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Abstract

Background: Circular RNAs (circRNAs) are covalently closed RNAs and are impli-
cated in the development of non-small cell lung cancer (NSCLC). Here, we identified
the precise actions of circRNA LIM domain binding 2 (circLDB2, hsa_circ_0069244)
in non-squamous NSCLC development and drug sensitivity.

Methods: CircLDB2, microRNA (miR)-346, and LIM and calponin-homology
domains 1 (LIMCHI1) were quantified by quantitative real-time polymerase chain
reaction (QRT-PCR) or western blot. Ribonuclease R (RNase R), actinomycin D, and
subcellular localization assays were used to characterize circLDB2. Cell proliferation
and viability, colony formation, apoptosis, migration, and invasion were gauged by
Cell Counting Kit-8 (CCK-8), colony formation, flow cytometry, wound-healing, and
transwell assays, respectively. RNA immunoprecipitation (RIP), RNA pull-down, and
dual-luciferase reporter assays were used to verify the direct relationship between
miR-346 and circLDB2 or LIMCHI1. Animal studies were performed to evaluate the
impact of circLDB2 in vivo.

Results: CircLDB2 was underexpressed in non-squamous NSCLC and was identified
as a bona fide circular transcript. Overexpression of circLDB2 impeded cell prolifera-
tion, migration, invasion, and enhanced apoptosis and cisplatin sensitivity in vitro, as
well as promoted the antitumor effect of cisplatin in vivo. CircLDB2 regulated cell
functional behaviors and cisplatin sensitivity by sponging miR-346. LIMCH1 was a
direct and functional target of miR-346. Furthermore, circLDB2 acted as a competing
endogenous RNA (ceRNA) for miR-346 to induce LIMCH1 expression.

Conclusion: Our findings demonstrated that circLDB2 impeded non-squamous
NSCLC development and enhanced cisplatin sensitivity partially by acting as a
ceRNA, highlighting circLDB2 as a promising candidate for the development of novel
antitumor therapies.
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metastatic non-squamous NSCLC.? Cisplatin-based chemo-
therapy has been widely used for treatment of non-

Despite decades of research, non-small cell lung cancer
(NSCLC), including non-squamous NSCLC, remains the
leading cause of cancer mortality globally.! Although sur-
gery, chemotherapy, and radiotherapy can effectively control
primary tumors, these therapies have limits in curbing

squamous NSCLC,>* however, drug resistance frequently
arises.” Investigation of the alterations of important regula-
tory molecules, including circular RNAs (circRNAs) and
proteins that drive NSCLC is ongoing.*” Understanding the
actions of these molecules will provide a novel opportunity
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for developing molecularly targeted therapies for non-
squamous NSCLC.

CircRNAs are covalently closed RNAs, and numerous
circRNAs are generated by head-to-tail splicing of exons of
messenger RNAs (mRNAs).2 Many circRNAs can form a
novel type of post-transcriptional regulators by operating as
competing endogenous RNAs (ceRNAs).” Recent studies
have documented the ceRNA function of some circRNAs by
sequestering microRNAs (miRNAs) in modulating the
development of human cancers, including NSCLC.'"*'" For
example, Chen et al.'? illuminated that circ_100 146 func-
tioned a ceRNA for miR-615-5p and miR-361-3p to pro-
mote NSCLC development via inducing splicing factor 3b
subunit 3 expression. Xu et al.'> demonstrated the regulation
of  circ_0014235/miR-520a-5p/cyclin-dependent  kinase
4 (CDK4) ceRNA network in NSCLC development and cis-
platin resistance. However, the critical, precise actions of cir-
cRNAs in the development of non-squamous NSCLC
largely remain to be elucidated.

MiRNAs are attractive candidates as upstream modula-
tors of human tumorigenesis, and aberrant miRNA expres-
sion has been shown in various cancers including
NSCLC."*'* Previous work demonstrated miR-346, an over-
expressed miRNA in NSCLC, with the ability to accelerate
NSCLC cell malignant behaviors.'® Nevertheless, it is still
undefined whether miR-346 can work as a functional medi-
ator of circRNAs in non-squamous NSCLC development
and drug sensitivity.

In a preliminary survey, when we used the online dataset
(GSE112214, https://www.ncbinlm.nih.gov/geo/geo2r/?acc=
GSE112214) to analyze the differentially expressed circRNAs
in NSCLC development we found that circRNA LIM domain
binding 2 (circLDB2, hsa_circ_0069244) was the greatest dif-
ferentially expressed circRNA. Moreover, no reports showed
whether circLDB2 expression is causally involved in the
development of non-squamous NSCLC. Here, we undertook
to explore the precise roles of circLDB2 in the functional
behaviors and cisplatin sensitivity of non-squamous NSCLC
cells. We also identified a novel endogenous competition
among circLDB2, miR-346, LIM, and calponin-homology
domains 1 (LIMCH1), a well-known tumor inhibitor in
NSCLC.'”'®

MATERIALS AND METHODS
Bioinformatics

To search the differentially expressed circRNAs in NSCLC,
we used an online dataset (GSE112214) of the Gene Expres-
sion Omnibus (GEO) database (p < 0.05, [log,FC| > 1)
(https://www.ncbi.nlm.nih.gov/geo/geo2r/?acc=GSE112214).
To analyze the abnormally expressed genes in non-squamous
NSCLC, we used the online dataset (GSE108214) of the GEO
database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE108214) and GEPIA database (http://gepia.
cancer-pku.cn/detail.php). To visualize circLDB2, we used

online software CircView (http://gb.whu.edu.cn/CircView/).
The binding sites of miRNAs to circLDB2 were predicted
by two computer algorithms circinteractome (https://cir
cinteractome.nia.nih.gov/) and starBase (http://starbase.sysu.
edu.cn/). The molecular targets of miR-346 were predicted
by starBase software.

Human clinical samples and cell lines

Primary lung tumors and adjacent normal lung tissues were
harvested and processed in compliance with a protocol
approved by the Ethics Committee of the First Affiliated
Hospital of Henan University of Chinese Medicine. Fresh
tissues were obtained from non-squamous NSCLC patients
at the First Affiliated Hospital of Henan University of
Chinese Medicine, paraffin-embedded or snap-frozen, and
preserved at —80°C. All patients gave written informed con-
sent. Immunohistochemistry for LIMCHI1 expression analy-
sis was carried out on the paraffin-embedded tissues
according to the standard method as reported,'® using
LIMCHI antibody (1:500, ab96178, Abcam). Frozen tissues
were used to quantify the expression of circLDB2, miR-346
and LIMCHI1 by using quantitative real-time polymerase
chain reaction (QRT-PCR) or western blot as below.

A549, H23, and H460 non-squamous NSCLC cells were
obtained from American Type Culture Collection (ATCC)
and the normal bronchial 16HBE cell line because the con-
trol was from Procell. All cell lines were propagated with
10% fetal calf serum and 1% antibiotics in RPMI-1640
medium (all from Sigma-Aldrich) in 5% CO, at 37°C.

Generation of stable circLDB2 overexpressing
cell line

Human circLDB2 (hsa_circ_0069244) sequence and the
scrambled control sequence were synthesized by GeneCreate
and directionally cloned in the EcoR I and BamH I sites of
pLC5-ciR lentiviral vector (Geneseed). Lentivirus was pro-
duced by cotransfection of the above constructs with
psPAX2 and pMD2.G packaging plasmids (Addgene) into
the HEK293T cells (ATCC). A549 and H460 cells were
transduced by the lentiviral particles (circLDB2 and vector)
using 5 pg/mL polybrene (Yesen). Transduced cells were
selected in 2 pg/mL puromycin (Sigma-Aldrich) to generate
stable cell lines.

Transient transfection of cells

Cultured A549 and H460 cells in 24-well plates at 5 x 10*
per well were transiently transfected with synthetic miR-346
mimic (50 nM) or a negative control oligonucleotide
(miR-NC, 50 nM), miR-346 inhibitor (anti-miR-346,
60 nM) or a negative control inhibitor (anti-NC, 60 nM),
and LIMCHI-shRNA vector (sh-LIMCH1) or non-target
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shRNA (sh-NC) at a final dose of 200ng using
Lipofectamine 3000 per manufacturer’s recommendations
(Thermo Fisher Scientific). All shRNA constructs and oligo-
nucleotides were from Ribobio and described in Table S1.
Experiments were carried out 48 hours after transfection.

RNA isolation and qRT-PCR

For RNA extraction from cells and tissues, the mirVana
miRNA Isolation Kit was used as recommended by the
manufacturers (Thermo Fisher Scientific). For circLDB2
and mRNA analysis, cONA was randomly primed or syn-
thesized with oligo(dT)18 primers from 1 pg of RNA using
the Omniscript RT Kit (Qiagen), and diluted cDNA was
used for qRT-PCR with SYBR Green (TaKaRa) on an
iCycler (Bio-Rad). B-actin served as a normalization control.
For miR-346 analysis, qRT-PCR was done as above with
TaqMan miRNA assay as per the manufacturing protocols
(Applied Biosystems). Amplification of U6 was used for
normalization. All qRT-PCR primers were from GeneCreate
and described in Table SI.

Ribonuclease R, actinomycin D, and subcellular
localization assays

In ribonuclease R (RNase R) experiments, 5 pg RNA of
H460 or A549 cells was incubated with RNase R (Geneseed)
for 20 minutes at 37°C. In subcellular localization experi-
ments, cytoplasmic and nuclear RNA of H460 and A549
cells were individually isolated using the Cytoplasmic and
Nuclear RNA Purification Kit as described by the manufac-
turers (Norgen Biotek). For actinomycin D treatment, A549
and H460 cells were plated in 24-well cell culture dishes at
1 x 10* per well in complete medium containing 5 pg/mL
of actinomycin D (Sigma-Aldrich) for the indicated time
point.

Cell proliferation, survival, colony formation,
and apoptosis assays

H460 and A549 cells were performed various transductions
or transfections as above. Cell proliferation was monitored
every 24 hours using the Cell Counting Kit-8 (CCK-8) assay
as per the manufacturing guidance (Beyotime). For the
assessment of the half maximal inhibitory concentration
(IC50) for cisplatin, cultured cells were exposed to the indi-
cated concentration of cisplatin (Sigma-Aldrich) for
48 hours, and ICsy value was calculated following curve
fitting to the cell survival data after the accomplishment of
CCK-8 assay. Cell colony formation was measured using a
standard method as reported,*® and five random fields of each
sample were manually counted. Cell apoptosis was gauged
using the annexin V-fluorescein isothiocyanate (FITC)/
propidium iodide Apoptosis Detection Kit (Beyotime) and

then analyzed on a FACScan (BD Biosciences) with FlowJo
software (Tree Star).

Cell migration and invasion assays

For migration analysis, a wound-healing assay was carried
out as reported.”! Briefly, a vertical scratch was created
with a sterile pipette tip (200 pL) on a confluent cell mono-
layer. Wound healing was analyzed after 24 hours culture
using Image] software (National Institutes of Health)
accompanying the inverted 10 x microscope (Carl Zeiss).
For invasion assay, 1 x 10°> indicated cells cultured in
serum-free medium were plated in a Matrigel-coated
chamber with 8 pm pores (BD Biosciences) and allowed to
invade toward a 15% serum gradient for 24 hours. Cells
that remained on the top of the insert were scrubbed off,
and cells that traversed the membranes were stained with
0.2% crystal violet (Yesen). Ten random fields of each sam-
ple were counted under the 100x microscope with Image]J
software.

Western blot

Lysates were obtained by lysing cells and tissues (0°C,
30 minutes) in RIPA buffer (Yesen) containing proteinase
and phosphatase inhibitors (Sigma-Aldrich), resolved by
electrophoresis, and transferred to a polyvinylidene fluoride
membrane (BD Biosciences). Blots were probed with pri-
mary antibodies against p53 (anti-p53, 1:500, MA5-14516),
B-cell lymphoma 2 binding component 3 (anti-PUMA,
1:1000, PA5-20007), LIMCH1 (anti-LIMCH1, 1:2000,
PA5-34745), loading control B-actin (anti-p-actin, 1:1500,
PA1-183), and horseradish peroxidase-linked IgG secondary
antibody (1:10,000, G-21234, all from Invitrogen). The
ImageGauge Program (Fuji Film) was used for densitomet-
ric analysis of protein blots.

RNA immunoprecipitation and RNA pull-down
assays

Lysates were prepared by lysing A549 and H460 cells (0°C,
30 minutes) using RNA immunoprecipitation (RIPA) buffer.
For RIP experiments, lysates were incubated with antibody
against Argonaute 2 (anti-Ago2, 1:500, MA5-23515) or
isotype IgG (anti-IgG, 1:1000, 05-4500, all from Invitrogen)
and Protein A/G Magnetic Beads (Thermo Fisher Scientific)
overnight at 4°C. For RNA pull-down experiments, lysates
were incubated with biotinylated circLDB2 probe (WT-
circLDB2 probe), biotinylated circLDB2 mutant probe in
the target region (MUT-circLDB2 probe), or negative con-
trol oligo probe (all from Ribobio) and streptavidin beads
(Invitrogen) overnight at 4°C. In both experiments, bound
RNA was harvested from beads and used for the assessment
of circLDB2 and miR-346 levels.



v | WILEY.

WANG ET AL

Dual-luciferase reporter assay

The segments of circLDB2 (hsa_circ_0069244) and LIMCH]1
3UTR were synthesized by GeneCreate and individually
cloned in the Spel and Mlul sites of the pMIR-REPORT
luciferase vector (Thermo Fisher Scientific), and the
GGCAGAC seed sequence was mutated to CCGUCUG
using the TaKaRa MutanBest Kit (TaKaRa). Each reporter
plasmid (200 ng) and pRL-TK vector (50 ng for normali-
zation, Promega) was cotransfected with Lipofectamine
3000 into A549 and H460 cells in 24-well cell culture dis-
hes (5 x 10* per well), together with either miR-346
mimic or mimic control at 50 nM. Cells were harvested
after 48 hours for assay using the Dual-luciferase reporter
assay system as recommended by the manufacturers
(Promega).

Animal studies

Experiments on mice were carried out in accordance with
the protocols approved by the Animal Care Committee of
the First Affiliated Hospital of Henan University of Tradi-
tional Chinese Medicine. Fifteen 4- to 5-week-old BALB/c
nude mice (Jiangsu ALF Biotechnology) were randomly
assigned to three groups (n = 5 per group): vector, cisplatin
+ vector, and cisplatin + circLDB2. For the xenograft tumor
generation, 2 X 10° vector-infected (n = 10 mice) or cir-
cLDB2-transduced (n =5 mice) A549 cells were injected
subcutaneously into the flanks of the nude mice. For cis-
platin treatment, when these tumors reached an approxi-
mate average volume of 100 mm”, these mice were injected
intraperitoneally by cisplatin (2 mg/kg) or the same amount
of saline twice a week. The volume of the tumor was period-
ically calculated using the equation length x width® x 0.5.
Tumors were harvested from the sacrificial mice at day
28 after cell implantation.

Statistical analysis

All experiments were performed at least three independent
biological replicates. Data were presented as mean +
standard deviation. Statistical analysis was done by the SPSS
18.0 software (SPSS). A Student’s t-test, Mann-Whitney
U test, and analysis of variance (ANOVA) with LSD or
Dunnett’s post hoc test were used according to the type of
experiment, with p < 0.05 considered significant.

RESULTS

CircLDB2 was underexpressed in non-
squamous NSCLC

To search for circRNAs potentially involved in NSCLC
development, we used the online dataset (GSE112214) of

GEO database. Volcano plot showed many differentially
expressed circRNAs in NSCLC tissues compared with nor-
mal controls, and circLDB2 was the greatest differentially
expressed circRNA (Figure 1(a)). The dataset data also rev-
ealed the remarkable downregulation of circLDB2 in
NSCLC samples (Figure 1(b)). We analyzed circLDB2
expression in 53 primary tumors and adjacent non-
cancerous lung tissues from the same patients with non-
squamous NSCLC. As demonstrated by qRT-PCR, cir-
cLDB2 was markedly underexpressed in non-squamous
NSCLC samples compared with normal controls (Figure 1
(c)). Moreover, circLDB2 expression was associated with
tumor, node, and metastasis (INM) stage and lymph node
metastasis of these tumors (Figure 1(d),(e)). In agreement
with tumor samples, non-squamous NSCLC cells (A549,
H23, and H460) exhibited lower levels of circLDB2 com-
pared with normal 16HBE cells (Figure 1(f)). Together,
these results indicated the downregulation of circLDB2 in
non-squamous NSCLC.

Identification of circLDB2

As shown in Figure 2(a), circLDB2 was a 483-nucleotide
long circRNA that was produced by the back-splicing of
exons 2, 3, 4, and 5 of LDB2 mRNA. The back splicing junc-
tion was confirmed by Sanger sequencing (Figure 2(a)). To
address the closed loop structure of circLDB2, we used ran-
dom and oligo(dT)18 primers for reverse transcription
before qRT-PCR analysis. Owing to the depletion of poly(A)
tails on circRNAs, the circLDB2 level was lower in the
oligo(dT)18 primer group than that in the random primer
group (Figure 2(b) and (c)). Using ¢cDNA and genomic
DNA (gDNA) of A549 and H460 cells as templates, cir-
cLDB2 was amplified by the divergent primers on cDNA
rather than gDNA (Figure 2(d)). We performed RNase R
and actinomycin D assays to evaluate the stability of cir-
cLDB2. RNase R results showed that circLDB2, rather than
the corresponding linear LDB2 mRNA (mLDB2), was resis-
tant to RNase R (Figure 2(e),(f)). The incubation of cells
with actinomycin D caused a significant reduction in
mLDB2 level, and circLDB2 expression was not reduced
in the assayed time frame (Figure 2(g),(h)). Furthermore,
subcellular localization assays showed that circLDB2 was
mainly present in the cytoplasm of A549 and H460 cells
(Figure 2(i), (j)). All these results indicated that circLDB2
was a bona fide circular transcript.

Overexpression of circLDB2 repressed cell
proliferation, migration, invasion, and
promoted apoptosis and cisplatin sensitivity
in vitro

To evaluate the functional role of circLDB2 in non-
squamous NSCLC development and chemosensitivity, we
overexpressed circLDB2 using an overexpression lentivirus
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NSCLC samples and adjacent normal tissues using the GEO database (GSE112214). (b) GEO database (GSE112214) showing the underexpression of
circLDB2 in three pairs of NSCLC samples and adjacent normal controls. (c) qRT-PCR analysis of circLDB2 in 53 primary tumors and adjacent
noncancerous lung tissues from the same patients with non-squamous NSCLC. (d) CircLDB2 expression by qRT-PCR analysis in tumor samples distributed
in TNM stage I (n = 15), II (n = 14) and III (n = 24). (e) qQRT-PCR analysis showing the expression of circLDB2 in negative-lymph node metastasis tumors
(n = 27) and positive-lymph node metastasis tumors (n = 26). (f) gRT-PCR analysis showing the underexpression of circLDB2 in A549, H23, and H460

non-squamous NSCLC cells compared with 16HBE cells. *p < 0.05

system in A549 and H460 cells (Figure 2(k),(1)). Remark-
ably, circLDB2 overexpression suppressed cell proliferation
(Figure 3(a),(b)), colony formation (Figure 3(c)), and
enhanced cell apoptosis (Figure 3(d)), as well as impeded cell
migration (Figure 3(e)) and invasion (Figure 3(f)). Moreover,
elevated expression of circLDB2 reduced the IC50 for cis-
platin in the two cell lines, indicating that circLDB2 over-
expression enhanced cisplatin sensitivity (Figure 3(g),(h)).
Additionally, A549 and H460 cells stably expressing
circLDB2 exhibited increased levels of tumor suppressor
protein p53 and pro-apoptotic protein PUMA compared
with negative controls (Figure 3(i),(j)). Taken together, these
results demonstrated that circLDB2 overexpression modu-
lated cell functional behaviors and cisplatin sensitivity
in vitro.

CircLDB2 regulated cell functional behaviors
and cisplatin sensitivity in vitro by
sequestering miR-346

To elucidate the molecular basis underlying the regulation
of circLDB2 in non-squamous NSCLC development and
chemosensitivity, we used computer algorithms to identify
the targeted miRNAs of circLDB2. Intriguingly, a putative

miR-346 binding region within circLDB2 was predicted
by both starBase and circinteractome search programs
(Figure 4(a)). Analysis of miR-346 expression in tumor
samples and cells showed that miR-346 was markedly
overexpressed in non-squamous NSCLC tissues and cell
lines compared with their counterparts (Figure 4(b) and
(c)). MiRNAs silence target mRNAs in the cytoplasm in
the form of miRNA ribonucleoprotein complex (miRNP)
that also contains Ago2, the core component of the
RNA-induced silencing complex (RISC).>? Therefore, we
performed RIP experiments using anti-Ago2 antibody.
The incubation of cell lysates with anti-Ago2 antibody
led to a significant increase in the enrichment levels of
circLDB2 and miR-346 (Figure 4(d),(e)), indicating that
circLDB2 could present in the RISC. Computer algo-
rithms predicted that there were seven binding sites for
miR-346 within circLDB2 (Figure 4(f)). To validate the
validity of the binding sites, we adopted dual-luciferase
reporter assays. Notably, overexpression of miR-346 by
miR-346 mimic transfection (Figure 4(g)) repressed the
luciferase activity of circLDB2 reporter construct
(Figure 4(h),(i)). Mutation of the putative miR-346 bind-
ing sites (Figure 4(f)) in the reporter vector abolished the
suppression of miR-346 (Figure 4(h),(i)). Furthermore,
RNA pull-down assays demonstrated that biotinylated
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circLDB2  probe (WT-circLDB2 probe) remarkably
increased the enrichment level of miR-346, and this effect
was abolished by biotinylated circLDB2 mutant probe in
the target region (MUT-circLDB2 probe) (Figure 4(j),(k)),
indicating that miR-346 could bind to circLDB2 by the
predicted miR-346 target binding sites. All these results
indicated that circLDB2 harbored effective binding sites
for miR-346.

Next, we determined whether circLDB2 modulated non-
squamous NSCLC development and chemosensitivity by
operating as a sponge of miR-346. As expected, the transfec-
tion of miR-346 mimic markedly abolished circLDB2
overexpression-mediated anti-proliferation (Figure 5(a),(b)),
anti-colony formation (Figure 5(c)), pro-apoptosis (Figure 5
(d)), anti-migration (Figure 5(e)), and anti-invasion
(Figure 5(f)) effects. Moreover, overexpression of miR-346
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FIGURE 3 CircLDB2 overexpression regulated cell proliferation, apoptosis, migration, invasion, and cisplatin sensitivity in vitro. A549 and H460 cells
were transduced with negative control lentivirus (vector) or circLDB2 overexpression lentivirus (circLDB2). (a) and (b) CCK-8 assay of proliferation of
transduced cells. (c) Representative images depicting a colony formation assay and colony formation assay of colony formation ability. (d) Representative
images depicting a cell apoptosis assay and cell apoptosis by flow cytometry. (e) Representative images showing a cell migration assay and cell migration by
wound-healing assay. (f) Representative images showing a cell invasion assay and cell invasion by transwell assay. (g) and (h) CCK-8 assay of viability of
transduced cells under cisplatin (various doses) exposure. (i) and (j) representative images depicting a western blot assay and western blot showing the levels

of p53 and PUMA in transduced cells. *p < 0.05

significantly counteracted circLDB2 overexpression-mediated
reduction of the IC50 for cisplatin (Figure 5(g),(h)) and
enhancement of p53 and PUMA levels (Figure 5(i),(j)).

Together, these results strongly established the notion that
circLDB2 regulated non-squamous NSCLC development and
cisplatin sensitivity in vitro through sequestering miR-346.
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analysis of miR-346 in cells transfected with miR-346 mimic or miR-NC mimic. (h) and (i) dual-luciferase reporter assays in A549 and H460 cells with
circLDB2 wild-type (WT-circLDB2) or mutant (MUT-circLDB2) luciferase reporter constructs. (j) and (k) RNA pull-down assays in A549 and H460 cells
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CircLDB2 acted as a ceRNA for miR-346 to
induce LIMCH]1 expression

To identify downstream targets of miR-346, we used
mRNA target-prediction program starBase based on the
presence of binding sites in the 3’UTR. By combining sta-
rBase predicted results and the 100 most significantly
underexpressed genes in cisplatin-resistant A549 cells from
the online dataset (GSE108214) of the GEO database, we
found five targets including LIMCHI1, CUB domain-
containing protein 1 (CDCP1), docking protein 7 (DOK7),
EPS8 like 1 (EPS8L1), and mesothelin (MSLN) (Figure 6
(a)). Interestingly, among these targets, LIMCHI was the
only significantly downregulated gene in lung adenocarci-
noma (LUAD) tissues compared with the controls analyzed
by the GEPIA database (Figure 6(b) and Figure S1). The
data of qQRT-PCR analysis validated the downregulation of
LIMCHI mRNA in non-squamous NSCLC samples

(Figure 6(c)). In line with gqRT-PCR analysis, immunohis-
tochemistry assays showed low LIMCHI1 expression in
non-squamous NSCLC samples compared with normal
controls (Figure 6(d)). Moreover, non-squamous NSCLC
tissues and cells exhibited lower levels of LIMCHI1 protein
and mRNA, respectively, compared with their counterparts
(Figure 6(e) and (f)). Interestingly, the target-prediction
program starBase showed a putative miR-346 binding
sequence in the 3'UTR of LIMCHI mRNA (Figure 6(g)).
To confirm this, we generated 3’UTR wild-type or
mutant-type luciferase reporter constructs and analyzed
them by luciferase activity. Cotransfection of the luciferase
reporter plasmid and miR-346 mimic into the two cell
lines produced lower luciferase activity than cells
cotransfected with miR-NC mimic but mutation of the tar-
get region markedly abrogated the repression of miR-346
(Figure 6(h) and (i)). We tested whether miR-346 could
influence LIMCHI1 expression. The transfection efficiency
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FIGURE 5

CircLDB2 regulated non-squamous NSCLC development and cisplatin sensitivity in vitro by miR-346. Vector-transduced or

circLDB2-infected A549 and H460 cells were transfected with miR-NC mimic or miR-346 mimic. (a) and (b) CCK-8 assay of cell proliferation.

(c) Representative images depicting a colony formation assay. (d) Representative images showing a cell apoptosis assay and flow cytometry for cell apoptosis.
(e) Wound-healing assay of cell migration. (f) Cell invasion by transwell assay. (g) and (h) transfected cells were exposed to various concentrations of
cisplatin, followed by the evaluation of cell viability by CCK-8 assay. (i) and (j) Western blot showing the levels of p53 and PUMA in transfected

cells. *p < 0.05

of anti-miR-346 was gauged by qRT-PCR (Figure 6(j),(k)).
Because wound was expected, endogenous LIMCHI pro-
tein level was reduced by miR-346 overexpression and pro-
moted as a result of miR-346 silencing (Figure 6(1),(m)).
These results together indicated that LIMCH1 was a direct
target of miR-346.

Having demonstrated the function of circLDB2 as a
sponge of miR-346, we wanted to explore whether circLDB2
could modulate LIMCHI1 expression by acting as a ceRNA.
As expected, we observed a clear increase in the level of
endogenous LIMCHI protein in circLDB2-overexpressing
cells, and this effect was significantly abolished by miR-346
upregulation (Figure 6(n),(0)). Taken together, these results

strongly pointed to the role of circLDB2 as a post-
transcriptional regulator of LIMCH1 by sequestering
miR-346.

LIMCHI1 was a functionally important target of
miR-346 in modulating cell functional
behaviors and cisplatin sensitivity in vitro

We further asked whether LIMCHI1 represented a function-
ally downstream target of miR-346 in modulating non-
squamous NSCLC development and chemosensitivity. A
vector harboring shRNA-LIMCH1 (sh-LIMCH1) was used
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FIGURE 6 CircLDB2 modulated LIMCH1 expression by acting as a ceRNA for miR-346. (a) Venn diagram showing the putative targets of miR-346
identified by starbase software and GEO database (GSE108214). (b) the expression of LIMCH1 in LUAD and LUSC tissues compared with the controls
analyzed by the GEPIA database. (c) qRT-PCR analysis of LIMCH1 mRNA in 53 primary tumors and adjacent noncancerous lung tissues from the same
patients with non-squamous NSCLC. (d) Representative images depicting an immunohistochemistry assay of LIMCH1 protein expression in tissue samples.
(e) Representative images depicting a western blot assay and western blot showing LIMCHI1 protein in three pairs of tumor samples and adjacent
noncancerous lung tissues. (f) qRT-PCR analysis showing the expression of LIMCH1 mRNA in 16HBE, A549, and H460 cells. (g) Sequence of miR-346, the
miR-346 binding sites within LIMCH1 3’UTR and the mutant of the target region. (h) and (i) dual-luciferase reporter assays in A549 and H460 cells with
LIMCH1 3’UTR wild-type (WT-LIMCH1 3’UTR) or mutant (MUT-LIMCH1 3’UTR) luciferase reporter constructs. (j) and (k) qRT-PCR analysis of miR-
346 expression in anti-NC- or anti-miR-346-transfected A549 and H460 cells. (I) and (m) Western blot showing the expression of LIMCHI protein in cells
transfected with miR-NC mimic, miR-346 mimic, anti-NGC, or anti-miR-346. (n) and (o) LIMCH1 protein level by western blot in vector-transduced or
circLDB2-transduced cells transfected with miR-NC mimic or miR-346 mimic. *p < 0.05

to reduce the expression of LIMCHI protein in A549 and
H460 cells (Figure 7(a),(b)). Notably, reduced expression of
miR-346 by anti-miR-346 transfection inhibited cell prolifera-
tion (Figure 7(c),(d)), colony formation (Figure 7(e)), and

promoted cell apoptosis (Figure 7(f)), as well as impeded cell
migration (Figure 7(g)) and invasion (Figure 7(h)). Moreover,
miR-346 downregulation decreased the IC50 for cisplatin
(Figure 7(i) and (j)) and elevated the levels of p53 and PUMA
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FIGURE 8 Overexpression of a
circLDB2 promoted the antitumor
effect of cisplatin in vivo. The
xenograft tumors were generated by
subcutaneous injection of vector-
transduced or circLDB2-transduced
A549 cells (2 x 10° per mouse,

n = 5 per group), and cisplatin
treatment was performed twice a
week by intraperitoneal injection.
Mice were terminated at day 28 after
cell implantation. (a) Representative
images of the xenograft tumors.
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(Figure 7(k),(1)) in both cell lines. More importantly, the
cotransfection of sh-LIMCH1 remarkably abrogated these
effects of miR-346 downregulation (Figure 7(c)-(1)). These
results together suggested that LIMCH]1 was a functional tar-
get of miR-346.

Overexpression of circLDB2 promoted the
antitumor effect of cisplatin in vivo

To determine whether circLDB2 could influence the anti-
tumor effect of cisplatin in vivo, we implanted A549 cells sta-
bly expressing circLDB2 or a scrambled control sequence
(vector) into the nude mice by subcutaneous injection and
administered the mice with cisplatin. As shown in Figure 8
(a)-(c), cisplatin treatment produced significantly smaller
tumors than untreated controls, and circLDB2-overexpressing
A549 cells produced remarkably smaller tumors than the same
cells transduced with negative control under cisplatin treat-
ment. The data of western blot showed that cisplatin treat-
ment promoted the levels of LIMCHI, p53, and PUMA
proteins in vector-transduced xenograft tumors, and simulta-
neous circLDB2 overexpression and cisplatin treatment led to
a more significant increase in the levels of LIMCHI, p53, and
PUMA proteins in the xenograft tumors (Figure 8(d)). All
these results indicated that circLDB2 overexpression enhanced
the antitumor effect of cisplatin in vivo.

DISCUSSION

The ceRNA hypothesis proposes that circRNAs might be
crucial post-transcriptional modulators of gene expression
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via competing for binding to shared miRNAs.” Numerous

studies have recently documented the implications of func-
tional ceRNA regulation in cancer.”* Here, we report for the
first time the functional effect of circLDB2 as a new modula-
tor of non-squamous NSCLC development and cisplatin
sensitivity. Our findings identify a novel circLDB2-mediated
ceRNA network in non-squamous NSCLC.

MiR-346 has been established as a potent oncomir in
renal cell carcinoma, cervical cancer, and nasopharyngeal
carcinoma.”*"*® Moreover, miR-346 was shown to promote
breast cancer cell resistance to docetaxel.”” Conversely, miR-
346 was uncovered to impede the progression of glioma and
colorectal cancer.”®* These contradictory findings might
be, in part, because of the different types of tumors in these
reports. Our results first tied in the regulation of circLDB2
in non-squamous NSCLC development and cisplatin sensi-
tivity via sponging miR-346, which was identified as an
oncomir in NSCLC."®

LIMCH], a protein responsible for actin cytoskeleton
remodeling, has been identified as a suppressor of cell
migration via the regulation of nonmuscle myosin IL*
Underexpression of LIMCH1 was discovered to be a poten-
tial biomarker of the prognosis of LUAD patients.'®"!
Moreover, recent work demonstrated the suppressive effect
of LIMCHI on lung cancer.'” Our findings first showed that
LIMCH1 was a direct and functional target of miR-346. We
pointed to the ceRNA role of circLDB2 for miR-346 to
induce LIMCH1 expression. Consistent with the previous
report that LIMCHI impeded the development of lung can-
cer by upregulating tumor suppressor p53 and pro-apoptotic
protein PUMA,"” we uncovered the regulation of the cir-
cLDB2/miR-346/LIMCH1 ceRNA network on p53 and
PUMA expression. These findings suggested that circLDB2
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controlled non-squamous NSCLC cell proliferation and apo-
ptosis partially through the miR-346/LIMCH1/p53/PUMA
network.

Cisplatin-based chemotherapy is considered the standard
treatment for patients with non-squamous NSCLC.>* How-
ever, chemotherapy resistance has become a major obstacle
for successful treatment of patients with non-squamous
NSCLC.>** In vivo assays showed that circLDB2 over-
expression could promote the antitumor effect of cisplatin.
With these results, we envision that circLDB2 is a starting
point for the improvement of chemotherapy for non-
squamous NSCLC. The investigation of the precise actions of
the novel ceRNA network in vivo using animal models is lac-
king at present, which will be performed in further work.

In summary, the current demonstration of previously
uncharacterized biological actions of circLDB2, with the
ability to modulate non-squamous NSCLC development
and cisplatin sensitivity, pointed to its ceRNA function in
non-squamous NSCLC.
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