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Abstract

Background: Lung cancer is the most prevalent malignancy in adults. Circular RNA
(circRNA) circCPA4 (hsa_circ_0082374) is highly expressed in non-small cell lung
cancer (NSCLC). The purpose of this study was to explore the role and mechanism of
circCPA4 in lung cancer.

Methods: CircCPA4, linear CPA4, TGF-f-induced factor homeobox 2 (TGIF2), and
microRNA-214-3p (miR-214-3p) levels were measured by real-time quantitative poly-
merase chain reaction (RT-qPCR). The protein levels of TGIF2, Beclinl, and p62 were
assessed by western blot assay. Colony numbers, migration, invasion, apoptosis, and
cell cycle progression were examined by colony formation, wound-healing, transwell,
and flow cytometry assays, respectively. The binding relationship between
miR-214-3p and circCPA4 or TGIF2 was predicted by StarBase or TargetScan and
then verified by a dual-luciferase reporter, RNA immunoprecipitation (RIP), and
RNA pulldown assays. The biological role of circCPA4 on lung tumor growth was
assessed by a xenograft tumor model in vivo, and TGIF2 and ki-67 expression was
assessed by immunohistochemistry.

Results: We determined that CircCPA4 and TGIF2 were increased, and miR-214-3p
was decreased in lung cancer tissues and cells. Functionally, circCPA4 knockdown
could suppress colony formation, migration, invasion, cell cycle progression, and
expedite apoptosis of lung cancer cells in vitro. Mechanically, circCPA4 could regulate
TGIF2 expression by sponging miR-214-3p. In addition, circCPA4 deficiency
inhibited the tumor growth in lung cancer in the mouse model.

Conclusions: CircCPA4 could act as a sponge of miR-214-3p to upregulate TGIF2
expression, thereby promoting the progression of lung cancer cells. These findings
suggested underlying therapeutic targets for the treatment of lung cancer.
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treatment of lung cancer. Despite the great progress in these
methods, the prognosis of patients with lung cancer is still

Lung cancer is the most common malignant tumor in
adults, accounting for a quarter of cancer deaths in the
United States.' Genetic and environmental changes are
thought to be associated with the cause of lung cancer,
especially smoking.>> Currently, surgery, radiotherapy, and
chemotherapy are the main traditional methods for the
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dismal due to the high rate of metastasis and recurrence.
Hence, identifying the effective therapeutic target and
understanding the carcinogenesis of lung cancer are
necessary for the development of alternative antilung cancer
therapeutic strategies.

Circular RNAs (circRNAs) are a kind of endogenous
non-coding transcripts that form a covalently closed loop
without 5" caps and 3’ polyadenylated tail.> Over the past
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few decades, a number of circRNAs have been identified as
highly represented in mammalian cells caused by the devel-
opment of high-throughput technology.® It has previously
been reported that circRNAs participate in the regulation of
gene expression at different levels.” Mounting evidence sug-
gests that the dysregulation of circRNA has an inextricable
connection with the initiation and development of lung can-
cers. It has also been reported that Hsa_circRNA_103809
works as a positive regulator in lung cancer development
through interacting with miR-4302.® Gao et al. reported that
the overexpression of hsa_circ_0007059 attenuates the
malignancy of lung cancer through blocking proliferation
and epithelial-mesenchymal transition (EMT).? Of note,
circRNA circCPA4 (hsa_circ_0082374), a poor prognostic
factor, has been linked to glioma proliferation and metasta-
sis.!® Furthermore, in non-small cell lung cancer (NSCLC),
a recent publication documented that circCPA4 exerts an
oncogene role via enhancing cell growth, mobility, and
EMT."" However, the role of circCPA4 in lung cancer has
not yet been fully elucidated.

Over the past several years, some researchers have
reported that epigenetic factors such as microRNAs
(miRNAs) might take part in tumorigenesis through modu-
lating tumor growth and metastasis.'>'> As another class of
endogenous non-coding RNA with about 22 nts, miRNAs
can regulate gene expression at the post-transcriptional
level.'* Previous studies have suggested that dysregulation of
miRNAs is implicated in the progression of human cancers,
serving as tumor-suppressive or oncogenic miRNAs."”
MicroRNA-214-3p (miR-214-3p) has been reported to
exhibit a repression role in a variety of human cancers, such
as colon cancer,'® osteosarcomas,'” and hepatocellular carci-
noma.'® Moreover, it has been reported that miR-214-3p
can hinder cell growth by binding to fibroblast growth factor
receptor 1 (FGFR1) and 3-phosphoinositide-dependent pro-
tein kinase-1 (PDPK1) in lung cancer cells,'>*° suggesting a
tumor-suppressive role of miR-214-3p in lung cancer.

As a transcription regulator, TGF-p-induced factor
homeobox 2 (T'GIF2) has been verified to be linked to the
regulation of development and progression in various
cancers.”** In terms of lung cancer, it has been reported
that TGIF2 promotes the progression of lung adenocarci-
noma by regulating EGFR/RAS/ERK signaling.*> Also, the
upregulation of TGIF2 could aggravate the malignancy of
tumors in NSCLC cells by boosting proliferation, migra-
tion, and invasion.”* A study by Pang et al. indicated that
miR-449a could curb cell growth and metastasis of
NSCLC by targeting TGIF2.>> These reports therefore
imply that TGIF2 plays a vital role in lung cancer
progression.

Here, this study verified that circCPA4 and TGIF2 were
increased, and their downregulation depressed cell growth,
metastasis, and autophagy of lung cancer, respectively. Bio-
informatic analysis validated that miR-214-3p could interact
with circCPA4 or TGIF2. Hence, we put forward the
hypothesis that the regulatory role of circCPA4 might be
mediated by the miR-214-3p/TGIF2 axis.
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METHODS

Clinical samples and cell culture

The approval of this research was endowed by the Ethics
Committee of the First Affiliated Hospital of Anhui Medical
University (approval number: Quick-PJ 2012-05-27) and was
carried out according to the guidelines of the Declaration of
Helsinki. NSCLC tissues and nontumor adjacent tissues were
collected from 33 lung cancer patients without any treatment
prior to surgery at the First Affiliated Hospital of Anhui Medi-
cal University from January 2012 to June 2015. The clinico-
pathological features of these patients are shown in Table 1. All
participants signed their written informed consent.

Lung cancer cell lines (A549, NCI-H1299, SK-MES-1, and
Calu-3) were purchased from American Type Culture Collec-
tion (ATCC, Manassas), and human bronchial epithelial cells
(16HBE) were provided by Sigma-Aldrich. Under an incubator
with 5% CO, at 37°C, all cells were routinely grown in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco). Then,
10% fetal bovine serum (FBS; Tianhang Biotechnology) was
added to the medium and 1% penicillin/streptomycin (Gibco).

Real-time quantitative polymerase chain
reaction (RT-qPCR)

Based on the operation manual of the TRIzol reagent
(Invitrogen), total RNA from tissues and cell lines was
extracted. Thereafter, the isolated RNA was reversely tran-
scribed with a PrimeScript RT Reagent Kit (TaKaRa). Then,
on the Cycler CEX6 System (Applied Biosystems), SYBR Green
PCR Kit (Takara, for circRNA and mRNA), and a TagMan
MicroRNA Assay Kit (Applied Biosystems, for miRNA) were
used for the RT-qPCR assay. The obtained data were calculated
by the 274" method after normalization with endogenous
controls: glyceraldehyde 3-phosphate dehydrogenase (GAPDH
for CircCPA4, CPA4, TGIF2), and U6 (for miR-214-3p).
RT-gPCR assay was performed at least three times. The primer
sequences are presented in Table 2.

Ribonuclease R (RNase R) assay

Briefly, the experiment was performed at 37°C for 15 min
through incubating 1 pg of total RNA with or without 3 U
of RNase R (Epicenter). After that, treated RNA was sub-
jected to RT-qPCR analysis of circCPA4 and linear CPA4.
In addition, Sanger sequencing (Sangon) of a PCR
product resulting from divergent primers demonstrates the
head-to-tail splicing of this exon.

Western blot assay

For total protein preparation, tissues and cells were treated
with precold RIPA buffer (Beyotime) including protease
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TABLE 1 Correlation of clinicopathological features of lung cancer
patients with circCPA4 expression levels

circCPA4 expression
Characteristics All cases  High Low p-value
Age 0.4905
260 19 11 8
<60 14 6 8
Gender 0.1663
Male 18 7 11
Female 15 10 5
Smoking 0.4813
Yes 13 8 5
No 20 9 11
Tumor size (cm) 0.0039
=5 13 11 2
<5 20 6 14
Histological type 0.0820
Squamous 8 6 2
Adenocarcinoma 16 9 7
Large cell lung cancer 9 2 7
Lymph node metastasis 0.0494
Negative 19 7 12
Positive 14 10 4
TNM stage 0.0185
I-1I 20 7 13
III-1v 13 10 3
Surgical resection 0.4117
Sublobar resection 6 4 2
Lobectomy 27 13 14
Tumor location 0.5133
Left lung 13 6 7
Right lung 20 11 8

inhibitor (cocktail, Roche, Basel, Switzerland). For immuno-
blotting, 50 pg protein samples were processed, separated
using an SDS-PAGE system, transferred onto nitrocellulose
membranes (Millipore), blocked in 5% skim milk for 2 h,
hybridized with primary antibodies against TGIF2 (1:1000,
ab155948, Abcam), Beclinl (1:1000, ab210498, Abcam), p62
(1:1000, ab109012, Abcam), and GAPDH (1:1000, ab9485,
Abcam), and incubated with a secondary antibody
(ab205718, 1:10000, Abcam). Finally, the ECL detection sys-
tem (GE Healthcare) was used for visualization, and Image J
software (National Institutes of Health, Bethesda, MD,
USA) was employed for analysis. Western blot assay was
carried out at least three times.

Cell transfection

In this assay, RiboBio provided circCPA4 small interfering
RNA (si-circCPA4#1, #2), si-TGIF2 (#1, #2), and their

TABLE 2 The sequences of primers for RT-qPCR used in this study

Names Sequences (5'-3)
CircCPA4: Forward ACAGCATCTGGTGTGTGCTT
CircCPA4: Reverse CCCTTTCCTGCAAAACTAGC

Linear CPA4: Forward
Linear CPA4: Reverse

ATTGGACATTCGTTTGAAAACCG
ACGGGAGATCCACTCTCGGGA

TGIF2: Forward TCTCTGTGTTGCCTCCCTCT
TGIF2: Reverse CCACCTCAGCCCAATACACT
MiR-214-3p: Forward GCGACAGCAGGCACAGACA
MiR-214-3p: Reverse AGTGCAGGGTCCGAGGTATT
U6: Forward CTCGCTTCGGCAGCACA

Ué: Reverse AACGCTTCACGAATTTGCGT
GAPDH: Forward GTGGACCTGACCTGCCGTCT
GAPDH: Reverse GGAGGAGTGGGTGTCGCTGT

scrambled siRNA control (si-NC), miR-214-3p mimic (miR-
214-3p), miR-214-3p inhibitor (in-miR-214-3p) and their
negative controls (miR-NC and in-miR-NC), and circCPA4
overexpression (circCPA4) and its control (vector). TGIF2
(Accession: ABO42646.1) overexpression vector was con-
structed by inserting the sequence of TGIF2 into pcDNA
vector (Invitrogen) with BamH I and Xho I sites, and the
pcDNA empty vector (Invitrogen) was the corresponding
control (pcDNA). A549 and NCI-H1299 cells were cultured
to 60%-70% confluence. Subsequently, using lipofectamine
3000 reagent (Invitrogen), the oligonucleotides (50 nM) or
vectors (200 ng) were transfected into the lung cell lines
for 48 h.

Colony formation assay

Transfected cells (5 x 107 cells/ well) in 6-well plates were
cultured for 1-2 weeks at 37°C. After discarded the superna-
tants, the numbers of colonies per well were fixed with
methyl alcohol for 15 min at —20°C, and stained with crys-
tal violet (Sigma-Aldrich) for 20 min. At last, visible colonies
were imaged and counted manually. The experiment was
conducted three times.

Wound healing and transwell assays

For the wound healing assay, transfected A549 and NCI-
H1299 cells were cultured in 6-well plates and allowed to
grow to a confluence of 90% overnight. After scratching
with a 200 pl sterile pipette tip (record 0 h) to create a clear
cell-free zone, the cells in serum-free medium were incu-
bated for 24 h. Cell migration was photographed using a
light microscope (Nikon, magnificationx100), and the dis-
tance of 0-24 h was examined with Image ] software
(National Institutes of Health). This assay was carried out at
least three times.



TAO kT AL

For transwell assay, 2 x 10° transfected cells in the
medium with 1% FBS were added into the upper chamber
(BD  Bioscience)  with  matrigel-precoated  inserts
(BD Bioscience). Thereafter, the lower counterpart was full
of the medium with 20% FBS overnight. Finally, cells which
had invaded into the lower counterpart were stained with
0.1% crystal violet (Sigma-Aldrich). The number of invaded
cells was detected using an inverted microscope (Nikon,
magnificationx 100). The assay was performed in triplicate.

Cell apoptosis and cell cycle assay

For the measurement of the cell apoptosis rate, Annexin
(V-fluorescein isothiocyanate) V-FITC/propidium ijodide
(PI) (Beyotime) was utilized in lung cancer cells. In brief,
transfected A549 and NCI-H1299 cells were collected and
washed with PBS (Invitrogen). Then, treated cells were incu-
bated with 100 pl binding buffer containing 5 pl of an equal
amount of Annexin V-FITC/PI (Beyotime). FACSCalibur
(BD Bioscience) was conducted to analyze the results of
apoptosis. For assessment of cell cycle progression, trans-
fected cells were treated with PBS (Invitrogen) twice,
followed by fixation with ethanol. After additional incuba-
tion with RNase A (Sigma-Aldrich) for 30 min, treated cells
were incubated with PI for 30 min at room temperature.
The percentages of cells in the GO-G1, S, and G2-M phases
were detected according to the FACSCalibur flow cytometry
(BD Biosciences). This assay was carried out at least three
times.

Dual-luciferase reporter assay

The binding between miR-214-3p and circCPA4 or TGIF2
was respectively predicted by StarBase (http://starbase.sysu.
edu.cn/) or TargetScan (http://www.targetscan.org/), as
proved by dual-luciferase reporter assay. Generally, the frag-
ment of circCPA4 and TGIF2 3’'UTR harboring wild-type
(WT) or mutant-type (MUT) putative miR-214-3p binding
sites were synthesized and inserted into the Sall and Xbal
restriction sites in the pmirGLO vector (Promega). The con-
structed reporter plasmids were cotransfected with miR-
214-3p or miR-NC into A549 and NCI-H1299 cells,
followed by incubation for 48 h. The luciferase activity was
assessed in line with the instructions of dual-luciferase
reporter assay kit (Promega), and firefly luciferase activity
was normalized to Renilla activity. Luciferase reporter assay
was performed at least three times.

RNA immunoprecipitation (RIP)

After the A549 and NCI-H1299 cell confluency reached
80%, the lung cancer cells were collected and lysed in
the complete RIP lysis buffer. Cell extracts were subse-
quently incubated with magnetic beads conjugated with
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anti-Argonaute 2 antibody (Anti-Ago2; Millipore) or nega-
tive control normal mouse IgG (Millipore) overnight at 4°C,
and were then digested with proteinase K (Invitrogen). The
immunoprecipitated RNAs were purified with RNeasy
MinElute Cleanup Kit (Qiagen), followed by analysis using
RT-qPCR assay. The assay was performed in triplicate.

RNA pulldown assay

A549 and NCI-H1299 cells were transfected with 50 nM
biotinylated Bio-miR-214-3p probe (Sangon) or the nega-
tive control Bio-con (Sangon) for 48 h, followed by collec-
tion. After incubation in lysis buffer, the cell lysates
were subjected to M-280 streptavidin magnetic beads
(Sigma-Aldrich), and cultured for another 3 h. The bound
RNA was purified and subjected to RT-qPCR reaction to
gauge circCPA4 and TGIF2 enrichment. The assay was
conducted at least three times.

Tumor xenograft assay

BALB/C nude mice (male, 4-5 weeks old, and 18-20 g
weight) were purchased from Vital River Laboratory
(Beijing, China), and then kept in a pathogen-free environ-
ment. CircCPA4 knockdown stable lentiviral vector
(lenti-short hairpin-circCPA4, sh-circCPA4), stable over-
expression vector (oe-circCPA4), and the corresponding
control (sh-NC, vector) were provided by GeneChem
(Shanghai, China). The mice were then randomly divided
into four groups (5 in each group) and injected with
NCI-H1299 cells transfected with sh-circCPA4, sh-NC,
oe-circCPA4, or vector. In summary, after suspension in
200 pl PBS, NCI-H1299 cells (5 x 10°) were subcutaneously
injected into the back flanks of the mice, followed by mea-
surement of tumor volume at the indicated time points
(7, 14, 21, 28 days) after the first injection. Four weeks after
implantation, all mice were subjected to euthanasia using an
isoflurane overdose, and the tumor tissues were surgically
excised. They were then imaged and weighed, followed by
RT-qPCR and western blot analysis. In addition, immuno-
histochemistry staining was conducted as described previ-
ously.”® In brief, the tissue samples from xenograft tumors
were fixed in 10% neutral buffer formalin, dehydrated, and
embedded in paraffin. Thereafter, the samples were sec-
tioned at a 5 pm thickness, which was treated with bio-
tinylated secondary antibody, followed by the addition of
the chromogen. Finally, slides were counterstained with
hematoxylin, followed by analysis of histopathology under a
microscope. In order to detect the levels of TGIF2 and ki-67
in excised xenograft tumors, the sections were washed with
PBS and probed with primary antibody TGIF2 (ab190152,
Abcam) and ki-67 (ab16667, Abcam) and then with horse-
radish  peroxidase-conjugate  streptavidin  (ab205718,
Abcam) and Biotinylated secondary antibody. Finally, pro-
tein levels were analyzed by calculating the integrated optical
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density per stained area using Image-Pro Plus 6.0 software
(Media Cybernetics). According to the percentage of dyeing
positive cells (A), the dyeing positive cell number of zero
was 0, <30% was 1, 30%-60% was 2, and >60% was
3. According to the dyeing intensity (B), the achromatic
color was 0, the weak dyeing was 1, the dyeing was 2, and
the strong dyeing was 3; the total score (A + B) > 3 divides
into the positive expression, and <3 divides into the negative
expression. This animal experiment received the approval of
the Animal Ethics Committee of the First Affiliated Hospital
of Anhui Medical University (approval number: Quick-dsy
2016-03-13) and was performed in accordance with the
guidelines of the National Animal Care and Ethics
Institution.

Statistical analysis

GraphPad Prism?7 software was employed to analyze all data.
The measurement of data is shown as mean + standard devia-
tion (SD) from three independent experiments. The expression
association between miR-214-3p and circCPA4 or TGIF2 was
assessed using Pearson’s correlation analysis. Data comparison
between two groups or more than two groups was analyzed
using Student’s t-test or one-way analysis of variance
(ANOVA) with Tukey’s tests. A p-value less than 0.05 was
considered statistically significant.

RESULTS

CircCPA4 and TGIF2 were elevated in lung
cancer tissues and cells

At first, Sanger sequencing suggested that circCPA4 was
derived from exons 7, 8, 9, and 10 of the CPA4 gene
(Figure la). Then, we identified the expression pattern of
circCPA4 in lung cancer by RT-qPCR assays. As shown in
Figure 1b, the expression level of circCPA4 was increased in
33 NSCLC tissues compared with 33 adjacent normal tis-
sues. To probe the association of circCPA4 expression with
clinicopathological features, 33 patients with NSCLC were
classified (Table 1). Data shows that circCPA4 expression
was associated with tumor size, lymph node metastasis, and
TNM stage (p < 0.05). Additionally, the Kaplan-Meier sur-
vival curves demonstrated that the lung cancer patients in
low circCPA4 level group had a higher survival rate than
those in high circCPA4 level group (Figure 1c). Then, we
further verified the upregulation of circCPA4 in lung cancer
cell lines (A549, NCI-H1299, SK-MES-1, and Calu-3) rela-
tive to the human bronchial epithelial cell line (16HBE)
(Figure 1d). Upregulation was evident particularly in A549
and NCI-H1299 cells, and these two cell lines were selected
for the following experiments. Also, to detect the stability of
circCPA4, A549 and NCI-H1299 cells were treated with
RNase R. Data suggested that the treatment of RNase R
reduced the RNA level of linear CPA4, whereas had no

obvious effect on circCPA4 (Figure lef). Moreover, we
observed that TGIF2 was also higher in NSCLC tissues than
normal tissues (Figure 1g,i). Meanwhile, immunohistochem-
ical staining also showed that the expression of ki-67
(a proliferation-related marker) was apparently increased in
the NSCLC tissues compared with the adjacent normal tis-
sues (Figure 1h). Of interest, the trend of TGIF2 mRNA and
protein level in lung cancer lines was in line with that in
lung cancer tissues (Figure 1jk). In a word, the dys-
regulation of circCPA4 and TGIF2 might be associated with
the progression of lung cancer.

CircCPA4 knockdown inhibited colony
formation, migration, invasion, cell cycle
progression, and expedited apoptosis of lung
cancer cells

Then, to explore the biological function of circCPA4 in lung
cancer development, we conducted circCPA4 silencing experi-
ments in A549 and NCI-H1299 cells. As shown in Figure 2a,b,
circCPA4 level was apparently decreased in si-circCPA4#1 or
si-circCPA4#2-transfected A549 and NCI-H1299 cells in com-
parison with cell transfected with si-NC, and the knockdown
efficiency of si-circCPA4#2 is more obvious. Meanwhile, there
had no evident effect on linear CPA4 mRNA in si-circCPA4#1
or si-circCPA4#2-transfected A549 and NCI-H1299 cells. So
we chose si-circCPA4#2 for the functional experiments. Results
showed that the knockdown of circCPA4 repressed the num-
ber of colonies in A549 and NCI-H1299 cells relative to the
control groups (Figure 2c). Meanwhile, wound healing and
transwell assays showed that the capabilities of migration and
invasion in A549 and NCI-H1299 cells were suppressed due to
the downregulation of circCPA4 versus their counterparts
(Figure 2d,e). After that, compared with the control groups,
the promotion of apoptosis rate was viewed due to the intro-
duction of si-circCPA4#2 in A549 and NCI-HI1299 cells
(Figure 2f). Simultaneously, cell cycle results indicated that the
cells in the si-circCPA4#2 group had an arrested cell cycle with
a higher proportion of G0/Gl1-phase, and a lower proportion
of S-phase when compared to that control groups (Figure 2g,
h). It has previously been reported that autophagy plays a vital
role in the development of lung cancer.”” Hence, we next
detected the autophagy-related proteins Beclinl (proautophagy
protein) and p62 (autophagy inhibitor) in lung cancer cells. As
shown in Figure 2i, an enhanced Beclinl protein level and
declined p62 protein level was observed due to the down-
regulation of circCPA4. All these data suggested that the
knockdown of circCPA4 could suppress the development and
progression of lung cancer in vitro.

MiR-214-3p interacted with circCPA4 or TGIF2
in lung cancer cells

Using the bioinformatic software StarBase or TargetScan, we
found that there were some complementary sites between
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FIGURE 1

Expression patterns of circCPA4 and TGIF2 in non-small cell lung cancer (NSCLC) tissues and cells. (a) The expression of circCPA4 was validated

by Sanger sequencing. The black arrows on the left represent the back-splicing site of circCPA4. Also, circCPA4 is derived from back-splicing of exons 7, 8, 9, and
10 of the CPA4 gene. PCR product of circCPA4 in agarose gel electrophoresis and the splicing site verified by DNA sequencing. (b) Relative expression of circCPA4
was detected in 33 NSCLC tissues and 33 adjacent normal tissues by RT-qPCR assay. (c) The overall survival of HCC patients with circCPA4 high or low level was
determined by Kaplan-Meier analysis. (d) CircCPA4 level was measured in human bronchial epithelial cell line (16HBE), and lung cancer cell lines (A549, NCI-
H1299, SK-MES-1, and Calu-3). (e and f) Relative RNA levels of circCPA4 and linear CPA4 were examined in A549 and NCI-H1299 cells treated with or without
RNase R. (g and i) TGIF2 levels were tested in 33 NSCLC tissues and 33 adjacent normal tissues by RT-qPCR and western blot assays. (h) Immunohistochemical
staining analysis of ki-67 expression in NSCLC tissues and adjacent normal tissues. (j and k) The mRNA level and protein level of TGIF2 were assessed in 16HBE,

A549, and NCI-H1299 cells. Values are presented as mean =+ SD, n = 3. *p < 0.05, **p < 0.01, **p < 0.001

miR-214-3p and circCPA4 or TGIF2 (Figure 3a,b). A dual-
luciferase reporter assay was then used to verify the

prediction. As shown in Figure 3c,d, overexpression of  activity of circCPA4 MUT

miR-214-3p could evidently reduce the luciferase activity of
circCPA4 WT reporter, while had no effect on the luciferase

reporter in A549 and
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NCI-H1299 cells. Also, to further prove the direct binding
relationship between circCPA4 and miR-214-3p, RIP assay
was employed using antibody Ago2, which is an important
component of RISC complex. Results indicated that both
circCPA4 and miR-214-3p were notably enriched in the
Anti-Ago2 groups relative to the Anti-IgG groups
(Figure 3e,f). In agreement with the bioinformatic analysis,
luciferase reporter, RIP assays, RNA pulldown results
suggested that circCPA4 enrichment in the Bio-miR-214-3p
probe group was significantly intensified compared with the
Bio-con group, implying the interaction between circCPA4
and miR-214-3p (Figure 3g). These data verified that miR-
214-3p was a direct target of circCPA4. Next, to further
identify the interaction between miR-214-3p and TGIF2,

A549

luciferase reporter, RIP, and RNA pulldown assays were car-
ried out in lung cancer cells. As shown in Figure 3h,i, the
luciferase activity of TGIF2 3’UTR WT was decreased in
A549 and NCI-H1299 cells after the introduction of
miR-214-3p mimics; however, the mutation in targeted sites
significantly eliminated the influence of miR-214-3p
upregulation on the reporter gene expression. Meanwhile,
the results of the RIP assay suggested that miR-214-3p and
TGIF2 in the Anti-Ago2 groups were higher than that in the
Anti-IgG groups (Figure 3j,k). Also, compared with the Bio-
con group, the remarkable enhancement of TGIF2 enrich-
ment was viewed in the Bio-miR-214-3p probe group
(Figure 31). In addition, we further verified that miR-214-3p
was expressed at a low level in NSCLC tissues and cell lines
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FIGURE 2 Silencing of circCPA4 repressed colony formation, migration, invasion, cell cycle progression, and promoted apoptosis and autophagy of
lung cancer cells. (a and b) CircCPA4 level and linear CPA4 mRNA level were detected in A549 and NCI-H1299 cells transfected with si-NC, si-circCPA4#1,
and si-circCPA4#2. (c) Cell colony formation assay was employed to assess the colony formation number in si-NC or si-circCPA4#2-transfected A549 and
NCI-H1299 cells. (d) Wound healing assay was carried out to detect migration rate in si-NC or si-circCPA4#2-transfected A549 and NCI-H1299 cells. (e) A
transwell assay was conducted to evaluate invasion ability in si-NC or si-circCPA4#2-transfected A549 and NCI-H1299 cells. (f) Flow cytometry assay was
performed to examine apoptosis rate in si-NC or si-circCPA4#2-transfected A549 and NCI-H1299 cells. (g and h) Cell cycle distribution was analyzed in si-
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versus their respective controls (Figure 3m,n). Taken
together, the relationship between circCPA4 and TGIF2
might be mediated via miR-214-3p in lung cancer cells.

TGIF2 downregulation repressed malignant
behavior of lung cancer cells

Furthermore, we performed in vitro loss-of-function ana-
lyses to verify the effects of TGIF2 on lung cancer

progression. At first, the transfection efficiency of si-
TGIF2#1 and si-TGIF2#2 were detected and presented in
A549 and NCI-H1299 cells (Figure 4a,b). Considering the
more significant transfection efficiency of Si-TGIF2 #2, it
was selected for the subsequent experiments. Whereafter,
colony formation assay displayed that the downregulation of
TGIF2 could apparently hinder the number of colonies in
A549 and NCI-H1299 cells (Figure 4c). Synchronously,
reduced migration and invasion were noticed due to the
knockdown of TGIF2 in A549 and NCI-H1299 cells
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CircCPA4 worked as a molecular sponge of miR-214-3p to sequester miR-214-3p away from TGIF2 in lung cancer cells. (a) The binding

sites between circCPA4 and miR-214-3p were predicted by StarBase. (b) Putative binding sequences between miR-214-3p and TGIF2 3’UTR WT, and mutant
sites in TGIF2 3’UTR reporter. (c and d) A dual luciferase reporter assay was applied to verify the prediction between circCPA4 and miR-214-3p. (e and f)
RIP assay was performed in A549 and NCI-H1299 cell extracts to assess miR-214-3p endogenously correlated with circCPA4. (g) RNA pulldown assay was
employed to prove the interaction between circCPA4 and miR-214-3p in A549 and NCI-H1299 cells. (h and i) The effects of miR-214-3p upregulation on
luciferase activity of TGIF2 3’UTR WT and TGIF2 3’'UTR MUT reporters were detected in A549 and NCI-H1299 cells. (j and k) The relationship between
miR-214-3p and TGIF2 3’UTR was validated by RIP assay. (1) RNA pulldown assay was used to verify the interaction between miR-214-3p and TGIF2
3’UTR. (m and n) MiR-214-3p level was determined in non-small cell lung cancer tissues and cell lines (A549 and NCI-H1299), and their respective

counterparts. Data are presented as mean & SD, n = 3. ***p < 0.001
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FIGURE 4 The downregulation of TGIF2 led to a decrease in colony formation, migration, invasion, cell cycle progression, and an enhancement of
apoptosis and autophagy in lung cancer cells. (a and b) TGIF2 protein level was assessed in A549 and NCI-H1299 cells transfected with si-NC, si-TGIF2#1,
and si-TGIF2#2. (c) Number of colonies was calculated in si-NC or si-TGIF2#2-transfected A549 and NCI-H1299 cells. (d and e) The capabilities of
migration and invasion were monitored in si-NC or si-TGIF2#2-transfected A549 and NCI-H1299 cells. (f) Apoptosis rate was tested in si-NC or si-
TGIF2#2-transfected A549 and NCI-H1299 cells. (g and h) Cell cycle distribution was detected in si-NC or si-TGIF2#2-transfected A549 and NCI-H1299
cells. (i) Protein levels of Beclinl and p62 were evaluated in si-NC or si-TGIF2#2-transfected A549 and NCI-H1299 cells. Data are presented as mean + SD,

n=3.%p <0.01,**p <0.001

(Figure 4d,e). In addition, a flow cytometry assay showed
that the silencing of TGIF2 elicited a striking increase in the
apoptosis rate (Figure 4f) and an apparent decrease in cell
cycle progression (Figure 4gh). In terms of autophagy,
Beclinl was enhanced and p62 was reduced in A549 and
NCI-H1299 cells by TGIF2 downregulation (Figure 4i). All
in all, these observations indicated that the downregulation
of TGIF2 could decline cell proliferation, migration, inva-
sion, and promote apoptosis of lung cancer cells.

TGIF2 upregulation overturned the inhibitory
impact of circCPA4 knockdown on the
progression of lung cancer

Next, we further analyzed the effects of circCPA4 on TGIF2
expression in lung cancer cells. First, RT-qPCR and western
blot assays were used to detect the overexpression efficiency

of TGIF2 in A549 and NCI-H1299 cells. Data revealed that
TGIF2 level was  significantly  upregulated in
TGIF2-transfected A549 and NCI-H1299 cells when com-
pared with empty vector controls (Figure 5a,b). Further-
more, restoration experiments indicated that the
knockdown of circCPA4 repressed the mRNA and protein
levels of TGIF2, which was significantly mitigated by the
upregulation of TGIF2 (Figure 5c—e). Functional analysis
suggested that the repression of colony formation
(Figure 5f) due to the deficiency of circCPA4 was abrogated
by the introduction of TGIF2 in A549 and NCI-H1299 cells.
Meanwhile, our data also indicated that the reintroduction
of pcDNA-TGIF2 could obviously overturn the negative role
of circCPA4 downregulation on migration (Figure 5g), and
invasion (Figure 5h) in A549 and NCI-H1299 cells. Syn-
chronously, the overexpression of TGIF2 could reverse the
inductive role of circCPA4 silencing on apoptosis rate
(Figure 5i) and cell cycle arrest (Figure 5j,k) in A549 and
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FIGURE 6 Validation of circCPA4/miR-214-3p/TGIF2 axis in lung cancer cells. (a and b) Pearson correlation analysis was utilized to assess the
expression correlation of miR-214-3p with circCPA4 and TGIF2 in non-small cell lung cancer tissues. (c) The expression association between circCPA4 and
TGIF2 was analyzed by Pearson’s correlation analysis. (d—f) TGIF2 protein level was determined in A549 and NCI-H1299 cells transfected with si-NC, si-
circCPA4#2, si-circCPA4#2 + miR-NC, and si-circCPA4#2+ miR-214-3p. (g) RT-qPCR analysis of circCPA4 expression in circCPA4 or vector-transfected
A549 and NCI-H1299 cells. (h) Western blot analysis of TGIF2 protein level in A549 and NCI-H1299 cells transfected miR-NC, miR-214-3p, miR-214-3p
+ vector, and miR-214-3p + circCPA4. Data are presented as mean £ SD, n = 3. **p < 0.001

FIGURE 5 Overexpression of TGIF2 abolished the effects of circCPA4 knockdown on colony formation, migration, invasion, cell cycle
progression, apoptosis, and autophagy in lung cancer cells. (a and b) Both mRNA level and protein level of TGIF2 were measured in TGIF2 or pcDNA-
transfected A549 and NCI-H1299 cells. (c-m) A549 and NCI-H1299 cells were transfected with si-NC, si-circCPA4#2, si-circCPA4#2 + pcDNA, and
si-circCPA4#2+ TGIF2. (c-e) Expression levels of TGIF2 were examined in transfected A549 and NCI-H1299 cells. (f) Number of colonies in
transfected A549 and NCI-H1299 cells was determined. (g and h) Migration and invasion in transfected A549 and NCI-H1299 cells were assessed.

(i) Apoptosis rate in transfected A549 and NCI-H1299 cells was examined. (j and k) Cell cycle distribution in transfected A549 and NCI-H1299 cells
was measured. (I and m) Protein levels of Beclinl and p62 in transfected A549 and NCI-H1299 cells were evaluated. Data are presented as mean + SD,
n=3.%p < 0.01, **p < 0.001
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FIGURE 7 The effects of circCPA4 on tumor growth in lung cancer cells in vivo. (a and b) Tumor volume and tumor weight were examined in
xenografts. (c) The RNA levels of circCPA4, miR-214-3p, and TGIF2 were detected in xenografted tumors by RT-qPCR assay. (d) TGIF2 protein level was
measured in xenografted tumors by western blot assay. (e) The expression of ki-67 and TGIF2 was examined by using immunohistochemical staining of
sections from the lung cancer xenograft model in nude mice. (f and g) Tumor volume and weight were determined in xenografts. (h and i) circCPA4, miR-
214-3p, and TGIF2 expression were detected in xenografted tumors by RT-qPCR and western blot assay. (j) TGIF2 and ki-67 expression were examined
using immunohistochemical staining of sections from the lung cancer xenograft model in nude mice. Data are presented as mean £ SD. *p < 0.05, **p < 0.01,

*p < 0.001

NCI-H1299 cells. Additionally, the pcDNA-TGIF2 could
attenuate si-circCPA4#2-triggered increase in Beclinl pro-
tein level, and decrease in p62 protein level in A549 and
NCI-H1299 cells (Figure 5l,m). Collectively, these results
showed that circCPA4 could affect the progression of lung
cancer partly through regulating TGIF2.

CircCPA4 modulated TGIF2 expression
through sponging miR-214-3p

In NSCLC tissues, we found that the expression level of
miR-214-3p was negatively correlated with circCPA4 or
TGIF2 (Figure 6a,b). Of interest, circCPA4 level was posi-
tively related to TGIF2 level in NSCLC cancer tissues
(Figure 6¢). After that, rescue assays showed that the down-
regulation of miR-214-3p partially abolished the negative

effect of si-circCPA4#2 on TGIF2 protein level in A549 and
NCI-H1299 cells (Figure 6d-f). In addition, the over-
expression efficiency of circCPA4 was measured and
exhibited in Figure 6g, and western blot assay suggested that
the upregulation of circCPA4 could partly overturn the
repression of miR-214-3p mimic on TGIF2 protein level in
A549 and NCI-H1299 cells (Figure 6h). All in all, circCPA4
could act as a sponge of miR-214-3p to regulate TGIF2
expression.

CircCPA4 silencing inhibited tumor growth in
lung cancer cells in vivo

Finally, to prove the effect of circCPA4 deficiency on the
tumorigenesis of lung cancer in vivo, a mouse xenograft
model was established. As indicated in Figure 7ab, the
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depletion of circCPA4 could impede tumor growth, pre-
senting as the decrease of tumor volume and tumor weight
in circCPA4-knockdown mouse xenografts. RT-qPCR
assays suggested that the levels of circCPA4 and TGIF2 were
declined, and miR-214-3p was increased in tumor tissues
from sh-circCPA4-transfected NCI-H1299 cell cells
(Figure 7¢). Apart from that, the TGIF2 protein level was
also lower in the sh-circCPA4 group than the sh-NC group
(Figure 7d). Besides, Immunohistochemical staining
exhibited that the expression of TGIF2 and ki-67 (prolifera-
tion-related marker) was inhibited by circCPA4 down-
regulation in this xenograft (Figure 7e). Additionally, our
data also verified that the stable overexpression of circCPA4
could promote tumor growth in this xenograft model in
nude mice (Figure 7fg). Meanwhile, the significant
upregulation of circCPA4 and TGIF2 was viewed in the sh-
circCPA4 group, while miR-214-3p exhibited an opposite
trend (Figure 7h,i). In addition, TGIF2 and ki-67 expression
were increased in the circCPA4 overexpression group using
Immunohistochemical staining assay (Figure 7j). These data
disclosed that the knockdown of circCPA4 could retard
tumor growth of lung cancer in vivo.

DISCUSSION

To date, with the development of RNA sequencing technologies,
an increasing number of circRNAs have been identified.*® In
recent years, circRNAs were considered as potential attractive
biomarkers in human cancer due to the special structure and
wide distribution.*>*° In fact, previous studies revealed the regu-
latory roles of circRNAs in the development and progression of
many tumors, including lung cancer.”' > Here, the high expres-
sion of circCPA4 was verified in lung cancer, in line with former
studies.'" Interestingly, this study verified circCPA4 might act as
a promising biomarker in lung cancer on account of the stable
loop structure. Functional analysis suggested that the knock-
down of circCPA4 inhibited cell growth and metastasis of lung
cancer cells. It has been acknowledged that the activation of apo-
ptosis and autophagy could induce cell death, thereby
suppressing the development of lung cancer.**** In this study,
our data showed the acceleration role of circCPA4 down-
regulation on apoptosis and autophagy in lung cancer cells.
Apart from that, the repression effect of circCPA4 deficiency on
tumor growth was also validated in the mouse model. Thus, we
considered that circCPA4 might exert a carcinogenic factor in
lung cancer cells in vitro and in vivo.

Furthermore, it has previously been documented that
TGIF2 plays a vital role in tumorigenesis by serving as an
oncogene gene in lung adenocarcinoma, glioma, and osteo-
sarcoma.’®” In this study, the TGIF2 level was increased in
lung cancer. Further analysis verified the downregulation of
TGIF2 blocked cell growth, metastasis, and facilitated
autophagy of lung cancer cells, in agreement with the func-
tion of circCPA4 knockdown. Therefore, we then explored
the relationship between circCPA4 and TGIF2 in lung can-
cer cells.

At present, the competing endogenous RNAs (ceRNAs)
hypothesis proposes that circRNAs can isolate miRNAs
which terminates the regulation of target mRNAs.*®*
Hence, we further investigated whether the relationship
between circCPA4 and TGIF2 was mediated by special
miRNA. In this study, we predicted that there was an under-
lying binding between miR-214-3p and circCPA4 or TGIF2,
and further verified their interaction in lung cancer cells.
Moreover, miR-214-3p has been indicated as a tumor sup-
pressor in lung cancer."”*" Low expression of miR-214-3p
has been seen in NSCLC tissues and cells. As expected, miR-
214-3p was inversely associated with circCPA4 or TGIF2 in
NSCLC tissues. What is more, this study confirmed that the
downregulation of miR-214-3p could reverse the inhibitory
effect of circCPA4 knockdown on the expression level of
TGIF2, further suggesting the circCPA4/miR-214-3p/TGIF2
axis in lung cancer. In addition, rescue assays manifested
that the suppression impact of circCPA4 silencing on lung
cancer progression was abolished by the upregulation of
TGIF2, supporting the regulatory role of circCPA4 could be
mediated by the miR-214-3p/TGIF2 axis in lung cancer
progression.

Taken together, this study demonstrated that circCPA4
could act as a ceRNA of miR-214-3p to increase TGIF2
expression, thereby boosting the progression of lung cancer.
Our findings provided an underlying circRNA-targeted
therapy for lung cancer.
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