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Abstract
Non-small cell lung cancer (NSCLC) is a common cancer with an unfavorable 5-year survival rate. We intended to explore the
role of circular RNA_0074027 (circ_0074027) in NSCLC progression. The levels of circ_0074027, messenger RNA (mRNA) of
its linear form paired like homeodomain 1 (PITX1), microRNA-2467-3p (miR-2467-3p) and ras homolog family member A
(RHOA) mRNAwere determined by quantitative real-time polymerase chain reaction (qRT-PCR). Cell Counting Kit-8 (CCK8)
assay and plate colony assay were conducted to measure the proliferation ability of NSCLC cells. Transwell assays were used to
assess cell migration and invasion abilities. Flow cytometry was utilized to analyze cell apoptosis rate. Dual-luciferase reporter
assay and RNA immunoprecipitation (RIP) assay were used to test the interaction between miR-2467-3p and circ_0074027 or
RHOA. Western blot assay was performed to evaluate the protein level of RHOA in NSCLC cells. Murine xenograft model was
built to evaluate the role of circ_0074027 in tumor growth in vivo. Circ_0074027 expression was prominently elevated in
NSCLC tissues and cell lines. Circ_0074027 knockdown or miR-2467-3p overexpression suppressed cell proliferation, migra-
tion and invasion and facilitated cell apoptosis of NSCLC cells. Circ_0074027 interacted with miR-2467-3p, and RHOA was a
target of miR-2467-3p in NSCLC cells. RHOA silencing blocked the malignant potential of NSCLC cells. Circ_0074027
silencing restrained the malignant phenotypes of NSCLC cells largely through up-regulating miR-2467-3p. Circ_0074027
knockdown notably blocked xenograft tumor growth in vivo. In conclusion, circ_0074027 accelerated NSCLC progression by
binding to miR-2467-3p to induce RHOA expression.
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Introduction

Non-small cell lung cancer (NSCLC) occupies the majority
(about 80 %) of all lung cancer cases (Siegel et al. 2018).
Although treatment has made great advancement, the progno-
sis of NSCLC patients remains unfavorable (Proto et al. 2019;
Watanabe et al. 2017). Most patients were found to be in an
advanced stage when they were diagnosed, leading to low
survival rate (Carbone et al. 2017; Chen et al. 2014; Herbst
et al. 2018). Therefore, it is of great significance to investigate

potential mechanisms underlying NSCLC progression and
seek novel therapeutic targets for NSCLC.

Circular RNAs (circRNAs) are newly identified non-
coding RNAs (ncRNAs) featured by closed loop structure,
and they regulate tumor development via acting as
microRNA (miRNA) sponges (Memczak et al. 2013; Meng
et al. 2017). Accumulating circRNAs have shown important
regulatory roles in NSCLC progression. Wang et al.. claimed
that circ_0067934 knockdown restrained the proliferation and
motility in NSCLC cells, and high level of circ_0067934 was
related to the dismal prognosis of NSCLC patients (Wang and
Li 2018). Circ_0076305 enhanced the cisplatin resistance in
NSCLC cells through targeting miR-296-5p/STAT3 axis
(Dong et al. 2019). Circ_0074027 silencing inhibited cell vi-
ability, cell cycle progression, colony formation ability and
induced cell apoptosis of NSCLC cells (Yu et al. 2020). As
the modulatory mechanisms behind a specific circRNA are
complex and crosstalk with each other, we aim to further
explore the working mechanism of circ_0074027 in NSCLC
progression.
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MiR-2467-3p was reported to hamper the progression of
diverse cancers, including colorectal cancer (Xiao and Liu,
2020), cervical cancer (Liu and Wen 2020) and NSCLC
(Chen et al. 2020). For example, SNHG20 contributed to the
progression of NSCLC through positively regulating E2F3
level via sequestering miR-2467-3p (Chen et al. 2020).
Nevertheless, the interaction between miR-2467-3p and
circ_0074027 remains to be uncovered.

Ras homolog family member A (RHOA) is a member of
small GTPase proteins of Ras superfamily, and it is implicated
with the remodeling of actin cytoskeleton, thus associating
with the motility of cells (Yu et al. 2019a). Accumulating
articles have associated the motility of cancer cells with
RHOA protein. For instance, long ncRNA (lncRNA)
HOTAIR contributed to the proliferation and metastasis abil-
ities of gastric cancer cells through sponging miR-126 to ac-
tivate CXCR4 and RHOA signaling (Xiao et al. 2019).
LncRNA NORAD silencing suppressed the proliferation and
motility of lung cancer cells through reducing CXCR4 expres-
sion to inhibit RHOA/ROCK signaling (Wu et al. 2020).
Disclosing the signal network of RHOA in NSCLC progres-
sion is important for finding effective targets of NSCLC
treatment.

Circ_0074027 was highly expressed in NSCLC tissues and
cell lines. Circ_0074027 silencing suppressed cell prolifera-
tion, migration, invasion and promoted cell apoptosis of
NSCLC cells. The interacted partners of circ_0074027 were
subsequently explored to uncover the working mechanism of
circ_0074027 in NSCLC development.

Materials and methods

Clinical samples

Thirty pairs of NSCLC tissues and corresponding non-
tumorous tissues were collected from NSCLC patients diag-
nosed at Shanxi Provincial Cancer Hospital. All subjects had
provided written informed consents before surgical resection.

Cell lines

Human bronchial epithelial cell line 16HBE was purchased
from Institute of Respiratory Diseases (Guangzhou, China).
NSCLC cell lines, including A549, H1299, H358 and H1581,
were purchased from BeNa Culture Collection (Beijing,
China). All cell lines were maintained with Dulbecco’s mod-
ified Eagle’s medium (DMEM; Gibco, Carlsbad, CA, USA)
plus 10% (v/v) fetal bovine serum (FBS; Gibco), 100 U/mL
penicillin (Sigma, St Louis, MO, USA) and 100 µg/mL strep-
tomycin (Sigma) at the atmosphere of 37 and 5% CO2.

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)

RNA samples were acquired through disrupting tissues and
cells via Trizol reagent (Solarbio, Beijing, China). RNA sam-
ples were reversely transcribed into template DNA using
iScript™ cDNA Synthesis Kit (for circ_0074027, paired like
homeodomain 1 (PITX1) and RHOA; Bio-Rad, Hercules,
CA, USA) and miScript reverse transcription kit (for miR-
2467-3p; Qiagen, Hilden, Germany). Subsequently, the ex-
pression of these molecules was assessed using SYBR™
Green Master Mix (Applied Biosystems, Foster City, CA,
USA) and analyzed by the 2−ΔΔCt method. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) served as the endoge-
nous control for circ_0074027, PITX1 and RHOA, while nu-
clear RNA U6 was used as the internal control for miR-2467-
3p. The primers were shown in Table 1.

Exonuclease digestion

RNA samples (2 µg) isolated from A549 or H1299 cells were
incubated with 6U RNase R (Epicentre Technologies,
Madison, WI, USA) for 30 min at room temperature. The
levels of circ_0074027 and PITX1 were determined by
qRT-PCR.

RNA oligoribonucleotides, plasmids and cell
transfection

The small interfering RNA against circ_0074027 (si-
circ_0074027) or RHOA (si-RHOA), negative control of
siRNA (si-NC), short hairpin RNA of circ_0074027 (sh-
circ_0074027), sh-NC, circ_0074027 overexpression plasmid
(vector-circ_0074027), pLCDH-cir (vector), miR-2467-3p
mimic, NC mimic, miR-2467-3p inhibitor and NC inhibitor

Table 1 Primers used in qRT-PCR

Gene Direction Sequence

circ_0074027
PITX1
miR-2467-3p
RHOA
U6
GAPDH

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

5’-GCGTCCCTGTGTATGTTGGA-3’
5’-GTCTGTCTTAAAGCGACAGCG-3’
5’-GCTACCCCGACATGAGCA-3’
5’-GTTACGCTCGCGCTTACG-3’
5’-GCCGAGGGACAGGCACCTGA-3’
5’-CTCAACTGGTGTCGTGGA-3’
5’-CCTTCGGAATGACGAGCAC-3’
5’-AGATGAGGCACCCAGACTTTT-3’
5’-CGCTTCGGCAGCACATATAC-3’
5’-TTCACGAATTTGCGTGTCAT-3’
5’-GTGGGCATCAATGGATTTGG-3’
5’-ACACCATGTATTCCGGGTCA

AT-3’
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were purchased from GenePharma (Shanghai, China).
Transfection was conducted using Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA), and transfection efficiency
was assessed by qRT-PCR to analyze if cells were successful-
ly transfected.

Cell counting Kit-8 (CCK8) assay

Proliferation capacity was analyzed by CCK8 assay through
monitoring the number of viable cells after transfection for
0 h, 24 h, 48 h or 72 h. A549 and H1299 cells in 96-well
plates were treated with 20 µL CCK8 reagent (Dojindo,
Tokyo, Japan) for 4 h at 37 . The optical density was deter-
mined at the wavelength of 450 nm.

Plate colony assay

NSCLC cells were seeded into 6-well plates (200 cells per
well) and diluted in culture medium. During 2-week incuba-
tion period, complete medium was replenished every 4 d to
maintain the culture condition of NSCLC cells. Colonies were
stained with 0.5 % crystal violet (Solarbio) for 30 min. The
number of colonies containing more than 50 cells was
analyzed.

Transwell assays

Transwell chambers were purchased from Shanghai Jrdun
Biotechnology (Shanghai, China) and placed in the 24-well
plates. Matrigel (Qcbio, Shanghai, China) at the dilution of
1:8 was added to the transwell insert membrane to pre-coat the
membrane to conduct transwell invasion assay, and 24-well
plates were placed at 37 incubator for 30 min for drying.
Subsequently, transfected NSCLC cells were digested and
diluted in appropriate concentration. Cell suspension (7 ×
104 cells in 100 µL serum-free medium) was added to the
upper chambers, and 600 µL medium plus 10% FBS was
added to the lower chambers. After 24 h, cells in the upper
side of the insert membrane were scraped off with the cotton
swab, and invaded cells were fixed using 4% paraformalde-
hyde (Leagene Biotechnology, Beijing, China) and stained
using 0.5 % crystal violet (Solarbio). Five fields were random-
ly chosen in each experimental group (100 ×). NSCLC cells
passed through the insert membrane were then counted. To
assess cell migration ability, transwell migration assay was
conducted using un-coated transwell insert membrane, and
the other protocols were similar with transwell invasion assay.

Flow cytometry

NSCLC cells were re-suspended in the binding buffer. 10 µL
propidium iodide (PI; Beyotime, Shanghai, China) and 5 µL
Annexin V-fluorescein isothiocyanate (Annexin V-FITC;

Beyotime) were simultaneously added to incubate with
NSCLC cells in a dark room for 15 min. Fifteen minutes later,
the apoptosis rate was analyzed by the flow cytometer as the
percentages of NSCLC cells marked with FITC+ and PI+/−.

Dual‐luciferase reporter assay

We predicted the target partners of circ_0074027 and miR-
2467-3p using StarBase software and TargetScan software,
respectively.

Dual-luciferase reporter assay was performed to confirm if
circ_0074027 and the 3’untranslated region (3’UTR) of
RHOA interacted with miR-2467-3p. The fragments of
circ_0074027 and the 3’UTR of RHOA were amplified and
inserted into the multiple cloning sites in pmirGLO vector
(Promega, Madison, WI, USA) which were termed as
circ_0074027-wt and RHOA-wt. The miR-2467-3p binding
sites in the fragment of circ_0074027 and RHOA were mu-
tated and also cloned into pmirGLO vector (Promega) which
termed as circ_0074027-mut and RHOA-mut. NSCLC cells
were transfected with NC mimic, miR-2467-3p mimic, NC
inhibitor or miR-2467-3p inhibitor and luciferase plasmids
for 48 h, and luciferase activities were analyzed by the dual-
luciferase assay system kit (Promega).

RNA immunoprecipitation (RIP) assay

E Z - M a g n a R I P™ R N A - B i n d i n g P r o t e i n
Immunoprecipitation Kit (Millipore, Billerica, MA, USA)
was used in RIP assay. NSCLC cells were disrupted using
RIP lysis buffer plus RNase inhibitor (Millipore). A total of
100 µL cell lysate was incubated with RIP buffer containing
antibody-precoated magnetic beads. The expression of
circ_0074027 and miR-2467-3p which were pulled down
was measured by qRT-PCR.

Western blot assay

NSCLC cells were harvested after transfection for 48 h and
then Radio-Immunoprecipitation Assay (RIPA) buffer
(Solarbio) was utilized for the isolation of protein samples.
The BCA kit (Invitrogen) was used to quantify protein sam-
ples. Protein samples were mixed with loading buffer and
denaturation at 95 for 5 min. 25 µg protein samples were
added into each well of the 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) gel, and electro-
phoresis was conducted at the constant voltage of 80V for 2 h.
Subsequently, proteins were electro-transferred onto the
polyvinylidene fluoride (PVDF) membrane (Millipore) at
110V for 2 h. Blocking was conducted through incubating
the PVDF membrane with 5% non-fat milk. The membrane
was then incubated with the primary antibodies at 4 over-
night, including anti-E-cadherin (ab40772; Abcam,
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Cambridge, MA, USA), anti-N-cadherin (ab98952; Abcam),
anti-Vimentin (ab92547; Abcam), anti-RHOA (ab187027;
Abcam) and anti-GAPDH (ab8245; Abcam). After incubating
with horseradish peroxidase-conjugated immunoglobulin G
(IgG) antibody for 2 h at room temperature, protein bands
were measured by the enhanced chemiluminescent visualiza-
tion (ECL) system kit (Pierce Biotechnology, Rockford, IL,
USA).

Murine xenograft model

A549 cell line stably expressing sh-circ_0074027 or sh-NC
was established using lentivirus-mediated sh-NC or sh-
circ_0074027. BALB/c male nude mice (6-week-old, Vital
River Laboratory Animal Technology, Beijing, China) were
subcutaneously injected with A549 cells stably expressing sh-
circ_0074027 (n = 6) or sh-NC (n = 6) in the dorsal side. The
length and width of tumors were measured every week for 5
weeks. Tumor volume was analyzed as width2 × length × 0.5.
After inoculation for 5 weeks, nude mice were euthanized,
and tumors were resected and weighed. Tumor tissues were
stored at -80 for further analysis. The expression of
circ_0074027, miR-2467-3p and RHOA protein was mea-
sured by qRT-PCR or Western blot assay.

Data analysis

GraphPad Prism 7.0 was used to analyze the data from three
independent experiments. Statistical data were shown as mean
± standard deviation (SD). The comparisons were analyzed by
Student’s t-test and one-way analysis of variance (ANOVA)
followed by Tukey’s test as appropriate. The analysis of linear
correlation was conducted by Pearson correlation coefficient.
P < 0.05 was regarded as statistically significant.

Results

Circ_0074027 interference suppresses the
proliferation, migration and invasion while induces
the apoptosis of NSCLC cells

Circ_0074027 was overexpressed in NSCLC tissues relative
to that in paired non-tumorous tissues (Fig. 1a). Compared
with human bronchial epithelial cell line 16HBE,
circ_0074027 expression was observed to be markedly up-
regulated in four cancer cell lines (Fig. 1a), especially in
A549 and H1299 cell lines. CircRNAs are featured by stable
circular structure due to their covalently closed ends (Patop
et al. 2019), thus they are resistant to exonuclease. We subse-
quently assessed the stability of circ_0074027 using RNase R,
and its matching linear form PITX1 was used as the control.
RNase R treatment remarkably reduced the level of PITX1,

while circ_0074027 expression was unchanged with RNase R
digestion or not (Fig. 1b), suggesting that circ_0074027 was
indeed a circular transcript. Subsequently, we conducted loss-
of-function experiments to assess the influences of
circ_0074027 silencing on the proliferation, migration, inva-
sion and apoptosis of NSCLC cells. High silencing efficiency
of si-circ_0074027 was confirmed by qRT-PCR assay
(Fig. 1c). Through analyzing cell proliferation curve in
Fig. 1d, we found that circ_0074027 interference significantly
suppressed cell proliferation ability. As displayed in Fig. 1e,
after incubation for 2 weeks, the number of colonies was
prominently reduced with the knockdown of circ_0074027,
which further confirmed that circ_0074027 silencing re-
strained the proliferation of NSCLC cells. Transwell assays
were conducted to evaluate cell migration and invasion abili-
ties. Circ_0074027 silencing notably decreased the numbers
of migrated and invaded NSCLC cells relative to si-NC group
(Fig. 1f). To further confirm the role of circ_0074027 on the
motility of NSCLC cells, the expression of three epithelial-
mesenchymal transition (EMT)-associated markers (E-
cadherin, N-cadherin and Vimentin) was analyzed by
Western blot assay. As shown in Supplementary Fig. 1A
and 1B, circ_0074027 knockdown significantly down-
regulated the expression of N-cadherin and Vimentin whereas
up-regulated the level of E-cadherin, suggesting that
circ_0074027 silencing restrained the EMT of NSCLC cells.
With the silencing of circ_0074027, the apoptosis of NSCLC
cells was triggered compared with si-NC transfected group
(Fig. 1g), demonstrating that circ_0074027 silencing promot-
ed the apoptosis of NSCLC cells. Taken together,
circ_0074027 knockdown hampered the proliferation, migra-
tion and invasion and induced the apoptosis of NSCLC cells.

MiR-2467-3p overexpression restrains the biological
phenotypes of NSCLC cells

A prominent decrease in the level of miR-2467-3p was found
in NSCLC tumor tissues than that in adjacent non-tumor tis-
sues (Fig. 2a). MiR-2467-3p expression in A549 and H1299
cells was notably reduced compared with 16HBE cells
(Fig. 2a). Gain-of-function experiments were conducted to
analyze the functions of miR-2467-3p in NSCLC cells. High
overexpression efficiency of miR-2467-3p mimic was validat-
ed by qRT-PCR (Fig. 2b). Through performing CCK8 assay
and plate colony assay, we found that miR-2467-3p overex-
pression restrained the proliferation of NSCLC cells (Fig. 2c
and d). MiR-2467-3p overexpression also prominently sup-
pressed the migration and invasion abilities of NSCLC cells
through analyzing the numbers of migrated and invaded
NSCLC cells (Fig. 2e and g). Cell apoptosis rate was signifi-
cantly elevated with the overexpression of miR-2467-3p in
NSCLC cells (Fig. 2h). Given the opposite expression
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tendency of circ_0074027 and miR-2467-3p, we analyzed the
linear correlation between circ_0074027 and miR-2467-3p.
As displayed in Fig. 2i, circ_0074027 expression was nega-
tively correlated with the expression of miR-2467-3p. Taken
together, miR-2467-3p exhibited a tumor suppressor role to
inhibit the progression of NSCLC in vitro.

Circ_0074027/miR-2467-3p/RHOA axis is identified in
NSCLC cells

StarBase software predicted that circ_0074027 contained the
binding sites with miR-2467-3p (Fig. 3a). Dual-luciferase re-
porter assay was conducted to investigate if miR-2467-3p

Fig. 1 Circ_0074027 interference su and invasion while induces the
apoptosis of NSCLC cells. a The level of circ_0074027 was analyzed
in a total of 30 pairs of NSCLC tumor (T) tissues and adjacent normal (N)
tissues by qRT-PCR. The expression of circ_0074027 in a panel of four
NSCLC cell lines and normal human bronchial epithelial cell line
(16HBE) was measured by qRT-PCR. b Cyclization validation was con-
ducted to analyze the stability of circ_0074027 and PITX1 with the di-
gestion of RNase R or not. c-g A549 and H1299 cells were transfected
with si-NC or si-circ_0074027. c qRT-PCR was implemented to analyze

the interference efficiency of si-circ_0074027 in NSCLC cells. d CCK8
assay was conducted to monitor the number of viable NSCLC cells after
transfection for 0 h, 24 h, 48 h or 72 h to generate cell proliferation curve.
e Plate colony assay was performed to assess the proliferation ability of
circ_0074027-silencing NSCLC cells. f Cell migration and invasion abil-
ities were evaluated by transwell assays. g Flow cytometry was carried
out to analyze the influence of circ_0074027 silencing on the apoptosis of
NSCLC cells. *P < 0.05, **P < 0.01, ***P < 0.001

227J Bioenerg Biomembr (2021) 53:223–233



interacted with circ_0074027. Prior to conduct dual-
luciferase reporter assay, the transfection efficiencies of
miR-2467-3p mimic and miR-2467-3p inhibitor were ex-
amined by qRT-PCR. As displayed in Fig. 3b, transfection
with miR-2467-3p mimic enhanced the expression of miR-
2467-3p, while miR-2467-3p expression was reduced after
transfecting with miR-2467-3p inhibitor. MiR-2467-3p
mimic or miR-2467-3p inhibitor transfection inhibited or
promoted the luciferase activity in circ_0074027-wt group
compared with their counterparts, respectively (Fig. 3c).
Furthermore, luciferase activity was unchanged in
circ_0074027-mut group with the co-transfection of miR-
2467-3p mimic or miR-2467-3p inhibitor (Fig. 3c), sug-
gesting the target interaction between circ_0074027 and

miR-2467-3p in NSCLC cells. As displayed in Fig. 3d
and e, both miR-2467-3p and circ_0074027 were enriched
i n A rgonau t e - 2 (Ago2 ) g r oup compa r ed w i t h
Immunoglobulin G (IgG) group, suggesting that these two
molecules were simultaneously existed in RNA-induced
silencing complex (RISC) in NSCLC cells. qRT-PCR con-
firmed that the overexpression efficiency of circ_0074027
plasmid was high in NSCLC cells (Fig. 3f). Circ_0074027
interference up-regulated the expression of miR-2467-3p,
while circ_0074027 overexpression notably restrained the
expression of miR-2467-3p in NSCLC cells (Fig. 3g), sug-
gest ing the negative regulatory relat ion between
circ_0074027 and miR-2467-3p in NSCLC cells. RHOA
was predicted to bind to miR-2467-3p via TargetScan

Fig. 2 MiR-2467-3p overexpression restrains the biological phenotypes
of NSCLC cells. a The level of miR-2467-3p was determined in NSCLC
tissues (n = 30), adjacent normal tissues (n = 30), 16HBE cell line and
NSCLC cells lines by qRT-PCR. (B-H) A549 and H1299 cells were
transfected with NC mimic or miR-2467-3p mimic. b qRT-PCR was
conducted to detect the expression of miR-2467-3p in A549 and H1299
cells with the transfection of NC mimic or miR-2467-3p mimic. c Cell

proliferation was examined by CCK8 assay. d The number of colonies
after incubation for 2 weeks was analyzed by plate colony assay. e-
g Transwell assays were performed to analyze the migration and invasion
abilities of transfected NSCLC cells. h Cell apoptosis rate was assessed
by flow cytometry after transfection for 72 h. i The linear relationship
between the expression of miR-2467-3p and circ_0074027 was analyzed
by Pearson correlation coefficient. **P < 0.01, ***P < 0.001
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software, and the predicted binding sites were shown in
Fig. 3h. MiR-2467-3p overexpression suppressed the lucif-
erase activity in RHOA-wt group compared with NC mimic
and RHOA-wt group, while miR-2467-3p interference ele-
vated the luciferase activity in RHOA-wt group compared
with NC inhibitor and RHOA-wt group (Fig. 3i), suggest-
ing that RHOA was a target of miR-2467-3p in NSCLC
cells. The results of RIP assay revealed that miR-2467-3p
and RHOA were both pulled down in Ago2 group than that
in IgG group, suggesting the interaction between miR-
2467-3p and RHOA in NSCLC cells (Fig. 3j and k). The
protein level of RHOA was reduced with the overexpres-
sion of miR-2467-3p, and miR-2467-3p silencing enhanced
the expression of RHOA in NSCLC cells (Fig. 3l). Overall,
the target interact ion between miR-2467-3p and
circ_0074027 or RHOA was identified in NSCLC cells.

RHOA knockdown hampers the malignant properties
of NSCLC cells

The protein expression of RHOA was conspicuously en-
hanced in NSCLC tumor tissues and cell lines in compar-
ison with that in matched non-tumor tissues and 16HBE
cell line (Fig. 4a). The interference efficiency of si-RHOA
was high in NSCLC cells (Fig. 4b). RHOA interference
suppressed the proliferation of NSCLC cells via CCK8
assay and plate colony assay (Fig. 4c and e). The migra-
tion and invasion abilities of NSCLC cells were blocked
in si-RHOA group than that in si-NC group (Fig. 4f).
Finally, cell apoptosis was evaluated by flow cytometry.
RHOA silencing promoted cell apoptosis in both NSCLC
cells (Fig. 4g). Taken together, RHOA silencing re-
strained the malignant behaviors of NSCLC cells.

Fig. 3 Circ_0074027/miR-2467-3p/RHOA axis is identified in NSCLC
cells. a The miR-2467-3p-binding sites in circ_0074027 were predicted
by StarBase software. b The level of miR-2467-3p in A549 and H1299
cells transfected with NC mimic, miR-2467-3p mimic, NC inhibitor or
miR-2467-3p inhibitor was examined via qRT-PCR. c Dual-luciferase
reporter assay was conducted to detect the luciferase activities in A549
and H1299 cells transfected with NC mimic, miR-2467-3p mimic, NC
inhibitor or miR-2467-3p inhibitor and luciferase plasmids to verify the
interaction between circ_0074027 and miR-2467-3p. d and e RIP assay
was performed to confirm the target interaction between circ_0074027
and miR-2467-3p. f The level of circ_0074027 in A549 and H1299 cells
transfected with vector or vector-circ_0074027 was determined through

conducting qRT-PCR. g The evaluation of miR-2467-3p level was per-
formed in NSCLC cells transfected with si-NC, si-circ_0074027, vector
or vector-circ_0074027 via qRT-PCR. h TargetScan software was used
to predict the downstream interacted partners of miR-2467-3p, and the
potential interaction between miR-2467-3p and RHOA was predicted.
i Dual-luciferase reporter assay was performed to verify if RHOA
interacted with miR-2467-3p via its 3’UTR sequence. j and k RIP assay
was implemented for the verification of the target interaction between
miR-2467-3p and RHOA. l Western blot assay was conducted to deter-
mine the protein level of RHOA in NSCLC cells transfected with NC
mimic, miR-2467-3p mimic, NC inhibitor or miR-2467-3p inhibitor.
**P < 0.01, ***P < 0.001
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Circ_0074027 interference suppresses cell
proliferation, migration and invasion and promotes
cell apoptosis through enhancing miR-2467-3p ex-
pression in NSCLC cells

We introduced miR-2467-3p inhibitor into A549 and
H1299 cells to rescue the expression of RHOA in
circ_0074027-silenced NSCLC cells. As displayed in
Fig. 5a, circ_0074027-silencing mediated down-
regulation in RHOA expression was overturned by the
addition of miR-2467-3p inhibitor in NSCLC cells. Si-
circ_0074027-induced suppressive effect in cell prolifer-
ation was attenuated by the addition of miR-2467-3p
inhibitor via CCK8 assay (Fig. 5b). With the interference
of circ_0074027, the number of colonies was decreased,
and cell colony formation ability was recovered in si-
circ_0074027 and miR-2467-3p inhibitor co-transfected
group (Fig. 5c). Cell migration ability and invasion abil-
ity were restrained by the silencing of circ_0074027,
which were rescued with the addition of miR-2467-3p

inhibitor (Fig. 5d). Circ_0074027 knockdown-mediated
cell apoptosis was suppressed by the addition of miR-
2467-3p inhibitor (Fig. 5e). These results suggested that
circ_0074027 silencing-mediated effects were based on
the up-regulation of miR-2467-3p in NSCLC cells.

Circ_0074027 knockdown suppresses NSCLC
progression in vivo

To further confirm the role of circ_0074027 in NSCLC
progression in vivo, we built xenograft tumor model
using A549 cells stably expressing sh-circ_0074027 or
sh-NC. Tumor volume and weight were reduced with the
interference of circ_0074027 compared with that in sh-
NC group (Fig. 6a and b). Circ_0074027 expression was
significantly reduced in tumor tissues generated from
A549 cells stably expressing sh-circ_0074027 (Fig. 6c).
Besides, the expression of RHOA was prominently
down-regulated in sh-circ_0074027 group than that in
sh-NC group (Fig. 6e), which exhibited a similar

Fig. 4 RHOA knockdown hampers the malignant properties of NSCLC
cells. a The protein expression of RHOAwas examined in NSCLC tumor
tissues and corresponding normal tissues byWestern blot assay. Western
blot assay was also conducted to measure the protein level of RHOA in
16HBE and two NSCLC cell lines (A549 and H1299). b-g A549 and
H1299 cells were transfected with si-NC or si-RHOA. b The evaluation
of RHOA protein abundance was carried out via Western blot assay. (C
and D) CCK8 assay was conducted to obtain cell proliferation curve to

analyze the proliferation ability in RHOA silencing-NSCLC cells and si-
NC-transfected cells. e Plate colony assay was used to allowNSCLC cells
transfected with si-NC or si-RHOA to form single-cell colonies to assess
cell colony formation ability. f Transwell assays were conducted to ana-
lyze the abilities of migration and invasion in transfected NSCLC cells.
g The apoptosis rate of transfected NSCLC cells was analyzed via flow
cytometry. **P < 0.01, ***P < 0.001
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tendency to circ_0074027. The level of miR-2467-3p
was no t ab ly e l eva t ed wi th the knockdown of
circ_0074027 compared with sh-NC group (Fig. 6d).
Taken together, circ_0074027 silencing suppressed the
growth of xenograft tumors in vivo.

Discussion

CircRNAs exert important roles in the initiation and develop-
ment of various neoplasms, including NSCLC (Meng et al.
2017; Zhang et al. 2018). We found that circ_0074027

Fig. 5 Circ_0074027 interference suppresses cell proliferation, migration
and invasion and promotes cell apoptosis through enhancing miR-2467-
3p expression in NSCLC cells. a-e A549 and H1299 cells were
transfected with si-NC, si-circ_0074027, si-circ_0074027 + NC inhibitor
or si-circ_0074027 + miR-2467-3p inhibitor. a The relative level of

RHOAwas determined byWestern blot assay. bCell proliferation ability
was assessed by CCK8 assay. c Cell colony formation ability was eval-
uated via plate colony assay. d The abilities of migration and invasion
were assessed by transwell assays. e Flow cytometry was performed to
assess cell apoptosis rate. *P < 0.05, **P < 0.01

Fig. 6 Circ_0074027 knockdown suppresses NSCLC progression
in vivo. a Tumor volume was recorded as width2 × length × 0.5 every
week to generate tumor growth curve. b Tumors were weighed after 5-

week inoculation. c and d The expression of circ_0074027 and miR-
2467-3p was determined by qRT-PCR. e Western blot assay was imple-
mented to measure the protein level of RHOA in two groups. **P < 0.01
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expression was higher in NSCLC tissues and NSCLC cell
lines than that in adjacent non-tumor tissues and 16HBE cell
line. The results of knockdown experiments revealed that
circ_0074027 was found to play an oncogenic role in
NSCLC to accelerate cell proliferation, migration, invasion
and inhibit cell apoptosis. Through using bioinformatic soft-
wares, miR-2467-3p/RHOA signal axis was found to locate in
the downstream of circ_0074027 to regulate NSCLC
progression.

CircRNAs were found to modulate the progression of
many malignancies. For instance, circ_0078767 restrained
NSCLC progression through elevating RASSF1A level via
sequestering miR-330-3p (Chen et al. 2019). Circ_0091570
restrained the development of hepatocellular cancer through
acting as miR-1307 sponge (Wang et al. 2019). Circ_0074027
was found to accelerate the proliferation and invasion of glio-
blastoma cells through miR-518a-5p/IL17RD axis (Qian et al.
2019). Furthermore, circ_0074027 was also identified to play
a pro-tumor role in NSCLC by former articles (Gao et al.
2020; Yu et al. 2020). Gao et al.. demonstrated that
circ_0074027 was overexpressed in NSCLC tissue samples
and cell lines, and circ_0074027 accelerated the proliferation
and invasion and hampered the apoptosis of NSCLC cells
through miR-185-3p mediated BRD4/MADD activation
(Gao et al. 2020). Yu et al.. claimed that circ_0074027 was
highly expressed in NSCLC tissues and cell lines, and
circ_0074027 accelerated NSCLC development via miR-
335-5p/CUL4B axis (Yu et al. 2020). In line with former
works, circ_0074027 expression was found to be significantly
enhanced in NSCLC, and circ_0074027 interference sup-
pressed the proliferation, migration and invasion and triggered
the apoptosis of NSCLC cells.

Subsequen t ly , we a imed to inves t iga te how
circ_0074027 exhibited an oncogenic role in NSCLC de-
velopment. MiR-2467-3p was predicted to be a candidate
target of circ_0074027 by StarBase database, and the in-
teraction between circ_0074027 and miR-2467-3p was
then confirmed via dual-luciferase reporter assay and
RIP assay in NSCLC cells. Previous works have identi-
fied miR-2467-3p as a tumor suppressor in many malig-
nancies, including colorectal cancer (Xiao and Liu, 2020),
cervical cancer (Liu and Wen 2020) and NSCLC (Chen
et al. 2020). For instance, circ_0053277 accelerated colo-
rectal cancer development through sponging miR-2467-3p
to enhance MMP14 expression (Xiao and Liu, 2020).
Chen et al.. claimed that SNHG20 interference restrained
NSCLC progression through miR-2467-3p/E2F3 signal-
ing (Chen et al. 2020), which suggested that miR-2467-
3p suppressed NSCLC development. We found that miR-
2467-3p overexpression suppressed the proliferation and
motility and induced the apoptosis of NSCLC cells, and
the tumor suppressor role of miR-2467-3p was consistent
with previous articles.

In addition, RHOA was confirmed as a downstream target
of miR-2467-3p in NSCLC cells. RHOA has been verified to
be targeted by many miRNAs (Mizoguchi et al. 2013; Yu
et al. 2019b). For example, LINC00974 accelerated the mi-
gration and invasion of oral squamous cell carcinoma cells
through enhancing RHOA expression via sponging miR-122
(Tian et al. 2021). Lu et al.. claimed that miR-133b facilitated
neurite outgrowth through targeting RHOA in PC12 cells (Lu
et al. 2015). RHOA interference hampered the proliferation,
migration and invasion and promoted cell apoptosis in
NSCLC cells.

Through transfecting si-circ_0074027 alone or together
with miR-2467-3p inhibitor into NSCLC cells, we found that
circ_0074027 knockdown down-regulated the expression of
RHOA through up-regulating miR-2467-3p in NSCLC cells.
This study is the first study to confirm the interaction between
miR-2467-3p and circ_0074027 or RHOA in modulating
NSCLC development. The results of rescue experiments un-
covered that circ_0074027 silencing restrained the malignant
phenotypes of NSCLC cells through up-regulating miR-2467-
3p expression.

Given the pro-tumor role of circ_0074027 in NSCLC pro-
gression in vitro, A549 cell line stably expressing sh-
circ_0074027 was built to investigate its role in vivo.
Tumors generated from A549 cells stably expressing sh-
circ_0074027 grew more slowly than that in sh-NC group,
suggesting that circ_0074027 promoted NSCLC xenograft
tumor growth in vivo.

In summary, circ_0074027 aggravated NSCLC progres-
sion through sponging miR-2467-3p to enhance the expres-
sion of RHOA. The identification of circ_0074027/miR-
2467-3p/RHOA axis may provide novel underlying therapeu-
tic target for NSCLC.
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