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Abstract

Background: Lung adenocarcinoma is metastatic cancer with a high mortality rate. Circular RNAs (circRNAs) are a
type of noncoding RNA and play a vital role in cancer progression. However, the expression and function of circRNAs
in lung adenocarcinoma are still mostly unknown.

Methods: In this study, we screened the differential expression of circRNAs in human bronchial epithelial cells (HBE)
and A549 human lung adenocarcinoma cell line (A549) by human circRNA microarray and RT-gPCR. The role of
overexpressed circRNA_104889 in A549 cell proliferation, apoptosis, migration, and invasion was studied extensively.
Intracellular localization of circRNA_104889 was visualized by FISH assay. MiRNA sponging, ERK1/2 signaling, and
caspase-3 expression were analyzed in siRNA-mediated circRNA_104889 knockdowned A549 cells.

Results: CircRNA microarray showed overexpression of circRNA_104889 (> 13-fold) in A459 cells compared to HBE.
This finding was further corroborated by the RT-gPCR result. CircRNA_104889 was mainly localized in the cytoplasm
of A549 cells. The knockdown of circRNA_104889 in A549 cells by si-RNA mediated RNA interference did not affect
cell proliferation and apoptosis but significantly inhibited cell migration and invasion in vitro. Furthermore, knock-
down of circRNA_104889 led to an increase of miR4458 expression. Overexpression of miR4458 inhibited A549 cell
migration. Both the knockdown of circRNA_104889 and overexpression of miR4458 inhibited the caspase-3 expres-
sion and ERK1/2 phosphorylation in A549 cells.

Conclusions: CircRNA_104889 promotes lung adenocarcinoma cell migration and invasion by sponging miR4458
and targeting ERK1/2 signaling and caspase-3 expression.
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Background

Lung adenocarcinoma is the most common pathologi-
cal cancer with a high mortality rate [1]. Lung cancer is
mainly categorized as small cell and non-small cell lung
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drug resistance, and metastasis cause poor cancer prog-
nosis and high mortality. Lung adenocarcinoma shows
advanced local invasion and distant metastases at the
time of diagnosis [4]. Therefore it is crucial to explore the
molecular mechanisms of lung adenocarcinoma metasta-
sis to unravel the cost-effective diagnostic and therapeu-
tic markers.

Circular RNAs (circRNAs) is a large family of non-cod-
ing RNAs (ncRNAs) circularized by joining the 3’ end of
the RNA to the 5’ end, forming a circular structure [5—
9]. The lack of accessible ends in circRNAs gives higher
resistance to exonucleases compared to linear RNA iso-
forms [10]. MicroRNAs (miRNAs) are small (20-24
nucleotides) ncRNAs that regulate ~30% protein-cod-
ing gene in mammals [11]. MiRNAs play a role in post-
transcriptional regulation by latching themselves onto
mRNAs and inhibiting protein translation by competi-
tive or noncompetitive fashion [12]. MiRNA sponges are
competitive inhibitors containing multiple tandem bind-
ing sites to the miRNA of interest and effectively obstruct
its post-transcriptional regulatory mechanism. CircRNAs
had been reported to serve as miRNA ‘sponges’ by com-
bining and encapsulating microRNAs and regulate gene
expression [10, 12]. Recent literature have indicated that
circRNAs exhibit a powerful functional potential in regu-
lating cancer cell proliferation, apoptosis, migration, and
invasion [13-16], suggesting that circRNAs as a critical
regulator in cancer progression. Yao et al. have reported
that the close correlation between the circRNA_100876
upregulation and lymph node metastasis and tumor stag-
ing of lung adenocarcinoma [17]. Similarly, circ_0026134
has been reported to regulate NSCLC cell prolifera-
tion and invasion via sponging miR-1256 and miR-1287
[18]. However, the expression pattern of other circRNAs
and their role in lung adenocarcinoma progression and
metastasis are still unknown.

MiRNAs regulate a variety of essential biological func-
tions such as cell proliferation, differentiation, apopto-
sis, and motility. CircRNAs negatively regulate miRNAs
function [10, 12]. This ability of circRNAs to compete
with the miRNAs could provide the RNA-based targets
for cancer therapy. MiR224 expression level negatively
correlates with the expression level of caspase-3 in lung
cancer tissue samples [19]. Caspase-3 has the regula-
tory function in colon cancer cell migration, invasion,
and metastasis [20]. However, the role of caspase-3 in
circRNAs-mediated lung adenocarcinoma progression is
still unknown. CircRNAs plays a crucial role in various
cancer progressions by regulating the MAPK/ERK1/2
signaling pathway [21]. Therefore, this study focuses on
unraveling the possible involvement of circRNA, miRNA,
caspase-3, and MAPK/ERK1/2 signaling in adenocarci-
noma progression and metastasis.
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In the present study, circRNA_104889 showed higher
upregulation in lung adenocarcinoma cell line A549
compared to HBE. siRNA-mediated knockdown of cir-
cRNA_104889 upregulated miR4458 expression and
inhibited A549 cell migration. MiR4458 overexpression
inhibited A549 cell invasion and migration, possibly via
downregulation of caspase-3 expression and EKR1/2
phosphorylation. The finding of this study proposes a
new possible regulatory pathway in lung adenocarci-
noma metastasis, i.e., circRNA_104889 regulates lung
adenocarcinoma cells metastasis possibly by targeting
ERK1/2 signaling and caspase-3 expression via sponging
miR4458.

Materials and methods

Cell culture and transfection

HBE and the A549 cells were obtained from Guang-
zhou Institute of Respiratory Disease. These cell lines
were maintained in DMEM/F12 (Invitrogen, CA, US)
in the presence of 10% fetal bovine serum, in a humidi-
fied 5% CO, at 37 °C. The miR4458 mimics and negative
control were obtained from Invitrogen. The siRNA con-
trol (siN05815122147), siRNA1, siRNA2, and siRNA3
obtained from RiboBio Company (Guangzhou, China)
are listed in Table 1. MiR4458 mimic, negative con-
trol and siRNA were transfected by GenMute™ reagent
(Signagen, MD, US) at a final concentration of 50 nM.
Total RNA and protein were collected 48 and 72 h after
transfection.

CircRNA microarray assay

Arraystar human circRNA array analysis was used to
analyze the differential expression pattern of circRNAs
in HBE and A549 cells. Total RNA was quantified using
the NanoDrop ND-1000 (Thermo Scientific, US). The
sample preparation and microarray hybridization were
performed based on the Arraystar’s standard proto-
cols. Briefly, total RNA from each sample was amplified
and transcribed into fluorescent complementary RNA
(cRNA) utilizing random primer according to Array-
star’s Super RNA Labeling protocol (Arraystar Inc,

Table 1 siRNAs used to knockdown circ_104889

siRNA Nucleotide sequence

miR4458 mimic 5" UUGUACUACACAAAAGUACUG 3/

SIRNA 1 Sense: 5" UCAUACAGCCCUGUGUGGA 3/
Antisense: 5" UCCACACAGGGCUGUAUGA 3/

SIRNA 2 Sense: 5" UGUCAUACAGCCCUGUGUG 3/
Antisense: 5" CACACAGGGCUGUAUGACA 3/

SIRNA 3 Sense: 5" UACAGCCCUGUGUGGAGAG 3/

Antisense: 5" CUCUCCACACAGGGCUGUA 3/
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MD, US). The labeled cRNAs were hybridized onto the
Arraystar Human circRNA Array (6 x7 K, Arraystar
Inc). The arrays were scanned using the Axon GenePix
4000B microarray scanner (Molecular Devices, MA, US).
Scanned images were then imported into Axon Labora-
tory GenePix Pro 6.0 software for grid alignment and
data extraction. Quantile normalization and subsequent
data processing were performed using the R software
package. Differentially expressed circRNAs with statis-
tical significance between two groups were identified
through Volcano Plot filtering. Differentially expressed
circRNAs between two samples were identified through
fold change filtering. Hierarchical clustering was per-
formed to show the distinct circRNAs expression pattern
among samples.

RT-qPCR and RT-PCR analysis

Total RNA from HBE and A459 cells was isolated using
the TRIzol® reagent (Invitrogen) according to the manu-
facturer’s instructions. cDNA was synthesized from total
RNA using SuperScript III® (Invitrogen) and random
primers. Small RNA was extracted by using the RNAiso
small RNA kit (Takara, Japan). Reverse transcription
reaction was performed using the Mir-X" miRNA First-
Strand Synthesis Kit (Clontech, Japan). The relative cir-
cRNA, mRNA, and miRNA levels were quantified with
SYBR Premix Ex Taq Kit (Takara) on the CFX96"" Real-
Time system (Biorad, US). CircRNA RT-PCR was per-
formed using Bio-rad/T100 and Premix Taq (Takara Taq
Version 2.0 plus dye, Japan) according to the manufactur-
er’s instruction. GAPDH and U6 were used as the inter-
nal reference housekeeping gene. The primers used for
PCR amplification are listed in Table 2.

Electrophoresis and Sanger sequencing

RT-PCR products were visualized after electrophore-
sis on 2% agarose gel. The PCR products were purified
through the GO-GELU-2500 kit (Geneon BioTech) to
confirm the PCR results. Sanger sequencing was per-
formed using Applied Biosystems 3730/3730x] DNA
Analyzer (Life Technologies, US). The reverse primer of
circRNA_104889 was used for sequencing the product.

Fluorescence in situ hybridization (FISH)

The circRNA_104889 probe: 5/ CATACAGCCCTGTGT
GGAGAGTC 3/, and the reverse complement to the cir-
cRNA_104889 probe: 5 GACTCTCCACACAGGGCT
GTATG 3’ were used as a junction probe and a negative
control probe, respectively. Cells and fluorescein isothi-
ocyanate-labeled RNA probe (Biosense, Guangzhou,
China) were denatured at 73 °C for 3 min and incubated
at 37 °C for 15-17 h at final concentration 20 ng/uL,
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Table 2 Primers used for qPCR

Gene Primer sequence

GAPDH forward

GAPDH reverse
circRNA_104889 forward
circRNA_104889 reverse
circRNA_103722 forward
circRNA_103722 reverse
circRNA_101099 forward
circRNA_101099 reverse
circRNA_102633 forward
circRNA_102633 reverse
circRNA_101972 forward
circRNA_101972 reverse
circRNA_103064 forward
circRNA_103064 reverse
circRNA_101996 forward
circRNA_101996 reverse
circRNA_104736 forward
circRNA_104736 reverse
PAPPA forward

PAPPA reverse
Caspase-3 forward

5" GCACCGTCAAGGCTGAGAAC 3/
5' TGGTGAAGACGCCAGTGGA3’

5" AATGTCACTCAGACTTGCTTTG 3/
5" ATGCCACCCACTTGTTCC 3/

5' TCAGCCACTTGTTCATCTAA 3/

5" CAGCATTCACTAAGGCATCT 3/

5" CTGGTGATTATGGGAGTGC 3’

5' TTGGTGCTGCTCCTTTAC 3/

5" AAGGTTTTAGCCCTGAGTC 3/

5" GCAGCCATAAGGATGAGTT 3/

5' TTCCAAGAAGCCAAAGAC 3/

5" AAGATTCAAGCGAAAGGTA 3/

5" CGTCCCTCCTACCATAAA 3/

5" GGTGCTTGGCAATCAGT 3/

5" AGGGTGAGAAGCAGAAAGC 3/
5" CGTAGGAGTGGGAGTGTTG 3/

5" AGCCCTCAAAAGTTCTCC 3/

5" GTGATGATTTCCTCTTCTCG 3/

5" AACCCCACACGGGTAGAGA 3/

5" AGAGCAGGGTGAGGATACCA 3/
5' TTCAGAGGGGATCGTTGTAGA 3/
5" AATAACCAGGTGCTGTGGAGTA 3/
5" CGAGAGGTAGGTGTGGAAGAA 3/

Caspase-3 reverse
miR4458 forward

then washed (three times for 5 min each) at 43 °C in 50%
formamide and 2 x SSC, followed by two 5 min wash in
2 x SSC (the penultimate wash containing DAPI) and a
brief washing in nuclease-free water. Finally, a laser scan-
ning confocal microscope (Leica TCS SP8, Germany) was
used to take the pictures.

Cell proliferation assay

Cell proliferation assay was conducted using the cell
counting kit-8 (CCK-8, Dojindo, Japan). In 96-well,
100 pL of A549 cell suspension (4 x 10* cells/mL) was
aliquoted into each well and transfected after 24 h. Then
cell proliferation was evaluated at 24, 48, and 72 h after
transfection. 10 pL of CCK-8 solution was added to each
well, and the plate was incubated in the 37 °C incubator
for 2 h, the absorbance of each well was read at 450 nm
using a Multiskan"FC (Thermo Scientific).

Migration and invasion assay

For invasion assay, the upper chamber of transwell filter
insert with a pore size of 8 um (Corning Incorporated,
NY, US) was coated with 30 mg/cm?* Matrigel (ECM gel,
Sigma-Aldrich, St. Louis, MO, US). A total of 4 x 10°
cells in 200 pL DMEM/F12 with no FBS were added to
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the upper chamber. In the lower part of the chamber,
600 pL F12/DMEM with 10% FBS was added, and the
assay was performed for 24 h at an atmosphere of 37 °C
and 5% CO,. Invasive cells were counted by crystal vio-
let (0.1%) staining, followed by the observation under an
inverted microscope, Leica DMI3000B (Leica, Germany).
Five random visual fields were counted for each well, and
the average was determined. All assays were performed
in triplicate and independently repeated three times. The
migration assay was performed in the same way with
invasion assay, except the matrigel was not used and the
number of cells added to the upper chamber was 1 x 10°.

Flow cytometry-based apoptosis and cell cycle assays

For cell apoptosis analysis, cells were labeled with
Annexin V-FITC and propidium iodide (PI) using an
apoptosis detecting kit (BD Biosciences, US) follow-
ing the manufacturer’s instructions. The stained cells
(1 x 10°) were then analyzed by a FACSCanto"" II Flow
cytometer (BD Biosciences). For cell cycle analysis,
the cells were fixed in 70% ice-cold ethanol. The cells
were washed with PBS and re-suspended in PI/RNase
(1 x10° cells/0.5 mL) staining buffer. The stained cells
were analyzed by flow cytometry.

Luciferase reporter assay

The sequences of circRNA_104889 were synthesized
by Invitrogen company and then cloned into the pmiR-
RB-REPORT™ by the RiboBio Company (Guangzhou,
China). The reporter plasmids (50 nM) and miRNA mim-
ics were co-transfected with Lipofectamine 2000 (Invit-
rogen) into HEK293 cells (1.5 x 10* cells/well). Cells were
collected after 48 h for the analysis using the Dual-Glo®-
Luciferase Assay System (Promega, US).

Western blot analysis

Cells were washed with PBS and lysed with RIPA con-
taining protease PMSF and phosphatase inhibitor. The
total protein concentration was measured using the BCA
protein assay kit (Thermo Scientific). The cell lysate was
boiled at 100 °C for 5 min in equal volumes of loading
buffer. All samples were subjected to 10% SDS-PAGE,
separated by electrophoresis, and transferred to PVDF
membranes. After blocking for 2 h in TBST contain-
ing 5% non-fat milk, the membranes were incubated
overnight at 4 °C with the following primary antibodies:
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Caspase-3 (#ab13847, Abcam, Cambridge, UK), -actin(#
ab179467, Abcam), ERK (#4695, Cell Signaling Technol-
ogy, Danvers, MA, USA), Phospho-ERK (#4370, Cell
Signaling Technology) diluted in 5% non-fat milk con-
taining TBST. After three times wash, the membranes
were incubated with the HRP-conjugated secondary
antibodies for 2 h at room temperature. The signals were
detected using an enhanced chemiluminescence detec-
tion kit (Thermo Scientific, Rockford, IL, USA).

Statistical analysis

Data are presented as the mean=+ SD from at least three
independent experiments. The differences between the
two groups were analyzed with the two-tailed Student’s
t-test. Statistical analyses were performed using the SPSS
software version 22.0 (IBM Corporation, Armonk, NY,
USA), and p <0.05 was considered statistically significant.

Results

General profile of circRNA microarray

CircRNA microarray test analyzed the differential expres-
sions of circRNA in A549 and HBE cells. The results
showed 966 upregulated and 272 downregulated circR-
NAs in A549 cells compared to HBE. The raw data of dif-
ferential expression patterns of circRNA in these two cells
are listed in Additional files 1, 2. The hierarchical cluster-
ing of a portion of circRNA expression in HBE and A549
cells are shown in Fig. 1la. CircRNA_104889 was one of
the prominent differentially overexpressed circRNAs in
A549 cells compared to HBE. CircRNA_104889 was over-
expressed by > 13-fold in A549 cells compared to HBE.

CircRNA_104889 is overexpressed in A549 cells and mainly
localizes in the cytoplasm

To validate the results of the circRNA microarray, we
selected eight differentially expressed circRNAs asso-
ciated with cancer. The association of these circRNAs
with cancer was predicted by bioinformatics (Targets-
can, miRDB [22], and starBase v2.0 [23]). RT-qPCR
was performed to confirm eight circRNAs expression
levels in HBE and A549 cells. The data showed that
circRNA_101099 was downregulated while the cir-
c¢RNA_102633, circRNA_101972, and circRNA_104889
were upregulated in A549 compared to HBE. The RT-
qPCR result showed a 22-fold higher expression of cir-
cRNA_104889 in A549 cells compared to HBE (Fig. 1b).

(See figure on next page.)

Fig. 1 A549 cells showed overexpression of circRNA_104889 with cytoplasmic localization. a The result from hierarchical clustering shows a part
of circRNAs expression levels in A5459 cell and HBE cell. b CircRNAs expression by RT-gPCR, data are presented as mean =+ SD from 3 independent
experiments in triplicates, n= 3. Significant difference between the groups, *p <0.05. ¢ The nucleic acid electrophoresis result of GAPDH and
circRNA_104889 RT-PCR products. d Sanger sequencing of the nucleic acid electrophoresis product by using circRNA_104889 reverse primer. e
Analysis of circRNA_104889 distribution in A549 cells by RNA fluorescence in situ hybridization (FISH)
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Fig. 2 Downregulation of circRNA_104889 in vitro. a Three siRNAs targeting the circRNA_104889 in junction sequences (the red arrows point to the
head-to-tail splicing site) were designed. b The expression level of circRNA_104889 in A549 cells after transfection with three siRNAs. ¢ Expression
of circRNA_104889 after siRNA2 transfection for 24, 48, and 72 h in A549 cells. d The mRNA levels of the parental gene PAPPA after knockdown
of circRNA_104889 with siRNA2. Data are presented as mean = SD from 3 independent experiments in triplicates, n= 3. Significant effect of the
treatments, *p <0.05, **p <0.01, **p <0.001

Head-to-tail splicing of circRNA_104889 was assayed
and validated by nucleic acid electrophoresis and Sanger
sequencing (Fig. 1c, d). Then circRNA_104889 reverse
primer was provided for sequencing the product, and
the sequences showed a definite crossing of the head-
to-tail splicing site (Fig. 1d). CircRNA_104889 sequenc-
ing according to the human reference genome (GRCh37/
hg19) obtained from the UCSC genome database (http://
genome.ucsc.edu/) showed 1063 bp genomic length and
spliced length of the circRNA-104889. CircRNA-104889
is located at chr9(+):118949432—-118950495, and its
associated gene symbol is PAPPA (Pregnancy-associated
plasma protein A) exon 2.

To evaluate the subcellular localization of cir-
cRNA_104889, RNA-fluorescence in situ hybridization
(FISH) was performed in A549 cells. The results revealed
that circRNA_104889 was mainly distributed in the cyto-
plasm (Fig. 1e), suggesting its possible role in post-tran-
scriptional regulation.

CircRNA_104889 promotes the migration and invasion

of lung adenocarcinoma cells

CircRNA_104889 was knockdowned in A549 cells using
siRNA-mediated gene silencing (Fig. 2a). RT-qPCR

confirmed that siRNA2 inhibits circRNA_104889
expression by 74.3% compared to the scrambled control
(Fig. 2b). Furthermore, a 24 h transfection of siRNA2
showed the highest circRNA_104889 knockdown poten-
tial (Fig. 2c). The siRNA2 downregulates the expres-
sion of circRNA_104889 and could decrease its parental
gene pregnancy-associated plasma protein A (PAPPA)
(Fig. 2d).

To validate the role of circRNA_104889 dysregula-
tion in the tumorigenesis and metastasis of lung adeno-
carcinoma, we analyzed cell proliferation, migration,
invasion, apoptosis, and cell cycle in A559 cells with or
without circ_104889 knockdown. The proliferation of cir-
cRNA_104889 knockdowned cells was slightly decreased
(Fig. 3a). Besides, the knockdown of circRNA_104889
increased the percentage of G2/M cells (Fig. 3b) and
apoptotic rate (Fig. 3c). However, the difference was not
statistically significant. An evident decrease in migra-
tion (Fig. 3d) and invasion (Fig. 3e) were observed in
circRNA_104889 knockdowned A549 cells (p<0.05)
compared to the control group. These results suggest
the possible role of circRNA_104889 in lung cancer
metastasis.
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CircRNA_104889 competes with miR4458 and targets
caspase-3

Target prediction in miRDB, starBase v2.0, and Tar-
getScan showed that the miR4458 has two binding sites
in circRNA_104889. The 3’ UTR of the caspase-3 gene
contains separate miR4458 binding seed sequences
that are conserved through evolution (Fig. 4a). RT-
qPCR data showed the overexpression of miR4458
in circRNA_104889 knockdowded A549 (Fig. 4b). To
validate whether circRNA_104889 is a bona fide target
for miR4458 or not, we inserted the whole sequence
of circRNA_104889 into the 3’ UTR locus of the fire-
fly luciferase gene. It demonstrated that miR-4458 dra-
matically suppressed the luciferase activity in HEK293
cells (Fig. 4c). Subsequently, ectopic expression of
miR4458 in A549 cells transfected with miR-4458 mim-
ics also led to a significant reduction in cell invasion

(Fig. 4d). We further detected the mRNA level of cas-
pase-3 in circRNA_104889 knockdowned (Fig. 5a) and
miR4458 overexpressed A549 cells (Fig. 5b). The cas-
pase-3 mRNA expression was downregulated in both
conditions (Fig. 5a, b). The protein level of caspase-3
was subsequently detected by western blot (Fig. 5c,
d). Both the knockdown of circRNA_104889 and the
overexpression of miR4458 in A549 cells inhibited cas-
pase-3 expression. The results were consistent with the
changes in the mRNA level of caspase-3 (Fig. 5a—d).

CircRNA_104889 activates ERK1/2 pathway

The knockdown of circRNA_ 104889 significantly
reduced the level of phosphorylated ERK1/2, with
no detectable changes in expression of total ERK1/2
(Fig. 5e, f). These results suggest circRNA_104889 as an
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constructs with the entire circRNA_104889 sequence, then HEK293 cells were co-transfected with pmiR-RB-REPORT™ (WT) and either miR4458 or
control mimics. d Cell invasion assay. Data are presented as mean = SD from 3 independent experiments in triplicates, n = 3. Significant effect of the
treatments, ** p<0.01, *** p<0.001
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inducer of lung adenocarcinoma metastasis by activat-
ing the ERK1/2 pathway.

Discussion

Although non-coding RNAs were initially argued to be
spurious transcriptional noise, recent pieces of evidence
suggest their important role in cellular development and
human diseases [24—-26]. Circ-ITCH has been reported
to reduce cell viability and arrest proliferation in esoph-
ageal squamous cell carcinoma [14]. Circ_RNA100783
has been optimized as an immunosenescence bio-
marker of T-cell aging [26]. Hsa-circ-000595 regulates
the apoptosis of aortic smooth muscle cells associated
with aortic aneurysm [27]. Additionally, circRNA-CER
regulates MMP13 expression and participate in the pro-
cess of chondrocyte ECM degradation [28]. However, the
expression pattern of circRNAs in lung adenocarcinoma
and their role in lung cancer progression and metastasis
are still unknown. In this study, we revealed the higher
expression of circRNA_104889 in lung adenocarcinoma
A549 cells. The knockdown of circRNA_104889 inhibited
A549 cell migration and invasion. Interestingly, knock-
down of circRNA_104889 upregulated miR4458 expres-
sion, downregulated caspase-3 expression, and inhibited
ERK1/2 phosphorylation. Our findings suggest the pos-
sible role of circRNA_104889 in lung adenocarcinoma
metastasis by sponging miR4458 expression and possi-
bly via modulation of caspase-3 expression and ERK1/2
phosphorylation (Fig. 5g).

CircRNA_104889 locates at chromosome 9:
118949432-118950495 on the plus strand, aligned in
sense orientation to the known protein-coding gene
PAPPA and contains only one exon. The length of the
circRNA_104889 is 1063 bp. Jeck et al. have reported
that circRNAs tend to accumulate in the cytoplasm of
some cells, and may even be expressed higher than the
associated linear mRNAs [29]. In this study, the FISH
assay showed that circRNA 104889 mainly exists in the
cytoplasm of A549 cells, suggesting the possible role of
circRNA_104889 in the post-transcriptional regulation.
CircRNAs bind to miRNAs, acting as miRNA sponges
and regulate gene expression at the transcriptional or
post-transcriptional level [12]. It has been reported that
hsa_circ_0001855 and hsa_circ_0004904 act as sponges of
their miRNA recognition elements (MREs) and block the
inhibition of MREs on their target mRNA of the PAPPA
gene in preeclampsia patients [30]. TargetScan and
miRDB software-based miRNA binding site prediction
showed the 3 UTR region of the PAPPA gene as a binding
site for miR4458 within circRNA_104889, indicating that
the linear PAPPA positively correlates with levels of cir-
cRNA_104889. This sponging of miR445 by circ_104889
might downregulate PAPPA in lung adenocarcinoma.

Page 10 of 12

Extracellular signal-regulated kinase 1/2 (ERK1/2)
pathway plays a critical role in tumor development
and contributes to cell metastasis [31]. Furthermore,
the ERK1/2 pathway is an important signal transduc-
tion pathway involving in various cellular activities and
diseases [32-38]. MiR7 has been reported to inhibit
ERK1/2 signaling and epithelial growth factor recep-
tor expression in lung cancer, breast cancer, and glio-
blastoma cell lines [39]. In this study, knockdown of
circRNA_104889 in A549 cells inhibited EKR1/2 phos-
phorylation, upregulated mi4458, and inhibited cas-
pase-3 activity. Moreover, mi4458 mimics inhibited
A549 cell migration. MiR4458, a new tumor-suppres-
sor, is downregulated in human hepatocellular carci-
noma [40], and colon cancer [41]. Caspase-3 is known
as a cysteine protease that primarily executes cell death
and also regulates cancer cell migration [19, 20, 42—45].
Here, we predict that circRNA_104889 and caspase-3
are the common intracellular targets of miR4458. The
knockdown of circRNA_ 104889 in A549 cells sig-
nificantly increased miR4458 expression and reduced
caspase-3 expression. Moreover, it has been reported
that the depletion of caspase-3 leads to the inactiva-
tion of ERK1/2 signaling and reduces the cell motil-
ity and invasion of breast cancer cell line MCF7 [46].
Our findings indicate that circRNA_104889 enhances
A549 cell migration by sponging miR4458 possibly,
via the upregulation of caspase-3 activity and ERK1/2
phosphorylation.

Salmena et al. suggested the possible role of pseu-
dogene transcripts and long noncoding RNAs (IncR-
NAs) or other molecules that regulate each other’s
expression by using MREs to compete for the binding
of microRNAs and affect the cell functions [47]. Pseu-
dogene transcripts, IncRNAs, mRNAs, and circRNAs
are reported to be involved in tumorigenesis and devel-
opment of human cancer via competing endogenous
RNA (ceRNA) mechanism [48-53]. The involvement of
the ceRNA mechanism in circRNA_104889 mediated
sponging of mi4458 should be further investigated. A
limitation of this study is that although the knockdown
of circRNA 104889 inactivated the ERK1/2 signaling
via inhibiting caspase-3 activity, the exact role of cas-
pase-3 and ERK1/2 signaling in A549 migration and
invasion have not been thoroughly investigated. Fur-
ther studies are recommended to unravel the role of
caspase-3 and ERK1/2 in lung adenocarcinoma metas-
tasis using lung adenocarcinoma tissue samples, lung
cancer cell lines, and patient-derived xenograft model
of lung adenocarcinoma. Another limitation of this
study is the lack of in vivo studies elucidating the role of
circRNA_104889 in lung adenocarcinoma invasion and
metastasis. Validation of the results of this study in the
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Conclusions

We found the upregulation of circRNA_104889 in lung
adenocarcinoma cell line A549. The knockdown of cir-
cRNA_104889 inhibited A549 cell migration and inva-
sion by sponging miR4458. Moreover, knockdown of
circRNA_104889 inhibited the caspase-3 expression
and ERK1/2 phosphorylation via miR4458 sponging.
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