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Abstract: Non-small cell lung cancer (NSCLC) is a severe cancer which critically threatens human health in the world.
Circular RNAs (circRNAs) are non-coding RNAs that involve in cancer progression. We want to explore the roles of cir-
cRNAs in NSCLC in this study. In current study, circGLIS3 was found to be highly expressed in NSCLC tissues and cell
lines and high circGLIS3 level was correlated to malignant characteristics and poor prognosis of NSCLC. Functional
experiments suggested that circGLIS3 promoted proliferation, migration and invasion and arrested apoptosis of
NSCLC cells in vitro. CircGLIS3 also participated in the in vivo process by accelerate NSCLC tumor growth and
metastasis. Mechanistically, circGLIS3 could sponging multiple anti-cancer miRNAs including miR-526b, miR-198,
miR-498 and miR-664a. Here, we for the first time confirmed that miR-644a was downregulated and functioned
as a tumor suppression gene in NSCLC. In addition, we found PTBP1 as a novel target of miR-644a and circGLIS3
could raise the expression of PTBP1 via miR-644a. And PTBP1 could bind to the flanking introns of circGLIS3 and
thereby promoting looping of circGLIS3. In conclusion, CircGLIS3 functions as an oncogene via sponging multiple
tumor-suppressive miRNAs in NSCLC. A circGLIS3/miR-644a/PTBP1 positive feedback loop exists in the tumorigen-

esis and development of NSCLC.
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Introduction

Lung cancer is the leading cause of cancer-
related deaths worldwide and non-small cell
lung cancer (NSCLC) accounts for up to 85%
of all lung cancer cases [1, 2]. Although great
progresses have been achieved in the diagno-
sis and treatments for NSCLC, the 5-year over-
all survival rate of NSCLC patients still remains
low [3]. Many molecules have been discovered
to involve in the malignant process of NSCLC
which jointly cause poor prognosis of NSCLC
[4]. Therefore, it is of clinical significance to
understand the roles and mechanisms of these
molecules for designing effective therapeutic
targets.

Circular RNAs (circRNAs), a novel class of non-
coding RNA, are marked by its covalently closed
loop without 5’ to 3’ polarity or polyadenylated
tail [5]. Increasing evidences have demonstrat-
ed that circRNAs are differentially expressed in

various diseases and play important roles in
the progression of these diseases, especially
cancers [6, 7]. Recently, multiple circRNAs have
been uncovered to be involved in the tumori-
genesis of NSCLC, indicating that circRNAs are
novel molecular regulators in NSCLC [8-10].
However, the roles of most circRNAs in NSCLC
remains unclear and require further explora-
tions.

Here, we identified a significantly up-regulat-
ed circRNA, circGLIS3 (hsa_circ_0004221), in
NSCLC from the human circular RNA microar-
ray data of a published study [11]. CircGLIS3
was derived from the exons 5, 6, 7 and 8 of
the GLIS3 gene. Previous studies have shown
that GLIS3 gene are closely related to the
occurrence and progression of a variety of
human cancers [12-14]. However, the roles and
mechanisms of circGLIS3 in cancers have not
been reported. Then, we intended to verify the
expressions of circGLIS3 in NSCLC tissues and
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Table 1. Correlation between the clinical data of NSCLC patients with circGLIS3 or miR-644a expres-

sion
Clinical data N 0|r(r>1(i3;_r153 C|rc|(j\I;IIS3 p mlli‘—i234a mlFi;)(SV:Ma p
Gender

Male 48 23 25 27 21

Female 32 17 15 0.648 13 19 0.171
Age

<65y 53 26 27 29 24

=265y 27 14 13 0.813 11 16 0.237
Tumor size

<3cm 46 16 30 27 19

>3cm 34 24 10 0.002 13 21 0.070
Lymph node metastasis

No 56 21 35 33 23

Yes 24 19 5 0.001 7 17 0.015
Differentiation

Well 31 18 13 14 17

Moderate/Poor 49 22 27 0.251 26 23 0.491
TNM stage

-1l 55 21 34 32 23

I-1v 25 19 6 0.002 8 17 0.030

Low and High expression group were divided according to the median of relative RNA expressions; data were analyzed by Chi-

square test.

cell lines and investigate the biological func-
tions and mechanisms in vitro and in vivo in
NSCLC.

Materials and methods
Tissue samples

A total of 80 human NSCLC tissues and 80
paired adjacent normal lung tissues were col-
lected from NSCLC patients who underwent
surgical resection at the Tongji Hospital of
Tongji University. None of the patients receiv-
ed radiochemotherapy before surgery. Written
informed consents were signed by all the
patients and this study was approved by the
ethics committee of Tongji Hospital of Tongji
University. The clinical features of the patients
are shown in Table 1.

Cell culture and transfection

NSCLC cell lines, including A549, PC-9, H1299,
H460, H1650, and human bronchial epithelial
cells (HBE) were all obtained from the type
Culture Collection of Chinese Academy of Sci-
ences (Shanghai, China) and cultured in RPMI
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1640 medium (HyClone, Utah, USA) supple-
mented with 10% fetal bovine serum (FBS) at
37°C in a humidified atmosphere with 5%
CO,. Plasmids and oligonucleotides transfec-
tion was performed using Lipofectamine 3000
(Invitrogen, CA, USA). CircGLIS3 overexpres-
sion plasmids were constructed by inserting
the sequence into a pcDNA3.1 (+) CircRNA
Mini vector (Addgene, MA, USA). The target
sequences of circGLIS3 shRNAs were present-
ed in Table 2.

RNA preparation and quantitative real-time
PCR (qRT-PCR)

TRIzol (Invitrogen) was used to extract total
RNAs from NSCLC tissues and cell lines. Nu-
clear and cytoplasmic RNAs were separated
using PARIS Kit (Invitrogen). RNAs were reverse
transcribed by a Prime Script RT Master Mix
(Takara, Dalian, China) and analyzed by qPCR
assays with SYBR Green PCR Kit (Takara).
miRNAs expressions were detected using
Hairpin-itTM Quantitation PCR Kit (GenePhar-
ma, Shanghai, China). GAPDH and U6 were
selected as internal control. RNA expressions
were quantified by the 222¢t method. The back-
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Table 2. Oligonucleotides sequences used in this study

fected into A549 cells. To as-

Oligonucleotides Sequence (5’-3)

sess tumor growth, the cells

Target site of circGLIS3 shRNA#1 ACGCAGGAGCUGAGAGUUUGA
Target site of circGLIS3 shRNA#2 AGGAGCUGAGAGUUUGAAGGU
Target site of circGLIS3 shRNA#3 GGAGCUGAGAGUUUGAAGGUU

(1x108, 100 uL) were subcuta-
neously injected into five male
BALB/c mice (6 weeks). After
two weeks, tumors were re-

circGLIS3 primers Forward: CAGGAGCTGAGAGTTTGAAGGT sected and tumor sizes were
Reverse: CGGATGCTGGCACAAATACG measured to calculate the tu-
linear-GLIS3 primers Forward: TCAAGCCGAAGTGGAACAGC mor volumes. To assess tumor
Reverse: TGGAGGTAACTGGGAGGAGG migration, cells (3x10° cells)
GAPDH primers Forward: CAATGACCCCTTCATTGACC were intravenously injected in-
Reverse: TTGATTTTGGAGGGATCTCG to the tail vein of five male
divergent-GAPDH primers Forward: GAAGGTGAAGGTCGAGTC BALB/c mice. After 40 days,

Reverse: GAAGATGGTGATGGGATTTC

the mice were sacrificed and

splicing junction site in the PCR products was
validated by Sanger sequencing. The existence
of circGLIS3 was validated in A549 and H1299
cell lines by RT-PCR conducted with divergent
primers. The primers were presented in Table
2.

RNA fluorescence in situ hybridization (RNA-
FISH)

RNA-FISH assay was conducted using a FISH
Tag™ RNA Green Kit (Thermo Scientific, MA,
USA) and a biotin-labeled probes specific to cir-
cGLIS3 back-splice region. Cell nucleus were
counterstained with 4,6-diamidino-2-phenylin-
dole (DAPI). The images were captured with a
confocal microscope (Olympus, Tokyo, Japan).

In vitro proliferation, apoptosis, migration and
invasion assays

Cell proliferation was assessed using a EdU
Cell Proliferation Assay (Sigma-Aldrich, MO,
USA) and the EdU positive rates represented
the relative proliferation ability of cells. Cell
apoptosis rates were detected using Annexin
V-FITC/PI Apoptosis Kit (Abnova, Taipei, Tai-
wan) and flow cytometry. Cell migration capa-
city was evaluated by a wound-healing assay
and the would-healing rate was used to evalu-
ate cell migration ability. Cell invasion capabili-
ty was measured by a transwell assay and the
stained cells invading through the membrane
represented the relative invasion capability of
cells.

In vivo xenograft assays

The circGLIS3 shRNA#1 or pri-miR-644a was
packed by a lentiviral vector and stably trans-
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their lungs were subjected to
H&E staining to identify meta-
static lesions. This animal study was approved
by the ethics committee of Tongji Hospital of
Tongji University.

RNA pull-down assay

For the circRNA-miRNA interaction, RNA pull-
down assay was performed using the biotin-
labeled probes specific to circGLIS3 back-
splice region and streptavidin magnetic beads
(Life Technologies, CA, USA). The pulled-down
materials were then subjected to Trizol re-
agent to isolate RNAs. The abundances of pre-
dicted miRNAs were analyzed by gRT-PCR as-
say.

For the RNA binding protein (RBP)-intron inter-
action, the introns RNAs were obtained using
in vitro transcription by T7 RNA polymerase
(Ambion Life, MA, USA) and purified by RNeasy
Plus Mini Kit (QIAGEN, CA, USA). The RNAs
were biotin-labeled using Biotin RNA Labeling
Mix (Ambion Life). Then, the biotin-labeled
RNAs and Streptavidin magnetic beads (Life
Technologies) were used to conduct the pull-
down assays. The proteins pulled-down were
analyzed by western blot assay.

Dual-luciferase reporter assay

The sequence of circGLIS3 or PTBP1 3'UTR
containing miRNAs binding sites, including
wild-type and mutant-type, were synthesized
and inserted into a pmirGLO vector (Promega,
WI, USA). The luciferase reporters were co-
transfected with miRNA mimics into A549 cells
for 48 hours. The luciferase activities were te-
sted using a dual-luciferase reporter assay sys-
tem (Promega).
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Western blot assay

Total protein was extracted from cells using
RIPA Lysis Buffer. Proteins were separated by
SDS-PAGE gel and transferred onto a PVDF
membrane. The membrane was incubated wi-
th primary antibodies (anti-PTBP1, ab30317
and anti-GAPDH, ab8245, Abcam, MA, USA)
and HRP-labeled secondary antibody. Images
were detected using an enhanced chemilumi-
nescence (ECL) substrate kit (Invitrogen).

Immunofluorescence

Cells were fixed with 4% paraformaldehyde and
incubated with anti-PTBP1 antibody (ab30317,
Abcam) overnight at 4°C. Then, cells were incu-
bated with mouse anti-goat 1gG/FITC antibody
for 2 h at room temperature. Cell nucleus we-
re counterstained with DAPI. The images were
captured with a confocal microscope (Olympus).

Statistical analyses

Statistical analyses were performed with SPSS
19.0 software (SPSS, IL, USA). Data are pre-
sented as the mean + standard deviation (SD).
The Chi-square test or Pearson’s Correlation
analysis was used to analyze the correlations.
Student’s t test or one-way analysis of varian-
ce was applied to assess comparison across
groups. P-value < 0.05 was considered statisti-
cally significant.

Results
Identification of circGLIS3 in NSCLC

First, we identified that circGLIS3 was originat-
ed from exons 5, 6, 7 and 8 of the GLIS3 ge-
ne (Figure 1A). Then, divergent primers were
designed to detect circGLIS3 and PCR assays
displayed that divergent primers only amplified
circGLIS3 in cDNA but not in genomic DNA
(gDNA), while convergent primers amplified the
linear GLIS3 in both cDNA and gDNA (Figure
1B). The back-splicing junction site of exon 8
toward exon 5 in PCR products generated wi-
th divergent primers was also verified by the
Sanger sequencing (Figure 1C). To explore the
circGLIS3 expression in NSCLC, qRT-PCR assay
and divergent primers were applied to measu-
re its expression in NSCLC tissues and cell
lines. The results showed that circGLIS3 was
highly expressed in NSCLC tissues and cell
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lines (Figure 1D and 1E). We also found that
high circGLIS3 level was correlated with larger
tumor size, lymphatic metastasis, later TNM
stage (Table 1) and shorter overall survival ti-
me (Figure 1F) of NSCLC patients.

CircGLIS3 promotes NSCLC progression in vi-
tro and in vivo

To explore the biological functions of circGLIS3
in NSCLC, circGLIS3 expression plasmids were
transfected into H1299 cells (Figure 2A) and
circGLIS3 shRNAs were transfected into A549
cells (Figure 2B). Then, EdU assays suggest-
ed that overexpression of circGLIS3 promoted
proliferation of H1299 cells and silencing of
circGLIS3 inhibited proliferation of A549 cells
(Figure 2C and 2D). Cell apoptosis assays
showed that overexpression of circGLIS3 pro-
tected H1299 cells from apoptosis and silen-
cing of circGLIS3 accelerated apoptosis of
A549 cells (Figure 2E and 2F). Accordingly,
would-healing assays (Figure 2G and 2H) and
transwell assays (Figure 2l and 2J) uncovered
that circGLIS3 facilitated migration and inva-
sion of NSCLC cells. In vivo xenograft assays
further validated that tumor growth and metas-
tasis was stagnated after knockdown of circG-
LIS3 (Figure 2K and 2L). These data all toge-
ther demonstrated that circGLIS3 promotes
NSCLC progression in vitro and in vivo.

CircGLIS3 functions as a sponge for multiple
miRNAs in NSCLC cells

Before investigating the mechanisms of circG-
LIS3 in regulating NSCLC progression, we iden-
tified that circGLIS3 was located in both cyto-
plasm and nucleus of H1299 and A549 cells
via FISH assay (Figure 3A) and gRT-PCR (Figu-
re 3B). Because circGLIS3 is abundant in the
cytoplasm, we then examined the role of circG-
LIS3 in serving as a miRNA sponge. By carrying
out RNA pull-down assays, we found miR-644a,
miR-526b, miR-198 and miR-498 might bind
to circGLIS3 (Figure 3C). These miRNAs were
verified because they rank the highest scores
in binding to circGLIS3 predicted by circular
RNA interactome database (https://circinterac-
tome.nia.nih.gov) and showed a tight binding
motif of 8mer-1a or 7Tmer-m8 (Figure 3D). Sub-
sequently, these specific binding sites were
confirmed by dual-luciferase reporter assays
(Figure 3E-H). We also presented that miR-
644a, the same as circGLIS3, was mainly locat-
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Figure 1. Identification of circGLIS3 in NSCLC. A. Schematic diagram showing the origination of circGLIS3. B. circGLIS3 was amplified by divergent primers only in
cDNA but not in gDNA. C. The PCR products were validated by sanger sequencing. D. Comparison of circGLIS3 expression in NSCLC tissues and normal lung tis-
sues. E. Comparison of circGLIS3 expression in NSCLC cell lines and human bronchial epithelial cells. F. Overall survival of NSCLC patients was performed using the
Kaplan-Meier method and log-rank test. Data were represented as the mean + SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2. CircGLIS3 promotes NSCLC progression in vitro and in vivo. H1299 cells were transfected with circGLIS3 expression plasmids and A549 cells were trans-
fected with circGLIS3 shRNAs. A, B. circGLIS3 overexpression or silence efficiency was validated by gqRT-PCR. C, D. EdU assays were used to assess the proliferation
of NSCLC cells; scale bar represents 100 um. E, F. Flow cytometry assays were applied to detect the apoptosis of NSCLC cells. G, H. Wound-healing assays were
carried out to estimate the migration of NSCLC cells; scale bar represents 250 um. |, J. Transwell assays were performed to appraise the invasion of NSCLC cells;
scale bar represents 100 pym. K, L. Xenograft assays assessing the effect of circGLIS3 knockdown on tumor growth and metastasis in vivo. Data were represented

asthe mean +SD,n =3, *P < 0.05, **P < 0.01.
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ed in the cytoplasm (Figure 3I), which was not tion with circGLIS3, but also important basis for
only the cellular biological basis for its interac- binding to target mRNAs. These results sug-
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gested that circGLIS3 functions as a sponge for
these miRNAs in NSCLC cells.

MiR-644 is downregulated and functions as a
tumor suppression gene in NSCLC

Among the target miRNAs of circGLIS3, miR-
526b [15], miR-198 [16] and miR-498 [17]
have been reported to be tumor suppression
genes in NSCLC, while the roles of miR-644a
in NSCLC remains unclear. So, we researched
the expressions and functions of miR-644 in
NSCLC. We observed that miR-644a expres-
sions were significantly upregulated in NSCLC
tissues and cell lines (Figure 4A and 4B). The
low expression of miR-644a was found to cor-
related with TNM stage, lymph node metasta-
sis (Table 1) and low overall survival rate (Fi-
gure 4C). Functional investigations revealed
that overexpression of miR-644a restrained
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proliferation, migration and invasion and expe-
dited apoptosis in A549 cells (Figure 4D, 4F,
4H and 4J). Accordingly, silence of miR-644a
relieved proliferation, migration and invasion
inhibition and arrested apoptosis in A549 cells
(Figure 4E, 4G, 4l and 4K). In vivo xenograft
assays showed that tumor growth and metas-
tasis was stagnated after overexpression of
miR-644a (Figure 4L and 4M). So, we conclu-
ded that miR-644a was also a tumor suppres-
sion gene in NSCLC and circGLIS3 exerted its
carcinogenic effects via sponging these carci-
nostatic miRNAs.

PTBP1 is a target of miR-644a and can be me-
diated by circGLIS3

Through mircoRNA.org, we identified PTBP1
which serves as an oncogene in many can-
cers including lung cancer [18-20] as a target
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20 pm. D. Diagram showing the binding motif of PTBP1 with intron 4 and intron 8 of GLIS3 pre-mRNA. E, F. The
binding of PTBP1 with intron 4 and intron 8 of GLIS3 pre-mRNA were verified by RNA pull-down assays. G. Diagram
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cells and the expressions of circGLIS3 were detected by qRT-PCR. I. The vectors were transfected into A549 cells
together with PTBP1 expression plasmid and the expressions of circGLIS3 were detected by gRT-PCR. J. Comparison
of the upregulation times of circGLIS3 induced by PTBP1 after A549 cells were transfected with different vectors. K.
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of miR-644a (Figure 5A). Then, a dual-lucifer- PTBP1 facilitates circularization of circGLIS3

ase reporter assay was carried out to verify the

binding site (Figure 5B). Additionally, western
blot assay showed that overexpressing miR-
644a in Ab49 cells decreased the protein le-
vel of PTBP1 (Figure 5C) and silencing miR-
644a in H1299 cells raised the protein level of
PTBP1 (Figure 5D). These data indicated that
PTBP1 was a target of miR-644a. In addition,
we corroborated that circGLIS3 could raise the
expression of PTBP1 via miR-644a (Figure 5E
and 5F).
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Here, we also found that PTBP1 could upregu-
lated the expression of circGLIS3 (Figure 6A
and 6B). PTBP1 is able to bind to the polypy-
rimidine tract of pre-mRNA introns and may
promote RNA looping [21]. We also demon-
strated that PTBP1 was mainly present in the
nucleus of NSCLC cells, which was the indis-
pensable basis for exerting pre-mRNA splicing
function (Figure 6C). Here, we found that the
intron 4 and intron 8 of GLIS3 pre-mRNA con-
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Figure 7. Schematic diagram representing circGLIS3/miR-644a/PTBP1 pos-

itive feedback loop in NSCLC development.

tains many PTBP1 binding sites using star-
Base database (http://starbase.sysu.edu.cn),
so we intended to explore how PTBP1 partici-
pated in the biogenesis of circGLIS3. To verify
these interactions, we performed RNA pull-
down assays and observed that PTBP1 could
be pulled-down by both intron 4 and intron 8
(Figure 6D-F). Then, we constructed several
vectors (Figure 6G) and transfected them into
A549 cells and detected the levels of circGLIS3
by qRT-PCR. The significantly overexpressed
circGLIS3 level was detected in cells transfect-
ed with vectors containing intron 4 and intron
8 (Figure 6H), which implying that the flanking
introns participated in the looping of circGLIS3.
In addition, A549 cells were transfected with
vectors in Figure 6F as well as PTBP1 overex-
pression plasmids. CircGLIS3 expressions we-
re observed upregulated in each group (Figure
6l) and the upregulation times of circGLIS3
induced by PTBP1 were then compared. Only
cells transfected with vectors containing intron
4 and intron 8 showed higher upregulation ti-
mes of circGLIS3 than the control group (Fi-
gure 6J), which indicating that the flanking
introns were essential for the circGLIS3 upre-
gulation induce by PTBP1. What's more, we
exhibited that PTBP1 mRNA level was increas-
ed in NSCLC tissues (Figure 6K) and positively
correlated to circGLIS3 expression (Figure 6L).
These results demonstrated that PTBP1 facili-
tated circGLIS3 expression by binding to the
flanking introns and thereby promoting circu-
larization of circGLIS3. In all, we summed up a
circGLIS3/miR-644a/PTBP1 positive feedback
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miRNA sponge

loop in NSCLC development
(Figure 7).

Discussion

Nowadays, more and more
non-coding RNAs have been
revealed to be regulators in
the tumorigenesis and devel-
opment of NSCLC. Herein, we
identified a novel circular RNA
circGLIS3 and a new miRNA
miR-644a differentially expre-
ssed in NSCLC. Furthermore,
we studied the clinical signifi-
cances, biological functions
and mechanisms of circGLIS3
and miR-644a in NSCLC pro-
gression.

First, the highly expressed circGLIS3 was dem-
onstrated to associate with malignant charac-
teristics and poor prognosis of NSCLC, which
signifying that it might be a potential biomar-
ker for NSCLC. Afterwards, we revealed that cir-
cGLIS3 enhanced NSCLC cellular progression
by promoting proliferation, migration and inva-
sion and by preventing apoptosis in vitro. Circ-
GLIS3 also participated in the in vivo process
by accelerate NSCLC tumor growth. Thus, we
consider circGLIS3 as an oncogene to play a
crucial oncogenic role in NSCLC. In terms of
mechanism, we uncover that circGLIS3 could
elaborate its functions via sponging multiple
anti-cancer miRNAs including miR-526b, miR-
198, miR-498 and miR-664a (which was also
proved to be an anti-cancer miRNA subsequ-
ently). In summary, circGLIS3 facilitates NSCLC
progression by sponging multiple anti-cancer
mMiRNAs.

Up until now, miR-644a has been confirmed to
be a tumor suppression gene in some cancers
such as castration-resistant prostate cancer
[22], hepatocellular carcinoma [23], osteosar-
coma [24], gastric cancer [25], breast cancer
[26] and esophageal squamous cell carcinoma
[27]. However, the expression and roles of miR-
644a in NSCLC is still unclear. In this study,
miR-644a was found to be downregulated in
NSCLC and played an anticarcinogenic func-
tion. PTBP1 was identified as a novel target of
miR-644a, and its expression can be thereby
mediated by circGLIS3. PTBP1 has been report-
ed as an oncogene in many cancers including
lung cancer [18-20], hence, we suppose that
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circGLIS3 and miR-644a may involve in NSCLC
progression via regulating PTBP1.

PTBP1 is a RNA binding protein which plays a
role in pre-mRNA splicing. It can bind to the
polypyrimidine tract of pre-mRNA introns and
may promote RNA looping [21]. A recent study
reported that PTBP1 could induce the bio-
synthesis of circRNA_001160 [28]. Here, we
showed that PTBP1 could promoted circGLIS3
expression in NSCLC cells. The mechanism is
PTBP1 binding to the flanking introns of circG-
LIS3 and thereby promoting looping of circG-
LIS3. There are also some studies report that
RNA binding proteins promote circRNA cycliza-
tion in the same manner, thus promoting the
expression of the circRNAs [29-31]. Since circ-
GLIS3 can raise the expression of PTBP1, we
displayed a circGLIS3/miR-644a/PTBP1 posi-
tive feedback loop involved in the NSCLC de-
velopment.

In conclusion, our findings reveal that circGLIS3
functions as an oncogene via sponging multiple
tumor-suppressive miRNAs in NSCLC. A circG-
LIS3/miR-644a/PTBP1 positive feedback loop
exists in the tumorigenesis and development of
NSCLC.
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