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Abstract: Non-small cell lung cancer (NSCLC) accounts
for 80% of total lung cancers, which are the main killer of
cancer-related death worldwide. Circular RNA (circRNA) has
been found to modulate NSCLC development. However, the
role of circ_0000376 in NSCLC development has been under-
reported. The present work showed that circ_0000376 and
3-phos-phoinositide-dependent protein kinase-1 (PDPK1)
expression were dramatically increased, but miR-545-3p
was decreased in NSCLC tissues and cells. circ_0000376
expression was closely associated with lymph node
metastasis, tumor-node-metastasis stage, and tumor size
of NSCLC patients. circ_0000376 knockdown repressed
NSCLC cell proliferation, migration, invasion, and glu-
taminolysis but induced cell apoptosis. Additionally,
miR-545-3p bound to circ_0000376, and circ_0000376
regulated cell phenotypes by associating with miR-545-3p.
MiR-545-3p also participated in NSCLC cell proliferation,
migration, invasion, apoptosis, and glutaminolysis by tar-
geting PDPK1. Further, circ_0000376 absence repressed
tumor formation in vivo. Collectively, circ_0000376 regu-
lated NSCLC cell tumor properties by the miR-545-3p/
PDPK1 axis, suggesting that circ_0000376 could be employed
as a therapeutic target for NSCLC.
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1 Introduction

Lung cancer ranks first in mortality in men and accounts
for over 10% of total cancers globally [1,2]. More than
80% of lung carcinomas are identified as non-small cell
lung cancer (NSCLC) [3]. Despite much progress in NSCLC
treatment, the prognosis of NSCLC cases is poor [4]. The
dysregulation of circular RNA (circRNA) has been consid-
ered as the leading cause of NSCLC progression [5], but the
precise inner mechanism is still underreported. Therefore,
a deep understanding of the pathogenesis of NSCLC will be
pressing to seek reliable and effective therapeutic targets
for the cancer.

CircRNA is a specific transcript that forms a contin-
uous loop structure, featured by conservatism, stability,
and specificity [6]. CircRNA commonly functions by ser-
ving as a sponge of microRNA (miRNA). Most notably,
circRNA CDR1 contains over 70 complementary sites of
miR-7 [7]. Previous data have indicated the potential of
circRNA as a new clinical biomarker and potential target
in various cancers [8]. CircRNA is also involved in various
cancer development, such as gastric carcinoma [9], bladder
carcinoma [10], ovarian cancer [11], and NSCLC [12].
circ_0000376 has been revealed to facilitate gastric
cancer tumorigenesis [13]. Besides, Peng and his collea-
gues explained that circ_0000376 might be involved in
breast cancer development by regulating miR-1285-3p
[14]. circ_0000376 is one of the 16 upregulated circRNAs
between NSCLC tissues and adjacent normal tissues [15].
But the role of circ_0000376 in NSCLC progression has
not been fully revealed.

MiRNA is a highly conserved non-coding RNA that
possesses nearly 20 nucleotides and controls gene expres-
sion through binding to its non-coding region [16]. An
increasing number of studies have underlined the core
role of miRNA in governing NSCLC progression [17,18].
For example, miRNA can simultaneously activate the Wnt/
B-catenin pathway to regulate NSCLC cell metastasis
[19]. MiRNA also regulates the sensitivity of NSCLC to
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chemotherapy [20] and radiotherapy [21]. As reported,
miR-545-3p acted as a suppressor in the NSCLC process
[22]. 3-Phos-phoinositide-dependent protein kinase-1 (PDPK1)
belongs to the AGC serine/threonine kinase family [23]. PDPK1
can activate many downstream effectors and thereby facilitates
cancer progression [24]. Moreover, PDPK1 participated in
NSCLC cell proliferation and invasion [25].

As predicted, miR-545-3p concurrently contained the
complementary sites of circ_0000376 and PDPK1. Thus,
we hypothesized that circ_0000376 induced PDPK1 by
binding to miR-545-3p to mediate NSCLC progression.
However, the published data have not reported whether
the circ_0000376/miR-545-3p/PDPK1 was involved in the
development of NSCLC. The present work analyzed the
effects of circ_0000376 on NSCLC cell tumor properties
and explored whether circ_0000376 participated in NSCLC
development through the miR-545-3p-dependent PDPK1.

2 Materials and methods

2.1 Specimen collection

NSCLC tissues (N = 30) and adjacent healthy lung tissues
(N = 30) were collected from NSCLC sufferers at Jianhu
Clinical Medical College of Yangzhou University. The
obtained tissues were kept at —80°C. The subjects signed
the written informed consent before operation. The Ethics
Committee of Jianhu Clinical Medical College of Yangzhou
University approved this study.

2.2 Cell purchase and culture

Procell (Wuhan, China) provided human bronchial epithe-
lial cell line (16HBE), lung adenocarcinoma cell line (H522),
and NSCLC cell line (A549). 16HBE and H522 cells were
grown in RPMI-1640 (Procell), while A549 cells were cul-
tured in Ham’s F12K (Procell) at 37°C in a humid incubator
with 5% CO,. RPMI-1640 and Ham’s F12K were supple-
mented with 10% fetal bovine serum (FBS; Procell) and
1% penicillin/streptomycin (Procell).

2.3 Oligonucleotides synthesis and plasmid
construction

Small interfering RNA against circ_0000376 (si-circ_0000376,
5-TCCATATGAGAGTTGGATTCT-3; si-circ_0000376#2 5’-TATC
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CATATGAGAGTTGGATT-3’), the small hairpin RNA against
circ_0000376 (sh-circ_0000376), miR-545-3p mimic (5-UCAG
CAAACAUUUAUUGUGUGC-3'), miR-545-3p inhibitor (5’-GCAC
ACAAUAAAUGUUUGCUGA-3), the overexpression plasmid
of PDPK1 (pc-PDPK1), and controls (si-NC, sh-NC, miR-NC,
miRNA inhibitor-NC, and pc-NC) were provided by Ribobio
Co., Ltd (Guangzhou, China). Cell transfection was performed
using TurboFect reagent (Thermo Fisher, Waltham, MA, USA)
based on the instruction of the manufacturer.

2.4 Quantitative real-time PCR (qRT-PCR)
and RNA treatment

RNAsimple reagents (Tiangen, Beijing, China) were used for
RNA extraction. RNA was incubated with RNase R (Xiyuan
Biotechnology, Shanghai, China) to analyze circ_0000376
stability, regarding untreated cells as controls (mock).
Reverse transcription was carried out using FastKing RT
Kit (Tiangen) and MicroRNA RT reagents (Thermo Fisher).
Then, FastFire qPCR PreMix (Tiangen) was utilized to ana-
lyze gene expression. Finally, results were analyzed with
the 2722t method with GAPDH and U6 as controls. The
primer sequences are displayed as follows: circ_0000376
5-ATGAAGGCTAGTTTGGAT-3’ and 5-TAGTCAGGCATAGTG
AAG-3’; miR-545-3p 5-ACACTCCAGCTGGGTCAGCAAACATT
TATT-3’ and 5-TGGTGTCGTGGAGTCG-3’; PDPK1 5-AGCAT
CAGTCCGAACCAT-3 and 5-GAGTTCCAGGACCACAGC-3".

2.5 Cell counting kit-8 (CCK-8)

In brief, H522 and A549 cells were cultured in 96-well
plates (8 x 10> cells per well) and transfected with siRNAs
of circ_0000376, si-NC, miR-545-3p inhibitor, miRNA inhi-
bitor-NC, miR-545-3p mimic, miR-NC, pc-PDPK1, and pc-
NC. After 48h, CCK-8 solution (Abcam, Cambridge, UK)
was added to each well. After 3 h, these samples were ana-
lyzed with a microplate reader (Thermo Fisher).

2.6 Cell colony formation assay

H522 and A549 cells were seeded in six-well plates and
transfected with plasmids and oligonucleotides. After
about 2-week culture, the cells were fixed with parafor-
maldehyde and dyed with crystal violet. Finally, cell
colony-forming ability was determined by counting the
number of positive colonies.
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2.7 Transwell migration and invasion assays

NSCLC cells were mixed with serum-free RPMI-1640 (Procell)
or Ham’s F12K (Procell) and then added into the upper cham-
bers, which were coated with Matrigel (Qchio Science,
Shanghai, China) for cell invasion assay. Accordingly,
RPMI-1640 containing 15% FBS (Procell) as well as Ham’s
F12K possessing 15% FBS were placed into the lower cham-
bers. After 24h, cells were stained using crystal violet.
Finally, cell migratory and invasive capacities were deter-
mined under a microscope (Olympus, Tokyo, Japan) with a
100(x) magnification.

2.8 Wound-healing assay

H522 and A549 cells were transfected with plasmids and
oligonucleotides. About 2-week culture, cell wounds were
created, and FBS-free RPMI-1640 (Procell) and Ham’s F12K
(Procell) were added to the culture wells. After 24 h, results
were analyzed under a microscope (Olympus).

2.9 Flow cytometry analysis

Cells were harvested after digestion with trypsin (Thermo
Fisher) and homogenized in binding buffer (Solarbio,
Beijing, China). Afterward, the cells were incubated with
Annexin V-FITC (Solarbio) and propidium iodide (PI)
(Solarbio), in the dark. These samples were assessed
with flow cytometry (Thermo Fisher).

2.10 Glutamate detection assay

H522 and A549 cells were grown in 4.5 cm petri dishes
and transfected with plasmids and oligonucleotides. After
48 h, cell samples were lysed with Mammalian Lysis Buffer
(Abcam) and then incubated with Enzyme Mixture (Abcam)
and nicotinamide adenine dinucleotide phosphate stock
solution (Abcam). Finally, these samples were assessed
using an enzyme immunoassay analyzer (Thermo Fisher).

2.11 Glutamine determination assay

Briefly, cells were harvested and homogenized in cold
Hydrolysis Buffer (Abcam). Insoluble material was removed
by centrifugation, and the supernatant was transferred into
a clean tube. After that, the samples were purified with
perchloric acid (Sigma, St. Louis, MO, USA) and potassium
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hydroxide, and finally analyzed with an enzyme immu-
noassay analyzer (Thermo Fisher).

2.12 Western blot analysis

Lysates obtained using NP-40 lysis buffer were loaded
onto SDS-PAGE gels (Phygene, Fuzhou, China), and pro-
tein bands were electrotransferred onto nitrocellulose
membranes. After that, the membranes were blocked
with defatted dry milk (Solarbio) and incubated with
anti-proliferating cell nuclear antigen (anti-PCNA; 1:1,000),
anti-BCL2-associated x protein (anti-Bax; 1:5,000), anti-glu-
taminase (GLS1; 1:5,000), anti-PDPK1 (1:1,000) as well as
anti-GAPDH (1:20,000). The membranes were incubated
with secondary antibodies (1:5,000), and protein bands
were developed with RapidStep ECL Reagent (Millipore,
Bradford, MA, USA). All antibodies were obtained from
Abcam Co., Ltd. The intensity of protein bands was quanti-
fied by image ] software. The relative protein expression
was normalized to GAPDH.

2.13 Dual-luciferase reporter assay

The putative binding sites between miR-545-3p and
circ_0000376 or PDPK1 were predicted by circular RNA
interactome (https://circinteractome.nia.nih.gov/api/v2/
mirnasearch? circular_rna_query = hsa_circ_0000376&
mirna_query = hsa-miR-545&submit = miRNA + Target +
Search) or targetscan online database (http://www.
targetscan.org/cgi-bin/targetscan/vert_72/view_gene.cgi?
rs = ENST00000441549.3&taxid = 9606&members = miR-
545-3p&showcnc = 1&shownc = 1&showncfl = 1&showncf2 =
&subset = 1). Based on the complementary sites, the
wild-type (WT) plasmids of circ_0000376 (circ_0000376
WT) and the 3’-untranslated region (3’-UTR) of PDPK1
(PDPK1-3-UTR WT) and mutant (MUT) plasmids (circ_0000376
MUT and PDPK1-3’-UTR MUT) were built by Geneseed
(Guangzhou, China). Subsequently, the above plasmids
were mixed with miR-545-3p mimic or miR-NC and trans-
fected into H522 and A549 cells. After 48 h, luciferase activity
was analyzed with the Dual-Lucy Assay Kit (Solarbio).

2.14 In vivo assay

The assay was carried out on 12 male BALB/c nude mice
(6 weeks, weighting 20 + 2 g) purchased from Laboratory
Animal, Inc. (Beijing, China). 5 x 10° A549 cells were
hypodermically injected into the center of the back of


https://circinteractome.nia.nih.gov/api/v2/mirnasearch? circular_rna_query = hsa_circ_0000376&#x0026;mirna_query = hsa-miR-545&#x0026;submit = miRNA +Target +Search
https://circinteractome.nia.nih.gov/api/v2/mirnasearch? circular_rna_query = hsa_circ_0000376&#x0026;mirna_query = hsa-miR-545&#x0026;submit = miRNA +Target +Search
https://circinteractome.nia.nih.gov/api/v2/mirnasearch? circular_rna_query = hsa_circ_0000376&#x0026;mirna_query = hsa-miR-545&#x0026;submit = miRNA +Target +Search
https://circinteractome.nia.nih.gov/api/v2/mirnasearch? circular_rna_query = hsa_circ_0000376&#x0026;mirna_query = hsa-miR-545&#x0026;submit = miRNA +Target +Search
http://www.targetscan.org/cgi-bin/targetscan/vert_72/view_gene.cgi? rs = ENST00000441549.3&#x0026;taxid = 9606&#x0026;members = miR-545-3p&#x0026;showcnc = 1&#x0026;shownc = 1&#x0026;showncf1 = 1&#x0026;showncf2 = &#x0026;subset = 1
http://www.targetscan.org/cgi-bin/targetscan/vert_72/view_gene.cgi? rs = ENST00000441549.3&#x0026;taxid = 9606&#x0026;members = miR-545-3p&#x0026;showcnc = 1&#x0026;shownc = 1&#x0026;showncf1 = 1&#x0026;showncf2 = &#x0026;subset = 1
http://www.targetscan.org/cgi-bin/targetscan/vert_72/view_gene.cgi? rs = ENST00000441549.3&#x0026;taxid = 9606&#x0026;members = miR-545-3p&#x0026;showcnc = 1&#x0026;shownc = 1&#x0026;showncf1 = 1&#x0026;showncf2 = &#x0026;subset = 1
http://www.targetscan.org/cgi-bin/targetscan/vert_72/view_gene.cgi? rs = ENST00000441549.3&#x0026;taxid = 9606&#x0026;members = miR-545-3p&#x0026;showcnc = 1&#x0026;shownc = 1&#x0026;showncf1 = 1&#x0026;showncf2 = &#x0026;subset = 1
http://www.targetscan.org/cgi-bin/targetscan/vert_72/view_gene.cgi? rs = ENST00000441549.3&#x0026;taxid = 9606&#x0026;members = miR-545-3p&#x0026;showcnc = 1&#x0026;shownc = 1&#x0026;showncf1 = 1&#x0026;showncf2 = &#x0026;subset = 1

4 —— Changpeng Sun et al.

mice. After 7 days, tumor volume was measured. After 28
days, the mice were euthanized by cervical dislocation,
and the tumor tissues were harvested for further analysis.
The Animal Care and Use Committee of Jianhu Clinical
Medical College of Yangzhou University approved this
study.

2.15 Immunohistochemistry (IHC) assay

IHC assay was conducted to analyze the protein expres-
sion of nuclear proliferation marker (Ki67) and PDPK1 in
xenografts. In brief, the tissues were cut into sections,
fixed with paraformaldehyde (Sigma), dehydrated with
ethanol (Millipore), and embedded into paraffin. Next,
the sections were dewaxed using xylene (Millipore) and
hydrated with ethanol. Then, the primary antibody against
Ki67 (1:200; Abcam) or PDPK1 (1:150; Abcam) was employed
to incubate the tissues. After being washed by PBS (Solarbio),
these sections were reacted with secondary antibodies.
Finally, staining images were photographed under a micro-
scope. Meanwhile, for negative controls, the primary anti-
bodies were replaced by PBS under the same conditions.

2.16 Statistical analysis

Data were collected based on three independent dupli-
cate tests and analyzed with SPSS software. Results were
shown as mean + standard deviation. Significant differ-
ences were compared with Student’s t-tests, Wilcoxon
rank-sum test, or analysis of variance. Fisher’s exact
test was used for comparing groups between low and
high circ_0000376 expression. P-value <0.05 indicated
a significant difference.
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3 Results

3.1 circ_0000376 expression was
upregulated in NSCLC tissues and cells

circ_0000376 expression was first detected in NSCLC
tissues, and the results showed that circ_0000376 was
overexpressed in NSCLC tissues compared with paracan-
cerous normal lung tissues (Figure 1a). circ_0000376
expression was significantly increased in H522 and A549
cells when compared with 16HBE cells (Figure 1b). As pre-
sented in Table 1, circ_0000376 expression was closely
associated with lymph node metastasis, tumor-node-metas-
tasis (TNM) stage, and tumor size of NSCLC patients. Addi-
tionally, we found that circ_0000376 expression had no
significant difference after treatment of RNase R, but GAPDH
expression was dramatically downregulated (Figure 1c), sug-
gesting that circ_0000376 was more stable than linear
GAPDH. These data demonstrated that circ_0000376
might be involved in the pathogenesis of NSCLC.

3.2 circ_0000376 silencing repressed cell
proliferation, migration, invasion, and
glutamine catabolism and induced cell
apoptosis in H522 and A549 cells

The study then analyzed whether circ_0000376 partici-
pated in NSCLC process in vitro. Based on the high
expression of circ_0000376 in H522 and A549 cells, the
small interfering RNA against circ_0000376 was synthe-
sized and its efficiency in downregulating circ_0000376
expression was then determined. Data from gRT-PCR
analysis displayed that circ_0000376 expression was
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Figure 1: circ_0000376 was upregulated in NSCLC tissues and cells. (a and b) circ_0000376 expression was detected by gRT-PCR in 30 pairs
of NSCLC tissues and paracancerous normal lung tissues as well as 16HBE, H522, and A549 cells. (c) RNase R resistance analysis assay
showed that circ_0000376 was more stable than linear GAPDH. *P < 0.05.
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Table 1: Association between circ_0000376 expression and clinical
features of NSCLC patients
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dramatically downregulated after transfection of si-circ_ 0000376
and si-circ_0000376#2 (Figure 2a and Figure Sla). Subse-
quently, circ_0000376 silencing inhibited H522 and A549

Clinical feature circ_0000376 expression P cell viability and colony-forming ability (Figure 2b and c
High (N = 15) Low (N = 15) and Figure S1b and c), which suggested that the reduced
Age -0.05 expression of circ_0000376 could hinder cell proliferation.
<50 years 7 8 ' The migration and invasion of H522 and A549 cells were
>50 years 8 7 also inhibited after the downregulation of circ_0000376
Gender (Figure 2d—f and Figure S1d—f). Additionally, the apoptosis
Female 10 6 >0.05  of H522 and A549 cells was promoted by the decreased
Male 5 ? expression of circ_0000376 (Figure 2g and Figure Sig).
Lymph node metastasis <0.05 . . .. o .
Yes 0 5 PCNA is an essential protein in DNA replication and repair
No 3 10 and functions by anchoring DNA polymerases and DNA
TNM stage <0.05 editing enzymes, inhibiting tumor cell proliferation [26].
[+l 2 1 Bax is a pro-apoptotic protein that possesses 9 a-helices to
i+ 1v 13 4 the mitochondria during cell apoptosis, inhibiting tumor
Tumor size (cm) <0.05 . .
3 5 1 development [27]. circ_0000376 depletion downregulated
;3 10 4 PCNA protein expression and upregulated Bax protein
expression (Figure 2h and i). Further, circ_0000376 knock-
down suppressed the production of glutamate and
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Figure 2: circ_0000376 absence repressed NSCLC cell tumor properties. (a-l) Both H522 and A549 cells were transfected with si-NC and

si-circ_0000376, respectively. (a) Interfering efficiency of si-circ_000

0376 was determined by qRT-PCR. (b and c) Cell viability and colony-

forming ability were detected by CCK-8 and colony formation assays, respectively. (d and e) Transwell migration and wound-healing assays
were performed to analyze the migratory ability of H522 and A549 cells. (f) Transwell invasion assay was carried out to determine the

invasive ability of H522 and A549 cells. (g) Cell apoptosis was detecte

d by flow cytometry analysis. (h, i, and ) PCNA, Bax, and GLS1 protein

expression were detected by western blot analysis. (j and k) Levels of glutamate and glutamine were determined by glutamate detection and

glutamine determination assays, respectively. *P < 0.05.
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glutamine (Figure 2j and k and Figure S1h and i). In order
to further determine the effect of circ_0000376 downregu-
lation on glutamine metabolism, GLS1 protein expression
was analyzed in the H522 and A549 cells transfected with
si-circ_0000376 and si-NC. Western blot analysis revealed
that circ_0000376 absence decreased GLS1 protein level
(Figure 21). Collectively, the above evidence demonstrated
that circ_0000376 knockdown inhibited NSCLC cell pro-
liferation, migration, invasion, and glutamine metabo-
lism and induced cell apoptosis.

3.3 circ_0000376 was associated with
miR-545-3p in H522 and A549 cells

To disclose the mechanism by which circ_0000376 mediated
NSCLC cell tumor properties, the miRNA interacted with
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circ_0000376 was further searched. As predicted by the cir-
cular RNA interactome online database, the circ_0000376
sequence contained the complementary sites of the miR-
545-3p sequence (Figure 3a), implying that circ_0000376
might be associated with miR-545-3p. The result exhibited
that miR-545-3p mimic was effective in increasing miR-545-
3p expression (Figure 3b). As shown in Figure 3c and d, miR-
545-3p mimic dramatically repressed the relative luciferase
activity of circ_0000376 WT but not that of circ_0000376
MUT. Additionally, we found that miR-545-3p expression
was downregulated in NSCLC tissues and H522 and A549
cells in comparison with the matched normal lung tissues
and 16HBE cells, respectively (Figure 3e and f). Further,
the effects between circ_0000376 silencing and miR-545-
3p inhibitor on miR-545-3p expression were determined.
As presented in Figure 3g, miR-545-3p inhibitor was effec-
tive in decreasing miR-545-3p expression. It was then
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Figure 3: circ_0000376 interacted with miR-545-3p in H522 and A549 cells. (a) Binding sites between circ_0000376 and miR-545-3p were
predicted by the circular RNA interactome online database. (b and g) Efficiency of miR-545-3p mimic and inhibitor in increasing or decreasing
miR-545-3p was determined by gqRT-PCR in H522 and A549 cells. (c and d) Dual-luciferase reporter assay was performed to demonstrate that

circ_0000376 was associated with miR-545-3p in H522 and A549 cells.

(e and f) MiR-545-3p expression was determined by qRT-PCR in 30 pairs

of NSCLC tissues and paracancerous normal lung tissues as well as 16HBE, H522, and A549 cells. (h) Impacts between circ_0000376
knockdown and miR-545-3p inhibitor on miR-545-3p expression were disclosed by qRT-PCR in H522 and A549 cells. *P < 0.05.
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found that miR-545-3p expression was upregulated after
knockdown of circ_0000376, whereas this effect was atte-
nuated by miR-545-3p inhibitor (Figure 3h). All in all,
these data demonstrated that circ_0000376 was associated
with miR-545-3p in H522 and A549 cells.

3.4 circ_0000376 regulated H522 and A549
cell proliferation, migration, invasion,
apoptosis, and glutamine catabolism by
binding to miR-545-3p

Whether circ_0000376 regulated NSCLC cell tumor prop-
erties by binding to miR-545-3p was explored in this part.
The results showed that circ_0000376 silencing repressed
H522 and A549 cell viability and colony-forming ability,
whereas these effects were restored by miR-545-3p
inhibitor (Figure 4a and b). The repressive impacts of
circ_0000376 silencing on the migration and invasion
of H522 and A549 cells were also restrained by miR-545-
3p inhibitor (Figure 4c—e). Additionally, the promoting
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effect of circ_0000376 knockdown on cell apoptosis
was reversed after transfection of miR-545-3p inhibitor
(Figure 4f). In line with the above data, the impacts of
circ_0000376 silencing on the protein expression of
PCNA and Bax were partially reversed after the down-
regulation of miR-545-3p (Figure 4g and h). circ_0000376
knockdown-mediated repressive impacts on glutamine and
glutamate production as well as GLS1 protein expression
were partly abolished by miR-545-3p inhibitor (Figure 4i-k).
Thus, these results demonstrated that circ_0000376 could
modulate H522 and A549 cell phenotypes by binding to
miR-545-3p.

3.5 circ_0000376 regulated PDPK1 by
interacting with miR-545-3p in H522
and A549 cells

The targetscan online database showed that PDPK1 con-
tained the binding sequence of miR-545-3p (Figure 5a).
Dual-luciferase reporter assay showed that miR-545-3p
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Figure 4: circ_0000376 knockdown repressed NSCLC cell tumor properties by binding to miR-545-3p. (a—k) Both H522 and A549 cells were
transfected with si-NC, si-circ_0000376, si-circ_0000376 + miRNA inhibitor-NC, and si-circ_0000376 + miR-545-3p inhibitor, respectively.
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Figure 5: circ_0000376 modulated PDPK1 expression by associating with miR-545-3p. (a) Putative binding sites of miR-545-3p for PDPK1
were predicted by the targetscan online database. (b and c) Dual-luciferase reporter assay was performed to demonstrate that miR-545-3p
was associated with PDPK1 in H522 and A549 cells. (d) PDPK1 mRNA expression was determined by qRT-PCR in 30 pairs of NSCLC tissues
and paracancerous normal lung tissues. (e and f) PDPK1 protein expression was detected by western blot analysis in 30 pairs of NSCLC
tissues and paracancerous normal lung tissues as well as 16HBE, H522, and A549 cells. (g) PDPK1 protein expression was determined by
western blot analysis in H522 and A549 cells transfected with pc-PDPK1 or pc-NC. (h) Impacts between miR-545-3p mimic and PDPK1
overexpression on PDPK1 protein expression were revealed by western blot analysis in H522 and A549 cells. (i) Effects between
circ_0000376 knockdown and miR-545-3p inhibitor on PDPK1 protein expression were determined by western blot analysis in H522 and

A549 cells. *P < 0.05.

mimic dramatically repressed the relative luciferase activity
of PDPK1-3’-UTR WT, whereas it did not repress that of
PDPK1-3’-UTR MUT (Figure 5b and c). Subsequently,
PDPK1 mRNA expression was substantially upregulated
in NSCLC tissues when compared with paracancerous
normal lung tissues (Figure 5d). The protein expression
of PDPK1 was also increased in NSCLC tissues as well as
H522 and A549 cells in comparison with adjacent normal
lung tissues and 16HBE cells, respectively (Figure 5e and f).
Additionally, PDPK1 expression was significantly increased
in H522 and A549 cells transfected with the overexpression
plasmid of PDPK1 (Figure 5g), suggesting that pc-PDPK1
was effective in increasing PDPK1 expression. PDPK1 pro-
tein expression was downregulated by miR-545-3p mimic,
but this impact was attenuated after PDPK1 overexpression
(Figure 5h). These results demonstrated that miR-545-3p tar-
geted PDPK1 in H522 and A549 cells. Further, circ_0000376
silencing notably reduced the PDPK1 level, while miR-545-3p
inhibitor reversed this impact (Figure 5i), suggesting that

circ_0000376 could control PDPK1 expression by binding
to miR-545-3p.

3.6 MiR-545-3p mimic repressed NSCLC cell
tumor properties by targeting PDPK1

Given the association between miR-545-3p and PDPK1,
we further determined whether PDPK1 participated in
miR-545-3p-mediated actions in H522 and A549 cells.
Results showed that miR-545-3p suppressed cell viahility
and colony-forming ability, whereas these effects were
reversed after PDPK1 overexpression (Figure 6a and b).
The migration and invasion of H522 and A549 cells were
also inhibited by miR-545-3p mimic, which was attenu-
ated by PDPK1 overexpression (Figure 6c—e). Addition-
ally, the promoting effect of miR-545-3p mimic on cell
apoptosis was restrained by ectopic PDPK1 expression
(Figure 6f). MiR-545-3p mimics-mediated impacts on
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the protein expression of PCNA and Bax were hindered
after PDPK1 overexpression (Figure 6g and h). Further,
miR-545-3p mimic repressed the production of glutamine
and glutamate and downregulated GLS1 protein expression,

but these effects were restored by the enforced PDPK1
expression (Figure 6i-k). Thus, these results explained
that miR-545-3p could suppress H522 and A549 cell tumor
properties by binding to PDPKI1.
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Figure 7: circ_0000376 knockdown inhibited tumor formation. (a and b) Impacts of circ_0000376 absence on tumor volume and weight
were revealed. (c and d) Effects of circ_0000376 silencing on the expression of circ_0000376 and miR-545-3p were determined by qRT-PCR
in tumor tissues of mice. (e) Influence of circ_0000376 downregulation on PDPK1 protein expression was analyzed by western blot in the
tumor tissues of mice. (f and g) Protein expression of Ki67 and PDPK1 was determined by IHC assay. *P < 0.05.
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3.7 circ_0000376 silencing restrained tumor
formation in vivo

To validate the effects of circ_0000376 on NSCLC progres-
sion in vivo, the study performed the xenograft mouse model
assay. The results showed that circ_0000376 knockdown
suppressed tumor volume and weight (Figure 7a and b),
suggesting that circ_0000376 absence could inhibit tumor
formation. Additionally, we found that circ_0000376
expression was decreased in the primary tumors from
the sh-circ_0000376 group in comparison with those
tumors from the sh-NC group (Figure 7c), implying
that sh-circ_0000376 was effective in reducing circ_0000376
expression. Additionally, circ_0000376 knockdown upregu-
lated miR-545-3p expression (Figure 7d) but downregulated
PDPK1 protein expression (Figure 7e) in the primary tumors.
The number of Ki67 or PDPK1 positive cells was fewer in
the sh-circ_0000376 group than in the sh-NC group
(Figure 7f and g), suggesting that circ_0000376 knock-
down suppressed the protein expression of Ki67 and PDPK1
in the primary tumors. These data demonstrated that
circ_0000376 absence inhibited tumor formation by regu-
lating miR-545-3p and PDPKI1.

4 Discussion

The special structure of circRNAs makes them resist ribo-
nuclease, suggesting the potential of circRNAs as biolo-
gical biomarkers for cancers [28]. As reported, NSCLC
progression involves the dysregulation of circRNAs [29].
For instance, the increased expression of circ_0074027
contributed to NSCLC cell proliferation and metastasis
by interacting with miR-185-3p [30]. Circ_0016760 over-
expression promoted NSCLC cell metastatic property and

Proliferation, Apoptosis,
Migration, Invasion &
Glutamine metabolism

Figure 8: The schematic illustration showing the mechanism
underlying circ_0000376 regulating NSCLC cell proliferation,
migration, invasion, apoptosis, and glutamine metabolism.
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inhibited cell apoptosis by binding to miR-1287 [31].
Circ_0001649 hindered NSCLC cell growth and metas-
tasis by associating with miR-331-3p [32]. Based on the
above evidence, we analyzed circRNA(s) related to the
pathogenesis of NSCLC to provide a reliable therapeutic
target for NSCLC. As a result, we found that circ_0000376
silencing repressed NSCLC cell tumor properties by the
miR-545-3p/PDPK1 axis.

In this article, circ_0000376 was overexpressed in
NSCLC specimens and cells. circ_0000376 was signifi-
cantly associated with lymph node metastasis, TNM stage
as well as tumor size of NSCLC patients. circ_0000376
absence inhibited NSCLC cell proliferation and metastasis.
Additionally, circ_0000376 suppressed tumor formation
in vivo. Previous data have suggested that circ_0000376
is augmented in NSCLC tissue samples and promotes
NSCLC cell proliferation as well as metastasis [33]. Addi-
tionally, it was found that circ_0000376 knockdown
reversed hypoxia-induced NSCLC cell proliferation and
metastasis [15], implying that circ_0000376 could accel-
erate cell proliferation and metastasis. Our results were
in line with the above data. Beyond that, our evidence
also suggested that circ_0000376 absence repressed
glutamate and glutamine levels and induced cell apop-
tosis in NSCLC cells. GLS1 is a cancer-specific glutaminase
and catalyzes the glutamine conversion into a-ketogluta-
rate. Recent work found that GLS1 was overexpressed
in most NSCLC cells [34] and that GLS1 depletion
reduced NSCLC cell growth [35]. Moreover, GLS1 splice
variant GAC was essential for NSCLC cell growth [36].
Herein, we found that circ_0000376 depletion reduced
GLS1 protein expression. Considering that circRNA com-
monly modulated cancer progression by sponging miRNA
[37], we further analyzed circ_0000376-associated miRNA.
As a result, we confirmed that circ_0000376 bound to
miR-545-3p in NSCLC cells.

As reported, miR-545-3p repressed osteogenesis by
interacting with LDL receptor related protein 5 [38] and
cannabinoid receptor 2 [39]. Besides, miR-545-3p inhib-
ited angiogenesis and metastasis of endometrial carci-
noma [40]. In lung cancer, miR-545-3p weakened cell
proliferative and metastatic abilities and upregulated
cell apoptotic rate [41]. Besides, circ_0072083 sponged
miR-545-3p to regulate cisplatin-triggered promotion of
NSCLC cell proliferation and metastasis and repression
of cell apoptosis [42], suggesting that miR-545-3p inhib-
ited NSCLC cell tumor properties. Similarly, our results
showed that miR-545-3p was decreased in NSCLC clinical
samples as well as cell lines and that miR-545-3p hindered
NSCLC cell tumor properties through the regulation
of cell proliferation, metastasis, and apoptosis. Different
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from the published data, we reported the repressing
impact of miR-545-3p on glutamine metabolism for
the first time. Additionally, we demonstrated that
circ_0000376 regulated NSCLC tumorigenesis by inter-
acting with miR-545-3p.

PDPK1 can activate many downstream factors related
to the process of diseases, including cancer [43]. PDPK1
overexpression could neutralize solamargine-reduced NSCLC
cell growth [44]. In addition, PDPK1 was associated with the
inhibitory effect of Berberine on NSCLC cell proliferation [45].
In this article, PDPK1 was identified as a target of miR-545-3p.
A dramatic high expression of PDPK1 was observed in NSCLC
clinical samples and cell lines. Additionally, PDPK1 overex-
pression impaired miR-545-3p mimic-mediated NSCLC cell
phenotypes, suggesting that PDPK1 promoted cell prolifera-
tion and metastasis and repressed cell apoptosis, which was
further proved by Zhou et al. [25] and Li and his colleagues
[46]. Beyond that, our data also showed that PDPK1 could
promote glutamine catabolism and that miR-545-3p regulated
NSCLC tumorigenesis through PDPK1. Further, circ_0000376
regulated PDPK1 expression by interacting with miR-545-3p.
Meanwhile, in vivo assay showed that circ_0000376 absence
downregulated PDPK1 expression in xenograft.

In addition, in vivo assay related to the effects of miR-
545-3p depletion, circ_0000376 overexpression, or PDPK1
depletion on tumor growth can further validate the regu-
latory effects of the circ_0000376/miR-545-3p/PDPK1 axis
on NSCLC cell phenotypes. This issue should be consid-
ered when evaluating the present study.

All in all, the present study found that circ_0000376
expression was upregulated in NSCLC tissues and cells
and its silencing repressed NSCLC cell tumor properties.
Additionally, circ_0000376 absence repressed NSCLC pro-
cess by binding to miR-545-3p in vitro. MiR-545-3p also
regulated NSCLC cell development by targeting PDPKI.
Collectively, circ_0000376 regulated NSCLC cell tumor
properties by the miR-545-3p/PDPK1 pathway (Figure 8).
Our results suggest the potential of circ_0000376 as a
novel therapeutic target for NSCLC.
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