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Abstract

Background: Circular RNAs (circRNAs) have shown pivotal regulatory roles in the pa-
thology of non-small cell lung cancer (NSCLC). However, the role of circ_0000463 in
NSCLC progression and its associated molecular mechanism remain to be illustrated.
Methods: Cell proliferation ability was analyzed by colony formation assay and
5-ethynyl-2'-deoxyuridine (EdU) assay. Cell migration and invasion abilities were as-
sessed by scratch test and transwell invasion assay. Flow cytometry was employed
to analyze cell apoptotic rate. The interaction between microRNA-924 (miR-924) and
circ_0000463 or solute carrier family 1 member 5 (SLC1A5) was confirmed by dual-
luciferase reporter assay and RNA immunoprecipitation (RIP) assay. The uptake of
glutamine and the production of glutamate and a-ketoglutarate were analyzed using
their corresponding kits. Xenograft model in vivo was established to analyze the role
of circ_0000463 in tumor growth.

Results: Circ_0000463 expression was elevated in NSCLC tissues and cell lines.
Circ_0000463 knockdown suppressed the proliferation, migration, and invasion and
promoted the apoptosis of NSCLC cells. Circ_0000463 acted as a molecular sponge
for miR-924, and circ_ 0000463 interference-mediated anti-tumor effects were
largely reversed by the silence of miR-924 in NSCLC cells. miR-924 interacted with
the 3’ untranslated region (3'UTR) of SLC1A5, and SLC1A5 overexpression largely
overturned miR-924 overexpression-mediated anti-tumor effects in NSCLC cells.
Moreover, circ_0000463 absence suppressed the glutamine metabolism of NSCLC
cells by targeting miR-924/SLC1A5 axis. Circ_0000463 knockdown suppressed xeno-
graft tumor growth in vivo.

Conclusion: Circ_0000463 absence suppressed the malignant behaviors and glu-
tamine metabolism of NSCLC cells through mediating miR-924/SLC1AS5 axis.
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1 | INTRODUCTION

Lung cancer is a common malignancy with high morbidity and mor-
tality.! Among which, non-small cell lung cancer (NSCLC) accounts
for 85% of all lung cancer cases.? Although the progression in the
diagnosis of NSCLC and the emergence of a new generation of tar-
geted drugs, patients with NSCLC still have a poor prognosis and
a high recurrence rate.® Uncovering the pathologic mechanism of
NSCLC is essential for the development of effective therapeutic
methods.

Circular RNAs (circRNAs) are ideal bio-markers due to their high
stability and tissue-specific expression pattern.* CircRNAs are im-
plicated in the progression of NSCLC. For instance, circ_0001869
is reported to facilitate the growth and motility of NSCLC cells.’
Circ_0000376 is reported to promote the growth, metastasis,
and chemo-resistance of NSCLC cells.® A previous study reported
that circ_0000463 expression is upregulated in lung cancer.”
Nevertheless, the function of circ_0000463 in NSCLC progression
and its associated mechanism remain unclear.

Accumulating evidence have demonstrated that circRNAs can
act as molecular sponges for microRNAs (miRNAs), thus nega-
tively regulating miRNA expression and further controlling the
levels of downstream genes.®™1° Through bioinformatics analysis,
miR-924 was predicted as a potential target of circ_0000463 in
this study. Previous articles reported that miR-924 plays an anti-
tumor role in hepatocellular carcinoma®! and NSCLC.*? For exam-
ple, Fan et al. demonstrated that IncRNA n335586 contributes to
hepatocellular carcinoma development by absorbing miR-924,1!
indicating the anti-tumor role of miR-924 in hepatocellular car-
cinoma. miR-924 is reported to reduce the malignant potential
of NSCLC cells by negatively regulating RHBDD1 expression and
inactivating Wnt/p-catenin pathway.!? Here, we tested the bind-
ing relationship between circ_0000463 and miR-924 in NSCLC
cells and further explored their functional correlation in NSCLC
progression.

Solute carrier family 1 member 5 (SLC1A5) is responsible for the
transportation of glutamine.'® Previous researchers confirmed that
SLC1AS5 contributes to cancer progression by promoting glutamine
metabolism. 41 Silencing the expression of SLC1A5 is reported to
restrain the survival of lung cancer cells by reducing glutamine trans-
portation.r” SLC1A5 is also reported to contribute to the growth
and motility and suppress the apoptotic rate of NSCLC cells.*®
Bioinformatics software predicted that SLC1A5 was a potential tar-
get of miR-924 in this study. The associated relation between miR-
924 and SLC1A5 was tested, and their functional correlation was
further investigated.

In this study, we first analyzed the expression pattern and bio-
logical function of circ_0000463 in NSCLC. Then, the downstream
miRNA/mRNA axis of circ_0000463 was predicted by bioinformat-
ics analysis and verified by rescue experiments. This study will pro-

vide more insights into the pathogenesis of NSCLC.

2 | MATERIALS AND METHODS

2.1 | Tissue collection

Sixty-five pairs of NSCLC tissues and adjacent healthy tissues were
collected from NSCLC patients during surgical resection at the First
Affiliated Hospital of Hainan Medical University. The tissue samples
were stored at -80°C before use. The written informed consent had
been signed by all the NSCLC patients before the surgery. Clinical
study was authorized by the ethics committee of the First Affiliated
Hospital of Hainan Medical University and in compliance with the
guidelines of the Declaration of Helsinki.

2.2 | Cellculture

Non-small cell lung cancer cell lines (NCI-H1299, HCC827, A549, and
H460) and normal human bronchial epithelioid cell line 16 HBE were
purchased from American Type Culture Collection (Manassas, VA,
USA). All the cell lines were cultured with Roswell Park Memorial
Institute-1640 medium (RPMI-1640, Gibco) added with 10% fetal
bovine serum (FBS, Gibco) and 1% antibiotic mixture (Sangon
Biotech) under the standard culture condition (37°C and 5% CO,).

2.3 | Verification of circular structure of
circ_0000463

For RNase R treatment, RNA samples were incubated with 100 pg/
ml RNase R (Applied Biological Materials, Vancouver, Canada) at
37°C for 30 min. For actinomycin D treatment, NSCLC cells were
incubated with 2 mg/ml actinomycin D (Sigma) and collected at the

preset time points. RT-qPCR was conducted to measure RNA levels.

2.4 | Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)

TRIzol reagent (Invitrogen) was utilized during RNA isolation. For
circ_0000463, EP400ONL, and SLC1A5, High Capacity cDNA Kit
(Thermo Fisher Scientific) was utilized to obtain complementary
DNA (cDNA), which was subsequently utilized as the template for
thermal cycling reaction with SYBR Green qPCR Mix (Bio-Rad).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as
the reference for the normalization of circ_0000463, EP400NL, and
SLC1AS5 expression. For miR-924, miRNA-specific stem-loop reverse
transcription primer (Ribobio) was used for reverse transcription,
and amplification reaction was conducted using miRNA-specific for-
ward primer and universal primer. U6 was utilized as the reference
for the normalization of miR-924 expression. The relative abundance

was calculated as 2722, All primers are listed in Table 1.
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TABLE 1 Primer sequences in RT-qPCR assay

Gene Sequence (5’-3")
circ_0000463 Forward: ACTCAGCATGACCTCCGTTC

Reverse: AGTCACGGCAGCAGGAGTAG

EP400NL Forward: ACCAGAGAAATCGAGCGTCC
Reverse: CACTTGTGTGGTTGGCTGTG

miR-924 Forward: GGCCAGAGTCTTGTGATG
Reverse: GCAGGGTCCGAGGTATTC

SLC1A5 Forward: CTCCAGCCCTCGGGAGTAAA

Reverse: CGGATAAGCAGCTCCCCTTC
ué Forward: GCTTCGGCAGCACATATACTAAAAT
Reverse: CGCTTCACGAATTTGCGTGTCAT

GAPDH Forward: TATGATGACATCAAGAAGGTGGT
Reverse: TGTAGCCAAATTCGTTGTCATAC
2.5 | Cell transfection

Short hairpin (sh)RNA against circ_0000463 (sh-circ_0000463),
matched negative control (sh-NC), mimics of miR-924 (miR-924), miR-
NC, inhibitor of miR-924 (in-miR-924), in-miR-NC, SLC1A5 plasmid
(SLC1A5), and pcDNA were purchased from Genepharma (Shanghai,
China). Lipofectamine™ 3000 transfection reagent (Invitrogen) was
utilized to introduce small RNAs or plasmids into NSCLC cells during

transient transfection.

2.6 | Colony formation assay

Non-small cell lung cancer cells in 12-well plates (200 cells/well)
were continued to culture for 14 days under the standard culture
condition. The culture medium was replenished every 4 days. The
culture supernatant was discarded after 14 days incubation, and
colonies were rinsed with phosphate-buffered saline (PBS) solution
twice. After staining with 0.5% crystal violet (Sangon Biotech) for

20 min, the number of colonies was analyzed.

2.7 | 5-ethynyl-2’-deoxyuridine (EdU) assay

Non-small cell lung cancer cells were incubated with 50 uM EdU so-
lution (Ribobio) to mark the synthesized DNA, and cell nucleus was
stained with 4,6-diamino-2-phenyl indole (DAPI; Sigma). Cell im-

ages were captured, and the proportion of EdU* cells was analyzed.

2.8 | Scratch test

When cell confluence reached about 95%, cell monolayer was
scraped with a pipette tip. Cell debris and unattached cells were dis-
carded by washing with PBS thrice. Micrographs were taken at O h
and 24 h after creating the gap.

2.9 | Transwell invasion assay

The top side of polycarbonate Transwell filter of the upper cham-
bers was coated with Matrigel (BD Biosciences). NSCLC cells
(8 x 10% in serum-free medium were seeded over the Matrigel in
upper chambers, with the below chambers added with 10% FBS
(chemoattractant)-contained medium. NSCLC cells were cultured
for 48 h. Cells on the top side of the transwell filter were scraped
out, and invaded cells were dyed with 0.1% crystal violet (Sangon
Biotech). The number of invaded cells was counted under a micro-
scope (five random fields of view at 100x).

2.10 | Flow cytometry

Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (Pl)
kit (Beyotime) was adopted to analyze cell apoptosis. After transfec-
tion for 72 h, NSCLC cells were collected and suspended in 100 pl
binding buffer. Then, 10 pl of Annexin V-FITC and 10 pl of Pl were
simultaneously incubated with NSCLC cells for 15 min at room tem-
perature in the dark. The percentage of apoptotic cells was assessed

by flow cytometer.

2.11 | Western blot assay

Non-small cell lung cancernon-small cell lung cancer cells were
disrupted with Western cell lysis buffer (Beyotime), and the con-
centrations of protein samples were determined using the bicin-
choninic acid (BCA) kit (Pierce Biotech). After separating by 10%
separating gel, the protein samples were transferred onto the
polyvinylidene difluoride (PVDF) membrane (Millipore). The mem-
brane was sealed with 5% non-fat milk and labeled with primary
antibodies (Abcam) overnight at 4°C, including anti-proliferating
cell nuclear antigen (anti-PCNA, ab280088, dilution of 1:1000),
anti-E-cadherin (ab238099, dilution of 1:3000), anti-Bcl-2 as-
sociated X, apoptosis regulator (anti-Bax, ab32503, dilution of
1:8000), anti-SLC1A5 (ab237704, dilution of 1:1000), and anti-
GAPDH (ab8245, dilution of 1:10000). The membrane was then
incubated with the secondary antibody (Abcam) for 2 h at room
temperature. The protein signals were analyzed using the en-
hanced chemiluminescence reagents (Pierce Biotech). Image Lab
analysis software (Bio-Rad) was used to analyze the intensities of

protein bands.

2.12 | Establishment of circRNA/miRNA/
messenger RNA (mRNA) signaling axis

Bioinformatics software circinteractome (https://circinteractome.
irp.nia.nih.gov) or targetscan (http://www.targetscan.org) was used
to predict circ_0000463-miRNA interactions or miR-924-mRNA in-
teractions, respectively.


https://circinteractome.irp.nia.nih.gov
https://circinteractome.irp.nia.nih.gov
http://www.targetscan.org

40f 13
o | WILEY

LIU ET AL.

2.13 | Dual-luciferase reporter assay

The wild-type partial sequence of circ_0000463 or SLC1AS5, in-
cluding the putative binding sites of miR-924, was inserted into
commercial luciferase pmirGLO vector (Promega) to generate
circ_0000463 WT or SLC1A5 3’ untranslated region (3'UTR) WT.
Similarly, circ_0000463 MUT or SLC1A5 3’'UTR MUT was con-
structed. For the luciferase activity analysis, NSCLC cells were co-
introduced with small RNAs and luciferase reporter plasmids. After

transfection for 48 h, the luciferase intensities were analyzed.

2.14 | RNA immunoprecipitation (RIP) assay

A Magna RNA immunoprecipitation kit (Millipore) was adopted for
RIP assay to confirm the associated relation between circ_0000463
and miR-924. NSCLC cells were introduced with miR-924 mim-
ics for 48 h and then cells were disrupted using ice-cold radio-
Immunoprecipitation Assay (RIPA) lysis buffer. Cell extracts
were mixed with anti-Argonaute 2 (Anti-Ago2; Abcam) or anti-
Immunoglobulin G (Anti-lgG; Abcam) for 4 h at 4°C. Then, the mag-
netic protein A/G beads were added to incubate for 2 h. Beads were
washed with PBS thrice, and RT-qPCR was applied to measure RNA
enrichment.

2.15 | Analysis of glutamine metabolism

The consumption of glutamine and the production of glutamate
and a-ketoglutarate were analyzed using glutamine assay kit
(Abcam), glutamate assay kit (Abcam), and a-ketoglutarate assay
kit (Abcam).

2.16 | Xenograft modelin vivo

A total of ten BALB/c male nude mice (4-6 weeks old, 18-22 g)
were purchased from Vital River Laboratory Animal Technology
(Beijing, China) after obtaining the approval of the Animal Ethical
Committee of the First Affiliated Hospital of Hainan Medical
University. Animal experiment was conducted in compliance with
the ARRIVE guidelines and all nude mice received humane care
according to the National Institutes of Health (USA) guidelines.
Nude mice were maintained in pathogen-free condition with a
12-h light/dark cycle at 22 + 1°C and 60% humidity. These nude
mice were supplied food and water ad libitum. The weight of mice
was measured twice a week to monitor the health of mice. The
mice were arbitrarily divided into two groups: (1) sh-NC group:
The right flank of mice were subcutaneously injected with A549
cells (2.0 x 10° cells; 200 ul cell suspension) stably expressing
sh-NC. 2) sh-circ_0000463 group: The right flank of mice were
subcutaneously injected with A549 cells (2.0 x 10° cells; 200 pl
cell suspension) stably expressing sh-circ_0000463. Tumor size

was detected every 7 d as length x width? x 0.5. The maximum of
tumor volume was no more than 1000 mm?®. After inoculation for
35 days, the mice were euthanized by carbon dioxide suffocation
(30% chamber volume/min), and the xenograft tumors were taken
out and weighed using an analytical balance. RT-gPCR, western
blot assay, and IHC assay were conducted to analyze the expres-

sion of key molecules.

2.17 | Data analysis

The results were processed using GraphPad Prism software and rep-
resented as mean + standard deviation (SD). Statistical significance
was analyzed using Student's t test for the data in two groups or
one-way analysis of variance (ANOVA) followed by Tukey's test for
the data in multiple groups. Linear regression analysis was carried
out using Pearson's correlation analysis. Values of p < 0.05 were des-
ignated as statistically significant.

3 | RESULTS

3.1 | Circ_0000463 expression is significantly
upregulated in NSCLC tissues and cell lines

Circ_0000463 is a circular transcript derived from the back-
splicing of its host gene EP4A0ONL. The chromosomal location of
circ_0000463 is shown in Figure 1A. We analyzed the expression
pattern of circ_0000463 in NSCLC and found that circ_0000463
was significantly upregulated in NSCLC tissues and cell lines (es-
pecially in A549 and H460 cell lines) compared with adjacent nor-
mal tissues and 16HBE cell line (Figure 1B, C). Therefore, we chose
A549 and H460 cell lines for the following experiments. RNase R
treatment assay displayed that circ_0000463 expression remained
unchanged in RNase R treatment group and Mock group, while
RNase R treatment markedly reduced the level of linear EP4A00ONL
(Figure 1D, E), suggesting that circ_0000463 was resistant to RNase
R. The stability of circ_0000463 was analyzed using transcriptional
inhibitor actinomycin D. Circ_0000463 level was stable upon ac-
tinomycin D treatment, whereas the level of EPA0ONL was notably
reduced in a time-dependent manner (Figure 1F, G), demonstrating
that circ_0000463 was stably existed in NSCLC cells. These results
suggested that circ_0000463 expression might be associated with
the progression of NSCLC.

3.2 | Circ_0000463 absence suppresses the
malignant behaviors of NSCLC cells

We explored the biological role of circ_0000463 in NSCLC cells
by loss-of-function experiments. A549 and H460 cell lines stably
expressing sh-NC or sh-circ_0000463 were established. RT-qPCR
assay showed that sh-circ_0000463 was effective in silencing
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FIGURE 1 Circ_0000463 expression is significantly upregulated in NSCLC tissues and cell lines. (A) The chromosomal location of
circ_0000463 was shown. (B) The expression of circ_0000463 was examined by RT-qPCR in 65 pairs of NSCLC and para-cancerous tissues.
(C) The expression of circ_0000463 was determined by RT-gPCR in human bronchial epithelioid cell line 16HBE and a panel of NSCLC cell
lines (NCI-H1299, HCC827, A549, and H460). (D and E) RNase R treatment assay was conducted to analyze the stability of circ_0000463. (F
and G) The stability of circ_0000463 was assessed by Actinomycin D treatment assay. *p < 0.05, **p < 0.01, ***p < 0.001

circ_0000463 in NSCLC cells (Figure 2A). Colony formation assay
and EdU assay unveiled that circ_0000463 knockdown markedly
reduced the number of colonies and the percentage of EAU™ cells
(Figure 2B, C), which meant that circ_0000463 silencing suppressed
the proliferation of NSCLC cells. Circ_0000463 knockdown nota-
bly restrained the migration and invasion abilities of NSCLC cells,
verified by the reduced rate of wound closure and the decreased
number of invaded cells in sh-circ_0000463 group (Figure 2D, E).
Circ_0000463 absence triggered the apoptosis of A549 and H460

cells (Figure 2F). In addition, western blot assay data revealed that
circ_0000463 silencing downregulated the level of proliferation-
associated PCNA and increased the levels of EMT-associated E-
cadherin and pro-apoptotic protein Bax (Figure 2G, H), which further
meant that circ_0000463 knockdown suppressed the proliferation
and EMT and induced the apoptosis of NSCLC cells. These results
demonstrated that circ_0000463 silencing restrained the prolifera-
tion, migration, and invasion and induced the apoptosis of NSCLC

cells.
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FIGURE 2 Circ_0000463 absence suppresses the malignant behaviors of NSCLC cells. (A) The expression of circ_0000463 was
determined by RT-gPCR in A549 cells and H460 cells stably expressing sh-NC or sh-circ_0000463. (B and C) Colony formation assay and
EdU assay were conducted to analyze the effect of circ_0000463 knockdown on the proliferation of NSCLC cells. (D and E) The effects of
circ_0000463 silencing on the migration and invasion of NSCLC cells were evaluated by scratch test and transwell invasion assay. (F) Flow
cytometry was employed to analyze the impact of circ_0000463 absence on the apoptosis of NSCLC cells. (G and H) Western blot assay was
performed to measure the expression of PCNA, E-cadherin, and Bax in circ_0000463-silenced NSCLC cells. **p < 0.01, ***p < 0.001
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FIGURE 3 Circ_0000463 interacts with miR-924 in NSCLC cells. (A) The supposed binding sites between circ_0000463 and miR-924
were predicted by bioinformatics software circinteractome. (B) The overexpression efficiency of miR-924 was determined by RT-gPCR

in A549 and H1299 cells. (C and D) The interaction between circ_0000463 and miR-924 was tested by dual-luciferase reporter assay.

(E and F) RIP assay was employed to verify the associated relation between circ_0000463 and miR-924. (G and H) RT-gPCR was conducted
to detect the level of miR-924 in 65 pairs of NSCLC and adjacent normal tissues along with 16HBE, A549, and H460 cells. (I) Pearson's
correlation analysis was performed to assess the linear correlation between the expression of circ_0000463 and miR-924 in NSCLC tissues.

***p < 0.001

3.3 | Circ_0000463 interacts with miR-924 in
NSCLC cells

We intended to explore the potential mechanism by which
circ_0000463 regulated the biological behaviors of NSCLC cells.
Circinteractome software (https://circinteractome.irp.nia.nih.gov)
revealed the potential binding sequence between circ_0000463
and miR-924 (Figure 3A). The overexpression efficiency of synthe-
sized miR-924 mimics was significant in NSCLC cells (Figure 3B).
Subsequently, the target relationship between circ_0000463 and
miR-924 was tested by dual-luciferase reporter assay and RIP assay.
The luciferase activity of wild-type plasmid (circ_0000463 WT)
was markedly reduced by the transfection of miR-924 rather
than miR-NC, while the luciferase activity of mutant plasmid
(circ_0000463 MUT) remained unchanged by the transfection of
miR-924 or miR-NC (Figure 3C, D), which meant that circ_0000463
directly interacted with miR-924 via the predicted sites. Both
circ_0000463 and miR-924 were enriched in Ago2 antibody group
(Figure 3E, F), suggesting that there was spatial interaction between
circ_0000463 and miR-924 in RNA-induced silencing complex
(RISC). Circ_0000463 expression was markedly reduced in NSCLC
tissues and cell lines (A549 and H460) than that in adjacent normal

tissues and 16HBE cell line (Figure 3G, H). Pearson's correlation
analysis revealed that miR-924 expression was negatively correlated
with circ_0000463 level in NSCLC tissues (Figure 3l). These results
suggested that circ_0000463 acted as a molecular sponge for miR-
924 in NSCLC cells.

3.4 | Circ_0000463 silencing-mediated anti-tumor
effects are largely overturned by the silence of miR-
924

RT-gPCR assay showed that the transfection efficiency of in-
miR-924 was significant in NSCLC cells (Figure 4A). Considering
the target relationship between circ_0000463 and miR-924, we
intended to investigate whether circ_0000463 regulated the bio-
logical behaviors of NSCLC cells by targeting miR-924, and res-
cue experiments were conducted. Circ_0000463 knockdown
increased the expression of miR-924, and miR-924 expression was
decreased again by the introduction of in-miR-924 (Figure 4B).
Colony formation assay and EdU assay together demonstrated
that circ_0000463 interference-mediated inhibitory effect on the
proliferation of NSCLC cells was largely reversed by the silence
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miR-924 on the level of miR-924 was analyzed by RT-qPCR in A549 and H460 cells. (B-1) NSCLC cells stably expressing sh-circ_0000463
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western blot assay. *p < 0.05, **p < 0.01, ***p < 0.001

of miR-924 (Figure 4C, D). Scratch test and transwell invasion
assay together suggested that circ_0000463 absence-mediated
suppressive effects on the migration and invasion of NSCLC cells
were largely reversed by the knockdown of miR-924 (Figure 4E, F).
Circ_0000463 knockdown-induced apoptosis of NSCLC cells was
also largely counteracted by the addition of in-miR-924 (Figure 4G).
Circ_0000463 knockdown-induced downregulation of PCNA and
upregulation of E-cadherin and Bax were largely reversed by the
introduction of in-miR-924 (Figure 4H, 1). These findings indicated
that circ_0000463 silencing suppressed the biological behaviors
of NSCLC cells largely by upregulating miR-924.

3.5 | miR-924 interacts with SLC1A5 in
NSCLC cells

The working mechanism of miR-924 in NSCLC cells was then ex-
plored. Targetscan bioinformatics software (http://www.targe

tscan.org) predicted that the 3'UTR of SLC1A5 possessed the
complementary sites with miR-924 (Figure 5A). Dual-luciferase
reporter assay was conducted to verify the interaction between
miR-924 and SLC1A5. The luciferase activity of wild-type plas-
mid (SLC1A5 3'UTR WT) was dramatically reduced by the trans-
fection of miR-924 but not that of miR-NC, and the luciferase
activity of mutant plasmid (SLC1A5 3'UTR MUT) was similar
by the transfection of miR-924 or miR-NC (Figure 5B, C), sug-
gesting that miR-924 interacted with the 3’'UTR of SLC1A5 via
the putative sites. RT-qPCR and western blot assay showed
that SLC1A5 mRNA and protein expression was up-regulated in
NSCLC tissues compared with adjacent normal tissues (Figure 5D,
5E). In addition, IHC assay data further confirmed the high ex-
pression of SLC1A5 in NSCLC tissues in comparison with that in
adjacent normal tissues (Figure 5F). The protein level of SLC1A5
was increased in A549 and H460 cell lines compared with 16HBE
cell line (Figure 5G). Pearson's correlation analysis showed that
SLC1A5 mRNA level was negatively correlated with miR-924
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expression, and was positively correlated with circ_0000463
expression in NSCLC tissues (Figure 5H, I). Circ_0000463 silenc-
ing reduced SLC1A5 protein expression, and SLC1A5 protein
level was restored by the addition of in-miR-924 (Figure 5J-5L).
Taken together, SLC1A5 was a direct target of miR-924, and
circ_0000463 can positively regulate SLC1A5 expression by
sponging miR-924 in NSCLC cells.

3.6 | SLC1A5 overexpression largely reverses miR-
924 overexpression-mediated anti-tumor effects in
NSCLC cells

Western blot assay showed that the transfection efficiency of
SLC1A5 plasmid was significant in NSCLC cells (Figure 6A). To
explore whether miR-924 regulated the biological behaviors
of NSCLC cells by targeting SLC1AS5, rescue experiments were
performed. miR-924 overexpression reduced the expression of
SLC1A5 protein level, and the protein level of SLC1A5 was largely
rescued by the introduction of SLC1A5 plasmid (Figure 6B).
miR-924 overexpression reduced the number of colonies and

the percentage of EdU" cells (Figure 6C, D), which meant that

miR-924 overexpression suppressed the proliferation of NSCLC
cells. Moreover, the introduction of SLC1A5 plasmid largely recov-
ered the proliferation ability of NSCLC cells (Figure 6C, D). The
migration and invasion abilities of NSCLC cells were suppressed
by the overexpression of miR-924, which were largely recovered
by the introduction of SLC1A5 plasmid (Figure 6E, F). miR-924
overexpression induced the apoptosis of NSCLC cells, which was
alleviated by the addition of SLC1A5 plasmid (Figure 6G). miR-924
accumulation reduced PCNA level and increased the expression of
E-cadherin and Bax, and these effects were alleviated by the intro-
duction of SLC1A5 plasmid (Figure 6H, I). Taken together, miR-924
overexpression suppressed the biological behaviors of NSCLC cells
largely by down-regulating SLC1A5.

3.7 | Circ_0000463 silencing suppresses the
glutamine metabolism of NSCLC cells by targeting
miR-924/SLC1AS5 axis

Abnormal energy metabolism is an important hallmark of can-
cer.”? Considering that SLC1A5 plays a pivotal regulatory role in
the transportation of glutamine,13 we then analyzed the effect of
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FIGURE 6 SLC1AS5 overexpression largely reverses miR-924 overexpression-mediated anti-tumor effects in NSCLC cells. (A) Western
blot assay was conducted to confirm the effect of SLC1A5 plasmid on the expression of SLC1A5 in A549 and H460 cells. (B-1) A549

and H460 cells were transfected with miR-NC, miR-924, miR-924 + pcDNA, or miR-924 + SLC1A5. (B) The protein level of SLC1A5 was
examined in transfected NSCLC cells by western blot assay. (C and D) Colony formation assay and EdU assay were carried out to assess
the proliferation ability of NSCLC cells. (E and F) Scratch test and transwell invasion assay were implemented to analyze cell migration and
invasion abilities. (G) The apoptotic rate of NSCLC cells was assessed by flow cytometry. (H and 1) The protein levels of PCNA, E-cadherin,
and Bax were detected by western blot assay. *p < 0.05, **p < 0.01, ***p < 0.001

circ_0000463/miR-924/SLC1AS5 axis on the glutamine metabolism
of NSCLC cells. Circ_0000463 absence restrained the uptake of
glutamine and the production of glutamate and a-ketoglutarate,
which were all largely diminished by the addition of in-miR-924
(Figure 7A-C), suggesting that circ_0000463 knockdown sup-
pressed the glutamine metabolism of NSCLC cells largely by upreg-
ulating miR-924. Moreover, we found that miR-924 overexpression
inhibited the glutamine metabolism of NSCLC cells, and this sup-
pressive effect was attenuated by the addition of SLC1A5 plasmid
(Figure 7D-F), indicating that miR-924 suppressed the glutamine
metabolism of NSCLC cells largely by downregulating SLC1A5.
These results demonstrated that circ_0000463 contributed to the
glutamine metabolism of NSCLC cells through mediating miR-924/
SLC1AS5 axis.

3.8 | Circ_0000463 absence suppresses xenograft
tumor growth in vivo

The effects of circ_0000463 knockdown on the formation and
growth of xenograft tumors were explored via mice xenograft model.
The volume and weight were smaller or lighter in xenograft tumors
derived from A549 cells stably expressing sh-circ_0000463 com-
pared with sh-NC group (Figure 8A-C), suggesting the suppressive
effect of circ_0000463 absence on tumor growth. The expression
of circ_0000463 and SLC1A5 protein was reduced in tumor tissues
in sh-circ_0000463 group compared with sh-NC group (Figure 8D,
F). We also found that miR-924 level was markedly upregulated in
sh-circ_0000463 group compared with sh-NC group (Figure 8E).
These results showed that circ_0000463 knockdown suppressed
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FIGURE 7 Circ_0000463 silencing
suppresses the glutamine metabolism
of NSCLC cells by targeting miR-924/
SLC1AS5 axis. (A-C) The effect of
circ_0000463 knockdown alone or
together with miR-924 silencing on the
uptake of glutamine and the production
of glutamate and a-ketoglutarate was
analyzed using their corresponding kits.
(D-F) The consumption of glutamine
and the production of glutamate and
a-ketoglutarate in A549 and H460

cells transfected with miR-924 alone

or together with SLC1A5 plasmid were
assessed using their matched kits.

**p < 0.01, ***p < 0.001
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FIGURE 8 Circ_0000463 absence suppresses xenograft tumor growth in vivo. (A-C) The effects of circ_0000463 silencing on the
volume and weight of xenograft tumors were explored. (D and E) RT-gPCR was conducted to measure the expression of circ_0000463

and miR-924 in xenograft tumor tissues derived from A549 cells stably expressing sh-NC or sh-circ_0000463. (F and G) The impacts of
circ_0000463 knockdown on the protein levels of SLC1A5, PCNA, E-cadherin, and Bax in tumor tissues were assessed by western blot
assay. (H) IHC assay was carried out to determine the protein levels of SLC1A5, ki-67, PCNA, E-cadherin, and Bax in tumor tissues in sh-NC
and sh-circ_0000463 groups. *p < 0.05, **p < 0.01, ***p < 0.001

xenograft tumor growth at least partly by targeting miR-924/SLC1A5
axis. Circ_0000463 silencing reduced PCNA expression and in-
creased the levels of E-cadherin and Bax in tumor tissues (Figure 8G).
IHC assay data unveiled that the expression of SLC1A5, ki-67, and

PCNA was reduced in sh-circ_0000463 group, whereas the levels
of E-cadherin and Bax were upregulated in sh-circ_0000463 group
(Figure 8H). These results demonstrated that circ_0000463 knock-
down repressed xenograft tumor growth in vivo.
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4 | DISCUSSION

CircRNAs are a class of conserved circular RNA molecules, which
canbe divided into noncoding circRNAs and coding circRNAs.?20-23
Accumulating evidence have shown that circRNAs regulate multi-
ple biological behaviors of tumor cells, such as cell proliferation,
apoptosis, and motility.?* Zhong et al.?> found that circ_0005075
facilitates the growth and invasion abilities of colorectal cancer
cells. Sun et al.® demonstrated that circ_0000376 facilitates the
growth, motility, and chemo-resistance of NSCLC cells. A previ-
ous study reported that the level of circ_0000463 is abnormally
elevated in lung cancer.” However, the function of circ_0000463
in NSCLC progression remains largely unknown. Through ana-
lyzing the expression pattern of circ_0000463, we found that
circ_0000463 expression was notably elevated in NSCLC tissues
and cell lines, which was consistent with former article.” RNase
R and actinomycin D treatment experiments together demon-
strated that circ_0000463 was indeed a circular transcript. Then,
knockdown experiments were conducted to explore the biologi-
cal function of circ_0000463 in NSCLC cells. Circ_0000463 ab-
sence restrained the proliferation, migration, and invasion abilities
and elevated the apoptotic rate of NSCLC cells, suggesting that
circ_0000463 absence suppressed NSCLC progression in vitro.
These results indicated the potential of circ_0000463 to be a
novel therapeutic target for NSCLC. Nevertheless, further experi-
ments are needed to explore this issue.

CircRNAs are implicated in the modulation of cell functions by
acting as miRNA sponges in a competing endogenous RNA (ceRNA)
manner.2® To investigate the working mechanism of circ_0000463,
we predicted the potential miRNA targets of circ_0000463. We
confirmed the associated relation between circ_0000463 and miR-
924. Previous studies reported that miR-924 suppressed the pro-
gression of hepatocellular carcinoma'! and NSCLC.? Consistently,
we found that miR-924 overexpression inhibited the biological
properties of NSCLC cells. Furthermore, circ_0000463 knockdown-
induced inhibitory effects on the malignant properties of NSCLC
cells were largely reversed by the knockdown of miR-924, indicating
that circ_0000463 absence restrained NSCLC progression largely
by upregulating the anti-tumor molecule miR-924.

SLC1AS5 is implicated in the modulation of cancer develop-
ment.?” Zhuang et al. found that SLC1A5 contributed to the pro-
liferation capacity and motility of papillary thyroid cancer cells.®
Xue et al.® demonstrated that SLC1A5 facilitated the proliferation
and motility and decreased the apoptotic rate of NSCLC cells. Here,
SLC1AS5 was identified as a molecular target of miR-924 in NSCLC
cells. SLC1A5 abundance was aberrantly elevated in NSCLC tissue
specimens and cell lines. Moreover, SLC1A5 was reversely modu-
lated by miR-924 in NSCLC cells. To investigate whether miR-924
played an anti-tumor activity by negatively regulating SLC1A5, we
cotransfecting NSCLC cells with miR-924 and SLC1A5 to perform
rescue experiments. The suppressive effects in NSCLC progression

induced by miR-924 overexpression were largely overturned by the

accumulation of SLC1A5, suggesting that miR-924 overexpression
suppressed NSCLC progression largely by downregulating SLC1A5
in vitro. We also found that circ_0000463 absence reduced SLC1A5
protein expression partly by up-regulating miR-924 in NSCLC cells,
suggesting that circ_0000463 positively regulated SLC1A5 expres-
sion by sequestering miR-924 in NSCLC cells.

SLC1A5 is a pivotal transporter for the consumption of gluta-
mine,Y” which has been identified to be an important molecule
for the growth of cancer cells.?®?? Then, we analyzed whether
circ_0000463/miR-924/SLC1A5 axis was involved in the glutamine
metabolism of NSCLC cells. The results indicated that circ_0000463
absence suppressed glutamine uptake and the production of glu-
tamate and a-ketoglutarate by targeting miR-924/SLC1A5 signal-
ing, demonstrating that circ_0000463 knockdown restrained the
glutamine metabolism of NSCLC cells through mediating miR-924/
SLC1AS5 signaling.

Considering the pro-tumor role of circ_0000463 in regulat-
ing the biological behaviors of NSCLC cells in vitro, we subse-
quently analyzed whether it exerted a similar role in regulating
the growth of xenograft tumors in vivo. The data revealed that
circ_0000463 knockdown suppressed xenograft tumors growth at
least partly by regulating miR-924/SLC1AS5 axis in vivo.

However, there were several limitations in our study that should
be noted. There were no data about the association between the
expression of circ_0000463/miR-924/SLC1A5 axis and the clini-
copathologic features of NSCLC patients. Moreover, the circRNAs/
miRNAs/mRNAs axes are cross-talked with each other, and this
study only focused on the linear circ_0000463/miR-924/SLC1A5
axis in NSCLC. Therefore, the results may be unpersuasive to some
extent. In the future, more experiments are needed to confirm the
findings in this study.

In conclusion, our study proved that circ_0000463 interference
hindered the proliferation, migration, invasion, and glutamine me-
tabolism and elevated the apoptotic rate of NSCLC cells by targeting
miR-924/SLC1AS5 signaling, which gave new insights into the molec-
ular mechanism of NSCLC pathogenesis.
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