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Abstract
Circular RNAs (circRNAs) are involved in the regulation of many pathophysiological processes as non-coding RNAs. This
study focuses on the role of circRACGAP1 in the development of non-small cell lung cancer (NSCLC). Expression patterns
of circRACGAP1 and miR-144-5p in NSCLC tissues and cell lines were quantified by qRT-PCR analysis. Then, the
function of circRACGAP1 on cell proliferation and tumorigenesis were confirmed in vitro and in vivo using CCK-8 assay,
colony formation, EdU incorporation, and xenograft technique. The regulation of circRACGAP1 on Gefitinib resistance of
NSCLC cells was evaluated by flow cytometry. The regulatory network of circRACGAP1/miR-144-5p/CDKL1 was verified
by luciferase reporter assay and RNA pull-down. Western blotting analysis was performed to assess the biomarkers of cell
cycle and apoptosis-associated proteins. CircRACGAP1 was highly expressed and miR-144-5p was inhibited both in
NSCLC tissues and cell lines, suggesting their negative correlation in NSCLC. Knockdown of circRACGAP1 suppressed
cell proliferation via arresting the cell cycle. miR-144-5p was identified as a downstream target to reverse circRACGAP1-
mediated cell proliferation. miR-144-5p directly targeted the 3′-UTR of CDKL1 to regulate cell cycle of NSCLC cells.
circRACGAP1 knockdown dramatically inhibited the tumor growth and enhanced the sensitivity of NSCLC to Gefitinib
in vitro and in vivo. In summary, our study revealed a novel machinery of circRACGAP1/miR-144-5p/CDKL1 for the
NSCLC tumorigenesis and development, providing potential diagnostic and therapeutic targets for NSCLC.

Introduction

Non-small cell lung cancer (NSCLC), as the most common
type of lung cancer, causes the leading death worldwide
[1–3]. Even the diagnostic and therapeutic strategies for
NSCLC have been developed in recent years, the overall
5-year survival rate for NSCLC remains low and most of
the NSCLC patients are identified at an advanced stage with
metastasis [4–6]. Therefore, it is urgent and important to

explore the molecular mechanisms related to the patho-
genesis of NSCLC, which may provide new biomarkers
and/or therapeutic targets to further improve the outcome of
NSCLC treatment.

As a class of newly recognized functional non-coding
RNAs (ncRNAs), circular RNAs (circRNAs) attracted sig-
nificant attention in the last decades [7]. CircRNAs are
generated from the back-splicing of precursor mRNA (pre-
mRNA), from which a covalently closed loop structure was
formed without termination of 5′ cap and 3′ poly (A) tails
[8, 9]. Due to the unique structure, circRNAs are more
stable and abundant in human cells than the linear RNAs.
Several studies show that circRNAs are participating in
several physiological and pathological processes, such as
cancer development [10]. In most cases, circRNAs has a
sponge effect to competitively bind with miRNA, recover-
ing the regulation of the miRNA to its targeting mRNA
[11]. On the other hand, circRNAs can directly control the
target gene transcription by interacting with RNA-binding
proteins (RNPs) [12]. In lung cancer, emerging studies have
been conducted to investigate the roles of circRNAs on the
cancer pathogenesis. For example, circ_0016760 was found
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as a therapeutic target to promote the cell proliferation,
migration in vitro and in vivo [13]. Ma et al. discovered that
has_circ_0020123 served as an oncogene to promote the
development of NSCLC by suppressing miR-144 [14].
However, only a few circRNAs have been recognized as
regulators in NSCLC so far, such as circ_0007382,
circ_0014130, and cir_0013958 [15–17]. Therefore, the
potential roles of novel circRNAs in NSCLC still need
further investigation.

Recently, microarray analysis demonstrated that has_-
circRNA_101053 was significantly upregulated in the
NSCLC tissues and cells compared with the adjacent
normal tissues and cells. Has_circRNA_101053, which
was also designated as circRACGAP1, was generated
from the exon of RACGAP1 gene. RACGAP1 was
overexpressed in NSCLC tissues, and knockdown of the
RACGAP1 could block the cells in G1 phase, inducing
cell death ultimately [18]. In a previous work, miR-144-5p
was found to regulate the development of colorectal can-
cer through regulating cyclin-dependent kinase-like pro-
tein 1 (CDKL1). CDKL1 was an important member of cell
division cycle gene 2-related serine/threonine protein
kinase family, whose abnormal expression dysregulated
cell cycle in malignant tumors [19]. However, the exact
role of circRACGAP1 in the development of NSCLC
remains elusive. Therefore, we proposed that cir-
cRACGAP1 might regulate the development of NSCLC
through regulating miR-144-5p/CDKL1 signaling path-
way, which might provide a potential diagnostic and
therapeutic target for NSCLC.

Materials and methods

Cell lines and clinical sample

Five NSCLC cell lines, including A549, Calu-3, H1299,
H1975, and PC-9, were cultured with RPMI 1640 media
supplemented with 10% fetal bovine serum (FBS), 100 U/
ml penicillin, and 100 μg/ml streptomycin (Invitrogen,
Carlsbad, CA, USA). The normal cell of human bronchial
epithelial cell line (16HBE) was incubated in DMEM
medium with 10% FBS, 100 U/ml penicillin, and 100 μg/ml
streptomycin (Invitrogen, Carlsbad, CA, USA). These cell
lines were purchased from the Institute of Biochemistry and
Cell Biology of the Chinese Academy of Sciences
(Shanghai, China), and had been authenticated before use.
Cells were tested without contamination with mycoplasma.
Cells were cultured in a humidified 5% CO2 atmosphere at
37 °C.

NSCLC and normal tissues were collected from 30
patients with their signed statement of informed consent. No
patients were treated prior to the surgery. The tissues

specimens were stored at −80 °C in liquid nitrogen before
usage. This study was approved by the Ethics Committee of
the Second Xiangya Hospital of Central South University.

Plasmid and transfection

shRNAs for circRACGAP1 and miR-144-5p mimic/inhi-
bitor were obtained from GenePharma (Shanghai, China).
Lipofectamine 3000 transfection reagent (Invitrogen) was
utilized to mediate these plasmids and RNA oligonucleo-
tides transfect into the NSCLC cells, according to the
manufacturer’s instructions.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA was obtained from 30 NSCLC samples and
adjacent normal tissues using the RNA-Pure kit (Tiangen,
Beijing, China). Before reverse transcription of target
circRNAs RNA, it was treated with RNAse R (Epicentre,
Madison, WI) 30 min at 37 °C. RT-PCR was conducted
using GoTaq@qPCR Master Mix (Promega) using SYBR
Green (Invitrogen, Carlsbad, CA), which was performed
on the StepOne Realtime PCR System (Applied Biosys-
tems, Foster City, CA). The relative gene expression was
determined and normalized to GAPDH by the 2−ΔΔct

method. The primers used in the study were shown in
Table 1.

Western blotting assay

In order to collect proteins from the tissues and cells, a NP-
40 buffer (1.0% NP-40, 150 mM sodium chloride, 0.1%
sodium dodecyl sulfate, 0.5% sodium deoxycholate,
50 mM Tris, pH 8.0) supplemented with 1 mM phe-
nylmethylsulfonyl was introduced. Then, the protein lysates
were separated on sodium dodecyl sulfate-polyacrylamide
gel, followed by transferring to polyvinylidene difluoride
membranes, which was blocked with 2% bovine serum

Table 1 The primers in qRT-PCR.

Circ_RACGAP1 Forward: 5′-GACCATGAGCTGGGGAAATA-3′

Reverse: 5′-CAGCTGAATCTGTCGTTCCA-3′

miR-144-5p Forward: 5′-CGGGCGATATCATCATATACTG -3′

Reverse: 5′-GTGCAGGGTCCGAGGT-3′

CDKL1 Forward: 5′-CGAATGCTCAAGCAACTCAAGC-3′

Reverse: 5′-GCCAAGTTATGCTCTTCACGAG-3′

GAPDH Forward: 5′-CTGACTTCAACAGCGACACC-3′

Reverse: 5′-GTGGTCCAGGGGTCTTACTC-3′

U6 Forward: 5′-CTCGCTTCGGCAGCACA-3′

Reverse: 5′-AACGCTTCACGAATTTGCGT-3′
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albumin (BSA). The primary antibodies, including anti-
bodies for CDKL1 (1:500; Abcam, Cambridge, MA, USA),
Cyclin D1 (1:200; Abcam, Cambridge, MA, USA), CDK4
(1:1000; Abcam, Cambridge, MA, USA), Bcl-2 (1:1000;
Abcam, Cambridge, MA, USA), Capspase-3 (1:500;
Abcam, Cambridge, MA, USA), and Bax (1:1000; Abcam,
Cambridge, MA, USA) were incubated followed by
appropriate peroxidase-conjugated secondary antibodies
(ZSGB-Bio, Beijing, China). GAPDH (1:2000, Santa Cruz)
was used as normalized control. Immunoreactive bands
were imaged and quantified with an ECL detection kit
(Thermo Fisher Scientific, Waltham, MA).

CCK-8 assay

Cell proliferation was tested with the Cell Counting Kit-8
reagent (Beyotime, Beijing, China), according to the man-
ufacturer’s instructions. In brief, cells were seeded in 96-well
plates with a density of 3 × 103 cells/well and cultured in
RPMI 1640 media supplemented with 10% FBS for a certain
period of time. The CCK-8 reagent was added after different
time intervals, and then incubated in a CO2 incubator for 1 h.
The absorbance of each well was read at 450 nm on a
microplate reader to determine the cell viability.

Colony formation assay

The cells after treatment were seed in a fresh 6-well plate
with a density of 5 × 103 cells/well in a medium with 10 %
FBS. The medium was exchanged every 3 days. At day 15,
methanol was used to fix the cells, followed by the staining
with 01% crystal violet. The visible colonies were counted,
and each group was repeated at least three times.

5-Ethynyl-2′-deoxyuridine (EdU) incorporation assay

Incorporation of EdU into proliferating cells was detected
using the Click-iT EdU Alexa Fluor 555 Imaging Kit
(Invitrogen), according to the manufacturer’s instructions.
In brief, cells were incubated with 10 μM EdU for 30 min
and stained with the Click-iT EdU Alexa Fluor 555 Imaging
Kit. Images were acquired by Olympus FV1000 confocal
laser scanning microscope (Olympus Corporation, Japan).

Cell cycle assay by flow cytometry

The cells in 6-well plate (5 × 104 cells/well) were cultured
for 48 h in the complete medium with 10% FBS. Then, the
cells were harvested, washed, and fixed with 4% PFA.
Before the analysis by FACScan flow cytometer (BD
Bioscience, Rockville, MD), the cells were washed and
stained with PI (BD Pharmingen) in the dark after incuba-
tion with 0.2% Triton X-100 in PBS with RNase A.

Cell apoptosis by flow cytometry

We collected the cells and then stained with Annexin
V-FITC (BD Pharmingen, San Diego, CA) and PI (BD
Pharmingen) according to the manufacturers’ instructions.
Then, a FACScan flow cytometer (BD Bioscience, Rock-
ville, MD) was used to analyze the cells in triplicate.

For cell cycle analysis, the transfected cells were harvested
by trypsinization and washed with PBS twice. Before the
staining with 20 μg/ml PI in PBS, cells were fixed with 1ml of
ice-cold ethanol (70% (v/v)) at 4 °C overnight. Then, the cells
were treated with 0.1% (v/v) Triton X-100 in PBS, followed
by the treatment with 200 μg/ml RNase A in PBS at 37 °C for
30min. Finally, the cells were analyzed with flow cytometry.

Luciferase reporter assay

CDKL1 3′-UTR luciferase reporter (MT-h04084) was pur-
chased from Applied Biological Materials (Richmond,
Canada). After seeding H1299 and Calu-3 cells in 96-well
plates (1 × 104 cells/well), miR-144-5p mimic or inhibitor
(20 nM) and CDKL1 3′-UTR luciferase reporter (100 ng/
well) together with the pRLTK Renilla reporter (Promega,
Madison, WI) (5 ng/well) were co-transfected using Lipo-
fectamine 2000 Transfection Reagent (Thermo Fisher Sci-
entific). Dual-Glo Luciferase Assay System (Promega) was
used to collect the luciferase reporter activity. Each data
point was collected from at least triplicate experiment.

RNA pull-down with biotinylated circRACGAP1
probe

A biotinylated probe that can specifically bind with cir-
cRACGAP1 was designed and a random probe was used as
a control. After the cells were harvested and lysed, the
probe-coated beads, which was obtained by incubating the
circRACGAP1 probe (Tsingke, Wuhan, China) with
streptavidin magnetic beads (Life Technologies, USA),
were incubated with cell lysates at 4 °C overnight. The
beads were washed, and qRT-PCR assay was used to ana-
lyze the amount of the miRNAs that were extracted from
the beads using Trizol reagent.

RNA pull-down assay based on MS2-MBP

To investigate the relationship between miR144-5p and
CDKL1, we conducted the MS2-MBP based RNA pull-
down assay. The MS2-MBP protein was obtained from
E. coli, which contains three binding sites with the down-
stream of CDKL1. A CDKL1-MUT was generated by site-
directed mutagenesis, and CDKL1-WT was used as a
positive control. With the CDKL1-MUT-MS2 and CDKL1-
WT-MS2 plasmids, the H1299 cells were transfected for
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48 h before the harvest. The empty vector (MS2) was used
as a control. The the cell lysates were followed with the
RNA pulldown analysis similar to the previous section. The
miR-144-5p associated with CDKL1 were quantified by
qRT-PCR analysis.

Generation of xenografts

0.1 mL H1299 cells (2 × 106) in PBS were subcutaneously
injected into six-week-old BALB/c female athymic nude
mice (which were randomly divided into n= 6 per group,
Vitalriver, Beijing, China) to generate xenografts, within the
principle of random allocation. The investigator was blin-
ded to the group allocation during the experiment. The
volume of xenografts was recorded every 4 days (tumor
volume= (length × width2)/2). After 32 days, and the tumor
samples were collected for routine IHC after scarification.
All the animal experiments were approved by the Animal
Care and Use Committee of the Second Xiangya Hospital of
Central South University, and all the mice were housed in a
pathogen-free facility in the same University.

Immunohistochemistry (IHC) staining

Tissues were collected and fixed, followed by paraffin
embedding and sectioning. The slides were subjected to
deparaffinization, rehydration and antigen retrieval. After
blocking, slides were then incubated with anti-CDKL1
(1:200, Sigma) at 4 °C overnight. The immunoreactivity
was detected using labeled streptavidin biotin (LSAB)
method.

Statistical analysis

Quantitative experiments were repeated at least more than
three times and presented as the mean ± standard deviation
(SD). All data were in a normal distribution, and variance
was similar between the groups that are being statistically
compared. In selected experiments, a two-tailed Student’s
t-test was used for paired comparisons. For the comparison
among multiple groups and multiple comparisons were
analyzed by one-way analysis of variance (ANOVA). P <
0.05 was recognized as statistically significant differences
(*p < 0.05, **p < 0.01, and ***p < 0.001).

Results

circRACGAP1 is upregulated in the NSCLC tissues
and cell lines

circRACGAP1, playing important role in the development
of NSCLC, formed from the exon 10 of RACGAP1

pre-mRNA, as illustrated in the schematic diagram in
Fig. 1a. In H1299 cells treated with the transcription inhi-
bitor (actinomycin D), we found that the circular transcript
circRACGAP1 was more stable than the linear mRNA
transcript through the RNA stability assay (Fig. 1b). The
expression of circRACGAP1 in NSCLC and adjacent nor-
mal tissues were measured by qRT-PCR analysis. The data
showed that circRACGAP1 was significantly upregulated in
the NSCLC tissues than that in the adjacent normal tissues
(Fig. 1c). Furthermore, we found that the survival rate of
NSCLC patients with lower expression of circRACGAP1
was significantly higher than those patients with higher
expression of circRACGAP1, which was demonstrated by
the prognosis analysis calculated by Kaplan–Meier and log-
rank test (Fig. 1d). In addition, qRT-PCR analysis also
showed that miR-144-5p was downregulated in the NSCLC
tissues (Fig. 1e) compared with the normal tissues. The
correlation analysis by Pearson correlation coefficient
demonstrated that circRACGAP1 was negatively correlated
with miR-144-5p in the NSCLC patient samples (Fig. 1f).
Similarly, as shown in Fig. 1g, highly expressed cir-
cRACGAP1 and inhibited miR-144-5p were also observed
in the five NSCLC cell lines, including A549, Calu-3,
H1299, H1975, and PC-9, compared with 16HBE.

Knockdown of circRACGAP1 inhibits the NSCLC cell
proliferation via blocking cell cycle

To explore the biological effects of circRACGAP1 in
NSCLC cells, we investigated the cell viability, prolifera-
tion, and cell cycle after the circRACGAP1 was knock-
down in Calu-3 and H1299 cells. We designed four shRNA
for silencing circRACGAP1 and one of them is a control,
designated as shRNA-NC. As shown in Fig. 2a, in both
H1299 and Calu-3 cells, circRACGAP1-shRNA-1 dis-
played the most significant suppression on silencing cir-
cRACGAP1. Then, we compared the impact of transfection
of sh-circRACGAP1-1 on the expression of circRACGAP1
and linear RACGAP1 mRNA. As shown in Fig. 2b, in both
H1299 and Calu-3 cells, the expression of circRACGAP1
was dramatically inhibited by sh-circRACGAP1-1, but no
impact was observed for the expression of linear RAC-
GAP1 mRNA. The CCK-8 and colony formation assays
showed that circRACGAP1 knockdown repressed the cell
viability and decreased the numbers of clone formation in
H1299 and Calu-3 cells (Fig. 2c, d). Similarly, the EdU
incorporation assay also indicated the suppressive effect of
circRACGAP1 knockdown on cell proliferation (Fig. 2e).
In addition, we further analyzed the impact of cir-
cRACGAP1 on the cell cycle by flow cytometry (Fig. 2f).
The results demonstrated that knockdown of cir-
cRACGAP1 caused the arrest of cell cycle at G1 phase. All
these results implied the oncogenic role of circRACGAP1
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in NSCLC progression via regulating cell proliferation and
cell cycle.

circRACGAP1 acts as a sponge for miR-144-5p

In order to explore the regulatory mechanism of cir-
cRACGAP1, the potential target site of circRACGAP1
for miR-144-5p was predicted by the TargetScan &
miRanda (Fig. 3a). Then, dual-luciferase assay was
conducted to investigate the relationship between cir-
cRACGAP1 and miR-144-5p. In a dual-luciferase
reporter assay, the wild-type circRACGAP1 3′ UTR
fragment was inserted into the reporter vector. The results

of luciferase reporter assay demonstrated that miR-144-
5p mimic could decrease the luciferase activity of the
reporter with the circRACGAP1 3′ UTR sequence, but
maintained the activity in any group with mutated bind-
ing elements for miR-144-5p (Fig. 3b). Subsequently, we
applied the biotin-labeled probe pull-down assay to
consolidate the interaction between circRACGAP1 and
miR-144-5p. The biotinylated probe was used to pull-
down circRACGAP1 in H1299 and Calu-3 cell lines
(Fig. 3c, d). Further, the level of miR-144-5p was detected
and the results demonstrated that miR-144-5p was captured
by circRACGAP1 in both H1299 and Calu-3 cell lines.
However, silencing of circRACGA1 in these two cell lines

Fig. 1 Expression of circRACGAP1 and miR-144-5p in NSCLC
tissues and cell lines. a Schematic diagram illustrated the generation
of circRACGAP1 from RACGAP1 pre-mRNA (exon 9, 10, 11). b The
expression of circRACGAP1 or linear circRACGAP1 mRNA tran-
scripts in H1299 cells with the treatment of transcript inhibitor (acti-
nomycin D) was determined by RNA stability assay. c The expression
level of circRACGAP1 in NSCLC and adjacent normal tissues ana-
lyzed by qRT-PCR. d Prognosis analysis of the survival rate of
NSCLC patients with high or low circRACGAP1 level in the NSCLC

tissues, which was performed by Kaplan–Meier and log-rank test.
e The expression level of miR-144-5p in NSCLC and adjacent normal
tissues analyzed by qRT-PCR. f Pearson correlation showed the cor-
relation between circRACGAP1 and miR-144-5p in the NSCLC
patient samples. g The expression level of circRACGAP1 and miR-
144-5p in four different NSCLC cell lines, including A549, H1299,
PC-9, H1975 and normal 16HBE cell analyzed by qRT-PCR. The
mean ± SD is presented for the relative levels from three replications.
*p < 0.05, **p < 0.01, ***p < 0.001.
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significantly suppress the expression of miR-144-5p (Fig. 3e).
Moreover, we carried out qRT-PCR assay and demonstrated
that knockdown of circRACGAP1 notably increased the

expression of miR-144-5p (Fig. 3f). Taken together, all of
these results indicated that circRACGAP1 serves as a sponge
of miR-144-5p.
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circRACGAP1 regulates the proliferation of NCSCL
cells via targeting miR-144-5p

To investigate whether circRACGAP1 could regulate cell
proliferation via targeting miR-144-5p, miR-144-5p inhi-
bitor was applied. Using qRT-PCR assay, we found that the
expression of miR-144-5p was significantly inhibited when
the cells were co-treated with sh-circRACGAP1 and miR-
144-5p inhibitor in both cell lines (Fig. 4a), compared with
the cells treated with sh-circRACGAP1 alone. The CCK-8
assay indicated that the inhibition of cell viability induced
by circRACGAP1 knockdown was markedly abolished by
co-transfection with miR-144-5p inhibitor (Fig. 4b). The
colony formation also suggested that knockdown of cir-
cRACGAP1 caused the decline of clone formations, while
this suppressive effect was reversed by miR-144-5p inhi-
bition (Fig. 4c). Consistently, the downregulation of
circRACGAP1 significantly decreased the percentage of
the EdU-positive H1299 and Calu-3 cells compared with
that of control, and this effect was reversed by co-
transfection of miR-144-5p inhibitor (Fig. 4d). Overall,
these results demonstrated that miR-144-5p could reverse
the effect of circRACGAP1 on the cell proliferation in
NSCLC cells.

miR-144-5p directly targets CDKL1

To explore the function of miR-144-5p on cell cycle, we
used dual-luciferase assay, flow cytometry and western blot
to investigate the underlying molecular mechanism.
Through the RAID predication, we found that CDKL1
might be the target of miR-144-5p in NSCLC cells
(Fig. 5a), indicating by the binding site between miR-144-
5p and 3′-UTR of CDKL1 mRNA at two positions (position
301-8 and position 1695-1701). Therefore, we used the
dual-luciferase assay to confirm the interaction between
miR-144-5p and CDKL1 at these two positions in H1299
and Calu-3 cells. As shown in Fig. 5b, miR-144-5p could
significantly decrease luciferase activity when miR-144-5p
mimic and CDKL1-3′-UTR-wt was co-transfected, while

the luciferase activity did not change in the CDKL1-3′
UTR-Mut treatment group. This demonstrated that CDKL1
was the target unit of miR-144-5p in NSCLC cells. To
further prove the interaction between miR-144-5p and
CDKL1, MS2-containing CDKL1 (CDKL1-WT-MS2)
constructs were transfected with H1299 cells. Then, RNA
pulldown assay based on MS2-maltose-binding protein
(MS2-MBP) was utilized to identify the miRNA binds with
CDKL1. The analysis through qRT-PCR analysis showed
precipitated miR-144-5p was significantly enriched in the
CDKL1 WT than that in the group of CDKL1-MUT
(Fig. 5c). This demonstrated that miR-144-5p was targeting
CDKL1. Furthermore, the qRT-PCR analysis demonstrated
that CDKL1 was overexpressed in the NSCLC tissues
compared with the adjacent health tissues (Fig. 5d). Cor-
relation analysis through the Spearman’s rank correlation
coefficient indicated that miR-144-5p was negatively cor-
related with the CDKL1 in the NSCLC patient samples
(Fig. 5e). Furthermore, the mRNA level and protein level of
CDKL1 was significant enhanced in the five NSCLC cell
lines (Fig. 5f). After transfecting H1299 and Calu-3 cells
with miR-144-5p mimics and miR-144-5p inhibitors, the
data of qRT-PCR analysis and western blot analysis verified
the negative regulation of miR-144-5p on CDKL1 mRNA
and protein levels (Fig. 5g, h). These results suggested that
miR-144-5p targeted CDKL1 in NSCLC cells.

circRACGAP1 facilitates NSCLC cell proliferation
through miR-144-5p/CDKL1

Next, we studied how the circRACGAP1 regulate the pro-
liferation of NSCLC cells by targeting miR-144-5p/CDKL1
pathway. With the CCK-8 assay, we found that the cell
proliferation rate was significantly reduced within cir-
cRACGAP1 knockdown, whereas, this effect could be
reversed by either knockout of miR-144-5p or over-
expression of CDKL1 (Fig. 6a). We also investigated the
impact of circRACGAP1 on the cell cycle. Flow cytometry
showed that knockdown of circRACGAP1 increased the
proportion of cells in G1 phase and decreased the propor-
tion of cells in S pahse (Fig. 6b). Similarly, either silencing
of miR-144-5p or overexpression of CDKL1 in these
circRACGAP1 silenced cells could restore the proportion of
cells in G1 phase and increasement of the S phase cells
(Fig. 6b and Fig. S1). Moreover, we discovered that the
upregulated miR-144-5p markedly suppressed expression of
CDKL1, Cyclin D1 and CDK4 (Fig. 6c) in both cell lines.
However, overexpression CDKL1 in the highly expressed
miR-144-5p cells reversed the effects of miR-144-5p
(Fig. 6c). These data suggested that circRACGAP1 pro-
moted the cell proliferation of NSCLC cells through miR-
144-5p/CDKL1 pathway.

Fig. 2 Knockdown of circRACGAP1 inhibits the NSCLC cell
proliferation. a The expression of circRACGAP1 in H1299 and Calu-
3 cells after silencing cricRACGAP1. b qRT-PCR showed the
expression of circRACGAP1 and linear RACGAP1 in H1299 and
Calu-3 cells after the transfection of sh-NC or sh-circRACGAP1.
c The cell viability of H1299 and Calu-3 cells after different treatments
measured by CCK-8 assay. d Colony formation of H1299 and Calu-3
cells was analyzed after different treatments. e The EdU incorporation
assay was conducted in circRACGAP1 silenced H1299 and Calu-3
cells. f The cell cycle analysis of H1299 and Calu-3 cells after different
treatments by flow cytometry. The mean ± SD is presented for the
relative levels from three replications. *p < 0.05, **p < 0.01, ***p <
0.001.
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circRACGAP1 promotes the NSCLC cell proliferation
and drug resistance in vitro

Furthermore, the impact of circRACGAP1 on the drug
resistance of NSCLC cells was also investigated. We treated
H1299 and Calu-3 cells with Gefitinib, and then followed
with silencing circRACGAP1 with sh-circRACGAP. Cell
cycle analysis by flow cytometry showed that the proportion
of G1 phase cells in the group with only Gefitinib treatment
had a little increase compared with the control group
(Fig. 7a). However, silencing circRACGAP1 could sig-
nificantly increase the proportion of cells in G1 phase,
blocking the cell cycle (Fig. 7a). We also investigated the

cell apoptosis using flow cytometry in these different treat-
ment groups. The group with treatment of Gefitinib and
silencing circRACGAP1 together showed significant cell
apoptosis, indicating that silencing circRACGAP1 could
enhance the cell sensitivity to drug treatment (Fig. 7b).
Meanwhile, the protein analysis through western blot sug-
gested that the cell cycle regulating proteins, such as (CDKL1,
Cyclin D1, CDK4) and Bcl-2 were significantly decreased by
treating the cells with Gefitinib and silencing circRACGAP1,
while the expression of pro-apoptotic proteins (Bax and
Caspase3) exerted the opposite data (Fig. 7c, d). The above
results demonstrated that circRACGAP1 could promote the
drug resistance of NSCLC cells to Gefitinib.

Fig. 3 circRACGAP1 acts as a sponge of miR-144-5p in NSCLC
cells. a Predicted miR-144-5p binding site on circRACGAP1 sequence
and mutation site map. b Luciferase activity in H1299 and Calu-3 cells
when miR-144-5p mimics and circRACGAP1 wild-type/mutant luci-
ferase reporter vectors were co-transfected. c, d CircRACGAP1 in the
H1299 and Calu-3 cell lysates was pulled down and enriched with
circRACGAP1 specific probe, and then analyzed by qRT-PCR.

Relative level of circRACGAP1 was normalized to the input. GAPDH
was a negative control. e qRT-PCR assay was performed to evaluate
the relative levels of miR-144-5p. f The expression of miR-144-5p was
assessed using qRT-PCR assay in H1299 and Calu-3 cells transfected
with sh-circRACGAP1. The mean ± SD is presented for the relative
levels from three replications. *p < 0.05, **p < 0.01, ***p < 0.001.
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circRACGAP1 promoted NSCLC tumor growth and
enhanced drug resistance in vivo

In order to support our in vitro findings, we conducted
in vivo experiment to test the role of circRACGAP1 in

NSCLC. After injecting H1299 cells into the right armpit of
nude Balb/C mice subcutaneously, an in vivo xenograft
model was established, which was then treated by silencing
circRACGAP1, treatment of Gefitinib, or combination. As
demonstrated in Fig. 8a, b, Gefitinib treatment or silencing

Fig. 4 miR-144-5p reverses NSCLC cells proliferation induced by
circRACGAP1. a The expression of miR-144-5p in H1299 and Calu-
3 cells treated with sh-circRACGAP1 and miR-144-5p inhibitor by
qRT-PCR. b CCK-8 assay showed the cell proliferation of H1299 and
Calu-3 cells with different treatments. c The effects of circRACGAP1

and miR-144-5p on cell proliferation were determined by colony
formation assay in H1299 and Calu-3 cells. d The EdU incorporation
assay was performed in H1299 and Calu-3 cells with different treat-
ments. The mean ± SD is presented for the relative levels from three
replications. *p < 0.05, **p < 0.01, ***p < 0.001.
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circRACGAP1 inhibited the tumor growth to some extent,
whereas, the combined treatment of silencing cir-
cRACGAP1 and Gefitinib demonstrated a significant tumor

growth inhibition compared with other groups. The results
indicated that knockdown of circRACGAP1 could enhance
the sensitivity of NSCLC tumor to Gefitinib. The

Fig. 5 miR-144-5p targeted
CDKL1 in NSCLC cells. a
Online bioinformatic prediction
(http://starbase.sysu.edu.cn/)
suggested the target of miR-144-
5p was 3′-UTR of CDKL1
mRNA. b Luciferase activity in
H1299 and Calu-3 cells when
miR-144-5p mimic and CDKL1
wild-type/mutant luciferase
reporter vector were co-
transfected. c RNA pull-down
assay based on MS2-MBP
followed by miRNA qRT-PCR
to analyze miR-144-5p
endogenously associated with
CDKL1. The schematic diagram
on the left reveals the strategies
of the experiment. d qRT-PCR
showed the CDKL1 level in the
NSCLC tissue. e Spearman’s
rank correlation coefficient
demonstrated the correlation
between the miR-144-5p and
CDKL1 in the NSCLC patient
samples. f The expression level
of CDKL1 in A549, H1299,
H1975, PC-9 and normal cell
line BEAS-2B analyzed by
qRT-PCR and western blotting
analysis. g, h The mRNA and
protein expression level of
CDKL1 in H1299 and Calu-3
cells with the transfection of
miR-144-5p mimics or miR-
144-5p inhibitor. The mean ±
SD is presented for the relative
levels from three replications.
*p < 0.05, **p < 0.01, ***p <
0.001.

206 M. Lu et al.

http://starbase.sysu.edu.cn/


measurement of mRNA of circRACGAP1 and miR-144-5p
in these treated groups demonstrated that the treatment of
Gefitinib alone could inhibit the expression of cir-
cRACGAP1 and promote the expression of miR-144-5p,
which was very similar with the results in the group treated
with sh-circRACGAP1. Moreover, silencing cir-
cRACGAP1 could enhance the effect of the treatment of
Gefitinib (Fig. 8c).

Furthermore, the expression level of CDKL1 was also
analyzed by IHC (Fig. 8d) and WB (Fig. 8e). All the results
suggested that knockdown of circRACGAP1 and treatment
of Gefitinib separately could inhibit the expression of
CDKL1 in tumor tissues, but the co-treatment of silencing
circRACGAP1 and Gefitinib strengthened this impact more
apparent. With western blot analysis, we observed that the
expressions of CDKL1, Cyclin D1, and CDK4 in the
combination treatment of Gefitinib and silencing cir-
cRACGAP1 were significantly inhibited compared with

other groups (Fig. 8e). Taken together, these results sug-
gested that circRACGAP1 could promote NSCLC tumor
growth and drug resistance by regulating miR-144-5p/
CDKL1 pathway.

Discussion

As a notorious malignant tumor, lung cancer is the major
cause of the cancer-related death in many countries with
increased incidence and mortality [20–22]. Lung cancer
composes of two main sub-types, including small cell lung
cancer (SCLC) and NSCLC. About 85% of the patients are
diagnosed as NSCLC, with overall five-year survival rate
less than 7% [23]. Studies by our group and other
researchers indicated that ncRNA was one of key elements
during the progress of lung cancer [24–27]. circRNAs
were found to be involved in cancer development,

Fig. 6 circRACGAP1 promoted the NSCLC cell proliferation
through miR-144-5p/CDKL1. a CCK-8 assay showed the cell pro-
liferation of H1299 and Calu-3 cells after the treatment of sh-cir-
cRACGAP1, sh-circRACGAP1+ anti-miR-144-5p, sh-circRACGAP1+
pcDNA-CDKL1. b The quantitative histogram of cell cycle in H1299 and

Calu-3 cells with different treatment was presented, and the corresponding
original data have been shown in Supplementary Fig. 1. c The impact of
miR-345-5p on the expressions of CDKL1 by western blotting analysis in
H1299 and Calu-3 cells. The mean ± SD is presented for the relative levels
from three replications. *p < 0.05, **p < 0.01, ***p < 0.001.
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progression, and metastasis in several different types of
cancer as a novel type of ncRNAs [28–30]. Due to the
extremely abundant binding sites of circRNAs for miR-
NAs, circRNAs served as a sponge by absorbing miRNAs,
which regulated the targeting gene expression [31].
Compared with the linear RNAs, high conservation and

stability were the two most important properties of cir-
cRNAs, which made them to be ideal biomarkers for
diagnosis of diseases. Recently, circRNAs were demon-
strated abnormal expression in a variety of human cancers,
such as colorectal cancer, hepatocellular carcinoma, breast
cancer, glioma, lung cancer, etc. [13, 30, 32–35].

Fig. 7 circRACGAP1 promoted the NSCLC cell proliferation and
drug resistance in vitro. H1299 and Calu-3 cells were treated with
control, Gefitinib, sh-NC with Gefitinib or sh-circRACGAP1 with
Gefitinib. a The cell cycle analysis by flow cytometry for H1299 and
Calu-3 with different treatments. b The cell apoptosis analysis using
flow cytometry in H1299 and Calu-3 cells with different treatments. c

The expression levels of cell cycle-related proteins in H1299 and Calu-
3 cells with different treatments by western blotting assay. d The
expression levels of apoptosis-associated proteins in H1299 and Calu-
3 cells with different treatments by western blotting assay. The mean ±
SD is presented for the relative levels from three replications. *p <
0.05, **p < 0.01.
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circRNAs might be upregulated or deregulated in lung
cancer, compared to the normal tissues. For instance,
circRNA-ITCH was found to be downregulated in lung
cancer [36], and Has_circ_0000064 was upregulated in
lung cancer, which promoted the proliferation and
migration of tumor cells [37]. In this study, we found that
the circRACGAP1 was both upregulated in the NSCLC
tissues and cell lines compared with the normal tissues and
cell line. This result implied that circRACGAP1 might
also promote the tumor development in NSCLC. More-
over, we tested the expression level of miR-144-5p at the
same time. The results showed that circRACGAP1 and
miR-144-5p had a reverse correlation in NSCLC tissues
and cell lines. The bioinformatics analysis demonstrated
that miR-144-5p was the target of circRACGAP1, which
was also proved by luciferase reporter assay and RNA
pull-down assay. Therefore, we aimed to elucidate the
mechanism of circRACGAP1 in NSCLC in this work.

circRNAs are considered as miRNA sponges to regulate
the targeting genes in cancer [10, 16, 30]. Through binding
to miRNA, circRNA can control the mRNA expression at
post-transcription level. miRNA, as a type of small single-
stranded ncRNAs, usually negatively regulates the targeting
gene expression through binding to the 3′-UTR. In some
cancers, miR-144-5p works as an oncogene, such as in
breast cancer, gastric cancer, prostate cancer, and NSCLC
[14, 38–40]. It is found to promote tumor growth and
metastasis through targeting CDKL1 [19]. However, no
reports are available to investigate the association between
circRACGAP1 and miR-144-5p in NSCLC so far. In this
study, we demonstrated that the knockdown of cir-
cRACGAP1 in H1299 and Calu-3 cells could significantly
inhibit the cell proliferation through blocking the cell cycle
in the G1 phase. However, Yang et al. reported that
knockdown of RACGAP1 in hepatocellular carcinoma
increased the percentage of cells in G2/M phase but with

Fig. 8 circRACGAP1 promoted NSCLC tumor growth and
enhanced drug resistance. The tumor was treated with control, sh-
NC, sh-circRACGAP1, sh-NC with Gefitinib, or sh-circRACGAP1
with Gefitinib. a The volumes of tumor in the mice with different
treatments. The tumor volume was recorded every 5 days. b The tumor
weight of the mice with different treatment after 30 days. c The

expressions of circRACGAP1 and miR-144-5p in the tumor with
different treatments by qRT-PCR. d Immunohistochemical staining
was performed to evaluate the expression of CDKL1. e The protein
levels of CDKL1, Cyclin D1, and CDK4 in the xenograft tumors with
different treatments by western blotting. The mean ± SD is presented
for the relative levels from three replications. *p < 0.05, **p < 0.01.
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reduced G0/G1 phase [41]. The difference might be caused
by the difference between the cells we were investigated. As
reported previously, miR-144-5p was found to suppress
tumor development and progression via targeting CDKL1
in colorectal cancer, which is a cell cycle blocking related
gene [42]. By bioinformatics analysis, luciferase reporter
assay, western blot and flow cytometry analysis, we found
that miR-144-5p blocked the NSCLC cell cycle in G1
phage through regulating CDKL1, which is an inhibitor of
cell-cycle and recognized as a major p53 target gene.
Overall, circRACGAP1 could promote the NSCLC tumor
growth and progression by interacting with miR-144-5p via
regulating the CDKL1 axis.

circRNA was also found to involve in drug resistance of
cancer. For instance, Wu et al. reported that circPAN3
mediated drug resistance by targeting miR-153-5p/miR-
183-5p-XIAP axis in acute myeloid leukemia [43].
Therefore, it is interesting to uncover the possible impact
of circRACGAP1 on the drug resistance in NSCLC. After
treating NSCLC cells with Gefitinib or silencing cir-
cRACGAP1, we found that silencing circRACGAP1
could significantly promote the expressions of Bax and
Caspase-3 as pro-apoptotic proteins and inhibit the
expression of Bcl-2 in vitro and in vivo. Moreover,
silencing of circRACGAP1 significantly blocked the cell
cycle coupled with the treatment of Gefitinib in vitro and
in vivo. Our results suggested that gefitinib could suppress
the expression of circRACGAP1 and promote the
expression of miR-144-5p in NSCLC cells. Even though
the detail mechanism of Gefitinib on the expression of
circRACGAP1 is not clear, which need further investi-
gation, many circRNAs have been identified differently
expressed in the Gefitinib effective and non-effective
patients, which might be used as biomarker for predicting
the efficacy of Gefitinib therapy in NSCLC patients [44].
For example, Pan et al. found that the tyrosine kinase
inhibitor (TKI) resistant patients showed an upregulated
expression of circBA9.3 in leukemic cells [45]. Therefore,
we propose that Gefitinib might affect the expressions of
circRACGAP1 in NSCLC cells through its impact on the
TKI pathway, which will need further investigations.

In conclusion, we firstly presented the role of cir-
cRACGAP1 and its interaction with miR-144-5p in
NSCLC. Our findings demonstrated that circRACGAP1
contributed to NSCLC progression by regulating the miR-
144-5p/CDKL1 axis. These results suggested that cir-
cRACGAP1 might be used as a potential target for NSCLC
diagnosis and therapy.
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