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Abstract
Background: The development of non-small cell lung cancer (NSCLC) is associated
with the deregulation of circRNAs. The objective of this study was to investigate the
effects of circ-RAD23B in NSCLC.
Methods: Circ-RAD23B expression, miR-142-3p and MAP4K3 was detected by qPCR. Cell
proliferation was investigated by CCK-8 assay and colony formation assay. Cell migration
and invasion were assessed by transwell assay. Angiogenesis ability was assessed by tube for-
mation assay. Cell cycle distribution and cell apoptosis were monitored by flow cytometry.
The predicted binding relationship between miR-142-3p and circ-RAD23B or MAP4K3 was
verified by dual-luciferase reporter assay. The protein level of MAP4K3 was detected by west-
ern blot. Animal models were established to determine the role of circ-RAD23B in vivo.
Results: Circ-RAD23B was shown to be upregulated in NSCLC tissues and cells.
Knockdown of circ-RAD23B inhibited proliferation, migration, invasion, angiogenesis
and promoted cell cycle arrest and apoptosis in NSCLC cells, and circ-RAD23B
knockdown also impeded tumor growth in vivo. Circ-RAD23B acted as miR-142-3p
sponge to inhibit miR-142-3p expression and thus enrich the expression of MAP4K3,
a target of miR-142-3p. Rescue experiments presented that miR-142-3p inhibition
reversed the effects of circ-RAD23B knockdown, and MAP4K3 overexpression
abolished the effects of miR-142-3p restoration. In addition, we found that circ-
RAD23B knockdown led to decreased phosphorylation expression of ERK1/2, JNK
and p38, three key groups of the MAPK signaling pathway.
Conclusions: Circ-RAD23B knockdown inhibited NSCLC development by regulating
the miR-142-3p/MAP4K3 axis, which might be associated with the inactivation of the
MAPK signaling pathway.
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INTRODUCTION

Lung cancer has long been the leading cause of cancer-
related death. Statistical data in 2019 showed that there were
228 150 estimated new cases and 142 670 estimated deaths
of lung cancer in the USA, and the number of cases was far
greater than other types of cancers.1 Approximately
80%–85% of lung cancers are pathologically classified as non-
small cell lung cancer (NSCLC). It is widely acknowledged
that molecular targeted therapy based on various oncogenic

drivers in tumor cells has greatly improved the treatment of
patients with advanced NSCLC.2 Therefore, it is necessary to
identify more oncogenic drivers to seek novel therapeutic tar-
gets for NSCLC.

Recently, it has been reported that circular RNAs (cir-
cRNAs) act as either oncogenic drivers or tumor suppressors
in the development of NSCLC. For example, circRNA
100 146 has been reported to serve as an oncogene in
NSCLC promoting NSCLC cell proliferation and invasion.3

Circ_0007385 also functions as an oncogene to promote
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NSCLC cell proliferation, migration and invasion in NSCLC
tumorigenesis.4 CircRNAs can act as endogenous regulators
and regulate multiple biological processes in various diseases.5

CircRNAs harbor unique loop-closed structures, with high stabil-
ity and abundance compared to canonical linear isoforms,5

suggesting that circRNAs may have considerable diagnostic,
prognostic, and therapeutic value in cancers. A growing number
of circRNAs have been identified to be differently expressed in
tumor tissues with the advance of circRNAs microarray analy-
sis.6,7 Circ-RAD23B (hsa_circ_0087862), derived from RAD23B
linear transcript, has been shown to be upregulated in NSCLC
tissues by a circRNA expression profile.7 The deregulation of
circ-RAD23B hinted that circ-RAD23B might be involved in
NSCLC progression. However, the evidence was insufficient.

MicroRNAs (miRNAs) have been documented to have
multiple functions in physiological and pathological pro-
cesses of cancers.8 Post-transcriptional regulation holds the
view that circRNAs harbor miRNA response elements
(MREs) and sequester miRNA from other targets.9,10 MiR-
142-3p has been reported to be a tumor suppressor in
NSCLC,11 and circ-RAD23B predicted to have MREs with
miR-142-3p by bioinformatics. However, it is unclear
whether miR-142-3p role is partly mediated by circ-
RAD23B in NSCLC, and this needs further exploration.

Mitogen-activated protein kinase kinase kinase kinase
3(MAP4K3) is a member of the MAP4K family, and the
kinases of the MAP4K family are vital regulators of the
MAPK signaling pathway.12 It has been shown that
MAP4K3 is highly expressed in NSCLC tissues and closely
associated with the recurrence of NSCLC.13 Interestingly,
miR-142-3p has been predicted to harbor a binding site
with MAP4K3 30 untranslated region (3’ UTR), suggesting
that MAP4K3 might be a target of miR-142-3p. However,
their interactions in NSCLC were not addressed in this
study.

Our study aimed to address the detailed functions of
circ-RAD23B in NSCLC development and provide a new
functional mechanism for circ-RAD23B. The establishment
of the circ-RAD23B/miR-142-3p/MAP4K3 axis provides
new perspectives into the understanding of NSCLC
pathogenesis.

METHODS

Tissue specimens

A total of 50 tumor tissues of NSCLC and 25 normal lung
tissues (paired with 25 NSCLC tumor tissues) were included
in this study, which were collected from Fujian Cancer Hos-
pital & Fujian Medical University Cancer Hospital. All sub-
jects approved the use of these specimens with written
informed consent, and the correlation between clinicopatho-
logical features (age, gender, tumor size and TNM stage) and
circ-RAD23B expression is shown in Table 1. These tissues
were treated with liquid nitrogen after excision and preserved
at �80�C until use. This study was implemented with the

approval of the Ethics Committee of Fujian Cancer Hospital &
Fujian Medical University Cancer Hospital.

Cell culture

NSCLC cell lines (Bena culture collection, Beijing, China), includ-
ing H1299 and A549, and human bronchial epithelioid cells
(16 HBE; Bena culture collection) were cultured in RPMI-1640
medium (Bena culture collection), F-12 K medium (Bena culture
collection), and DMEM (Bena culture collection), respectively,
containing 10% fetal bovine saline (FBS; Bena culture collection).
Cells were incubated in a 37�C incubator supplemented with
5%CO2.

Quantitative real-time PCR (qPCR)

Total RNA isolated from tissues or cells using Trizol reagent
(Invitrogen) was examined using ND2000 (Thermo Fisher
Scientific). RNA samples were assembled into cDNA using
the SuperScript IV first-strand synthesis system (Invitrogen)
or using the miRNA first strand cDNA synthesis kit
(Vazyme). Next, cDNA was used for qPCR using the SYBR
Green Master Mix (Invitrogen). Relative expression was
normalized by GAPDH or U6 and calculated using the 2-
ΔΔCT method. The primer sequences are listed as follows:

Circ-RAD23B, F: 5’-GTAATTGCAGCCCTGAGAGC-30
and R: 5’-GATGCTGGAGTGATGGATGC-30; miR-142-3p, F:
5’-TGCGGTGTAGTGTTTCCTACTT-30 and R: 5’-CCAG
TGCAGGGTCCGAGGT-30; MAP4K3, F: 5’-AACTTCCCG
ACAGTGATGGTT-30 and R: 5’-CACCTTGGTGTCCT
TGTCCAT-30; U6, F: 5’-CTCGCTTCGGCAGCACATA
TACT-30 and R: 5’-ACGCTTCACGAATTTGCGTGTC-30;
GAPDH, F: 5’-TCGGAGTCAACGGATTTGGT-30 and R: 5’-
TTCCCGTTCTCAGCCTTGAC-30;

TAB L E 1 Correlation between clinicopathological parameters of
NSCLC patients and circ-RAD23B expression

Parameter Case

Circ-RAD23B expression

p-valueLow (n = 27) High (n = 23)

Age (years) 0.226

≤60 22 14 8

>60 28 13 15

Gender 0.395

Female 25 15 10

Male 25 12 13

Tumor size 0.022*

≤5 cm 17 13 4

>5 cm 33 14 19

TNM stages 0.0003*

I-II 20 17 3

III 30 10 20

Abbreviations: TNM, tumor-node-metastasis.
*p < 0.05.
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Cell transfection

To mediate circ-RAD23B knockdown, small interference
RNA (siRNA) targeting circ-RAD23B (si-circ-RAD23B-1 and
si-circ-RAD23B-2) and its matched negative control (si-NC)
were provided by Genepharma. To mediate miR-142-3p resto-
ration or inhibition, miR-142-3p mimic, miR-142-3p inhibitor
and their matched negative control (miRNA NC and inhibitor
NC) were provided by Ribobio. The pcDNA-MAP4K3 fusion
vector (pc-MAP4K3) for MAP4K3 overexpression and its neg-
ative control (pc-NC) were provided by Genepharma. The
experimental cells were transfected with oligonucleotides or
vectors using lipofectamine 3000 reagent (Invitrogen).

Cell counting kit-8 (CCK-8) assay

H1299 and A549 cells with various transfections were seeded
into 96-well plates (2000 cells/well) and incubated for 24 h.
Then, cells were treated with CCK-8 reagent (Dojindo) for
another 2 h. After incubation, cell viability was checked using
a microplate reader (Thermo Fisher Scientific) at 450 nm.

Colony formation assay

H1299 and A549 cells with various transfections were seeded into
6-well plates (200 cells/well) and then incubated in a 37�C incuba-
tor supplemented with 5% CO2 for 2 weeks. During tumor
growth, the status of colonies was observed every 3 days. Finally,
the number of colonies was counted under a microscope
(Olympus).

Transwell assay

Transwell chambers (8 μm pores) were precoated with Matrigel
(BD Biosciences). H1299 and A549 cells with various transfec-
tions were inoculated into 500 μl serum-depleted culture
medium and seeded in the upper chambers of the wells, and
800 μl cultured medium supplemented with 10% FBS as a
chemoattractant was added into the lower chambers. The plates
were placed in a 37�C incubator containing 5% CO2 and incu-
bated for 24 h. Afterwards, cells that migrated or invaded to the
lower surface of membranes were fixed with methanol
(Beyotime) and stained with 0.1% crystal violet (Beyotime). The
number of cells were counted in three random fields (at a magni-
fication of 100�) using a light microscope (Olympus).

Matrigel tube formation assay

H1299 and A549 cells with various transfections were cultured
in the corresponding culture medium, and the supernatant
was collected as the conditional medium. The Matrigel
(BD Biosciences) was dissolved at 4�C overnight, and 24-well
plates were treated with 100 μl of Matrigel. Human umbilical

vein endothelial cells (HUVECs; Gibco) cultured in the
tumor-conditioned medium were placed into 24-well plated
(4 � 104 cells/well) coated with Matrigel for 12 h. Next, the
images were observed using an inverted photomicroscope
(Olympus). Tube formation was assessed according to the
number of branches using Image J software (NIH). Five differ-
ent fields in each group were used to count the number of bra-
nches, and the results are shown as the means of the values.

Flow cytometry assay

The transfected cells were treated with trypsin, collected and
washed with precooling PBS. Then, cells were fixed using
70% ethanol at 4�C overnight. Cells were stained with
0.5 ml propidium iodide (PI)/RNase A solution (Beyotime)
at 37�C for 30 min. The red fluorescence was detected by a
flow cytometer (Beckman) at the excitation wavelength of
488 nm to investigate cell cycle distribution.

An Annexin V-FITC apoptosis detection kit (Beyotime)
was utilized to monitor cell apoptosis. After transfection, cells
were digested with trypsin and collected into PBS. Then, cells
were suspended in 195 μl Annexin V-FITC binding buffer
and next stained with 5 μl Annexin V-FITC solution and
10 μl PI at room temperature for 20 min. The status of cell
apoptosis was examined using a flow cytometer (Beckman).

Dual-luciferase reporter assay

The binding site between circ-RAD23B and miR-142-3p was
provided using the Circinteractome tool (https://circinteractome.
nia.nih.gov/). The binding site between miR-142-3p and
MAP4K3 3’ UTR was provided by the miRcode tool (http://
www.mircode.org/). The wild-type (WT) sequences and
mutant-type (MUT) sequences of circ-RAD23B and MAP4K3
3’ UTR were cloned into pmirGLO plasmid (Promega), and
recombinant reporter plasmids included WT-circ-RAD23B,
MUT-circ-RAD23B, WT-MAP4K3-3’UTR and MUT-
MAP4K3-3’UTR. H1299 and A549 cells were cotransfected
with miR-142-3p mimic or miRNA NC and reporter plasmid
and then incubated for 48 h. Relative luciferase activity was
detected using a dual-luciferase reporter assay system (Promega)
according to the manufacturer’s protocol.

Western blot

Tissues or cells were lysed in RIPA lysis buffer (Beyotime)
to extract total proteins. After separation by 12% SDS-
PAGE, proteins were transferred onto PVDF membranes
(Bio-Rad) and then blocked in 5% skim milk. The mem-
branes were next incubated with the primary and secondary
antibodies, including anti-MAP4K3 (#92427; Cell Signaling
Technology), antiproliferating cell nuclear antigen (anti-
PCNA; ab18197; Abcam), anti-Bcl-2-associated X protein
(anti-Bax; ab182733), anti-ERK1/2 (ab17942; Abcam), anti-
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p-ERK1/2 (ab223500; Abcam), anti-JNK (AB208035;
Abcam), anti-p-JNK (ab76572; Abcam), anti-p38 (ab32142;
Abcam), anti-p-p38 (ab178867; Abcam), anti-GAPDH
(ab9485; Abcam) and goat-anti rabbit (ab205718; Abcam).
The protein signals were detected using an enhanced chemi-
luminescence system (Beyotime).

Animal models

NSCLC animal models were established in nude mice (Vital
River Laboratory Animal Technology Co., Ltd. Being,
China; Balb/c, n = 12, female). A549 cells infected with len-
tivirus sh-circ-RAD23B (Genepharma) or sh-NC
(Genepharma) were subcutaneously inoculated into the
right flank of mice (n = 6 per group; 2 � 106 cells per

mouse). Tumor volume (length � width2 � 0.5) was mea-
sured using a caliper once a week for 4 weeks. All mice were
subsequently sacrificed after anesthesia, and the tumor tis-
sues were excised and used in subsequent assays. These pro-
cedures were approved by the Animal Care and Use
Committee of Fujian Cancer Hospital & Fujian Medical
University Cancer Hospital.

Statistical analysis

Experiments for each assay were conducted three times. All
data are presented as mean � standard deviation (SD). Stu-
dent’s t-test was used for comparison between two groups,
and analysis of variance (ANOVA) was used for comparison
among multiple groups. Statistical significance was defined

F I G U R E 1 Circ-RAD23B knockdown blocked NSCLC development in vitro. (a) The expression of circ-RAD23B in NSCLC tissues and normal tissues
was measured by qPCR. (b) The expression of circ-RAD23B in H1299, A549 and 16 HBE cells was detected by qPCR. (c) The efficiency of circ-RAD23B
interference was checked by qPCR. (d) The effect of circ-RAD23B knockdown on cell viability was examined by CCK-8 assay. (e) The effect of circ-RAD23B
knockdown on cell proliferation was examined by colony formation assay. (f and g) The effect of circ-RAD23B knockdown on migration and invasion was
examined by transwell assay. (h) Matrigel tube formation assay was performed to evaluate the angiogenic ability of HUVECs. (i) The effect of circ-RAD23B
knockdown on cell cycle distribution was determined by flow cytometry assay. (j) The effect of circ-RAD23B knockdown on cell apoptosis was analyzed by
flow cytometry assay. (k) Expression of PCNA and Bax affected by circ-RAD23B knockdown was detected by western blot. *p < 0.05
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when p-values were less than 0.05. All statistical analysis was
performed using GraphPad Prism 7.0 (GraphPad).

RESULTS

Circ-RAD23B knockdown inhibited
proliferation, migration, invasion, angiogenesis
and promoted cell cycle arrest and apoptosis in
NSCLC cells

Circ-RAD23B expression was shown to be increased in
NSCLC tissues (n = 50) compared to normal tissues
(n = 25) (Figure 1a). Follow-up analysis manifested that
high circ-RAD23B expression (with median value as the cut-
off value) was linked to low survival of NSCLC patients
(p = 0.0075; Figure S1). In addition, circ-RAD23B expres-
sion was shown to be elevated in H1299 and A549 cells
compared to 16 HBE cells (Figure 1b). Then, we used siRNA
targeting circ-RAD23B to reduce the expression level of
circ-RAD23B in H1299 and A549 cells. The data presented
that circ-RAD23B expression was strikingly decreased in
H1299 and A549 cells with si-circ-RAD23B-1 or si-circ-
RAD23B-2 transfection (Figure 1c), and si-circ-RAD23B-1
was used in the following assays because si-circ-RAD23B-1
possessed higher efficiency on circ-RAD23B interference.
Next, we found that circ-PAD23B knockdown remarkably
inhibited H1299 and A549 cell proliferation because of the
decreased cell viability and colony formation ability caused

by circ-PAD23B knockdown from CCK-8 assay and colony
formation assay (Figure 1d and e). In addition, circ-PAD23B
knockdown significantly depleted the properties of cell
migration and invasion by transwell assay (Figure 1f and g).
Moreover, circ-PAD23B knockdown notably weakened the
number of branches in HUVECs after the treatment with
the conditioned medium from si-circ-RAD23B-
1-transfected H1299 and A549 cells, suggesting that circ-
PAD23B knockdown inhibited angiogenesis (Figure 1h).
Circ-PAD23B knockdown also induced cell cycle arrest at
the G0/G1 phase and promoted cell apoptosis in H1299 and
A549 cells (Figure 1i and j). Additionally, we found that
circ-PAD23B knockdown weakened the expression of
PCNA but promoted the expression of Bax (Figure 1k). The
data suggested that circ-RAD23B was aberrantly
upregulated in NSCLC cells, and circ-PRD23B knockdown
blocked cellular malignant properties.

MiR-142-3p was a target of circ-RAD23B

We subsequently explored the functional mechanism of
circ-PAD23B. The data from the Circinteractome tool
showed that miR-142-3p was one of the targets of circ-
RAD23B, and circ-RAD23B harbored a special binding site
with miR-142-3p (Figure 2a). MiR-142-3p mimic introduc-
tion in H1299 and A549 cells significantly increased the
expression of miR-142-3p (Figure 2b). In dual-luciferase
reporter assay, miR-142-3p mimic transfection notably

F I G U R E 2 MiR-142-3p was a target of circ-RAD23B. (a) the binding site between circ-RAD23B and miR-142-3p was provided by Circinteractome tool.
(b) The efficiency of miR-142-3p mimic was examined by qPCR. (c) Dual-luciferase reporter assay was performed to validate the interaction between circ-
RAD23B and miR-142-3p. (d) The expression of miR-142-3p in NSCLC tissues and normal tissues was detected by qPCR. (e) The expression of miR-142-3p
in H1299, A549 and 16 HBE cells was detected by qPCR. (f) The efficiency of miR-142-3p inhibitor was checked by qPCR. (g) The expression of miR-142-3p
in H1299 and A549 cells transfected with si-circ-RAD23B-1 or si-circ-RAD23B-1 + miR-142-3p inhibitor was detected by qPCR. *p < 0.05
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reduced luciferase activity in H1299 and A549 transfected
with WT-circ-RAD23B but not MUT-circ-RAD23B
(Figure 2c). MiR-142-3p expression was remarkably
decreased in NSCLC tissues compared to normal tissues, as
well as in H1299 and A549 cells compared to 16 HBE cells
(Figure 2d and e). MiR-142-3p expression notably declined
in H1299 and A549 cells transfected with miR-142-3p inhib-
itor (Figure 2f). In addition, the expression of miR-1421-3p
was notably promoted in H1299 and A549 cells transfected
with si-circ-RAD23B-1 but repressed in cells transfected
with si-circ-RAD23B-1 + miR-142-3p inhibitor (Figure 2g).
The data revealed that miR-142-3p was a target of circ-
RAD23B.

MiR-142-3p suppression recovered circ-
RAD23B knockdown-inhibited cell malignant
behaviors in H1299 and A549 cells

In terms of function, si-circ-RAD23B-1-blocked cell viability
and colony formation ability were partly recovered miR-
142-3p inhibitor (Figure 3a and b). Besides, cell migration
and cell invasion were notably suppressed in cells trans-
fected with si-circ-RAD23B-1 but restored in cells

transfected with si-circ-RAB23B-1 + miR-142-3p inhibitor
(Figure 3c and d). In addition, angiogenesis was inhibited by
circ-RAB23B deficiency but partly recovered by miR-142-3p
inhibitor (Figure 3e). Moreover, cell distribution arrested at
the G0/G1 phase caused by circ-RAD23B knockdown
largely was relieved by miR-142-3p inhibition (Figure 3f and
g). For apoptosis, circ-RAD23B knockdown markedly pro-
moted cell apoptosis, while miR-142-3p inhibition partly
repressed cell apoptosis (Figure 3h). Additionally, circ-
RAD23B knockdown-inhibited PCNA expression was
largely recovered by miR-142-3p inhibition, and circ-
RAD23B knockdown-enhanced Bax expression was largely
depleted by miR-142-3p inhibition (Figure 3i and j). These
data manifested that circ-RAD23B knockdown inhibited
NSCLC development in vitro by increasing miR-142-3p
expression.

MAP4K3 was a target of miR-142-3p

The data from the miRcode tool showed that MAP4K3 was
one of the targets of miR-142-3p, and miR-142-3p harbored
a special binding site with MAP4K3 3’UTR (Figure 4a). In
the dual-luciferase reporter assay, we found that miR-

F I G U R E 3 Circ-RAD23B knockdown blocked NSCLC development in vitro by mediating miR-142-3p. In H1299 and A549 cells transfected with si-
circ-RAD23B-1 or si-circ-RAD23B-1 + miR-142-3p inhibitor, (a and b) cell proliferation was assessed by CCK-8 assay and colony formation assay. (c and d)
Cell migration and cell invasion were assessed by transwell assay. (e) The angiogenic ability was assessed by Matrigel tube formation assay. (f and g) Cell cycle
distribution was determined by flow cytometry assay. (h) Cell apoptosis was analyzed by flow cytometry assay. (i and j) The expression of PCNA and Bax was
measured by western blot. *p < 0.05
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142-3p mimic significantly reduced luciferase activity in
H1299 and A549 cells transfected with WT-
MAP4K3-3’UTR but not MUT-MAP4K3-3’UTR
(Figure 4b). MAP4K3 expression was relatively higher in
NSCLC tissues (n = 50) than that in normal tissues
(n = 25) (Figure 4c and d). In addition, MAP4K3 protein
expression was increased in H1299 and A549 cells compared
with that in 16 HBE cells (Figure 4e). In addition, MAP4K3
protein expression was shown to be notably increased in
H1299 and A549 cells transfected with pc-MAP4K3 com-
pared to pc-NC (Figure 4f). We then monitored that
MAP4K3 protein expression was strikingly decreased in
H1299 and A549 cells transfected with miR-142-3p mimic
but recovered in cells transfected with miR-142-3p mimic
+pc-MAP4K3 (Figure 4g). These data showed that miR-
142-3p regulated MAP4K3 expression by binding to
MAP4K3 3’UTR.

MiR-142-3p degraded the function of MAP4K3

In functional analyses, we found that miR-142-3p mimic
significantly weakened cell viability and colony formation
ability, while MAP4K3 reintroduction rescued these inhibi-
tory effects (Figure 5a and b). In addition, cell migration

and cell invasion were markedly suppressed by miR-142-3p
restoration but partly recovered by MAP4K3 reintroduction
(Figure 5c and d). The number of branches in HUVECs was
depleted by miR-142-3p restoration but partly enhanced by
MAP4K3 overexpression (Figure 5e). In addition, miR-
142-3p mimic induced cell cycle arrest at the G0/G1 phase,
while MAP4K3 overexpression alleviated this arrest
(Figure 5f and g). Cell apoptosis promoted by miR-142-3p
enrichment was also repressed by the reintroduction of
MAP4K3 (Figure 5h). Additionally, miR-142-3p
restoration-suppressed PCNA expression was partly
restored by MAP4K3 reintroduction, and miR-142-3p
restoration-strengthened Bax expression was partly
repressed by MAP4K3 reintroduction (Figure 5i and j).
These data suggested that miR-142-3p targeted MAP4K3 to
block NSCLC development in vitro.

Circ-RAD23B/miR-142-3p/MAP4K3 axis
regulated the MAPK signaling pathway

Subsequent experiments demonstrated that MAP4K3 pro-
tein expression was notably decreased in H1299 and A549
cells transfected with si-circ-RAD23B-1 compared to si-NC,
while MAP4K3 expression was partly increased in cells

F I G U R E 4 MAP4K3 was a target of miR-142-3p. (a) The binding site between MAP4K3 3’UTR and miR-142-3p was provided by miRcode tool.
(b) Dual-luciferase reporter assay was conducted to validate the interaction between miR-142-3p and MAP4K3. (c and d) the expression of MAP4K3 in
NSCLC tissues and normal tissues was detected by qPCR and western blot. (e) The expression of MAP4K3 protein in H1299, A549 and 16 HBE cells was
measured by western blot. (f) The efficiency of MAP4K3 overexpression was checked by western blot. (g) The expression of MAP4K3 in H1299 and A549
cells transfected with miR-142-3p mimic or miR-142-3p mimic+pc-MAP4K3 was detected by western blot. *p < 0.05
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F I G U R E 5 MiR-142-3p blocked NSCLC development in vitro by depleting MAP4K3. In H1299 and A549 cells transfected with miR-142-3p mimic or miR-
142-3p mimic+pc-MAP4K3, (a and b) cell proliferation was assessed by CCK-8 assay and colony formation assay. (c and d) cell migration and cell invasion were
assessed by transwell assay. (e) The angiogenic ability was investigated by Matrigel tube formation assay. (f and g) Cell cycle distribution was determined by flow
cytometry assay. (h) Cell apoptosis was investigated by flow cytometry assay. (i and j) The expression of PCNA and Bax was detected by western blot. *p < 0.05

F I G U R E 6 The circ-RAD23B/miR-142-3p/MAP4K3 axis regulated the MAPK signaling pathway. (a) The protein level of MAP4K3 in H1299 and A549 cells
transfected with si-circ-RAD23B-1 or si-circ-RAD23B-1 + miR-142-3p inhibitor was detected by western blot. (b and c) The protein levels of p-ERK1/2, p-JNK
and p-p38 in H1299 and A549 cells transfected with si-circ-RAD23B-1 or si-circ-RAD23B-1 + miR-142-3p inhibitor was detected by western blot. *p < 0.05
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transfected with si-circ-RAD23B-1 + miR-142-3p inhibitor
compared to si-circ-RAD23B-1 + inhibitor NC (Figure 6a),
suggesting that circ-RAD23B regulated MAP4K3 expression
by targeting miR-142-3p. Additionally, MAPKs played
indispensable roles in numerous signaling pathways, and
ERK1/2, JNK and p38 were major groups of MAPKs. Here,
we found that the protein levels of p-ERK1/2, p-JNK and p-
p38 were strikingly lessened in H1299 and A549 cells trans-
fected with si-circ_RAD23B-1 but partly recovered in cells
transfected with si-circ-RAD23B-1 + miR-142-3p inhibitor
(Figure 6b and c), suggesting that circ-RAD23B knockdown
mediated the inactivation of MAPK signaling pathway by
targeting the miR-142-3p/MAP4K3 axis.

Circ-RAD23B knockdown impeded solid tumor
growth in mice

In animal models, we found that circ-RAD23B knockdown
inhibited tumor growth, leading to smaller tumor volume
and tumor weight, and the representative image of tumor
nodes showed that circ-RAD23B knockdown produced
small tumor size (Figure 7a and b). We performed expres-
sion analyses using excised tumor tissues. The results
showed that the expression of circ-RAD23B and MAP4K3
protein was strikingly decreased, while the expression of
miR-142-3p was increased in tumor tissues excised from sh-
circ-RAD23B-administered mice compared to sh-NC
(Figure 7c–e). The data showed that circ-RAD23B

knockdown impeded solid tumor growth in vivo by
targeting the miR-142-3p/MAP4K3 axis.

DISCUSSION

NSCLC is an aggressive disorder with universal poor sur-
vival.14 Identifying promising biomarkers and novel targets
for the effective diagnosis and treatment of NSCLC is
urgently required. In this study, we obtained circ-RAD23B
from a previous circRNA expression profile and verified
high circ-RAD23B expression in NSCLC tissues and cells.
Knockdown of circ-RAD23B inhibited NSCLC development
by in vitro and in vivo assays. Mechanism analysis found
that circ-RAD23B regulated NSCLC progression by modu-
lating the miR-142-3p/MAP4K3 axis. Moreover, the MAPK
signaling pathway was inactivated by circ-RAD23B knock-
down. Our findings provide evidence for circ-RAD23B as a
promising biomarker in NSCLC.

Circ-RAD23B was originally identified to be upregulated
in NSCLC tissues by sequencing technology,7 which was
verified in clinical specimens and cell lines by qPCR.
Recently, circ-RAD23B high expression was demonstrated
to be associated with poor prognosis of NSCLC, and circ-
RAD23B depletion significantly restrained cell viability,
migration and invasion.15 Consistent with these data, our
study determined that circ-RAD23B knockdown not only
suppressed NSCLC cell proliferation, migration and inva-
sion but also promoted cell apoptosis and cell cycle arrest.

F I G U R E 7 Circ-RAD23B knockdown inhibited tumor growth in vivo. In sh-circ-RAD23B or sh-NC-administered mice, (a) tumor volume was
measured once a week. (b) Once tumor tissues were excised, tumor size was photographed, and tumor weight was measured. (c and d) The expression of
circ-RAD23B and miR-142-3p in the excised tumor tissues was detected by qPCR. (e) The expression of MAP4K3 in the excised tumor tissues was detected
by western blot. *p < 0.05
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Angiogenesis deregulation is regarded to be the main driv-
ing force in multiple human diseases including cancers.16

Angiogenesis produces new tubes that deliver oxygen and
nutrients to growing tumor tissues, and thus the blockage of
tumor angiogenesis is served as a clinical antitumor strat-
egy.16 We found that circ-RAD23B knockdown strikingly
inhibited the number of tube branches, suggesting that circ-
RAD23B inhibited angiogenesis. Moreover, circ-RAD23B
downregulation impeded tumor growth in animal models.
Overall, all these findings demonstrated that circ-RAD23B
knockdown had forceful potency to block NSCLC
deterioration.

Accumulating studies have proposed that circRNA par-
ticipated in cancer progression by competing for miRNAs
with downstream mRNAs.17–19 In this study, we screened
miR-142-3p as a target of circ-RAD23B. Previous studies
have illustrated that miR-142-3p overexpression promoted
chemosensitivity in NSCLC by targeting high mobility
group box-1 (HMGB1).20 In addition, miR-142-3p expres-
sion was decreased in NSCLC tissues, and miR-142-3p
upregulation inhibited NSCLC cell proliferation, migration
and invasion.11,21 Consistent with these findings, our data
presented that miR-142-3p restoration suppressed NSCLC
cell proliferation, migration, invasion and angiogenesis. Res-
cue experiments discovered that miR-142-3p inhibition
reversed the effects of circ-RAD23B knockdown, suggesting
that circ-RAD23B knockdown blocked NSCLC progression
by increasing miR-142-3p expression.

We next defined that MAP4K3 was a target of miR-
142-3p. MAP4K3 was previously demonstrated to be an
oncogene in NSCLC, and the restoring expression of
MAP4K3 enhanced cell migration and invasion.22,23 High
expression of MAP4K3 was correlated with a high risk of
NSCLC recurrence and poor recurrence-free survival rate.13

In this study, we proposed that the oncogenic effect of
MAP4K3 was suppressed by miR-142-3p because MAP4K3
overexpression recovered the effects of miR-142-3p restora-
tion in rescue experiments. Given that MAP4K3 is a mem-
ber of the MAP4K family, we speculated that MAP4K3
might be involved in the MAPK signaling pathway. MAPKs
are major signaling transduction molecules with vital func-
tions in regulating a variety of cellular responses, such as cell
proliferation, differentiation and apoptosis.24 ERK1/2, JNK
and p38 are main compounds of MAPKs, which are closely
involved in the regulation of various cancer cell activities,
including proliferation, apoptosis and metastasis.25,26 Sun
et al. illustrated that the phosphorylation of ERKs, JNK and
p38 was increased in bladder cancer cells compared to non-
cancer cells.27 Zhou et al. reported that MRS1754
(a selective A2b receptor antagonist) treatment significantly
inhibited tumor growth of bladder urothelial carcinoma and
degraded the phosphorylation levels of ERKs, JNK and
p38.28 Gao et al. stated that miR-9 inhibition suppressed
osteosarcoma cell proliferation by depleting the phosphory-
lation levels of ERKs, JNK and p38.29 Herein, consistent
with these views, our data revealed that circ-RAD23B
knockdown reduced the phosphorylation levels of ERK1/2,

JNK and p38, while miR-142-3p inhibition recovered their
levels, suggesting that circ-RAD23B regulated the MAPKs
signaling pathways in NSCLC.

In conclusion, our study mainly clarified that circ-
RAD23B was highly expressed in NSCLC tissues and cells.
Knockdown of circ-RAD23B inhibited NSCLC cell malig-
nant behaviors, including proliferation, migration, invasion,
angiogenesis and cell cycle progression, and also blocked
tumor growth in vivo. Circ-RAD23B conducted these effects
by regulating the miR-142-3p/MAP4K3 axis. Moreover, the
deregulation of MAPK signaling pathway might be involved
in the circ-RAD23B regulatory networks. Our data strongly
support that circ-RAD23B is a promising therapeutic target
of NSCLC.
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