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Circular RNA circ-LDLRAD3 serves as an oncogene to promote non-small cell lung
cancer progression by upregulating SLC1A5 through sponging miR-137
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ABSTRACT

Circular RNAs (circRNAs) are closely associated with the development of non-small cell lung cancer
(NSCLCQ); however, it is still unclear whether circular RNA circ-LDLRAD3 participated in the regulation of
NSCLC progression. In this study, we found that circ-LDLRAD3 was high-expressed and miR-137 was low-
expressed in NSCLC tissues and cells compared to their normal counterparts, which showed negative
correlations in NSCLC tissues. Further experiments validated that miR-137 could be sponged and
inhibited by circ-LDLRAD3 in NSCLC cells. In addition, knock-down of circ-LDLRAD3 and miR-137 over-
expression promoted NSCLC cell apoptosis, and inhibited cell proliferation and invasion. Similarly,
upregulation of circ-LDLRAD3 or miR-137 ablation had opposite effects on the above cell functions.
Besides, the glutamine transporter SLC1A5 was validated to be the downstream target of circ-LDLRAD3
and miR-137, and upregulated circ-LDLRAD3 increased SLC1A5 expression levels by downregulating
miR-137. Furthermore, the effects of downregulated circ-LDLRAD3 on cell proliferation, apoptosis and
mobility were all reversed by knocking down miR-137 and overexpressing SLC1A5. Taken together, this
in vitro study found that knock-down of circ-LDLRAD3 inhibited the development of NSCLC by regulat-
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ing miR-137/SLC1A5 axis.

Introduction

Non-small cell lung cancer (NSCLC) is a common malig-
nancy among human beings [1,2], and accounts for about
80-85% of all lung cancer cases [3]. As the results of its
complicated pathogenesis and unclear molecular mechanisms,
current therapies for NSCLC have been largely limited [4-6].
The solution for this problem is to delineate the potential
mechanisms of NSCLC progression. Recent studies identified
the post-transcriptional regulators, circular RNAs (circRNAs),
were closely associated with the development of NSCLC [7-
9]. For example, circ-PRMT5 served as an oncogene in reg-
ulating NSCLC progression [10] and circ-PTPRA suppressed
NSCLC metastasis by sponging miR-96-5p [11]. Specifically,
circular RNA circ-LDLRAD?3 (hsa_circ_0006988) is an intra-
genic gene located at chrll: 36248634-36248980, which had
recently been identified as an oncogene in pancreatic cancer
[12,13]. Of note, circ-LDLRAD3 served as a diagnostic bio-
marker for pancreatic cancer [12] and knock-down of circ-
LDLRAD3 suppressed the development of pancreatic cancer
progression [13]. However, it is still unclear whether circ-
LDLRAD3 involves in the regulation of NSCLC pathogenesis.

Another type of post-transcriptional  regulators,
microRNAs (miRNAs), is also pivotal for the regulation of
NSCLC progression [14-16]. Previous studies found that

miR-608 promoted NSCLC cell apoptosis by targeting
TFAP4 [16], and upregulation of miR-330 promoted epithe-
lial-mesenchymal transition (EMT) of NSCLC cells [17].
MiR-137 has been reported to act as a tumour suppressor in
the development of multiple cancers, including pancreatic
cancer [13], colorectal cancer [18] and NSCLC [19].
Notably, miR-137 slowed down cell proliferation in human
NSCLC cells by targeting SRC3 [19] and inhibited NSCLC cell
migration via downregulating bone morphogenetic protein-7
(BMP7) [20]. In addition, circRNAs participated in the reg-
ulation of cell functions by modulating miRNAs in
a competing endogenous RNA (ceRNA) dependent manner
[21-23], and researchers found that miR-137 could be
sponged by circ-LDLRAD?3 in pancreatic cancer cells [13].
The glutamine transporter solute carrier family A1 member 5
(SLC1A5) is crucial for the transportation and metabolism of
L-glutamine (Gln) [24], which has long been known to be
essential for cancer cell growth [25,26], and researchers validated
that SLC1A5 promoted the development of cancers by promot-
ing Gln metabolism [27-29]. Of note, SLC1AS5 participated in
the regulation of NSCLC progression [30] and inactivation of
SLC1AS5 inhibited NSCLC cell viability by decreasing Gln con-
sumption [31,32]. Besides, upregulation of SLC1A5 promoted
cell migration and invasion in papillary thyroid cancer [29]. In
addition, SLC1A5 could be inhibited by various miRNAs [33-
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35]. Specifically, SLC1A5 was proved to be the downstream
target of miR-137 and involved in the regulation of ferroptotic
cell death in melanoma [35]. The above literatures enlightened
us that circ-LDLRAD3 might regulate SLC1A5 levels in NSCLC
cells in a miR-137 dependent manner; however, the detailed
mechanisms are still unknown.

Based on the above information, this study was designed to
investigate the role of circ-LDLRAD3/miR-137/SLC1A5 axis in
the modulation of NSCLC development. This work will broaden
our knowledge of NSCLC pathogenesis, and give more insights
into the underlying mechanisms of NSCLC progression.

Materials and methods
Clinical specimens

The NSCLC tissues (N = 60) and their paired adjacent normal
tissues (N = 60) were collected from the NSCLC patients
underwent surgical resection of primary tumour at Minhang
Hospital, Fudan University from 2013 to 2017. The above
clinical specimens were frozen at -70°C refrigerator for
further experiments. The clinicopathological features (age,
gender, TNM stage, pathological type, smoking status and
lymphatic metastasis) are listed in Table 1. The informed
consent forms were obtained from all the participants and
all the procedures for clinical experiments in this study were
approved by the ethics committee of the Minhang Hospital,
Fudan University.

Cell culture and vectors transfection

The NSCLC cell lines (A549, H1299 and Calu-3) and human
bronchial epithelial cell line (HBE) were obtained from
American Type Culture Collection (ATCC, USA). The above
cells were cultured in the Roswell Park Memorial Institute 1640
Medium (HyClone, UT) and incubated under the standard
culture conditions (5% CO,, 37°C). The cells were cultured for
vectors transfection until the cell confluency reached about
70-80%. The miR-NC, miR-137 mimic (5-TTA TTG CTT
AAG AATACGCGT AG-3') and inhibitor (5'-CTA CGC GTA
TTC TTA AGC AAT AA-3') were designed and synthesized by
Sangon Biotech (Shanghai, China) according to the experimen-
tal procedures provided by the previous studies [36,37]. The
small interfering RNA (siRNA) for circ-LDLRAD3 was designed

Table 1. The clinical characteristics of the NSCLC patients in this study.

Parameters Group Total
Age <65 34
>65 26
Gender Male 20
Female 40
TNM Stage | 12
I 18
1] 16
v 14
Pathological Type Squamous 15
Adenocarcinoma 20
Large Cell Lung Cancer 25
Smoking status Non-smoker 24
Smoker 16
Heavy smoker 20
Lymphatic Metastasis No 34
Yes 26

by Sangon Biotech (Shanghai, China) to knock down circ-
LDLRAD3, and the siRNA sequences for vector construction
were listed as follows: sense (5'-GGA TCA AGA TTG AAG
CAT-3') and antisense (5'-UUA CAU GCG AUU ACG UAC
AAU UGA-3'). The full sequences for SLC1A5 and circ-
LDLRAD3 were introduced into pcDNA-3.1 vectors to generate
overexpressed SLC1A5 (OE-SLC1A5) and circ-LDLRAD3 (OE-
circ-LDLRAD?3) vectors by GenePharma (Shanghai, China). The
miR-NC (5 nM), miR-137 mimic (5 nM), miR-137 inhibitor
(5 nM), circ-LDLRAD3 siRNA (10 nM), OE-circ-LDLRAD3
(10 nM) and OE-SLC1A5 (7 nM) were delivered into A549
and H1299 cells by using the Lipofectamine™™ 2000 transfection
reagent following the manufacturer’s instruction. At 48 h post-
transfection, the cells were prepared for further analysis.

Real-time qPCR

The total RNA for clinical tissue specimens and cell lines were
extracted by using the TRIzol reagent (Invitrogen, USA) in
keeping with the manufacturer’s instructions. For circ-
LDLRAD3 quantification, the circular RNA was enriched and
pretreated with RNase R enzyme (3 U/pg) for 20 min at 37°C to
eliminate linear LDLRAD3. The total RNA was reversely tran-
scribed into complementary DNA (cDNA) by using the
TagMan Reverse Transcription Reagents (Applied Biosystems,
USA). The commercial One Step TB Green™ PrimeScript™
RT-PCR kit (Takara, Japan) was used to determine the expres-
sion levels of the involved genes in this study. All the primer
sequences for Real-Time qPCR are listed in Table 2.

Western blot analysis

The total proteins were extracted from the cells and clinical
tissues by using the radio-immunoprecipitation assay (RIPA)
lysis buffer (Beyotime, Shanghai, China) in keeping with the
manufacturer’s protocol. The bicinchoninic acid (BCA) protein
assay was conducted to measure the protein concentrations.
After that, the proteins (40 pg per well) were separated by 10%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto polyvinylidene fluoride
(PVDF) membranes. The PVDF membranes were blocked
with 5% skimmed milk and probed with primary antibodies
against P-actin (1:2000, #ab8227, Abcam, UK), Cyclin DI
(1:1000, #ab40754, Abcam, UK), CDK2 (1:2000, #ab32147,
Abcam, UK), p27 (1:1500, #ab215434, Abcam, UK), cleaved
Caspase-3 (1:1000, #ab32042, Abcam, UK), Bax (1:1000,

Table 2. The primer sequences for Real-Time gPCR.

Gene Primer sequences (strand)

Forward: 5'-CTCCATCCTGGCCTCGCTGT-3'
Reverse: 5'-GCTGCTACCTTCACCGTTCC-3’
V3] Forward: 5'-GACTATCATATGCTTACCGT-3'
Reverse: 5'-GGGCAGGAAGAGGGCCTAT-3’
Forward: 5'-CTTGCTGGACCAGAGAAC-3'
Reverse: 5'-CATGAGGTTGTTCCGCTTC-3'
Forward: 5'-CAGCCATTTCCTGCGTGTC-3'
Reverse: 5'- TCATGCACCACAGTCACAT-3’

B-actin

Circ-LDLRAD3

LDLRAD3 mRNA

SLC1A5 Forward: 5'-CAACCTGGTGTCAGCAGCCTT-3'
Reverse: 5'-GCACCGTCCATGTTGACGGTG-3'
miR-137 Forward: 5'-AGGTCAGGCAGCATCGGGAA-3'

Reverse: 5'-AGGCCCTGTGGATATCGTCCAG-3’




#ab53154, Abcam, UK), Bcl-2 (1:1500, #ab196495, Abcam, UK),
N-cadherin (1:1000, #ab19348, Abcam, UK), Vimentin (1:1500,
#ab137321, Abcam, UK) and SLC1A5 (1:2000, #ab187708,
Abcam, UK), respectively. Thereafter, the membranes were
incubated with the horseradish peroxidase-conjugated second-
ary antibody (1:3000, Abcam, UK) for 2 h at room temperature.
The ECL luminescence reagent (ThermoFisher Scientific, USA)
was used to visualized the protein bands.

Flow cytometry (FCM)

After transfection of the above vectors into NSCLC cells (A549
and H1299), the cells were cultured for 48 h and cell apoptosis
ratio was determined by using the Annexin V/Propidium iodide
(PI) double staining kit (HaiGene Corporation, China) following
the manufacturer’s instructions. The cells were harvested and
incubated with the Annexin V-FITC and PI double staining
solution for 15-20 min at room temperature without light. After
that, the flow cytometer (FCM) machine (BD Biosciences, NJ,
USA) was employed to measure cell apoptosis ratio.

Cell counting kit-8 (CCK-8) assay

The cell proliferation abilities in NSCLC cells (A549 and
H1299) were determined by using the commercial CCK-8
kit (YEASEN, Shanghai, China) according to the manufac-
turer’s instructions. Briefly, the NSCLC cells were transfected
with the above vectors and seeded onto the 96-well plates at
the density of 3000 cells per well. After cell culture for 0 h,
24 h, 48 h, 72 h and 96 h, respectively, the CCK-8 solution
was added into the wells and incubated with the cells for 2 h
at 37°C. The optical density (OD) values were determined at
the wavelength of 450 nm to reflect cell proliferation abilities.

Transwell assay

The transwell assay was used to evaluate cell invasion abilities
in NSCLC cells. The transwell plates (Corning Co-Star, USA)
were purchased to finish the test. The NSCLC cells were
cultured in the upper compartment in serum-free Roswell
Park Memorial Institute 1640 (RPMI-1640) Medium at the
density of 2 x 10* cells per well. The lower chamber was
added with cell culture medium containing 10% foetal bovine
serum (FBS) as chemotaxin. After culturing the cells for 12 h,
the filters were fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet to visualize the cells. The cell numbers
were counted and photographed under light microscope.

Dual-luciferase reporter gene system

The binding sites of miR-137, circ-LDLRAD3 and 3'UTR regions
of SLC1A5 mRNA were predicted by using the online starBase
software (http://starbase.sysu.edu.cn/). Specifically, the targeting
sites in SLC1A5 mRNA located in chr19:47278161-47278183, and
miR-137 bound to circ-LDLRAD?3 at chr11:36223457-36223481,
which contained 5'-3' junction regions of circ-LDLRAD3. One
specific binding sequence for circ-LDLRAD3 and SLC1A5 mRNA
was mutated, respectively. The wild-type (Wt) and mutant (Mut)
circ-LDLRAD3, and SLCIA5 mRNA were cloned into the
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pmirGLO Expression Vector by Sangon Biotech (Shanghai,
China). The miR-NC (5 nM) and miR-137 mimic (5 nM) were
co-transfected with the above vectors (5 nM) into A549 and
H1299 cells by using the Lipofectamine™ 2000 transfection
reagent in keeping with the manufacturer’s protocol. After 24 h,
the relative luciferase activity in the cells was determined by the
dual-luciferase reporter gene system (Promega, USA).

Colony formation assay

The colony formation assay was employed to measure colony
formation abilities in NSCLC cells. The NSCLC cells were
transfected with the involved vectors and seeded into the 24-
well plates at the density of 1000 cells per well. After 14 days
culture, the cells were fixed with paraformaldehyde and
stained with crystal violet (Beyotime Technology, China).
The numbers of the colonies containing at least 10 cells
were photographed and counted under the light microscope.

Terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick-end labelling (TUNEL) assay

The commercial TUNEL kit (Thermo Fisher Scientific, USA)
was employed to detect apoptotic cells in NSCLC cells trans-
fected with the involved vectors. The cells were stained with the
diaminobenzidine (DAB) reaction mixture supplied by the Kkit.
The nuclei DNA was stained with 4'6-diamidino-2-phenylindole
(DAPI). The light microscope was employed to observe TUNEL-
positive cells to evaluate cell apoptosis. The apoptosis ratio of
NSCLC cells were quantified by using the Image J software.

Statistical analysis

The data in this study were collected and represented as Means +
Standard Deviation (SD). All the data were analysed by using the
Statistical Product and Service Solutions (SPSS, version 18.0) soft-
ware. The comparisons between two groups were conducted by
the Student’s t-test. The unpaired Analysis of Variance (ANOVA)
method was employed to compare the means from multiple
groups. The Pearson correlation analysis was conducted to analyse
the correlations among circ-LDLRAD3, miR-137 and SLC1A5
mRNA in cancer specimens collected from NSCLC patients.
The figures were depicted by using the GraphPad Prism 7.0 soft-
ware. ‘p value <0.05" was regarded as statistical significance.

Results

The expression status of circ-LDLRAD3 and miR-137 in
NSCLC tissues and cells

The NSCLC tissue specimens (N = 60) and their paired adjacent
normal tissue samples (N = 60) were collected, and Real-Time
qPCR was performed to determine the levels of circ-LDLRAD3
and miR-137 in the above clinical samples. The results showed
that circ-LDLRAD3 was high-expressed (Fig. 1A), while miR-
137 was low-expressed (Fig. 1B) in NSCLC tissues compared to
their paired normal tissues. Besides, the Pearson correlation
analysis results showed that the levels of circ-LDLRAD3 and
miR-137 negatively correlated in NSCLC tissues (Fig. 1C). In
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addition, we investigated whether the levels of circ-LDLRAD3
and miR-137 correlated with the clinical parameters, such as age,
gender, TNM stage, pathological type, smoking status and lym-
phatic metastasis. The results showed that circ-LDLRAD3 was

relatively high-expressed and miR-137 was low-expressed in
patients with high-grade TNM stage (III and IV) (Fig. 2A,C)
and lymphatic metastasis (Fig. 2B,D) comparing to their coun-
terparts. However, the levels of circ-LDLRAD3 and miR-137 had
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Figure 1. The expression status of circ.LDLRAD3 and miR-137 in clinical specimens and NSCLC cell lines. The cancer tissues and their paired adjacent normal tissues
were collected from 60 NSCLC patients. Real-Time qPCR was conducted to determine the levels of (A) circ-LDLRAD3 and (B) miR-137 in clinical tissues collected from
NSCLC patients. (C) Pearson correlation analysis was performed to analyse the correlation between circ-LDLRAD3 and miR-137 in NSCLC tissues. Real-Time qPCR was
employed to detect the levels of (D) linear LDLRAD3 mRNA (normalized by B-actin), (E) circ-LDLRAD3 and (F) miR-137 in NSCLC cell lines (A549, H1299 and Calu-3)
and human bronchial epithelial cell line (HBE), respectively. Each experiment repeated at least 3 times. *p < 0.05, **p < 0.01.
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Figure 2. The expression levels of circ-LDLRAD3 and miR-137 in NSCLC tissues collected from patients with different clinicopathological features. Circ-LDLRAD3 was
high-expressed in patients with (A) high-grade TNM stage and (B) lymphatic metastasis. MiR-137 levels were determined by Real-Time qPCR in NSCLC patients with
different (C) TNM stages and (D) lymphatic metastasis status. Each experiment repeated at least 3 times. *p < 0.05, **p < 0.01.



nothing to do with other clinical parameters including age,
gender, smoking history and pathological type (Figs. S1 and
S2). Furthermore, the in vitro experiments were conducted to
determine the levels of circ-LDLRAD3 and miR-137 in normal
human bronchial epithelial (HBE) cells and NSCLC cells. The
results showed that overexpressed circ-LDLRAD3 (Fig. 1E) and
downregulated miR-137 (Fig. 1F) were observed in A549 (fold
changes: 3.43 and 0.48), H1299 (fold changes: 4.45 and 0.58) and
Calu-3 (fold changes: 3.24 and 0.42) compared to the normal
HBE cells, and the RNase R enzyme degraded linear LDLRAD3
mRNA in the cells, which partly supported the above clinical
results (Fig. 1D). In addition, the expression levels of linear
LDLRAD3 mRNA were not affected between normal HBE
cells and NSCLC cells (Fig. S6). Of note, since higher expression
levels of circ-LDLRAD?3 were observed in A549 and H1299 cells,
compared to the Calu-3 cells, the A549 and H1299 cells were
chosen for further experiments in this study.

The effects of circ-LDLRAD3 on NSCLC cell apoptosis,
proliferation and invasion

Since the ectopic circ-LDLRAD3 levels were observed in both
NSCLC tissues and cells, we next investigated the role of circ-
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LDLRAD3 in the regulation of NSCLC cell functions, includ-
ing cell apoptosis, proliferation and mobility. To achieve this,
the circ-LDLRAD3 downregulation vectors (10 nM, 48 h) and
circ-LDLRAD?3 overexpressed vectors (10 nM, 48 h) (OE-circ-
LDLRAD3) were synthesized and transfected into A549 and
H1299 cells (Fig. S3A), respectively. The results showed that
we successfully overexpressed (Fold changes: 3.98 and 4.01,
vs. Control group) and downregulated (Fold changes: 0.312
and 0.408, vs. Control group) circ-LDLRAD3 in NSCLC cells
(Fig. S3A). The flow cytometry (FCM) results showed that
knock-down of circ-LDLRAD3 significantly increased the
apoptosis ratio in both A549 and H1299 cells, and circ-
LDLRAD3 overexpression did not affect NSCLC cell apopto-
sis (Fig. 3A,B), which suggested that knock-down of circ-
LDLRAD3 induced NSCLC cell apoptosis. Similarly, knock-
down of circ-LDLRAD3 slowed down NSCLC cell prolifera-
tion comparing to the control group, and overexpression of
circ-LDLRAD3 promoted cell proliferation in both A549 and
H1299 cells (Fig. 3C,D). Furthermore, the effects of circ-
LDLRAD3 on NSCLC cell invasion were also determined by
transwell assay (Fig. 3E,F). The results showed that NSCLC
cell invasion was inhibited by circ-LDLRAD3 ablation, and
circ-LDLRAD3 overexpression promoted cell invasion in
A549 and H1299 cells (Fig. 3E,F).
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Figure 3. Circ-LDLRAD3 affected cell apoptosis, proliferation and invasion in NSCLC cell lines. The NSCLC cell lines (A549 and H1299) were transfected with circ-
LDLRAD3 overexpression and knock-down vectors, respectively. (A, B) FCM was used to examine cell apoptosis ratio in NSCLC cells. (C, D) CCK-8 assay was employed
to detect NSCLC cell proliferation. (E, F) Transwell assay was performed to examine cell invasion abilities in NSCLC cells. Each experiment repeated at least 3 times.

*p < 0.05, **p < 0.01 and ‘NS’ represented ‘No statistical significance’.
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MiR-137 regulated NSCLC cell apoptosis, proliferation
and epithelial-mesenchymal transition (EMT)

Further experiments were conducted to investigate the effects
of miR-137 on NSCLC cell functions, including cell apoptosis,
proliferation and EMT. The miR-137 mimic (5 nM, 48 h) and
inhibitor (5 nM, 48 h) were successfully transfected into A549
and H1299 cells to overexpress (Fold changes: 3.21 and 3.42,
vs. Control group) and knock down (Fold changes: 0.32 and
0.28, vs. Control group) miR-137 (Fig. S3B). The CCK-8 assay
results showed that miR-137 overexpression inhibited cell
proliferation in A549 and H1299 cells in a time-dependent
manner (Fig. 4A,B). Consistently, knock-down of miR-137
promoted NSCLC cell proliferation (Fig. 4A,B). The above
results were verified by further Western Blot analysis, which
showed that overexpression of miR-137 significantly
decreased the expression levels of Cyclin D1 (fold changes:
0.61 and 0.72, vs. Control group) and CDK2 (fold changes:
0.34 and 0.65, vs. Control group), and promoted p27 expres-
sions (fold changes: 2.12 and 3.08, vs. Control group) in both
A549 and H1299 cells (Fig. 4C-F). Conversely, knock-down of
miR-137 promoted Cyclin D1 (fold changes: 1.23 and 1.48, vs.
Control group) and CDK2 (fold changes: 1.37 and 1.29, vs.
Control group), and slightly inhibited p27 (fold changes: 0.87
and 0.97, vs. Control group) in A549 and H1299 cells (Fig.
4C-F), which indirectly supported that miR-137 inhibited
NSCLC cell proliferation.

In addition, the expression levels of pro-apoptosis proteins
(cleaved Caspase-3 and Bax) and anti-apoptosis protein (Bcl-
2) were also determined by Western Blot analysis in NSCLC

cells to evaluate cell apoptosis. The results showed that miR-
137 overexpression increased the expression levels of cleaved
caspase-3 (fold changes: 1.45 and 1.36, vs. Control group) and
Bax (fold changes: 1.39 and 1.32, vs. Control group), inhibited
Bcl-2 expressions (fold changes: 0.34 and 0.28, vs. Control
group) in both A549 and H1299 cells, while miR-137 down-
regulation inhibited cleaved caspase-3 (fold changes: 0.61 and
0.58, vs. Control group) and Bax (fold changes: 0.72 and 0.38,
vs. Control group), and promoted Bcl-2 (fold changes: 1.23
and 1.31, vs. Control group) expressions in NSCLC cells
(Fig. 5A-D). Furthermore, miR-137 regulated epithelial-
mesenchymal transition (EMT) of NSCLC cells (Fig. 5E-H).
Specifically, the results showed that the expression levels of
N-cadherin (fold changes: 0.23 and 0.52, vs. Control group)
and Vimentin (fold changes: 0.65 and 0.34, vs. Control group)
were decreased by overexpressing miR-137 in A549 and
H1299 cells, knock-down of miR-137 promoted N-cadherin
(fold changes: 1.67 and 1.59, vs. Control group) and Vimentin
(fold changes: 1.54 and 1.38, vs. Control group) expressions in
NSCLC cells (Fig. 5E-H), which suggested that miR-137
inhibited EMT in NSCLC cells.

The regulating mechanisms of circ-LDLRAD3, miR-137
and SLC1A5

Previous study reported that miR-137 could be sponged and
inhibited by circ-LDLRAD?3 [13], which was also validated in
this study. The online StarBase software (http://starbase.sysu.
edu.cn/) predicted the binding sites of miR-137 and
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Figure 4. MiR-137 inhibited NSCLC cell proliferation. (A, B) The NSCLC cells (A549 and H1299) were transfected with miR-137 mimic and inhibitor, respectively, cell
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CDK2 and p27) in (C, D) A549 cells and (E, F) H1299 cells, respectively. Each experiment repeated at least 3 times. *p < 0.05, **p < 0.01.
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Figure 5. The influences of miR-137 on NSCLC cell apoptosis and epithelial-mesenchymal transition (EMT). The NSCLC cells (A549 and H1299) were transfected with
miR-137 mimic and inhibitor, respectively. The apoptosis associated proteins (cleaved Caspase-3, Bax and Bcl-2) were determined by Western Blot in (A, B) A549 cells
and (C, D) H1299 cells. The biomarkers for EMT (N-cadherin and Vimentin) were measured in (E, F) A549 cells and (G, H) H1299 cells. Each experiment repeated at

least 3 times. **p < 0.01.

circ-LDLRAD3 (Fig. 6A), and the dual-luciferase reporter
gene system results validated the above binding sites
(Fig. 6B). Specifically, transfection of miR-137 mimic (5 nM,
24 h) significantly decreased the luciferase activity in NSCLC
cells co-transfected with wt-LDLRAD?3 vectors (5 nM, 24 h),
instead of Mut-LDLRAD3 (5 nM, 24 h) (Fig. 6B). Besides, the
siRNA for circ-LDLRAD3 (10 nM, 48 h) and OE-circ-
LDLRAD3 vectors (10 nM, 48 h) were transfected into the
NSCLC cells (Fig. S3A), and the Real-Time qPCR results
showed that overexpressed circ-LDLRAD3 inhibited the levels
of miR-137 (fold changes: 0.51 and 0.43, vs. Control group),
which were increased by downregulating circ-LDLRAD3 (fold
changes: 2.31 and 2.19, vs. Control group) in both A549 and
H1299 cells (Fig. 6C,D). However, alteration of miR-137 had
little effects on circ-LDLRAD3 levels in NSCLC cells
(Fig. S3C).

SLC1AS5 was identified as the downstream target of miR-
137 in the previous study [35]. This study also predicted

the binding sites of miR-137 and 3’ UTR regions of
SLC1A5 mRNA by using the online StarBase software
(http://starbase.sysu.edu.cn/) (Fig. 6E). The dual-luciferase
reporter gene system results showed that miR-137 mimic
(5 nM, 24 h) decreased luciferase activity in NSCLC cells by
binding to the predicted sites in Wt-SLC1IA5 mRNA
(Fig. 6F,G). Further results validated that miR-137 nega-
tively regulated SLCIA5 expressions in NSCLC cells (Fig.
6H-K). Specifically, the results showed that miR-137 over-
expression significantly decreased the mRNA (fold changes:
0.53 and 0.61, vs. Control group) and protein (fold changes:
0.48 and 0.34, vs. Control group) levels of SLC1A5 in both
A549 and H1299 cells (Fig. 6H-K). Similarly, knock-down
of miR-137 promoted SLC1A5 mRNA (fold changes: 1.21
and 1.33, vs. Control group) and protein (fold changes: 1.43
and 1.38, vs. Control group) expressions in NSCLC cells
(Fig. 6H-K). Notably, silencing circ-LDLRAD3 inhibited
(fold changes: 0.43 and 0.38, vs. Control group), and
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Figure 6. The regulating mechanisms of circ-LDLRAD3, miR-137 and SLC1A5. (A) The online starBase software was used to predict the targeting sites of circ-LDLRAD3
and miR-137. (B) Dual-luciferase reporter gene system was used to verify the binding sites of circ-LDLRAD3 and miR-137. (C, D) Overexpression of circ-LDLRAD3
inhibited miR-137 levels in NSCLC cells, and knock-down of circ-LDLRAD3 had opposite effects. (E) The binding sites of miR-137 and 3' UTR regions of SLC1A5 mRNA
were predicted. (F, G) Dual-luciferase reporter gene system was used to verify the binding sites of miR-137 and 3' UTR regions of SLC1A5 mRNA. (H, I) Real-Time gPCR
was employed to explore the effects of miR-137 on SLC1A5 mRNA levels in NSCLC cells. (J, K) MiR-137 overexpression inhibited SLC1A5 protein levels in NSCLC cells,
while knock-down of miR-137 had the opposite effects. Each experiment repeated at least 3 times. **p < 0.01 and ‘NS’ represented ‘No statistical significance’.

overexpressed circ-LDLRAD3 promoted (fold changes: 1.23
and 1.39, vs. Control group) SLC1A5 expressions in A549
and H1299 cells (Fig. 7A,B). In addition, the promoting
effects of circ-LDLRAD3 overexpression on SLC1A5 were
abrogated by overexpressing miR-137 in A549 (fold
changes: 0.72 and 0.48, vs. OE-LDLRAD3 group) and
H1299 (fold changes: 0.81 and 0.65, vs. OE-LDLRAD3
group) cells at both transcriptional (Fig. 7C) and translated
levels (Fig. 7E,F). In addition, as shown in Fig. 7D, knock-
down of miR-137 restored SLC1A5 mRNA levels in circ-
LDLRAD3-deficient NSCLC cells (Fold changes: 1.45 and
2.18, vs. KD-LDLRAD3 group). Interestingly, SLCIA5
mRNA was found to be high-expressed in clinical cancer
tissues compared to the paired normal tissues (Fig. 7G). In

addition, high-expressed SLC1A5 mRNA was observed in
patients with high-grade TNM stage and lymphatic metas-
tasis (Fig. S4A,B), but the levels of SLC1IA5 mRNA were
irrelevant to other clinical features, including age, gender,
pathological type and smoking status (Fig. S4C-F). Finally,
the levels of SLC1A5 mRNA positively correlated with circ-
LDLRAD3, but negatively correlated with miR-137 in
NSCLC tissues (Fig. 7H,I).

Circ-LDLRAD3 regulated NSCLC cell functions by
targeting miR-137 and SLC1A5

We next explored whether circ-LDLRAD3 regulated cell prolif-
eration, apoptosis and invasion by targeting miR-137/SLC1A5
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Figure 7. Circ-LDLRAD3 regulated SLC1A5 by sponging miR-137 in NSCLC cells. (A, B) SLC1A5 was positively regulated by circ-LDLRAD3 in NSCLC cells (A549 and
H1299). (C, D) The expression levels of SLCTA5 mRNA were regulated by circ-LDLRAD3 through miR-137 in NSCLC cells. (E, F) Western Blot was conducted to
determine the expression levels of SLC1A5 protein in NSCLC cells. (G) The expression status of SLCTA5 mRNA in the cancer tissues and adjacent normal tissues
collected from NSCLC patients. The Pearson correlation analysis was performed to determine the correlations between (H) SLC1A5 mRNA and circ-LDLRAD3, and (1)
SLC1A5 mRNA and miR-137, respectively. Each experiment repeated at least 3 times. *p < 0.05, **p < 0.01 and ‘NS’ represented ‘No statistical significance’.

axis. The CCK-8 assay results showed that knock-down of circ-
LDLRADS3 inhibited NSCLC cell proliferation in a time depen-
dent manner, which were reversed by both knocking down miR-
137 and overexpressing SLC1A5 (Fig. 8A,B). Besides, the colony
formation assay results showed that knock-down of circ-
LDLRADS3 significantly inhibited colony formation abilities in
NSCLC cells, which were also restored by downregulating miR-
137 and overexpressing SLC1A5 (Fig. 8C,D). The above results
were validated by the Western Blot analysis. Specifically, the
inhibiting effects of circ-LDLRAD3 downregulation on Cyclin
D1 levels in NSCLC cells were abrogated by knocking down miR-
137 (Fold changes: 3.58 and 1.98, vs. KD-LDLRAD?3 group) and
overexpressing SLC1A5 (Fold changes: 3.64 and 1.73, vs. KD-
LDLRAD3 group) in A549 and H1299 cells (Fig. S5A,B). In
addition, the TUNEL results showed that deficiency of circ-
LDLRAD3 caused significant increase in NSCLC cell apoptosis
ratio, which were decreased by downregulating miR-137 and
upregulating SLC1A5 (Fig. 8E,F). Also, the promoting effects of
circ-LDLRAD3 downregulation on cleaved caspase-3 expres-
sions were abrogated by transfecting cells with miR-137 inhibitor

(Fold changes: 0.84, vs. KD-LDLRAD3 group) and OE-SLC1A5
vectors (Fold changes: 0.82, vs. KD-LDLRAD?3 group) in A549
cells (Fig. S5C,D). Furthermore, the inhibiting effects of silencing
circ-LDLRAD3 on cell invasion were reversed by both knocking
down miR-137 and overexpressing SLC1A5 in A549 and H1299
cells (Fig. 8GH). Similarly, the inhibiting effects of circ-
LDLRAD3 ablation on N-cadherin expressions were reversed
by transfecting NSCLC cells with miR-137 inhibitor (Fold
changes: 2.85 and 2.31, vs. KD-LDLRAD?3 group) and SLC1A5
overexpression vectors (Fold changes: 3.03 and 2.16, vs. KD-
LDLRAD?3 group) in A549 and H1299 cells (Fig. S5E,F).

Discussion

Circular RNAs (circRNAs) participate in the regulation of cancer
progression by acting as post-transcriptional regulators [7-9], and
circ-LDLRAD3 has been identified as an oncogene and promoted
the development of pancreatic cancer [12,38]. In the present study,
we validated that circ-LDLRAD3 also played an oncogenic role to
promote non-small cell lung cancer (NSCLC) progression.



1820 M. XUE ET AL.

Il Control

N KD-LD

Bl KD-LD+Inhibitor
Bl KD-LD+OE-SLC1A5

Cell proliferation

Control KD-LD-+Inhibitor

KD-LD

Control

I—”299--

G KD-LD

Control

KD-LD+OE-SLCIAS
7

KD- LD+lnh|b|tor KD-! LD+()E SLCIAS

H1299

El Control

Il KD-LD

Bl KD-LD+Inhibitor
Bl KD-LD+OE-SLC1A5

Cell proliferation

D

Il Control

Il KD-LDLRAD3

Il KD-LD+Inhibitor
Il KD-LD+OE-SLC1AS

Relative Cyclin D1 protein levels
(/B-actin)

KD-LD+Inhibitor KD-LD+OE-SLC1AS5

A549----

F
—~ 100
g B Control
2 8 B KD-LD
s
o % -| i
- = B KD-LD+Inhibitor
2 £ = Bl KD-LD+OE-SLC1AS
K] ]
o 40 %
g
o
g 20
E]
F oo
H

a
2
S

Il Control

Bl KD-LD

Bl KD-LD+Inhibitor
El KD-LD+OE-SLC1A5

IS
8
3

Cell number per pixels
»
3
S
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assay. Each experiment repeated at least 3 times. *p < 0.05, **p < 0.01.

Mechanistically, by analysing its expression patterns, we found
that circ-LDLRAD3 was highly expressed in NSCLC cancer tissues
and cell lines compared to their paired normal counterparts. In
addition, circ-LDLRAD?3 tended to be enriched in patients with
high-grade TNM stage and lymphatic metastasis, but was irrele-
vant to other clinicopathological parameters, including age, gen-
der, pathological type and smoking status, indicating that circ-
LDLRAD3 was closely associated with NSCLC pathogenesis. Next,
the regulating mechanisms of circ-LDLRAD3 on NSCLC cell
functions were investigated by conducting the gain- and loss-
function experiments. As expected, we found that knock-down
of circ-LDLRAD3 promoted cell apoptosis, inhibited cell prolif-
eration and mobility in NSCLC cells. Consistently, circ-LDLRAD3
overexpression had opposite effects on the above cell functions,
indicating that circ-LDLRAD3 slowed down NSCLC progression
in vitro, which was in consistent with the previous studies in
pancreatic cancer [12,38]. Also, the above information enlightened
us that circ-LDLRAD3 might be utilized as a potential diagnostic
and therapeutic agent for both pancreatic cancer and NSCLC,
however, future work is still needed to investigate this issue.
MiR-137 acts as a tumour suppressor to inhibit the develop-
ment of NSCLC [19,39,40], which was also verified in the present
study. Initially, low-expressed miR-137 was observed in NSCLC
tissues and cells compared to their normal counterparts, and miR-
137 negatively correlated with TNM stage and lymphatic metas-
tasis in clinical specimens, suggesting that miR-137 was a potential

diagnostic biomarker for NSCLC and were in line with the pre-
vious work [19,39,40]. In addition, this in vitro study also validated
that NSCLC cell viability and mobility were inhibited by miR-137
overexpression and promoted by miR-137 downregulation,
implying that upregulation of miR-137 hindered NSCLC develop-
ment in vitro. Furthermore, previous studies proved that circ-
LDLRAD3 functioned as a competing endogenous RNA to sponge
miR-137 [38], and circ-LDLRAD3 promoted pancreatic cancer
development through downregulating miR-137 [38]. Consistently,
this study validated that circ-LDLRAD3 negatively regulated miR-
137, but miR-137 did not affect circ-LDLRAD3 expressions in
NSCLC cells. Furthermore, we proved that circ-LDLRAD3 regu-
lated NSCLC cell functions by downregulating miR-137.
Mechanistically, the inhibiting effects of downregulated circ-
LDLRAD3 on NSCLC cell viability, invasion and epithelial-
mesenchymal transition (EMT) were all reversed by knocking
down miR-137, indicating that circ-LDLRAD?3 silence inhibited
malignant phenotypes in NSCLC by upregulating miR-137 and in
line with the previous study in pancreatic cancer [38].

Glutamine transporter solute carrier family A1 member 5
(SLC1A5) involves in the regulation of cancer progression [24],
which regulates cancer cell growth [25,26] and mobility [29,41,42].
Of note, previous data suggested that SLC1A5 promoted NSCLC
cell proliferation [31,32] and metastasis [43], which was validated
in this study. Specifically, by analysing the expression patterns of
SLC1AS5 in the clinical specimens, we found that SLC1A5 was



highly expressed in NSCLC tissues, instead of the normal adjacent
tissues, and the expression levels of SLC1A5 were positively corre-
lated with the clinical features, including TNM stage and lympha-
tic metastasis. Interestingly, SLC1A5 was the downstream target of
miR-137 [35,44], and silencing of miR-137 upregulated SLC1A5 to
enhance tumour glutamine metabolism [44]. As expected, this
study proved that miR-137 functioned as a post-transcriptional
regulator to silence SLC1A5 through targeting its 3" untranslated
regions (UTR), and circ-LDLRAD?3 positively regulated SLC1A5
in NSCLC cells by sponging miR-137. Finally, we proved that
knock-down of circ-LDLRAD3 brought detrimental effects to
NSCLC cell functions through downregulating SLCIA5.
Interestingly, recent data suggested that SLC1A5 contributed to
cancer progression by regulating transportation and metabolism
of L-glutamine (Gln) [24]. However, more experiments are still
needed to investigate whether circ-LDLRAD3/miR-137/SLC1A5
axis regulated NSCLC cell functions by affecting glutamine meta-
bolism in our future work.

To sum up, this in vitro study proved that knock-down of
circ-LDLRAD?3 inhibited cell viability and mobility to slow
down NSCLC progression by silencing SLC1A5 through upre-
gulating miR-137, which gave some insights into the under-
lying mechanisms of NSCLC pathogenesis.
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