells trans‑
fected with FOXD3‑AS1‑MUT showed no obvious difference 
(Fig. 3B). To further confirm that FOXD3‑AS1 could sponge 
miR‑135a‑5p, the enrichment of FOXD3‑AS1 was tested in 
A549 and H1229 using RIP and RT‑qPCR experiments. The 
results revealed a higher expression of FOXD3‑AS1 in the 
Ago2 group than that in the IgG group (Fig. 3C). Furthermore, 
RT‑qPCR demonstrated that miR‑135a‑5p was upregulated 
following transfection with sh‑FOXD3‑AS1 compared with 
sh‑NC (Fig. 3D). These results suggested that FOXD3‑AS1 
could directly bind to miR‑125a‑5p and regulate its expression.

Subsequently, in order to further characterize the axis 
through which FOXD3‑AS1 promotes the cancer progression, 

the downstream target of miR‑125a‑5p was examined. Using 
the Starbase software, it was identified that CDK6 contained 
putative binding sites for miR‑135a‑5p. A luciferase reporter 
assay indicated that the miR‑135a‑5p mimics reduced the 
relative luciferase activity in cells co‑transfected with 
CDK6‑WT, while no significant change was observed in cells 
transfected with CDK6‑MUT (Fig. 3E). In A549 and H1229 
cells, transfection with miR‑135a‑5p mimics downregulated 
the expression of CDK6 compared with miR‑NC (Fig. 3F). 
Moreover, in sh‑FOXD3‑AS1‑transfected cells, the expres‑
sion of CDK6 was downregulated compared with sh‑NC 
(Fig. 3G). However, whether miR‑135a‑5p inhibitor could 
influence CDK6 expression should be confirmed, and we 
also ensured the successful transfection. RT‑qPCR was used 
to detect the expression of miR‑135a‑5p in A549 and H1229 
cells transfected with miR‑135a‑5p inhibitor (Fig. S1B). The 
results indicated that the expression level of miR‑135a‑5p was 
significantly decreased in cells transfected with miR‑135a‑5p 
inhibitor compared with miR‑NC‑inhibitor. As shown in 
Fig. 3H, in sh‑FOXD3‑AS1‑transfected cells, the expression 
of CDK6 was downregulated compared with sh‑NC; however, 
in A549 and H1229 cells co‑transfected with sh‑FOXD3‑AS1 
and miR‑135a‑5p inhibitor, the CDK6 expression levels did 
not change compared with sh‑NC (Fig. 3H). These results 
suggested that FOXD3‑AS1 could promote CDK6 expression 
by sponging miR‑135a‑5p in NSCLC cells.

FOXD3‑AS1 promotes the cell cycle progression and apop‑
tosis of NSCLC cells by regulating miR‑135a‑5p/CDK6 axis. 
To further confirm that FOXD3‑AS1 promoted NSCLC 
progression by regulating the miR‑135a‑5p/CDK6 axis, 
western blotting was used to quantify the protein levels 
of CDK6 following FOXD3‑AS1 knockdown. First of all, 
successful transfection with OE‑CDK6 was verified, CDK6 
protein expression was detected by western blotting in A549 
and H1229 cells transfected with OE‑CDK6 (Fig. S1C). The 
results demonstrated that, following OE‑CDK6 transfection, 
CDK6 expression was increased significantly compared with 
empty vector. Compared with sh‑NC, CKD6 protein expression 
levels were reduced in cells transfected with sh‑FOXD3‑AS1, 
but not in cells co‑transfected with sh‑FOXD3‑AS1 and 
miR‑135a‑5p inhibitor. Similar results were also observed in 
A549 and H1229 cells co‑transfected with sh‑FOXD3‑AS1 
and CDK6 (Fig. 4A). Furthermore, in cells transfected with 
sh‑FOXD3‑AS1, cell proliferation was significantly inhibited 
compared with the sh‑NC group. However, proliferation 
was significantly increased in either the sh‑FOXD3‑AS1+ 
miR‑135a‑5p inhibitor group or the sh‑FOXD3‑AS1 + CDK6 
group compared with sh‑FOXD3‑AS1 alone (Fig. 4B). Since 
CDK6 is an important cell cycle regulator, it was hypothesized 
that cell cycle progression in A549 and H1229 cells transfected 
with sh‑FOXD3‑AS1 could be affected. Indeed, following 
FOXD3‑AS1 knockdown >60% of the cells were in the G0/G1 
and 20% in S phases, indicating that cell cycle progression 
was inhibited. A possible explanation for this observation is 
that FOXD3‑AS1 knockdown resulted in the downregulation 
of CDK6, thereby inhibiting cell cycle progression (Fig. S2). 
In addition, flow cytometry assays suggested that cell apop‑
tosis significantly increased following transfection with 
sh‑FOXD3‑AS1 compared with sh‑NC. However, this effect 
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was reversed following miR‑135a‑5p inhibitor transfection or 
CDK6 overexpression (Fig. 4C). These results indicated that 
FOXD3‑AS1 promoted the cell cycle progression and apoptosis 
of NSCLC cells by regulating the miR‑135a‑5p/CDK6 axis.

Discussion

Growing evidence suggests that lncRNA acts as a sponge for 
miRNA in NSCLC progression. For example, the lncRNA 
muscleblind like splicing regulator 1‑AS1 suppresses NSCLC 

progression by inhibiting cell proliferation, cell cycle progres‑
sion and metastasis, as well as increasing cell apoptosis by 
sponging miR‑135a‑5p (21). In contrast, lncRNA AWPPH and 
small nucleolar RNA host gene 4 were found to accelerate 
cell proliferation, migration, invasion and epithelial‑to‑mesen‑
chymal transition by sponging miR‑204 and miR‑98‑5p 
respectively in NSCLC (22,23). Recent evidence also indicates 
that FOXD3‑AS1 is closely associated with poor prognosis 
in patients with NSCLC and plays an oncogenic role. Indeed, 
FOXD3‑AS1 is involved in the pathological cell activities 

Figure 2. FOXD3‑AS1 promotes proliferation and inhibits apoptosis of non‑small cell lung cancer cells in vitro and tumor growth in vivo. (A) Knockdown effi‑
ciency of FOXD3‑AS1 was examined in A549 and H1229 cells. (B) Effects of FOXD3‑AS1 on A549 and H1229 cell proliferation. (C) Effects of FOXD3‑AS1 
on the viability of A549 and H1229 cells. (D) Flow cytometric analysis of the effects of FOXD3‑AS1 knockdown on the apoptosis of A549 and H1229 cells. 
(E) Tumor weight in nude mice injected subcutaneously with A549 cells transfected with sh‑NC and sh‑FOXD3‑AS1#1. (F) Relative expression levels of 
FOXD3‑AS1 in tumor tissue from the mice. **P<0.01, ***P<0.001. FOXD3‑AS1, forkhead box D3 antisense 1; sh, short hairpin RNA; NC, negative control; 
OD, optical density; 7‑AAD, 7‑aminoactinomycin D.
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and chemo‑resistance of NSCLC by sponging miR‑127‑3p to 
modulate MED28 or MDM2 expression, respectively (17,18). 
However, the role of FOXD3‑AS1 in NSCLC remains poorly 
understood. In the present study, FOXD3‑AS1 silencing reduced 
cell proliferation while inducing apoptosis, suggesting that 
FOXD3‑AS1 might be a new potential biomarker for NSCLC.

CDK6 plays a key role in cell cycle progression in solid 
tumors such as colorectal cancer and NSCLC (24,25). For 

example, CDK6 overexpression rescues cell cycle arrest at the 
G1 phase following lncRNA NR2F2‑AS1 silencing in colorectal 
cancer (24). A growing number of studies have revealed that 
miRNA plays crucial roles in promoting cancer tumorigenesis 
and progression via direct interaction with the 3'‑UTRs of target 
genes (26‑28). For example, miR‑218 directly targets the CDK6 
mRNA 3'‑UTR and inhibits NSCLC cell proliferation by nega‑
tively regulating CDK6 expression (25). In NSCLC, miR‑149‑5p 

Figure 3. FOXD3‑AS1 facilitates CDK6 expression by sponging miR‑135a‑5p. (A) Localization of FOXD3‑AS1 was determined in A549 and H1229 cells using 
subcellular localization experiment. (B) Potential binding sites of FOXD3‑AS1 in miR‑135a‑5p and relative luciferase activity following co‑transfection with 
miR‑135a‑5p mimics and FOXD3‑AS1‑WT or MUT. (C) Enrichment of FOXD3‑AS1 following RNA immunoprecipitation. (D) Relative miR‑135a‑5p expres‑
sion levels in A549 and H1229 cells transfected with sh‑NC or sh‑FOXD3‑AS1#1. (E) Potential binding sites of CDK6 in miR‑135a‑5p. Luciferase reporter 
assay was used to analyzed the relative luciferase activity in cells co‑transfected with luciferase vectors containing WT or MUT CDK6 and miR‑135a‑5p. 
(F) Protein expression levels of CDK6 were determined in A549 and H1229 cells transfected miR‑135a‑5p mimics or miR‑NC. (G) Protein levels of CDK6 were 
determined in A549 and H1229 cells transfected with sh‑FOXD3‑AS1#1 or sh‑NC. (H) Protein levels of CDK6 were determined in A549 and H1229 cells trans‑
fected with sh‑FOXD3‑AS1#1 alone or with miR‑135a‑5p inhibitor. ***P<0.001. FOXD3‑AS1, forkhead box D3 antisense 1; CDK6, cyclin‑dependent kinase 6; 
miR, microRNA; WT, wild‑type; MUT, mutant; UTR, untranslated region; NC, negative control; Ig, immunoglobulin; Ago2, argonaute 2; sh, short hairpin RNA.
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mimics co‑transfected with CDK6 3'‑UTR WT markedly 
inhibits the luciferase activities of H1563 and SK‑MES‑1 cells, 
suggesting that CDK6 is the direct target of miR‑149‑5p (29). 
In the present study, CDK6 could bind to miR‑135a‑5p. 
Additionally, CDK6 expression was negatively associated 
with miR‑135a‑5p expression, and restoring CDK6 expression 
completely rescued the inhibitory effect of FOXD3‑AS1 knock‑
down in A549 and H1299 cells. These results demonstrated that 
CDK6 was directly regulated by miR‑135a‑5p.

miR‑135a‑5p has been implicated in lung cancer, bladder 
cancer, prostate cancer, glioma, colorectal cancer, gastric 
cancer and ovarian cancer (30‑36). Previously, Zhang et al 
suggested that miR‑135a‑5p played an oncogenic role 
in lung adenocarcinoma, promoting cell proliferation, 
migration, invasion and inhibiting apoptosis by targeting 
lysyl oxidase‑like 4 (37). By contrast, miR‑135a‑5p could 
act as a tumor suppressor in colorectal cancer, NSCLC, 
ovarian cancer, as well as other cancer types (38‑41). For 
example, miR‑135a‑5p reduces glioblastoma malignancy 
by targeted regulation of syndecan binding‑protein (42). 
In addition, miR‑135a‑5p overexpression suppresses 
tumor cell progression by regulating Kruppel‑like factor 8 
expression in glioma cell lines (43). The varied expression 
and function of target genes may result in different func‑
tions of miR‑135a‑5p in human tumors. Nevertheless, the 
present study demonstrated that miR‑135a‑5p inhibits cell 

proliferation while inducing apoptosis in NSCLC cells by 
targeting CDK6 in NSCLC.

Although FOXD3‑AS1 has been studied in NSCLC as 
an oncogene in the present study, the regulatory mecha‑
nism of FOXD3‑AS1 in NSCLC has also been reported 
by Zeng et al (17). This previous study reported that 
FOXD3‑AS1 could promote chemo‑resistance of NSCLC 
cells via directly acting on miR‑127‑3p/MDM2 axis. However, 
the volume of subcutaneous tumors is slightly larger than 
the tumor volume in our study. Moreover, Zeng et al also 
suggested that FOXD3‑AS1 promoted NSCLC through the 
miR‑127‑3p/MED28 axis, with slightly larger tumor volume 
than those reported in our study (18). Ji et al (44) also reported 
that FOXD3‑AS1 was significantly downregulated in NSCLC 
tissue and suppressed the progression of NSCLC by regulating 
the miR‑150/SRC kinase signaling inhibitor 1 axis. The results 
from the above studies were different from those from the 
present study, suggesting that this study may have a theoretical 
basis and may be innovative.

In conclusion, the present findings demonstrated that 
FOXD3‑AS1 played an oncogenic role in NSCLC, promoting 
cell proliferation and inhibiting apoptosis by regulating the 
expression of CDK6 via sponging miR‑135a‑5p. This study 
identifies a new cancer cell regulatory pathway involving 
FOXD3‑AS1, miR‑135a‑5p and CDK6, providing novel 
insights for therapeutics in NSCLC.

Figure 4. FOXD3‑AS1 promotes non‑small cell lung cancer progression by regulating the miR‑135a‑5p/CDK6 axis. (A) Relative protein expression levels of 
CDK6 in A549 and H1229 cells transfected with sh‑FOXD3‑AS1, sh‑FOXD3‑AS1 + miR‑135a‑5p inhibitor or sh‑FOXD3‑AS1 + CDK6. (B) Proliferation in 
A549 and H1229 cells transfected with sh‑FOXD3‑AS1, sh‑FOXD3‑AS1 + miR‑135a‑5p inhibitor and sh‑FOXD3‑AS1 + CDK6. (C) Flow cytometric analysis 
of cell apoptosis in A549 and H1229 cells after transfection with sh‑FOXD3‑AS1, sh‑FOXD3‑AS1 + miR‑135a‑5p inhibitor and sh‑FOXD3‑AS1 + CDK6. 
**P<0.01 vs. sh‑NC group; ##P<0.01 vs. sh‑FOXD3‑AS1 group. FOXD3‑AS1, forkhead box D3 antisense 1; CDK6, cyclin‑dependent kinase; sh, short hairpin 
RNA; NC, negative control; miR, microRNA; OD, optical density; 7‑AAD, 7‑aminoactinomycin D.
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