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Abstract

Background: Non-small-cell lung cancer (NSCLC) is one of the most common malignant
tumors on earth. Circular RNAs have been disclosed to be vital regulators in the
chemoresistance and development of diverse cancers, including NSCLC. Here, we attempted
to explore the function of circ_0011292 in paclitaxel (PTX)-resistant NSCLC cells.

Methods: Quantitative real-time polymerase chain reaction or western blot was per-
formed to detect the expression of circ_0011292, microRNA-433-3p (miR-433-3p),
and checkpoint kinase 1 (CHEK1). Ribonuclease R (RNase R) assay was performed to
assess the stability of circ_0011292. Cell Counting Kit-8 assay was conducted to evalu-
ate the half maximal inhibitory concentration of PTX and cell viability. Cell prolifera-
tion was monitored by Edu incorporation and colony formation assays. Cell cycle and
apoptosis were detected by flow cytometry. Transwell assay was implemented to assess
cell migration and invasion. Western blot assay was utilized to determine the protein
levels. Dual-luciferase reporter assay was carried out to verify the targeted interaction
between miR-433-3p and circ_0011292 or CHEK1. Xenograft tumor model was con-
structed for determining the effect of circ_0011292 in NSCLC growth in vivo.

Results: Circ_ 0011292 was upregulated in PTX-resistant NSCLC tissues and cells.
Circ_0011292 or CHEK1 knockdown enhanced PTX sensitivity and cell apoptosis, and
repressed cell proliferation, migration, and invasion in PTX-resistant NSCLC cells. Mech-
anistically, circ_0011292 was a sponge of miR-433-3p and miR-433-3p directly targeted
CHEKI1. Meanwhile, silencing miR-433-3p or overexpressing CHEK1 respectively abro-
gated the impacts of circ_0011292 deletion or miR-433-3p introduction on PTX resis-
tance and cell progression in PTX-resistant NSCLC cells in vitro. Moreover, circ_0011292
could positively modulate CHEK1 expression through sponging miR-433-3p. In addition,
circ_0011292 knockdown retarded tumor growth of NSCLC in vivo.

Conclusion: Circ_0011292 could accelerate PTX resistance and cell malignant pro-
gression of NSCLC cells partially through the regulation of circ_0011292/miR-433-3p/
CHEKI axis.

Abbreviations: NSCLC, non-small-cell lung cancer; PTX, paclitaxel; qRT-PCR, quantitative real-time polymerase chain reaction; CHEK1, checkpoint kinase 1; CCK-8, Cell
Counting Kit-8; GAPDH, glyceraldehyde-phosphate dehydrogenase; RNase, Ribonuclease; FITC, fluorescein isothiocyanate; PI, propidium iodide; SDS-PAGE, sodium dodecyl
sulfonate-polyacrylamide gel; MMP9, matrix metalloproteinase 9; ANOVA, analysis of variance.
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BACKGROUND

Lung cancer is the most prevalent malignancy leading to
cancer death globally, with non-small-cell lung cancer
(NSCLC) accounting for approximately 85% of lung cancer
cases."> Chemoresistance has been a major challenge in the
clinical treatment of cancer.® Paclitaxel (PTX), an antineo-
plastic drug for NSCLC, becomes less effective overtime due
to the acquisition of chemoresistance.* Hence, there is an
urgent need to elucidate the molecular basis of tumorigene-
sis and PTX resistance of NSCLC for developing effective
therapeutic interventions.

Circular RNAs (circRNAs) are endogenous non-coding
RNAs (ncRNAs) possessing high stabilization due to their cova-
lently closed-loop structures.” CircRNAs have been identified as
pivotal participators in the drug resistance and carcinogenesis of
multifarious cancers, including NSCLC.*” For example, circ-
PRMT5 was discovered to facilitate cisplatin resistance through
regulating miR-4458/REV3L axis in NSCLC Circ_0002483
could restrain NSCLC malignant behaviors and increase PTX
sensitivity in NSCLC by sponging miR-182-5p.” Furthermore,
Guo et al. uncovered that circ_0011292 was overexpressed in
NSCLC and functioned as a potential promoter in the tumori-
genesis and PTX resistance of NSCLC by regulating the miR-
379-5p/TRIMG65 axis.'® Nonetheless, the detailed action played
by circ_0011292 in carcinogenesis and PTX resistance in
NSCLC is still not fully disclosed.

MicroRNAs (miRNAs) are small ncRNAs which can
modulate tumor process through the interaction with the 3'-
untranslated regions (3/-UTRs) of target mRNAs.'"'?
Emerging evidence has demonstrated that many miRNAs
are implicated in the development and PTX resistance of
NSCLC. For instance, miR-4262 could sensitize NSCLC cells
to PTX via the inhibition of PTEN'? and miR-30a-5p could
reduce the PTX resistance of NSCLC cells by targeting BCL-
2.'* Previous studies have confirmed that miR-433-3p was
lowly expressed and its overexpression impeded cell growth
via upregulating WT1 associated protein in NSCLC."
Moreover, checkpoint kinase 1 (CHEK1) is also known as
CHK1 and activated to phosphorylate key regulators related
to cell proliferation, capoptosis, and DNA repair.'® CHEK1
was elevated in NSCLC and its inhibition enhanced the sen-
sitivity of NSCLC cells to pemetrexed."” However, the role
of miR-433-3p and its correlation with CHEKI1 in the mod-
ulation of PTX resistance of NSCLC cells remains unclear.

In this current study, we mainly investigated the biologi-
cal role of circ_0011292 in the progression of PTX-resistant
NSCLC cells. Meanwhile, circ_0011292 might serve as a
competing endogenous RNA (ceRNA) of miR-433-3p to
influence CHEK]1 expression, thereby regulating NSCLC cell
malignant behaviors in vitro and in vivo. Thus, we further
elucidated the novel circRNA/miRNA/mRNA signal mecha-
nism based on circ_0011292 in NSCLC during this study.

METHODS
Clinical specimens

Forty-one pairs of NSCLC tissue specimens and adjacent
noncancerous tissue specimens were harvested from NSCLC
patients through surgical resection at Jingmen No.1 People’s
Hospital. The obtained clinical tissues were maintained at
—80°C until use. All participators did not receive any other
radiotherapy, chemotherapy or related therapies before
study initiation. This study was approved by the Ethics
Committee of Jingmen No.l People’s Hospital and
implemented in keeping with the Declaration of Helsinki.
Written informed consent was received from each patient.

Cell culture

Human normal lung fibroblast cell line (MRC-5) and
NSCLC cell lines (A549 and H1299) were received from the
American Type Culture Collection (Rockville, MD, USA).
All cells were cultivated in RPMI-1640 medium (Invitrogen)
plus 10% fetal bovine serum (FBS; Invitrogen) and 1% peni-
cillin/streptomycin (Invitrogen) in a humidified air atmo-
sphere with 5% CO, at 37°C. To establish PTX-resistant
NSCLC cells (A549/PTX and HI1299/PTX), A549 and
H1299 cells were exposed to escalating concentrations of
paclitaxel (PTX) (Solarbio). An additional 5 nM PTX
(Solarbio) was added in the culture media to maintain the
resistant phenotype.

Cell transfection

For the knockdown of circ_0011292 or CHEK1, small inter-
fering RNA (siRNA) targeting circ_0011292  (si-
circ_0011292#1 and si-circ_0011292#2) or CHEKI1 (si-
CHEK]1) was severally constructed, with scrambled siRNA
(si-NC) served as negative control. For miR-433-3p over-
expression or knockdown, the miR-433-3p mimic (miR-
433-3p) or inhibitor (in-miR-433-3p) was separately gener-
ated, with miR-NC or in-miR-NC acted as negative control.
The sequence of CHEK1 was amplified by PCR and cloned
into pcDNA3.1 plasmid (vector; Invitrogen) to create
CHEK]1 overexpression plasmid (CHEK1), with non-target
plasmid (vector) as the negative control. For circ_0011292
stable knockdown, lentiviral vectors carrying circ_0011292
short hairpin RNA (sh-circ_0011292) or negative control
(sh-NC) were also established. Then, the synthetic oligonu-
cleotides or vectors synthesized from Ribobio were trans-
fected into PTX-resistant NSCLC cells utilizing
Lipofectamine 3000 (Invitrogen). Forty-eight hours post-
transfection, cells were harvested for further analysis.
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Quantitative real-time polymerase chain
reaction

Total RNA was extracted from tissues and cells utilizing
RNAiso Plus (Takara). The RNA was transcribed into
cDNA utilizing One Step TB Green® PrimeScript™ PLUS
RT-PCR Kit (Takara) or miScript Reverse Transcription Kit
(Qiagen). Then, the quantitative real-time polymerase chain
(qQRT-PCR) reaction was manipulated using SYBR Premix
Ex Taq™ kit (Takara) and specific primers (Sangon) on a
7500 Real-Time PCR system (Applied Biosystems). The rela-
tive expression was analyzed using the 2~ **“" method (Ct,
cycle threshold) and normalized based on the expression of
internal controls U6 (for miRNA) or glyceraldehyde-phosphate
dehydrogenase (GAPDH) (for circRNA and mRNA). The
primer sequence was listed as follows: circ_0011292: (F: 5'-A
CATCTACCAGGTCACTCCTGT-3 and R: 5-ATGG
TTCTTGGTCACACTGCCA-3'); Tubulointerstitial nephritis
antigen-like 1 (TINAGL1): (F: 5-ACCAGGTCACTCCTG
TCTACC-3 and R: 5-TGCCTCCCTTGTATAGGAAG
AA-3'); miR-433-3p: (F: 5-TGATGGGCTCCTCGGT-3' and
R: 5-GAACATGTCTGCGTATCTC-3'); CHEK1: (F: 5-TT
CCATCAACTCATGGCAGG-3 and R: 5-ACGCTCACGA
TTATTATACCGAA-3'); GAPDH: (F: 5-GACCACAGTCCA
TGCCATCAC-3 and R: 5-ACGCCTGCTTCACCACCTT
-3); U6 (F: 5-CTCGCTTCGGCAGCACA-3 and R
5-AACGCTTCACGAATTTGCGT-3).

Ribonuclease R digestion

To assess the stability of circ_0011292, Ribonuclease
(RNase) R (Epicenter Technologies) was utilized to digest
linear RNA. In brief, total RNA (2 pg) was incubated for
20 min with or without RNase R (3 U/pg) at 37°C. After
that, the treated RNA was used for qRT-PCR to examine
the expression of circ_0011292 and linear isoform
TINAGLI.

Cell Counting Kit-8 assay

Cell Counting Kit-8 (CCK-8) assay was employed to deter-
mine the half maximal inhibitory concentration (IC50)
value of PTX and cell viability. For PTX resistance mea-
surement, transfected cells (1 x 10* cells/well) were seeded
in 96-well plates and cultivated overnight, and then differ-
ent doses of PTX (0.05, 0.2, 0.8, 3.2, 12.8 pM) were indi-
vidually added into the well prior to cell viability analysis.
For cell viability detection, transfected cells were plated in
96-well plates at 5 x 10° per well. After culture for 48 h,
10 pL CCK-8 solution (5 mg/mL; Beyotime) was pipetted
into each well for another 4 h of incubation at 37°C.
Finally, the optical density (OD) value at 450 nm was mea-
sured with a microplate reader (BioTek) for assessing cell
viability and the 1C50.

5-ethynyl-2'-deoxyuridine incorporation assay

Cell-Light EDU Apollo 567 In Vitro Imaging Kit (Ribobio)
was utilized to inspect the proliferation capacities of A549/
PTX and H1299/PTX cells through assessing DNA synthetic
ability. Briefly, transfected cells were trained for 48 h in
96-well plates at 37°C. Then, cells were immobilized by
paraformaldehyde (4%; Beyotime) and permeabilized with
Triton X-100 (0.5%; Solarbio) for 10 min in indoor environ-
ment. Later, cells were added to 10 pM 5-ethynyl-2'-
deoxyuridine (Edu) for 2 h-incubation at 37°C, and 5 pg/
mL DAPI solution (Solarbio) was used to stain cell nuclei
for 10 min. Finally, the number of Edu-positive cells was
counted under a fluorescence microscope (100x; Olympus)
in five randomly selected areas.

Colony formation assay

Transfected A549/PTX and H1299/PTX cells were planted
in 24-well plates in maintenance medium, followed by culti-
vation for 2 weeks. After being immobilized with ethanol
(70%) and dyed with crystal violet (0.1%; Beyotime), the
formed colonies (>50 cells) were counted using a micro-
scope (Olympus).

Flow cytometry analysis

For cycle distribution detection, transduced A549/PTX and
H1299/PTX cells were gathered and re-suspended in PBS
following 48 h of transfection. After RNase treatment,
A549/PTX and HI1299/PTX cells were immobilized with
70% ethanol followed by the incubation of propidine iodide
(PL Solarbio) at 37°C for 30 min. Then, the cycle distribu-
tion of A549/PTX and H1299/PTX cells at different phases
was examined by flow cytometry (BD Biosciences).

Annexin V-fluorescein isothiocyanate (FITC) Apoptosis
Detection Kit (Vazyme) was utilized for detecting cell apo-
ptosis. After different transfection for 48 h, A549/PTX and
H1299/PTX cells were harvested and double-stained with
5 pL of FITC-labeled Annexin V and 5 pL of PL. The apo-
ptotic cells were measured utilizing flow cytometry
(BD Biosciences).

Transwell assay

Transfected A549/PTX and H1299/PTX cells were collected
to measure the abilities of migration and invasion using
transwell chambers (Corning). For cell migration analysis,
transfected cells (2 x 10%) in serum-free media plus 5 nM
PTX were plated on the upper chamber, then 500 pL of cul-
ture medium containing 10% FBS was added to the lower
chamber. This transwell system was cultivated in normal cell
culture conditions for another 24 h. Next, the migrated cells
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on the bottom of chamber were fixed with 4% paraformal-
dehyde (Beyotime) for 30 min and stained with 0.1% crystal
violet (Beyotime) for 30 min. The images of cells were cap-
tured under a microscope (100x; Olympus) and the
migrated cell number was calculated according to five ran-
domly selected fields. For cell invasion analysis, transwell
chambers were pre-coated with Matrigel (BD Biosciences),
and 2 x 10° cells were used; the other procedures were the
same as for the migration assay.

Western blot assay

Protein extraction was implemented utilizing RIPA Lysis Buffer
(Beyotime). The concentrations of protein samples were exam-
ined with a BCA protein assay kit (Tiangen). After separation
by 10% sodium dodecyl sulfonate-polyacrylamide gel (SDS-
PAGE; Solarbio) electrophoresis, the protein sample (20 pg) was
blotted onto polyvinylidene difluoride membrane (Corning) and
then blocked with 5% non-fat milk (Solarbio) for 1 h. After-
wards, the membranes were immunoblotted with primary anti-
bodies against CHEK1 (1:10000, ab32531; Abcam), proliferating
cell nuclear antigen (PCNA) (1:2000, ab152112; Abcam), Ki67
(1:1000, ab243878; Abcam), matrix metalloproteinase
9 (MMP9) (1:1000, ab38898; Abcam), Bcl-2-associated X pro-
tein (Bax, 1:1000, ab53154; Abcam) and GAPDH (1:10000,
ab181602; Abcam) overnight at 4°C followed by interaction
with Goat Anti-Rabbit IgG H&L (HRP) secondary antibody
(1:10000, ab205718; Abcam) for 2 h at indoor temperature.
Finally, the intensity of protein bands was assessed utilizing
BeyoECL Plus ECL Kit (Beyotime).

Dual-luciferase reporter assay

The sequences of circ_0011292 and the 3’-UTR of CHEK1
containing the putative miR-433-3p binding sites or mutant
binding sites were individually inserted into pmirGLO vec-
tors (Promega) to generate the luciferase reporter vectors,
named as wt-circ_0011292, mut-circ_0011292, wt-CHEK1
3'UTR, and mut-CHEK1 3'UTR, respectively. A549 and
H1299 cells (1 x 10 cells per well) were seeded into 24-well
plates and then transfected with the above-generated
reporters together with miR-433-3p or negative control
miR-NC for 48h wusing Lipofectamine 3000 reagent
(Invitrogen). The luciferase activity was determined using a
Dual-Luciferase Reporter Assay System (Promega).

Xenograft tumor models

The xenograft experiment was performed in 6-week-old male
BALB/c nude mice (Beijing Vital River Laboratory Animal
Technology Co., Ltd). The mice were divided into two groups
(n = 6/group): sh-circ_0011292 and sh-NC. A549/PTX cells
(5 x 10° cells) stably transfected with sh-NC or sh-
circ_0011292 were subcutaneously implanted into the right
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back of nude mice. After inoculation, tumor volume was calcu-
lated every 7 days using the formula: 0.5 x length x width?.
Twenty-eight days later, the mice were euthanatized and neo-
plasms were resected and weighted. The animal experiments
were allowed by the Ethics Committee of Animal Research of
Jingmen No.1 People’s Hospital.

Statistical analysis

The experiments were conducted with at least three separate
assays, and the resulting data are presented as
mean =+ standard deviation following analyzed by GraphPad
Prism Version 7.0 Software (GraphPad). Difference analysis
was executed with Student’s ¢-test or one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test.
P < 0.05 was defined as statistically significant.

RESULTS

Circ_0011292 and CHEK1 were highly
expressed in NSCLC tissues and PTX-resistant
cells

To elucidate the function of circ_0011292 in NSCLC, qRT-
PCR assay was first performed to examine the expression pat-
tern of circ_0011292 in NSCLC cancer tissues (Cancer) and
adjacent normal tissues (Normal). The results showed that
circ_0011292 in NSCLC tissues was highly expressed relative
to that in matched normal tissues (Figure la). Meanwhile,
circ_0011292 was upregulated in NSCLC cell lines (A549 and
H1299) versus normal MRC-5 cell line, and it was even higher
in PTX-resistant NSCLC cell lines (A549/PTX and H1299/
PTX) than parental cell lines (Figure 1b). Like the expression
of circ_0011292, the mRNA and protein levels of CHEK1
were also elevated in NSCLC tissues compared to that in adja-
cent normal tissues (Figure 1c,d). In parallel, CHEKI mRNA
and protein expression was dramatically raised in A549 and
H1299 cells in contrast to MRC-5 cells, and it was further
enhanced in A549/PTX and H1299/PTX cells relative to that
in their parents (Figure lef). These outcomes indicate that
circ_0011292 and CHEK1 might play a vital role in the regula-
tion of PTX resistance in NSCLC cells.

Circ_0011292 silence inhibited PTX resistance,
proliferation, migration, invasion, and
enhanced apoptosis in PTX-resistant NSCLC
cells

Next, the stability of circ_0011292 in A549/PTX and
H1299/PTX cells was identified by RNase R digestion assay.
The qRT-PCR result suggested that circ_0011292 was resis-
tant to RNase R compared with its linear isoform TINAGL1
in A549/PTX and H1299/PTX cells (Figure 2a). To investi-
gate the biological effect of circ_0011292 on the malignant
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FIGURE 1

Circ_0011292 and CHEKI1 were overexpressed in NSCLC tissues and PTX-resistant cells. (a) The expression of circ_0011292 in NSCLC

cancer tissues (Cancer) and adjacent normal tissues (Normal) was detected by qRT-PCR assay. (b) qRT-PCR assay was conducted for the level of
circ_0011292 in normal MRC-5 cell line, PTX-resistant NSCLC cell lines (A549/PTX and H1299/PTX), and parental cell lines (A549 and H1299). (c and d)
The mRNA and protein levels of CHEK1 in NSCLC cancer tissues (Cancer) and adjacent normal tissues (Normal) were measured using qRT-PCR assay and
western blot assay, respectively. (e and f) The mRNA and protein expression of CHEK1 in MRC-5, A549, H1299, A549/PTX, and H1299/PTX cells was also
measured using qRT-PCR assay and western blot assay, respectively. ***p < 0.001

behaviors of PTX-resistant NSCLC cells, loss-of-function
experiments were conducted by silencing the expression of
circ_0011292 using siRNA transfection. As displayed in
Figure 2b, circ_0011292 was distinctly downregulated fol-
lowing the transfection of si-circ_0011292#1 or si-
circ_0011292#2 in A549/PTX and H1299/PTX cells relative
to si-NC control, indicating the successful transfection of
circ_0011292. For the higher transfection efficiency of si-
circ_0011292#1, it was selected for subsequent assays. By
contrast, the IC50 value of PTX and cell viability in PTX-
resistant A549/PTX and H1299/PTX cells were significantly
increased than their parental cells (Figure 2c,d), suggesting
an acquired PTX resistance in A549/PTX and H1299/PTX
cells. CCK-8 assay also revealed that si-circ_0011292#1
transfection led to a significant decrease in the IC50 value of
PTX in A549/PTX and H1299/PTX cells (Figure 2e), imply-
ing that circ_0011292 knockdown suppressed the resistance
of A549/PTX and H1299/PTX cells to PTX. Edu incorpora-
tion assay showed that the ratio of Edu-positive cells in
A549/PTX and HI1299/PTX cells transfected with si-
circ_0011292#1was distinctly decreased (Figure 2f). Colony
formation assay indicated that the colony forming ability of
A549/PTX and HI1299/PTX cells was blocked by
circ_0011292 silence (Figure 2g). Flow cytometry analysis
suggested that knockdown of circ_0011292 markedly

induced cell cycle arrest at GO/G1 phase (Figure 2h,i).
Meanwhile, the protein expression of proliferation-related
makers (PCNA and Ki67) was dramatically reduced in
A549/PTX and HI1299/PTX cells after si-circ_0011292#1
introduction (Figure 2j). Furthermore, transwell assay
exhibited that the numbers of migrated and invaded cells
were reduced in A549/PTX and H1299/PTX cells due to
circ_0011292 deficiency (Figure 2k,1). The apoptosis rate of
A549/PTX and H1299/PTX cells was visibly increased after
transfection with si-circ_0011292#1 (Figure 2m). Addition-
ally, western blot data showed that circ_0011292 silence
suppressed the expression of metastasis-associated protein
MMP9 and promoted the expression of pro-apoptotic pro-
tein Bax in the two PTX-resistant NSCLC cells (Figure 2n).
These data demonstrate that circ_0011292 knockdown has a
suppressive role in PTX resistance and the progression of
PTX-resistant NSCLC cells in vitro.

Circ_0011292 functioned as a sponge of miR-
433-3p and miR-433-3p directly interacted with
CHEK1

The circRNA/miRNA/mRNA regulatory network has been
identified in the progression of multifarious cancers.'®'” To
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FIGURE 2 Circ_0011292 knockdown hindered PTX resistance, proliferation, migration, invasion, and accelerated apoptosis in PTX-resistant NSCLC
cells. (a) gQRT-PCR assay was performed to determine the RNA level of circ_0011292 and linear TINAGLI after RNase R treatment or not in PTX-resistant
NSCLC cells. (b) The expression of circ_0011292 in A549/PTX and H1299/PTX cells transfected with si-circ_0011292#1, si-circ_0011292#2 or si-NC was
determined using qRT-PCR assay. (c and d) The cell viability and IC50 value of PTX in A549, H1299, A549/PTX, and H1299/PTX cells were tested by
CCK-8 assay. (E-N) A549/PTX and H1299/PTX cells were transfected with si-circ_0011292#1 or si-NC. (E) CCK-8 assay identified IC50 value of PTX in
transfected cells. (f) Edu incorporation assay was implemented for the ratio of Edu-positive cells. Cell proliferation rate = (Edu-positive cells)/(total number
of cells) x 100%. (g) Colony formation ability was tested by colony formation assay. (h and i) Cell cycle was monitored via flow cytometry. (j) The protein
expression of PCNA and Ki67 was measured by western blot. (k and 1) Transwell assay measured the numbers of migrated cells and invaded cells in PTX-
resistant NSCLC cells after transfection. (m) The apoptosis rate in transfected cells was analyzed by flow cytometry. (n) The levels of metastasis-associated
protein MMP9 and pro-apoptotic proteins Bax in transfected cells were measured through western blot assay. *p < 0.05, **p < 0.01, and ***p < 0.001

further understand the role of circ_0011292 in NSCLC, the
potential miRNAs pairing to circ_0011292 and CHEK1 was
explored. The CircInteractome (https://circinteractome.nia.
nih.gov/) online tool predicted that circ_0011292 harbored
putative complementary binding sites with miR-433-3p
(Figure 3a). Interestingly, CHEK1 was predicted to be a target
gene of miR-433-3p using online tool starBase 3.0 (http://
starbase.sysu.edu.cn/) (Figure 3c). The interaction relation-
ships between miR-433-3p and circ_0011292 or CHEK1 were
validated by dual-luciferase reporter assay. The results revealed
that transient transfection of wild-type circ_0011292 or
CHEKI1 3'-UTR reporter (wt-circ_0011292 or wt-CHEK1 3'-
UTR) in the presence of miR-433-3p mimic caused a remark-
able suppression of luciferase activity in A549 and H1299 cells,

and this effect was completely abolished by the mutation of
the miR-433-3p-pairing sequence (mut-circ_0011292 or mut-
CHEK1 3'-UTR) (Figure 3b,d), suggesting a combination
between miR-433-3p and circ_0011292 or CHEKI. Subse-
quently, gRT-PCR data revealed that miR-433-3p was down-
regulated in NSCLC tissues and cells when compared to the
normal controls, and there was a more prominent decrease of
miR-433-3p in PTX-resistant NSCLC counterparts (A549/
PTX and H1299/PTX) relative to parental cells (Figure 3e,f).
Moreover, circ_0011292 interference led to an enhanced level
of miR-433-3p (Figure 3g) and reduced protein level of
CHEK1 (Figure 3h) in A549/PTX and HI1299/PTX cells.
Additionally, the regulation of miR-433-3p on the expression
of CHEK1 was determined. The overexpression or
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FIGURE 3

Circ_0011292 sponged miR-433-3p and CHEK1 was directly targeted by miR-433-3p. (a) The complementary sequence between miR-

433-3p and circ_0011292 was presented. (b) The luciferase activity in A549 and H1299 cells co-transfected with miR-433-3p or miR-NC and wt-
circ_0011292 or mut-circ_0011292 was measured by dual-luciferase reporter assay. (c) The potential binding sites between CHEK1 3'UTR and miR-433-3p
were predicted by starBase 3.0. (d) The combination between miR-433-3p and CHEK1 was demonstrated by dual-luciferase reporter assay. (e) The
expression of miR-433-3p in NSCLC cancer tissues (Cancer) and adjacent normal tissues (Normal) was tested by qRT-PCR assay. (f) The level of miR-
433-3p in MRC-5, A549, H1299, A549/PTX, and H1299/PTX cells was examined via qRT-PCR assay. (g and h) The levels of miR-433-3p and CHEK1 in
A549/PTX and H1299/PTX cells transfected with si-circ_0011292#1 or si-NC were measured via qRT-PCR assay and western blot assay, respectively. (i and
j) The abundances of miR-433-3p and CHEK1 in A549/PTX and H1299/PTX cells after miR-433-3p overexpression or knockdown were determined via

qRT-PCR and western blot assays, respectively. *p < 0.05, and **p < 0.001

knockdown transfection efficiency of miR-433-3p mimic and
inhibitor (miR-433-3p and in-miR-433-3p) was examined by
gqRT-PCR (Figure 3i). Western blot data revealed that the
transfection of miR-433-3p mimic resulted in decreased
CHEK]1 expression, while the transfection of in-miR-433-3p
remarkably promoted CHEK1 expression (Figure 3j). These
results show a direct interaction between miR-433-3p and
circ_0011292 or CHEK1 in NSCLC cells.

CHEKI1 knockdown restrained PTX resistance
and the malignant behaviors of PTX-resistant
NSCLC cells

To validate the precise role of CHEKI in PTX resistance
of NSCLC cells, si-CHEK1 was transduced into A549/
PTX and H1299/PTX cells. The mRNA and protein
expression levels of CHEK1 were obviously reduced in
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FIGURE 4 CHEKI knockdown contributed to PTX sensitivity and blocked cell malignant behaviors in PTX-resistant NSCLC cells. A549/PTX and
H1299/PTX cells were transduced with si-CHEK1 or si-NC. (a and b) The mRNA and protein expression of CHEKI1 in A549/PTX and H1299/PTX cells were
assessed using qRT-PCR and Western blot assays, respectively. (c) The IC50 of PTX in transfected cells was measured by CCK-8 assay. (d and e) Cell
proliferation was assessed using Edu incorporation assay (d) and colony formation assay (e). (f and g) Flow cytometry was conducted for cell cycle
distribution. (h) Western blot was employed for the protein expression of PCNA and Ki67. (i and j) Cell migration and invasion were examined by transwell
assay in transfected cells. (k) Cell apoptosis was evaluated by flow cytometry. (I) Western blot assay was implemented to inspect MMP9 and Bax protein

levels. *p < 0.05, **p < 0.01, and ***p < 0.001

A549/PTX and H1299/PTX cells after CHEK1 knock-
down, while they were dramatically increased after
CHEKI1 overexpression (Figure 4a,b). This result showed
that A549/PTX and H1299/PTX cells were successfully
transfected with CHEK1 and si-CHEK1. Meanwhile,
CHEKI1 knockdown notably repressed the resistance of
A549/PTX and H1299/PTX cells to PTX compared to
control group, as demonstrated by the decreased IC50
value of PTX following CHEK1 downregulation
(Figure 4c). Functional analyses data revealed that
CHEKI deficiency caused an apparent inhibition in pro-
liferation (Figure 4d), colony formation (Figure 4e), cell
cycle progression (Figure 4f,g), PCNA and Ki67 expres-
sion (Figure 4h), migration (Figure 4i), and invasion
(Figure 4j) and an obvious enhancement in cell apoptosis
(Figure 4k) in A549/PTX and H1299/PTX cells. In addi-
tion, the protein level of MMP9 was decreased and the
protein level of Bax was increased in A549/PTX and
H1299/PTX cells after CHEK1 silence (Figure 41). Collec-
tively, these findings attested that CHEK1 knockdown
repressed PTX resistance and cell progression in PTX-
resistant NSCLC cells.

Inhibition of miR-433-3p reversed the impacts
mediated by circ_0011292 deficiency on the
malignant development of PTX-resistant
NSCLC cells

To further investigate whether circ_0011292 regulated PTX resis-
tance and cell behaviors in PTX-resistant NSCLC cells by
targeting miR-433-3p, rescue experiments were carried out by
transfecting si-NC, si-circ_0011292#1, si-circ_0011292#1 + in-
miR-NC or si-circ_0011292#1 + in-miR-433-3p into A549/PTX
and H1299/PTX cells. The qRT-PCR result showed that si-
circ_0011292#1-induced enhanced impact on the expression of
miR-433-3p was effectively overturned by miR-433-3p silence
(Figure 5a). Furthermore, circ_0011292 deletion-induced inhibi-
tion on IC50 of PTX (Figure 5b), proliferation (Figure 5¢), colony
formation (Figure 5d), cell cycle progression (Figure 5e,f), PCNA
and Ki67 expression (Figure 5g), migration (Figure 5h), and inva-
sion (Figure 5i) were attenuated by miR-433-3p downregulation
in A549/PTX and H1299/PTX cells. Cell apoptosis was overtly
enhanced in circ_0011292-silenced A549/PTX and H1299/PTX
cells, and this promotion was repressed by in-miR-433-3p intro-
duction (Figure 5j). In addition, the effect of circ_0011292
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The regulatory impacts of circ_0011292 silence on PTX-resistant NSCLC cell behaviors were abated by miR-433-3p downregulation.

A549/PTX and H1299/PTX cells were transfected with si-NC, si-circ_0011292#1, si-circ_0011292#1 + in-miR-NC or si-circ_0011292#1 + in-miR-

433-3p. (a) qQRT-PCR detected the miR-433-3p level in transfected A549/PTX and H1299/PTX cells. (b-

j) The IC50 of PTX, the ratio of Edu-positive

cells, the number of colonies, cell cycle distribution, PCNA and Ki67 expression, cell migration, and invasion, as well as cell apoptosis in transfected
cells were severally measured by CCK-8 assay, Edu incorporation assay, colony formation assay, western blot assay, transwell assay or flow
cytometry analysis. (k) The protein levels of MMP9 and Bax in transfected cells were measured through western blot assay. *p < 0.05, **p < 0.01, and

“tp < 0.001

knockdown on the expression of MMP9 and Bax was rescued by
the presence of in-miR-433-3p (Figure 5k). Taken together, these
findings suggested that circ_0011292 deficiency exerted a sup-
pressive effect on PTX resistance and cell progression in PTX-
resistant NSCLC cells by upregulating miR-433-3p expression.

CHEK]1 overexpression could reverse miR-
433-3p-mediated effects on PTX resistance and
cell malignant behaviors in PTX-resistant
NSCLC cells

Next, the effects of miR-433-3p and CHEK1 on PTX resis-
tance and cell development in PTX-resistant NSCLC cells
were further determined. A549/PTX and H1299/PTX cells
were transfected with miR-NC, miR-433-3p, miR-433-3p
+ vector or miR-433-3p + CHEK1. As observed in
Figure 6a,b, miR-433-3p mimic transfection evidently
decreased the mRNA and protein levels of CHEK1 in both
A549/PTX and HI1299/PTX cells, whereas CHEKI

overexpression partially reversed the effects, hinting at the
high transfection efficiency of them. By contrast, the
increased miR-433-3p expression led to a noteworthy
reduction in IC50 value of PTX (Figure 6¢) and a signifi-
cant suppression in the ratio of Edu positive cells
(Figure 6d), colony formation (Figure 6e), cell cycle pro-
gression (Figure 6f,g), PCNA and Ki67 expression
(Figure 6h), migration (Figure 6i), and invasion
(Figure 6j), as well as a remarkable promotion in cell apo-
ptosis (Figure 6k) in both Huh7-R and SNU-387-R cells.
In addition, miR-433-3p upregulation caused a prominent
decrease in the level of MMP9 and a remarkable increase
in the level of Bax in A549/PTX and H1299/PTX cells
(Figure 6l). Nevertheless, these impacts of miR-433-3p
overexpression in both A549/PTX and H1299/PTX cells
were effectively attenuated by enhancing CHEK1 expres-
sion (Figure 6¢c-1). These results collectively demonstrate
that miR-433-3p overexpression represses PTX resistance
and cell malignant behaviors in PTX-resistant NSCLC
cells by targeting CHEK1.
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FIGURE 6 MiR-433-3p overexpression contributed to PTX sensitivity and suppressed cell progression in PTX-resistant NSCLC cells by interacting with
CHEKI. A549/PTX and H1299/PTX cells were transduced with miR-NC, miR-433-3p, miR-433-3p + vector or miR-433-3p + CHEKI. (a and b) The
mRNA and protein levels of CHEK1 in A549/PTX and H1299/PTX cells after transfection were detected using qRT-PCR assay and Western blot assay,
respectively. (c) The IC50 value of PTX in transfected cells were assessed by CCK-8 assay. The ratio of Edu-positive cells (d), colony formation numbers €,
cell cycle distribution (f and g), PCNA, and Ki67 expression (h) were examined via Edu incorporation assay, colony formation assay, flow cytometry, and
western blot assay, respectively. (i and j) Cell migration and invasion capacities were inspected by transwell assay. (k) Cell apoptosis was analyzed by flow
cytometry. (I) Western blot assay was utilized for the protein levels of MMP9 and Bax in transfected A549/PTX and H1299/PTX cells. *p < 0.05, **p < 0.01,

and ***p < 0.001

Knockdown of circ_0011292 restrained tumor
growth of NSCLC cells via circ_0011292/ miR-
433-3p/CHEK]1 axis in vivo

To further analyze the relationships among circ_0011292,
miR-433-3p, and CHEKI1 in PTX-resistant NSCLC cells,
A549/PTX and H1299/PTX cells were transfected with si-
NG, si-circ_0011292#1, si-circ_0011292#1 + in-miR-NC or
si-circ_0011292#1 + in-miR-433-3p for the detection of
CHEK1 mRNA and protein expression. As expected, in
comparison with their counterparts, the transfection of si-
circ_0011292#1 led to a conspicuous reduction of CHEK1
mRNA and protein levels in both A549/PTX and H1299/
PTX cells, while these effects were remarkably relieved by
miR-433-3p inhibitor (Figure 7ab). These outcomes
suggested that circ_0011292 positively regulated CHEK1
expression through working as a sponge of miR-433-3p in
PTX-resistant NSCLC cells.

Finally, the effect of circ_0011292 on NSCLC tumor
growth in vivo was explored by constructing a xenograft
tumor mice model. A549/PTX cells stably transfected with
sh-circ_0011292 or sh-NC were implanted into the nude
mice. As shown in Figure 7c¢,d, the volume and weight
of xenograft tumors were evidently reduced by

sh-circ_0011292 transfection. The qRT-PCR assay rev-
ealed that the circ_0011292 level was distinctly down-
regulated and the miR-433-3p level was prominently
upregulated in tumor tissues from the sh-circ_0011292
group compared to the sh-NC group (Figure 7e). More-
over, circ_0011292 silence also decreased the mRNA and
protein levels of CHEK1 (Figure 7e,f). Thus, it was con-
cluded that circ_0011292 silence could suppress tumor
growth in vivo at least partially relying on the
circ_0011292/miR-433-3p/CHEK1 pathway.

DISCUSSION

Currently, the production of chemoresistance has become
the major hindrance for NSCLC treatment.”® CircRNAs
with aberrant expression have been shown to take part in
the process of carcinogenesis and chemoresistance develop-
ment in NSCLC.*"** In this study, we focused on digging
into the biological function and underlying molecular basis
of circ_0011292 in PTX-resistant NSCLC cell malignant
progression. Moreover, the functional roles of the
circ_0011292/miR-433-3p/CHEK1 network in regulating
PTX resistance of NSCLC cells were identified.
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FIGURE 7 Knockdown of circ_0011292 blocked NSCLC tumor growth via circ_0011292/miR-433-3p/CHEKI axis in vivo***. (a and b) The mRNA and
protein expression of CHEK1 in A549/PTX and H1299/PTX cells transfected with si-NC, si-circ_0011292#1, si-circ_0011292#1 + in-miR-NC or si-
circ_0011292#1 + in-miR-433-3p was determined via qRT-PCR and Western blot assays, respectively. Xenograft tumor models were established using
inoculating A549/PTX cells stably transfected with sh-circ_0011292 or sh-NC into nude mice. (c) Tumor volume was measured every 7 days using calipers.
(d) Tumor weight was tested after 28 days of inoculation. (e) The levels of circ_0011292, miR-433-3p, and CHEKI in the collected tumor tissues of xenograft
mice were determined by qRT-PCR analysis. (f) Western blot was conducted for CHEK1 protein level in tumor tissues of xenograft mice. ***p < 0.001
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It is well documented that numerous circRNAs are cru-
cial cancer-regulatory molecules in the pathogenesis and
chemoresistance of NSCLC through playing their sponge
effect on natural miRNAs and affecting the transcription-
translation of genes.”>** For instance, circ_0085131 facili-
tated cell proliferation and cisplatin resistance in NSCLC via
regulating autophagy mediated by miR-654-5p/ATG7 path-
way.””> Meanwhile, circRNAs were dysregulated and modu-
lated the resistance of NSCLC cells to taxol (PTX) and

exerted biological effects by absorbing and sequestering
miRNA molecules.”” Recent research has ascertained that
circ_0011292 enhanced PTX resistance and tumorigenesis
by regulating the miR-379-5p/TRIM65 axis in NSCLC."
Herein, it was found that circ_0011292 was highly expressed
in NSCLC tissues and cells, especially in PTX-resistant
NSCLC cells. Loss-of-function experiments showed that
circ_0011292 deficiency rendered the sensitivity of PTX-
resistant cells to PTX, and also distinctly repressed cell
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proliferation, migration, invasion, and enhanced apoptosis
in PTX-resistant NSCLC cells. From this evidence, it could
be speculated that circ_0011292 serves as a novel oncogene
and contributes to PTX resistance in NSCLC cells.

The ceRNA hypothesis supposes that circRNAs modu-
late gene expression through sequestering miRNAs, reduc-
ing their ability to target mRNAs.*® Here, it was first
highlighted that circ_0011292 directly targeted miR-433-3p
and negatively regulated miR-433-3p expression in NSCLC
cells. Meanwhile, miR-433-3p was downregulated in NSCLC
tissues and cells, and it was further reduced in PTX-resistant
NSCLC cells compared to parental cells. In accordance with
our study, Weng et al. discovered that miR-433-3p was had
low expression in NSCLC cells and miR-433-3p over-
expression inhibited cell proliferation, migration, and inva-
sion but accelerated cell apoptosis.'” Furthermore, our data
suggested that miR-433-3p overexpression enhanced PTX
sensitivity, restrained cell proliferation, migration, and inva-
sion, and induced apoptosis in PTX-resistant NSCLC cells.
Hence, we deemed that miR-433-3p was an anticancer fac-
tor in the progression of NSCLC. Moreover, miR-433-3p
suppression effectively reversed the impacts of circ_0011292
deficiency on PTX resistance and cell malignant progression
in PTX-resistant NSCLC cells in our study. This
demontrates that circ_0011292 improved the resistance of
PTX-resistant NSCLC cells to PTX through sponging miR-
433-3p.

To date, mounting miRNAs have been disclosed to
exert essential regulatory roles in multiple human cancers,
including NSCLC, through interaction with the 3’-UTRs of
target mRNAs.”” In addition, miR-433-3p has been shown
to participate in the carcinogenesis of different malignan-
cies via regulating downstream genes.”®*’ For example,
miR-433-3p was associated with renal carcinoma cell
growth and migration by targeting FGF2,”° and miR-
433-3p overexpression markedly impeded cell prolifera-
tion, metastasis while expedited cell apoptosis in osteosar-
coma.”® Liu et al. have identified that miR-433 was
significantly downregulated in NSCLC and the resumption
of miR-433 expression inhibited the proliferation and inva-
sion of NSCLC cells partly through directly sponging E2F
transcription factor 3 (E2F3).*" Li et al. also showed the
reduced expression of miR-433 in NSCLC and its repres-
sive effects on repressive tumor progression via Smad2.”?
Here, we also discovered the upregulation of CHEKI in
NSCLC tissues and cells, as well as PTX-resistant NSCLC
cells. We are the first to identify that miR-433-3p directly
targets CHEKI. Furthermore, as with circ_0011292,
CHEK1 silence promoted PTX sensitivity, inhibited cell
proliferation, migration, and invasion, and accelerated apo-
ptosis in PTX-resistant NSCLC cells. In addition, CHEK1
elevation could counteract the suppression on IC50 of
PTX, proliferation, migration, and invasion, and the pro-
motion on apoptosis of A549/PTX and H1299/PTX cells
with miR-433-3p overexpression, indicating that miR-433-
3p enhanced PTX sensitivity by targeting CHEKI. More
importantly, this is the first report on the role of

circ_0011292 as a miR-433-3p sponge to further control
CHEK]1 expression. The experimental animals in biomedi-
cal research provide insights into disease mechanisms, and
BALB/c nude mice are mammalian animals that are widely
used to establish animal models of human disease.™
Herein, the xenograft model assay result also demonstrates
that circ_0011292 blocks the NSCLC tumor growth via
circ_0011292/miR-433-3p/CHEK1 axis in vivo. Thus, we
speculated that circ_0011292 might participate in the pro-
gression of PTX-resistant NSCLC via sponging miR-
433-3p and regulating CHEK1 expression.

In summary, we unraveled the dysregulation and role of
circ_0011292, miR-433-3p, and CHEKI in NSCLC tissues
and PTX-resistant NSCLC cells. Circ_0011292 might con-
tribute to the malignant development and PTX resistance of
NSCLC cells in vitro through modulation of the miR-
433-3p/CHEK1 axis (Figure 8). These findings might pro-
vide a strong theory for developing circ_0011292 as a poten-
tial therapeutic target for the remedy of chemoresistant
NSCLC patients.
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