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Hsa_circ_0125356 promotes gemcitabine @

resistance by modulating WNT canonical
and non-canonical pathways via miR-582-5p/
FGF9 axis in non-small cell lung cancer

Xinyue Du'", Weijie Luo', Hongwu Li', Qi Gu', Ping Huang', Cheng Wang', Na Li', Fanglan Liu*" and
Chunhua Xia'?"

Abstract

Background Non-small cell lung cancer (NSCLC) is the leading cause of cancer morbidity and mortality worldwide.
The prognosis of patients has been significantly improved by chemotherapy, but acquired drug resistance remains
a major obstacle to NSCLC treatment. Circular RNAs (circRNAs), which act as miRNA or protein sponges, are critically
associated with the development and chemotherapy resistance of NSCLC.

Methods CircRNA sequencing was performed to analyze the differential expression of circRNAs between A549

and A549-GR cells. Chromogenic in situ hybridization (CISH) and immunohistochemistry (IHC) technologies were
used to detect the expression of hsa_circ_0125356, miR-582-5p,and FGF9 in NSCLC tissues and para-carcinoma
tissues. Fluorescence in situ hybridization (FISH), dual-luciferase reporter assays and RNA immunoprecipitation (RIP)
were conducted to evaluate the expression and regulation of hsa_circ_0125356, miR-582-5p, and FGF9. Furthermore,
the regulation of hsa_circ_0125356/miR-582-5p/FGF9 on gemcitabine sensitivity was confirmed by TUNEL, Transwell,
EdU, CCK8 and immunohistochemistry.

Results We identified a novel hsa_circ_0125356 as a therapeutic target against gemcitabine resistance. Hsa_
circ_0125356 was significantly elevated in clinical samples of patients with NSCLC. Moreover, hsa_circ_0125356
overexpression promoted gemcitabine resistance to NSCLC by upregulating FGF9 via sponging miR-582-5p in vivo
and in vitro. Notably, WNT canonical (ERK/GSK33/B3-catenin) and non-canonical (Daam1/RhoA/ROCK2) signaling path-
ways were activated due to hsa_circ_0125356 acting as an endogenous miR-582-5p sponge to regulate the expres-
sion of FGF9, and thereby enhancing gemcitabine resistance via promoting DNA damage repair and inhibition

of apoptosis. The results were further confirmed by two small molecule antagonists, WAY 316606 and XAV-939,which
could inhibit the activation of WNT signaling pathway induced by hsa_circ_0125356.

Conclusion We first demonstrated that hsa_circ_0125356 was significantly upregulated and served as a bio-
marker for gemcitabine resistance in NSCLC by sponging miR-582-5p/FGF9 axis to regulate the WNT canonical
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and non-canonical signaling pathways, which provided a new direction for identification of therapeutic targets

for the treatment of gemcitabine resistance of NSCLC.

Keywords CircRNAs, NSCLC, Gemcitabine resistance, MiR-582-5p, FGF9, WNT canonical and non-canonical signaling

pathways

Introduction

Non-small cell lung cancer (NSCLC) accounts for
approximately 40-55% of primary lung cancer cases, and
its incidence has increased in recent years, representing a
serious threat to human health [1, 2]. At present, surgery-
based comprehensive treatment remains the primary
treatment mode for NSCLC, but it still has a high rate of
recurrence and distant metastasis [3, 4]. Chemotherapy
has been widely used in the treatment of patients with
unresectable and postoperative recurrent NSCLC. How-
ever, the emergence of chemoresistance poses a signifi-
cant challenge to the efficacy of chemotherapy, eventually
leading to poor prognosis [5, 6].

Gemcitabine, a pyrimidine nucleoside analog with a
broad spectrum of antitumor activity, is one of the most
commonly used chemotherapeutic agents for the clini-
cal treatment of NSCLC [7]. Gemcitabine in combina-
tion with other chemotherapeutic agents is a recognized
first-line chemotherapy regimen in the treatment of
advanced NSCLC. For instance, gemcitabine in combi-
nation with cisplatin and sintilimab reveals preliminary
efficacy and manageable safety as a first-line therapy
for patients with squamous NSCLC, with an objective
response rate of 64.7% and a median progression-free
survival of 6.5 months [8]. The combination therapy of
gemcitabine and docetaxel for lung adenocarcinoma
results in a median time to progression of 4.1 months,
a median overall survival of 9.4 months, and 1-year and
2-year survival rates of 37.9% and 10.7%, respectively
[9]. Moreover, the co-administration of gemcitabine
and docetaxel is considered as an effective and well-
tolerated regimen for the treatment of NSCLC, espe-
cially in patients with adenocarcinoma NSCLC with a
higher overall response rate of 43% [10]. However, gem-
citabine resistance has continued to limit our ability to
effectively treat advanced NSCLC. A growing body of
evidence underscores that gemcitabine resistance may
result from alterations in drug metabolism until the
cytidine analog is incorporated into the DNA, or from
mitigation of gemcitabine-induced apoptosis [11, 12].
These drug resistance modalities can be intrinsic to can-
cer cells or influenced by the cancer microenvironment.

Moreover, the underlying mechanisms of gemcitabine
resistance are difficult to address, as many genes that
drive the carcinogenic process themselves also inter-
fere with gemcitabine-induced apoptosis [13]. In recent
years, several studies have reported that circular RNA
(circRNA) is a novel biomarker and therapeutic target,
providing further insight into gemcitabine resistance in
cancer therapy.

CircRNA is recognized as a class of functional non-
coding RNAs (ncRNAs) that connects the downstream
5’ site with the upstream 3’ site to form a covalently
closed single-stranded loop [14]. CircRNA regulates
biological processes by mediating alternative splicing
of RNA, cis-regulation of transcription, and function-
ing as a competitive endogenous RNA (ceRNA) [15,
16]. A growing body of evidence suggests that circRNA
plays a critical role in various cancer-related processes,
including tumorigenesis, metastasis, recurrence, and
drug resistance [17-19]. The abnormal expression
of circRNA is closely related to the occurrence and
development of lung cancer. For instance, hsa_circH-
IPK3 promotes lung cancer cell proliferation by spong-
ing miR-124/CDK4 axis [20]. The downregulation
of hsa_circ_0006427 inhibited metastasis of NSCLC
by regulating miR-6783-3p/DKK1 signaling pathway
[21]. A newly emerging mechanism underlies that hsa_
circ_0035483 promotes the resistance of human renal
cancer cells to gemcitabine by modulating autophagy
activation via sponging hsa-miR-335 [22]. Hsa_
circ_103809 enhances gemcitabine resistance by acti-
vating miR-516-5p/FBXL18 axis in bladder cancer cells
[23]. However, the role of circRNAs in the gemcitabine
resistance of NSCLC is still not well understood.

In summary, circRNA plays a crucial regulatory role in
the occurrence, development, and resistance of chemo-
therapy in NSCLC. However, the correlation between
circRNAs and gemcitabine resistance in NSCLC, along
with its functional roles and mechanisms, remains
poorly studied. The main objectives of the present study
were to explore the impact of circRNAs on gemcit-
abine resistance in NSCLC and its underlying mecha-
nisms. Our findings will provide clinical significance in
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understanding the molecular mechanisms of gemcitabine
resistance in NSCLC and in devising a novel therapeutic
target for chemotherapy resistance in NSCLC.

Materials and methods

Patient information and tissue specimens

Sixty-four tissues from patients with NSCLC and
sixty-four adjacent tissues, which were histopatho-
logically and clinically diagnosed, were obtained from
the First People’s Hospital of Jiujiang, Jiangxi Prov-
ince. All experiments involving human samples and
clinical data were approved by the Ethics Commit-
tee of Jiujiang First People’s Hospital (Ethics NO:
JSDYRMYY-YXLL-2024-300).

Immunohistochemistry (IHC)

For immunohistochemical staining, all paraffin-
embedded tissues were soaked in xylene and different
concentrations of alcohol for deparaffinization and
hydration. After antigen repair, the tissues were incu-
bated in 3% H,0O, (Boster Biotech, CA, USA) at room
temperature in the dark for 10 min, before adding 5%
bovine serum albumin (BSA) (Solarbio, Beijing, China)
at room temperature for 1 h. Slides were prepared with
primary antibodies targeting fibroblast growth factor 9
(FGF9) (YT5179, Immunoway, USA, 1:1000) and Ki67
(ab16667, Abcam, UK, 1:1000) overnight at 4 °C. The
next day, the slides were incubated with a secondary
antibody for 1 h at room temperature and then stained
with diaminobenzidine (Servicebio, Wuhan, China).
Finally, the slides were covered with coverslips, sealed
with neutral gum, and viewed under a fluorescence
microscope. Cell staining intensity was scored as fol-
lows: 0, points for no positive staining (negative); 1,
light yellow (weak positive); 2, brown yellow (positive);
and 3 points for tan (strong positive). The positive rate
of tumor cells was scored as follows: 1, 0%-25%; 2,
26%—50%; 3, 51%—75%; and 4, 76%—100%.

Establishment of cell lines and transfection

Human NSCLC cells (lung adenocarcinoma: A549,
HCC827, SKMES1, SPCA1, H1299, H292 and lung
squamous cell carcinoma: H520) were purchased
from the American Type Culture Collection (ATCC,
USA). Gemcitabine-resistant A549 (A549-GR) cells
were obtained from Shanghai Meixuan Biotechnol-
ogy Co., Ltd. (Shanghai, China). Transfection of
hsa_circ_0125356, si-hsa_circ_0125356, miR-582-5p
mimics, inhibitors, overexpressed Flag-FGF9 plasmids
(OE-FGF9), FGF9-specific shRNAs (shFGF9), or the
corresponding NCs into cells was performed using
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lipofectamine 3000 (Uelandy, Suzhou, China). Lentivi-
ral shRNAs and overexpression constructs were gener-
ated by Genechem (Guangzhou, China). The cells were
transfected with lentivirus according to the manufac-
turer’s instructions. The sequences used are listed in
Supplementary Table S1.

RNase R treatment

RNase R was applied to digest linear RNA. RNAs
extracted from A549 and A549-GR cells were divided
into two groups for RNase R (Geneseed, Guang-
zhou, China) treatment and control. The samples
were incubated for 30 min at 37 °C with 3U/ug of
RNase R. Quantitative real-time PCR (qRT-PCR) was
used to detect the expression of SLC7A11 and hsa_
circ_0125356. GAPDH in the control group was used as
the internal reference. Three independent experiments
were performed in triplicate. All primers are listed in
Supplementary Table S2.

Actinomycin D (ActD) treatment

A total of 1x10° cells per well of A549 and A549-GR
cells were seeded in a 6-well plate overnight, and
2 mg/L ActD (MCE, New Jersey, USA) was added to
each well for 4, 8, 12, and 24 h. The cells were harvested
according to treatment time. qRT-PCR was performed
to analyze the stability of SLC7A11 mRNA and hsa_
circ_0125356. Three independent experiments were
performed in triplicate.

Cell viability analysis

Cells with or without transfection were seeded in 96-well
plates at 5x10° cells/well for 24 h and then treated with
different concentrations of gemcitabine for 48 h. Cell via-
bility was measured using a CCK-8 Assay Kit (Dojindo,
Kanto Area, Japan) to measure the cytotoxicity of gemcit-
abine. The half-maximal inhibitory concentration (ICs)
was determined based on the absorbance at 490 nm, as
measured using a microplate reader.

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

A cell-light EQU DNA cell proliferation kit (Uelandy,
Suzhou, China) was used to perform the EdU assay.
After incubation with 50 mM EdU for 2 h, the A549 and
A549-GR cells were fixed in 4% paraformaldehyde and
stained with Apollo Dye solution. Hoechst 33,342 was
used to identify the nuclei. The proliferation-positive cells
were then photographed and counted under an Olympus
FSX100 microscope.

Colony formation assays
A549 and A549-GR cells were resuspended to 1x 10> cells/
mL and seeded in 6-well plates. After incubation at 37 °C
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for 14 days, cells were fixed in methanol (Sinopharm, Bei-
jing, China), stained with 0.1% crystal violet (Solarbio, Bei-
jing, China) and the cell colonies were counted.

Migration assays

Transwell migration assays were performed. Transfected
A549 and A549-GR cells (1x10° cells/mL) were resus-
pended in RPMI 1640 medium (solarbio, Beijing, China).
The upper chamber contained 100 pL of cell suspension
medium, and 600uL of complete medium was added
to the bottom chamber. After incubating at 37 °C in an
atmosphere containing 5% CO, for 24 h, the cells were
fixed with 4% paraformaldehyde and stained with 0.1%
crystal violet solution. The cells that passed through the
filter were photographed and counted by inverted fluo-
rescence microscopy in three randomly selected fields.

Apoptosis analysis

According to the manufacturer’s instructions of flow
cytometry kit (Uelandy, Suzhou, China), apoptosis was
measured using a flow cytometer (FACSCalibur, BD, USA).
After 48 h of treatment, the cells were washed, resus-
pended, and stained with fluorescein isothiocyanate and
propidium iodide. Subsequently, flow cytometry was used
to analyze the apoptosis rate of cells treated under differ-
ent conditions. The apoptosis data were analyzed using
Flow]Jo V10 software (Tree Star, San Francisco, USA). Each
experiment was performed more than three times.

Fluorescence in situ hybridization (FISH)

A Cy3-labeled oligonucleotide probe (IbsBio, Shanghai,
China) targeting hsa_circ_0125356 was used for FISH
(Ribobio, Guangzhou, China) (sequence shown in Sup-
plementary Table S1). Cells were seeded in confocal
dishes and incubated with pre-hybridization solution at
37 °C for 30 min. 20 uM probes were added to the dish
and hybridized overnight. After washing (4x SSC (saline

(See figure on next page.)
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sodium citrate in 0.1% Tween-20) three times, 2xSSC
once, and 1xSSC once), the cells were stained with 4,
6-diamidino-2-phenylindole (DAPI) for 15 min at room
temperature. Finally, images were observed under a con-
focal microscope.

ELISAs

A549, HCCB827, SKMES1, SPCA1, H1299, H292 and
A549-GR cells were cultured in large dishes. Mean-
while, the blank group and the basal medium group
were set up. On day 3 of cultivation, the cell superna-
tant was collected for measuring FGF9 content accord-
ing to the instructions of the ELISAs kit (EIAAB,
Wuhan, China).

In situ hybridization (ISH)

The steps for deparaffinization and rehydration were the
same as those for ICH, and the sections were digested
with proteinase K (Servicebio, Wuhan, China) after heat
repair and then hybridized with digoxigenin-labeled
probes (IbsBio, Shanghai, China) overnight at 37 °C.
Next, the HRP digoxin antibody was labeled, the color
was developed with diaminobenzidine, nuclei were
counterstained, and slides were sealed by dehydration.
The sections were observed using standard light-field
microscopy. The target probe showed brownish punctate
or clump-like signals in the cells, and the nucleus was
dark blue.

In vivo animal experiments

To investigate the effects of hsa_circ_0125356 in vivo,
1x10” A549-GR cells (n=5 in each group) stably trans-
fected with hsa_circ_0125356 shRNA or NC and 1x 10’
A549 cells (n=5 in each group) stably transfected with
overexpression of hsa_circ_0125356 or vector were
injected subcutaneously into the flanks of 4-week-old
BALB/c nude mice (Gempharmatech, Nanjing, China).

Fig. 1 Identification of gemcitabine resistance-associated circRNA (hsa_circ_0125356) in NSCLC after gemcitabine treatment. A High throughput
circRNA sequencing analysis of circRNA expression profiling in A549 and A549-GR cells. B gRT-PCR indicating the levels of 12 differentially expressed
circRNAs in A549 and A549-GR cell lines. € PCR analysis of hsa_circ_0125356 and the linear transcript of SLC7A11 using divergent and convergent
primers in cONA and genomic DNA (gDNA). GAPDH was used as a control. D Schematic of the chromosomal location and formation of hsa_
circ_0125356. Sanger sequencing was used to verify the splice junctions. E gRT-PCR analysis of hsa_circ_0125356 using random primers or oligo
DT primers in reverse transcription experiments. F Relative RNA levels of hsa_circ_0125356 and linear SLC7A11 treated with RNase R. G Relative
abundance of hsa_circ_0125356 and linear SLC7A11 treated with actinomycin D at the indicated time points. H, I The subcellular localization

of hsa_circ_0125356 in A549-GR cells was determined by nuclear mass separation assay and fluorescence in situ hybridization. GAPDH and 185
represent cytoplasmic controls, and U6 represents nuclear controls. Scale bar: 10 um. J In situ hybridization was used to detect the differential
expression of hsa_circ_0125356 in paired tumor/paracarcinoma tissue samples from 64 NSCLC patients. Scale bar: 50 um. K Kaplan-Meier analysis
of the correlation between hsa_circ_0125356 expression and overall survival (OS) for NSCLC patients. Data are shown as the mean +SD. "P<0.05;

"P<0.01; "P<0.001; “"P<0.0001
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Two weeks after injection, the animals were randomly
assigned to the vehicle control or gemcitabine (50 mg/
kg) group, and gemcitabine was injected intraperitoneally
every 3 days. Mice were euthanized in the sixth week, and
tumors were isolated for further analyses. The subcutane-
ous tumor size was measured and recorded every 2 days
using a vernier caliper: tumor volume (mm?) = (L x W?)/2,
where L is the long axis and W is the short axis. All ani-
mal care and experimental procedures were performed
in accordance with the Guidelines for the Care and Use
of Laboratory Animals issued by NIH, and the animal
experimental protocol was approved by the Ethics Com-
mittee of Nanchang University (Animal Ethics batch No.:
NCULAE-20240530001).

CircRNA sequencing technology

In this study, the NSCLC parental strain and NSCLC
gemcitabine-resistant strain were first used for library
construction using a Clontech SMARTer Stranded
Total RNA-seq kit v2-Pico Input kit (Takara, Kyoto,
Japan) to screen differentially expressed circRNAs.
After constructing the library, Qubit 3.0 was used for
preliminary quantification, and then an Agilent 2100
Bioanalyzer was used to detect the library size range.
The effective concentration of the library was accurately
quantified by q-PCR (effective concentration >3 nM) to
ensure the quality of the library. The circRNA libraries
were pooled according to the requirements of effective
concentration and target data volume and sequenced
using a Nova-seq 6000 PE150 mode (Geneseed, Guang-
zhou, China). The circRNA-seq raw data (raw reads) of
fastq format were firstly processed through in-house
Perl scripts. Index of the reference genome was built
using Bowtie 2 version 2.1.0, and paired-end clean
reads were aligned to the reference genome using Bow-
tie. Prior to differential gene expression analysis, the
reads were mapped to genome using the STAR and
DCC was used to identify the cirRNA and to estimate
their expression. Differential expression analysis of cir-
cRNAs was performed using the edgeR R package. The
fold change was log2 transformed, and we used a log2
(fold change)>2 (or< —2) and a p value<0.01 to sort

(See figure on next page.)
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the differently expressed circRNAs. Subsequently, to
generate an overview of circRNA expression profiles
between the two groups, hierarchical clustering analy-
sis was performed.

Nucleic acid extraction and quantitative polymerase chain
reaction (qPCR)

Total RNA was extracted using TRIzol (Invitrogen, Cali-
fornia, USA) according to the manufacturer’s instructions.
To generate nuclear and cytoplasmic RNA, a nuclear mass
separation assay was performed using an NE-PER Nuclear
and Cytoplasmic Extraction Kkit, followed by TRIzol
extraction. Genomic DNA (gDNA) was extracted using
a genomic DNA isolation kit (Biomiga, San Diego, USA).
Complementary DNA (cDNA) was synthesized using
PrimeScript RT Master Mix (Vazyme, Nanjing, China).
Polymerase chain reaction (PCR) was performed using
GoTaq Green Master Mix (Vazyme, Nanjing, China). PCR
products were subjected to electrophoresis and visualized
with Safe Green. qRT-PCR analysis was conducted using
2XSYBR Green Pro Taq HS Premix II (TransGen, Beijing,
China) on RT-PCR instruments. GAPDH was used as an
internal control for circRNAs and mRNAs, while small
miRNA levels were normalized to those of small nuclear
U6. The 2722 method was used to calculate the relative
expression. The primer sequences are provided in Supple-
mentary Table S2.

RNA immunoprecipitation (RIP)

The RIP assay was performed according to the RNA
Binding Protein Immunoprecipitation Kit manual (17—
700, Millipore, USA). In brief, A549 and A549-GR cells
were washed twice with cool phosphate-buffered saline
and lysed with RIP buffer. The lysates were first co-
incubated with anti-AGO2 (67,934-1-Ig, Proteintech,
China) or negative control IgG overnight at 4 °C. Sub-
sequently, the protein A/G beads were co-incubated
with the immunocomplex mixture for 2 h at 4 °C. The
total RNA of the immunocomplex was extracted using
TRIzol reagent, and hsa_circ_0125356 and miR-582-5p
expression was detected using qRT-PCR. The primer
sequences are listed in Supplementary Table S2.

Fig. 2 Hsa_circ_0125356 is critical for maintaining gemcitabine resistance. A The overexpression and knockdown of hsa_circ_0125356 were
confirmed by gRT-PCR analysis of hsa_circ_0125356 and SLC7A11 mRNA in A549 and A549-GR cells. B-D The proliferative abilities of stably
transfected A549 and A549-GR cells treated with gemcitabine were investigated via CCK-8 assays (cell viability and ICy,) and colony formation
assays. E The proliferative abilities of stably transfected A549 and A549-GR cells treated with gemcitabine were investigated using EJU assays. Scale
bar: 20 um. F, G TUNEL and Transwell assays were used to detect changes in the apoptosis or migration of stably transfected A549 and A549-GR
cells treated with gemcitabine. TUNEL Scale bar: 20 um. Transwell Scale bar: 50 um. H Western blotting was used to detect the protein expressions
of apoptosis-related proteins in stably transfected A549 and A549-GR cells treated with gemcitabine. Data are shown as the mean=+SD. P<0.05;

"P<0.01; "P<0.001; “"P<0.0001
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Western blotting analysis

In brief, proteins were isolated from A549 and A549-GR
cells using RIPA buffer (89,900, Pierce, USA) supple-
mented with proteinase inhibitors, and protein concen-
trations were determined using BCA reagent (30,342,
Cwbio, China). Cell lysates were separated on SDS—poly-
acrylamide gels and then transferred onto polyvinylidene
difluoride (PVDEF) (Millipore, Schwalbach, Germany).
After blocking the membranes in 5% skim powdered milk
for 2 h, they were incubated with the following primary
antibodies overnight at 4 °C: Ki67 (abl16667, Abcam,
UK, 1:1000), Bcl-2 (68,103—1-PBS, Proteintech, China,
1:1000), FGF9 (YT5179, Immunoway, USA, 1:1000),
ERK1/2 (A16686, Abclonal, China, 1:1000), p-ERK1/2
(80,031-1-RR, Proteintech, China, 1:1000), B-catenin
(51,067-2-AP, Proteintech, China, 1:1000), p-B-catenin
(AP0579, Abclonal, China, 1:1000), Gsk3-f (A2081,
Abclonal, China, 1:1000), p-Gsk3-p (14,850-1-AP, Pro-
teintech, China, 1:1000), Daam1 (14,876—1-AP, Protein-
tech, China, 1:1000), RhoA (10,749-1-AP, Proteintech,
China, 1:1000), ROCK2 (21,645-1-AP, Proteintech,
China, 1:1000), p53 (10,442—1-AP, Proteintech, China,
1:1000), Bax (50,599-2-Ig, Proteintech, China, 1:1000),
FGFR3(66,954—1-1g, Proteintech, China, 1:2000), B-actin
(HRP-66009, Proteintech, China, 1:6000), and GAPDH
(60,004-1-Ig, Proteintech, China, 1:6000). Next, the
membranes were incubated with secondary antibodies at
room temperature for 1 h. After washing three times, the
targeted proteins were visualized using enhanced chemi-
luminescence (ECL) reagent.

Luciferase reporter assay

A549 and A549-GR cells were seeded in 96-well plates
and then co-transfected with hsa_circ_0125356/FGF9
wild-type or mutant plasmids, miR-582-5p mimics, or
miR-NC using Lipofectamine 3000. After 48 h of incu-
bation, the luciferase activity was measured according
to the manufacturer’s instructions (Promega, Madison,
USA). Each experiment was repeated at least three times.

(See figure on next page.)
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Statistical analysis

Data are reported as the means+standard deviations
(SDs), and GraphPad Prism (version 8.0) was used for
the general statistical analysis. Differences between the
indicated groups were compared using the Student’s
t-test and one-way analysis of variance (ANOVA). The
chi-square test was used to investigate the significance
of the correlation of hsa_circ_0125356, miR-582-5p and
FGF9 expression with the clinicopathological features.
The survival curves were calculated by the Kaplan—Meier
method and compared with the log-rank test. Pearson’s
correlation coefficient was used to evaluate the correla-
tion. A P-value less than 0.05 was considered statistically
significant.

Results

Discovery and characteristics of novel gemcitabine
resistance-related circRNA in NSCLC

A gemcitabine-resistant cell model (A549-GR) was con-
structed in this study and the CCK-8 assay showed that
gemcitabine had a median ICy; of 3.344 pM in wild-type
cells (A549) and 58.63 pM in A549-GR cells, indicat-
ing a resistance index of 19.3 in the A549-GR cell line
(Supplementary Fig. S1C). CircRNA sequencing showed
that a total of 927 and 894 circRNAs were upregulated
and downregulated in A549-GR cells, respectively,
compared with wild-type cells (Fig. 1A). Based on log2
(fold change)>2 (or< —2) and p value<0.01 (resist-
ant group vs. sensitive group), 12 candidate circRNAs
were further selected in A549 and A549-GR cells using
qRT-PCR, of which hsa_circ_0125356 was more highly
expressed than other candidate circRNAs in A549-GR
cells (Fig. 1B).

CircRNAs have the same sequences as the lin-
ear transcripts of their parental genes, except for the
back-splice junction area [24]. CircRNA sequenc-
ing showed that SLC7A11 is the parent host gene of
hsa_circ_0125356 (chr4:139,135,738-139,163,215),
which was generated from exons 1-6 of the SLC7A11

Fig. 3 Hsa_circ_0125356 acts as a miRNA sponge for miR-582-5p. A Potential target miRNAs of hsa_circ_0125356 were predicted in the Miranda,
Circbank, and TargetScan databases. B gRT-PCR was used to detect changes in the expression of 12 miRNAs after circRNA overexpression. C In situ
hybridization was used to detect the miR-582-5p expression differences between 25 patients with NSCLC and 25 patients with paracarcinoma. D
The negative correlation between hsa_circ_0125356 and miR-582-5p in 25 patients with NSCLC and 25 patients with paracarcinoma was analyzed
using Pearson correlation analysis. E gRT-PCR was used to detect the expression difference in miR-582-5p between A549 and A549-GR cells. F The
co-localization of hsa_circ_0125356 (red) and miR-582-5p (green) was observed via fluorescence in situ hybridization (FISH) in A549 and A549-GR
cells. Cell nuclei were counterstained with DAPI (blue). Scale bar: 10 um. G RIP assay was performed with anti-AGO2 antibodies or IgG in A549

and A549-GR cells, before performing gRT-PCR to detect the enrichment of hsa_circ_0125356 and miR-582-5p. H Luciferase activity of hsa_
circ_0125356-WT or hsa_circ_0125356-MUT after transfection with miR-582-5p mimics or inhibitors in A549 and A549-GR cells. I gRT-PCR was used
to analyze the effect of overexpression or knockdown of hsa_circ_0125356 on miR-582-5p. Data are shown as the mean +SD. "P<0.05; "P<0.01;

"'P<0.001; ""P<0.0001
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transcript with a length of 783 nt and the mature
sequence of hsa_circ_0125356 was list in Supple-
mentary Table S3. Hence, we designed divergent and
convergent primers to amplify hsa_circ_0125356
and linear SLC7A11, respectively. The results
showed that hsa_circ_0125356 could only be ampli-
fied by divergent primers in cDNA but not by gDNA
(Fig. 1C). Sanger sequencing directly verified that
the splice point matched the junction sequence of
hsa_circ_0125356 in circBase (Fig. 1D). We also found
that hsa_circ_0125356 could only be reversed using
random primers, whereas linear SLC7A11 could be
reverse transcribed using random or oligodT prim-
ers (Fig. 1E and Supplementary Fig. S2A). Meanwhile,
hsa_circ_0125356 was more stable than SLC7A11
mRNA after treatment with RNase R (Fig. 1F and
Supplementary Fig. S2B). After treating the cells with
ActD (a transcription inhibitor), we found that hsa_
circ_0125356 was more stable than linear SLC7A11
(Fig. 1G, Supplementary Fig. S2C). In addition, qRT-
PCR and FISH were performed to determine the intra-
cellular location of hsa_circ_0125356 in NSCLC cells,
and the results demonstrated that hsa_circ_0125356
was mainly located in the cytoplasm (Fig. 1H&I and
Supplementary Fig. S2D&E). Interestingly, the expres-
sion of hsa_circ_0125356 was gradually increased due
to the enhanced resistance of gemcitabine in A549
cells (Supplementary Fig. S1). Moreover, the clini-
cal data of 64 paired tumor/adjacent tissue samples
from patients with adenocarcinoma NSCLC showed
that hsa_circ_0125356 was significantly upregulated
in cancer tissues compared to adjacent normal tissues
(Fig. 1J), and strong expression of hsa_circ_0125356
was significantly associated with higher histologic
grade (Supplementary Table S4). Moreover, we ana-
lyzed the relationship between the expression of hsa_
circ_0125356 and prognosis of NSCLC. The results
showed that higher expression of hsa_circ_0125356
predicted poorer survival outcomes in NSCLC
(Fig. 1K). These results indicate that hsa_circ_0125356
is a stable and mainly cytoplasmic circRNA that might
be involved in tumor progression and drug resistance
in NSCLC.

(See figure on next page.)
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CircRNA-0125356 promoted gemcitabine resistance

in NSCLC cells

We effectively silenced hsa_circ_0125356 through siRNA
and overexpressed hsa_circ_0125356 using plasmids in
both A549 and A549-GR cell lines. As shown in results
(Fig. 2A and Supplementary Fig. S3A&B), neither the
silencing nor overexpression of hsa_circ_0125356 influ-
enced the expression of linear SLC7A11 mRNA. In
the absence of gemcitabine treatment, overexpressed
or silencing circ_0125356 barely affected the prolif-
eration and migration abilities of A549 and A549-GR
cells compared with the control group (Supplementary
Fig. S4A-C). However, in the presence of gemcitabine,
hsa_circ_0125356 interference markedly inhibited the
viability of A549-GR cells and partially reversed drug
resistance, whereas hsa_circ_0125356 overexpression
notably increased the viability of A549 cells (Fig. 2B&C).
Similar results were also confirmed by colony formation
assays (Fig. 2D). Thus, we focused on hsa_circ_0125356
interference in A549 GR cells and hsa_circ_0125356
overexpression in A549 cells. EQU assays were performed
to confirm that hsa_circ_0125356 promoted prolifera-
tion of A549 cells and A549-GR cells after gemcitabine
treatment (Fig. 2E). TUNEL staining further demon-
strated that hsa_circ_0125356 knockdown triggered the
induction of apoptosis after gemcitabine treatment in
A549-GR cells, whereas the number of apoptotic cells
was decreased significantly after hsa_circ_0125356 over-
expression in A549 cells (Fig. 2F). Cell migration assays
also indicated that silencing hsa_circ_0125356 inhibited
the migration ability of A549-GR cells with gemcitabine
treatment, whereas overexpressing hsa_circ_0125356
obviously increased the migration ability of A549 cells
(Fig. 2G). Furthermore, apoptosis-related proteins were
detected by western blotting, and the results illustrated
that the overexpression of hsa_circ_0125356 dramatically
activated the protein expression of Bax, Bcl-2 and p53 in
A549 cells, whereas downregulation of hsa_circ_0125356
obviously reversed the expression of Bax, Bcl-2 and p53
in A549-GR cells after gemcitabine treatment (Fig. 2H).
Similar phenomena were also observed in the H520
cells (Supplementary Fig. S5). These results provided
further evidence that hsa_circ_0125356 promoted the

Fig. 4 MiR-582-5p reverses gemcitabine resistance of hsa_circ_0125356. A The changes in sensitivity to gemcitabine in A549 and A549-GR cells
transfected with miR-582-5p mimics and miR-582-5p inhibitor or co-transfected with overexpressed or knocked down hsa_circ_0125356 were
investigated using the CCK-8 assay (ICs;). B-D Colony formation, CCK-8, and EdU assays were used to detect changes in the proliferation of stably
transfected A549 and A549-GR cells treated with gemcitabine. Scale bar: 20 um. E Transwell assays were used to detect changes in migration

of stably transfected A549 and A549-GR cells treated with gemcitabine. Scale bar: 50 um. Data are shown as the mean+SD. ‘P<0.05; "P<0.01;

"'P<0.001; ""P<0.0001
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proliferation, migration, and drug resistance of NSCLC
cells after gemcitabine treatment.

Hsa_circ_0125356 represents an effective miRNA sponge
for miR-582-5p

We used three databases (Miranda, TargetScan,
Circbank) to predict that 12 miRNAs could bind to
hsa_circ_0125356 (Fig. 3A and Supplementary Table S7).
qRT-PCR analysis further demonstrated that compared
with the corresponding vector group, miR-582-5p was
most significantly downregulated in the overexpress-
ing hsa_circ_0125356 group (Fig. 3B). The expression of
miR-582-5p was significantly downregulated in NSCLC
tissues from 25 patients compared with the correspond-
ing adjacent tissues (Fig. 3C). The tumors with higher
hsa_circ_0125356 expression had lower expression of
miR-582-5p, indicating a negative correlation between
hsa_circ_0125356 and miR-582-5p in NSCLC samples
(Fig. 3D). Meanwhile, low miR-582-5p expression was
significantly associated with higher histologic grade
(Supplementary Table S5). MiR-582-5p expression was
observably lower in gemcitabine-resistant A549 GR
cells than in parental A549 cells (Fig. 3E). FISH analy-
sis showed that hsa_circ_0125356 and miR-582-5p were
colocalized in the cytoplasm (Fig. 3F). RIP experiments
were performed in A549 and A549-GR cells and the
results illustrated that hsa_circ_0125356 and miR-582-5p
were significantly enriched, as they were pulled down by
the anti-AGO2 antibody (Fig. 3G). The luciferase activ-
ity of cells co-transfected with hsa_circ_0125356-W'T
was significantly inhibited by miR-582-5p mimics, but
there was no significant change in the luciferase activ-
ity of cells co-transfected with hsa_circ_0125356-MUT
(Fig. 3H). The results of qRT-PCR further confirmed that
hsa_circ_0125356 overexpression significantly reduced
the expression of miR-582-5p, whereas hsa_circ_0125356
interference markedly increased miR-582-5p expression,
suggesting that hsa_circ_0125356 could specifically bind
to miR-582-5p (Fig. 3I). These data indicate that hsa_
circ_0125356 acts as a miRNA sponge for miR-582-5p
and negatively regulates miR-582-5p in both A549 and
A549-GR cells.

(See figure on next page.)
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Hsa_circ_0125356 regulates tumor progression

and gemcitabine resistance in NSCLC cells via miR-582-5p
We next investigated the biological functions of miR-
582-5p on gemcitabine resistance in NSCLC cells. The
IC;, assays revealed that the miR-582-5p mimics mark-
edly enhanced the sensitivity of A549 cells to gemcit-
abine and the effect was reversed by transfection of
the hsa_circ_0125356 plasmid. Conversely, the miR-
582-5p inhibitor decreased the susceptibility to gem-
citabine compared with the inhibitor NC, which was
abolished by silencing hsa_circ_0125356 in A549-GR
cells (Fig. 4A). The results from colony formation
assays, CCK-8 assays, and EdU assays showed that in
A549 cells treated with gemcitabine, the inhibition of
cell proliferation by miR-582-5p could be reversed by
hsa_circ_0125356 overexpression (Fig. 4B—D). Moreo-
ver, the inhibition of miR-582-5p has been shown to
confer resistance to gemcitabine in A549-GR cells,
while silencing hsa_circ_0125356 can mitigate this
effect (Fig. 4B-D). Likewise, the effects of miR-582-5p
on cell migration were reversed by hsa_circ_0125356 in
both A549 and A549-GR cells (Fig. 4E). Taken together,
these results suggest that hsa_circ_0125356 promotes
NSCLC progression and gemcitabine resistance via
sponging miR-582-5p, ultimately leading to its onco-
genic effect.

FGF9 was identified as a functional target gene

of miR-582-5p and enhances gemcitabine resistance

in NSCLC cells

We used the three databases (ENCORI, miRDB, and
TargetScan) to predict the downstream target genes
of miR-582-5p (Fig. 5A and Supplementary Table S8).
Among these genes, we identified 17 candidate tar-
get genes that were detected by qRT-PCR. The results
revealed significant downregulation of FGF9 mRNA
expression after transfection with miR-582-5p mim-
ics compared with mimics NC (Fig. 5B). Moreover, the
expression of FGF9 showed the most dramatic differ-
ence after treatment with overexpressed or silencing
hsa_circ_0125356 (Fig. 5C&D). Based on microRNA
response element (MRE) analysis, miR-582-5p had

Fig.5 FGF9, functions as a target gene of miR-582-5p, is positively correlated with hsa_circ_0125356 in NSCLC. A Potential target gene

of miR-582-5p were predicted in the miRDB, ENCORI, and TargetScan databases. B gRT-PCR was used to detect the changes in the expression of 17
genes after transfection with miR-582-5p mimics. C, D Eight genes with obvious differences were selected, and the overexpression or knockdown
hsa_circ_0125356 was transfected to detect the differences in mRNA expression. E Relative luciferase activities in A549 and A549-GR cells
co-transfected with FGF9-WT or FGF9-MUT and the miR-582-5p mimics, inhibitor, or corresponding negative control. F, G The relative expression
of FGF9 in A549 or A549-GR cells was analyzed by gRT-PCR and western blotting after the indicated transfections. H, I Immunohistochemistry

was used to detect the expression difference in FGF9 between 25 patients with NSCLC and 25 patients with paracarcinoma. The correlation
between miR-582-5p/hsa_circ_0125356 and FGF9 in NSCLC was analyzed using Pearson’ s correlation analysis. Scale bar: 50 pm. Data are shown

as the mean+SD. P<0.05; "P<0.01; "P<0.001; ""P<0.0001
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potential binding sites within the 3'-UTR regions of
FGF9. Therefore, we inserted the wild-type (WT)
and mutated (MUT) 3'-UTR of FGF9 containing each
predicted binding site into luciferase reporter plas-
mids. The results indicated that the relative luciferase
activity of A549 cells co-transfected with miR-582-5p
mimics and FGF9 3'-UTR-WT was significantly
decreased compared with the miR-582-5p mimics NC
or FGF9 3'-UTR-MUT group. Conversely, a remark-
able increase in luciferase activity was detected in
A549-GR cells co-transfected with FGF9 3'-UTR-
WT and miR-582-5p inhibitor, but not in the FGF9
3'-UTR-MUT group (Fig. 5E). Meanwhile, qRT-PCR
and western blotting analyses confirmed that hsa_
circ_0125356 overexpression enhanced the expres-
sion of FGF9, whereas miR-582-5p mimics suppressed
FGF9 expression. Interestingly, the effect of miR-
582-5p mimics was abolished by hsa_circ_0125356 at
both the mRNA and protein (Fig. 5F&G). The cancer
genome atlas (TCGA) database analysis illustrated
that FGF9 expression was significantly upregulated
in NSCLC tissues (Supplementary Fig. S6A). We also
investigated the downstream effects of miR-582-5p on
FGF9 in NSCLC tissues and adjacent tissues from 25
patients. It was found that the expression of FGF9 was
markedly increased in NSCLC tissues compared with
the corresponding adjacent tissues (Fig. 5H). Consist-
ent with the cell results, NSCLC tissue samples with
higher miR-582-5p expression exhibited lower FGF9
expression, indicating that FGF9 was negatively cor-
related with miR-582-5p and positively correlated with
hsa_circ_0125356 in NSCLC samples (Fig. 5I). In addi-
tion, high FGF9 expression was significantly associated
with higher histologic grade (Supplementary Table S6).
In summary, FGF9 is identified as a downstream target
gene of miR-582-5p and is closely related to the tumor
progression of NSCLC.

(See figure on next page.)
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Hsa_circ_0125356 maintained gemcitabine resistance
through the miR-582-5p/FGF9 axis

To further investigate the effects of hsa_circ_0125356
via miR-582-5p/FGF9 axis on gemcitabine resistance,
we designed RNA-seq to determine the gene set that
may regulate the sensitivity of A549-GR cells. The
transcriptome sequencing showed that FGF9 expres-
sion was significantly higher in A549-GR cells than
in A549 cells (Fig. 6A&B). The levels of FGF9 meas-
ured with ELISAs kit were notably increased in culture
supernate from NSCLC cell lines compared with the
cell free culture media, especially in the supernatant
of gemcitabine-resistant A549 GR cells (Fig. 6C). In
addition, the results of western blot showed that the
expression of FGFR3 was higher in A549-GR cells than
in A549 cells or other NSCLC cells (Supplementary
Fig. S6B). Next, we transfected overexpressed Flag-
FGF9 plasmids (OE-FGF9) and FGF9-specific sShRNAs
(shFGF9) into A549 and A549-GR cells. The results of
qRT-PCR and western blotting revealed that shFGF9#3
significantly reduced FGF9 expression compared
with scrambled shRNA, while Flag-FGF9 markedly
upregulated FGF9 expression compared with vec-
tor plasmids (Supplementary Fig. S7A-D). The values
of IC;, were significantly reduced after FGF9 knock-
down in A549-GR cells under gemcitabine exposure,
but markedly increased after FGF9 overexpression in
A549 cells, suggesting that the knockdown of FGF9
promoted the tumor cells more sensitive to gemcit-
abine, while FGF9 overexpression obviously increased
gemcitabine resistance (Fig. 6D). Similar results were
obtained by cell viability assay, colony formation assay,
and migration ability assay (Fig. 6E-G). Furthermore,
it was reported that FGF9 can provide cells with strong
repairability to fight DNA damage [25, 26]. Thus,
we stimulated the cells with gemcitabine for 24 or
48 h to cause the accumulation of DNA damage. The

Fig. 6 Hsa_circ_0125356 regulated gemcitabine resistance through sponging the miR-582-5p/FGF9 axis. A-B Transcriptome sequencing analysis
of A549 and A549-GR cells. C The expression of FGF9 in the culture medium of NSCLC and A549-GR cells was detected by ELISAs kit. D The
sensitivity to gemcitabine in stably transfected A549 and A549-GR cells treated with gemcitabine was investigated via CCK-8 assays (ICs). E-G
CCK-8 assays (cell viability), colony formation assays, and Transwell assays were used to detect the changes in proliferation and migration of stably
transfected A549 and A549-GR cells treated with gemcitabine. Scale bar: 50 um. H Confocal microscopy was used to analyze the effect of FGF9

on the distribution of yH2AX foci after gemcitabine treatment. Scale bar: 20 um. I Apoptosis (flow cytometry) of A549 and A549-GR cells transfected
with knockdown or overexpression of FGF9 after gemcitabine treatment. J-M A549 and A549-GR cells were transfected with miR-582-5p mimics
and miR-582-5p inhibitor or overexpression and knockdown of hsa_circ_0125356 and FGF9. The proliferative ability of the indicated cells treated
with gemcitabine was investigated via CCK-8 assays (ICs, and cell viability), colony formation, and EdU assays. Scale bar: 20 pm. N Transwell assays
were used to detect the changes in the migration of miR-582-5p mimics and miR-582-5p inhibitors or the overexpression and knockdown of hsa_
circ_0125356 and FGF9-transfected A549 and A549-GR cells treated with gemcitabine. Scale bar: 50 um. Data are shown as the mean+SD. "P<0.05;

"P<0.01; "P<0.001; “"P<0.0001
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immunofluorescence results showed that the knock-
down of FGF9 enhanced the expression of yH2AX, a
DNA damage marker, in gemcitabine-resistant cell
lines under gemcitabine loading. The opposite result
was observed in gemcitabine-resistant cell lines over-
expressing FGF9 (Fig. 6H). Flow cytometry showed
that overexpressed FGF9 significantly decreased apop-
tosis in A549 cells, while silencing FGF9 increased
susceptibility to apoptosis in A549-GR cells under
gemcitabine exposure (Fig. 6I). Additionally, a series
of rescue experiments were performed to further
explore whether hsa_circ_0125356 promotes gemcit-
abine resistance by sponging the miR-582-5p/FGF9
pathway in NSCLC cells. The results showed that
overexpressing FGF9 strongly abolished the inhibitory
effects induced by hsa_circ_0125356 knockdown and
miR-582-5p overexpression, whereas silencing FGF9
led to the opposite results (Fig. 6]-N). These findings
revealed that hsa_circ_0125356 promoted gemcitabine
resistance by sponging the miR-582-5p/FGF9 pathway.

FGF9 enhances gemcitabine resistance

through the canonical and noncanonical WNT signaling
pathways

Previous studies have shown that FGF9 is associated
with tumor progression and drug resistance by regu-
lating the WNT and mitogen-activated protein kinase
(MAPK) signaling pathways [27, 28]. Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway analysis
revealed a significant enrichment of genes linked to the
WNT and MAPK pathway in A549-GR cells (Fig. 7A).
However, gene set enrichment analysis (GSEA) sug-
gested that the key genes controlling WNT signaling
pathway were more dominant than MAPK signaling
pathway. (Fig. 7B). Therefore, we speculated that FGF9
maintains gemcitabine resistance in NSCLC cells
mainly via the WNT signaling pathway. Western blot
analysis demonstrated that overexpression of FGF9
reversed the changes in canonical WNT signaling path-
way-related proteins (GSK-3p phosphorylation, ERK1/2

(See figure on next page.)
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phosphorylation, and -catenin phosphorylation), non-
canonical WNT signaling pathway-related proteins
(Daaml, RhoA, and ROCK2), and apoptosis-related
proteins caused by knockdown of hsa_circ_0125356 in
gemcitabine-resistant A549-GR cells after gemcitabine
treatment, whereas silencing FGF9 restored the changes
in corresponding protein caused by hsa_circ_0125356
overexpression in parental A549 cells (Fig. 7C-H).
WAY 316606 and XAV-939 were two small molecules
antagonists that inhibited activation of the WNT sign-
aling pathway [29, 30]. In this study, we found that
WAY 316606 or XAV-939 abolished the changes in
the IC;, values and formed colonies induced by hsa_
circ_0125356 overexpression in parental A549 cells
after gemcitabine treatment. In addition, WAY 316606
or XAV-939 treatment further enhanced the inhibitory
effect on the IC;, values and formed colonies caused by
hsa_circ_0125356 knockdown in A549-GR cells, indi-
cating that WAY 316606 and XAV-939 could reverse
gemcitabine resistance induced by hsa_circ_0125356
in NSCLC cells (Fig. 7I-K). Moreover, the overexpres-
sion of hsa_circ_0125356 remarkably enhanced the
expression of B-catenin in parental A549 cells, whereas
silencing hsa_circ_0125356 significantly inhibited the
expression of B-catenin in A549-GR cells. These effects
on [B-catenin expression induced by hsa_circ_0125356
could be reversed by WAY 316606 and XAV-939 treat-
ment (Fig. 7L). Interestingly, the changes in ROCK2
expression caused by hsa_circ_0125356 overexpression
or hsa_circ_0125356 knockdown were abolished after
treatment with WAY 316606 (an inhibitor of WN'T total
signaling pathway), but not with XAV-939 (an inhibi-
tor of WNT canonical signaling pathway), suggesting
that both canonical and noncanonical WNT signaling
pathways were involved in the gemcitabine resistance
induced by hsa_circ_0125356 (Fig. 7L). These results
collectively demonstrated that hsa_circ_0125356 regu-
lated the expression of FGF9 to maintain gemcitabine
resistance via the WNT canonical and non-canonical
signaling pathways.

Fig. 7 FGF9 enhances gemcitabine resistance by promoting the WNT canonical and noncanonical signaling pathways. A Genomes (KEGG) analysis
based on RNA-seq data. B GSEA enrichment analysis of signaling pathways. C-F Western blotting analysis was performed to assess the levels

of WNT signaling pathway-related proteins (GSK-3( phosphorylation, ERK1/2 phosphorylation, and -catenin phosphorylation) and noncanonical
WNT signaling pathway-related proteins (Daam1, RhoA, and ROCK2) in A549 and A549-GR cells from different groups treated with gemcitabine.
GAPDH was used as a loading control. G, H Western blotting analysis was performed to assess the levels of apoptosis-related proteins in A549

and A549-GR cells from different groups treated with gemcitabine. -Actin was used as a loading control. I-K A549 and A549-GR cells transfected
with overexpressed hsa_circ_0125356, knockdown of hsa_circ_0125356, WAY 316606, and XAV-939, and the proliferative ability of the indicated
cells treated with gemcitabine was investigated via CCK-8 assays (ICs,) and colony formation assays. L Western blotting was performed to assess
the protein levels of B-catenin and ROCK2 in A549 and A549-GR cells treated with gemcitabine after transfected with overexpression hsa_

circ_0125356, knockdown of hsa_circ_0125356, WAY 316606, and XAV-939. Data are shown as the mean +SD. P<0.05; "P<0.01;

"P<0.0001 between the indicated groups

wxx

P<0.001;
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Hsa_circ_0125356 promoted gemcitabine resistance

in NSCLC via the WNT canonical and non-canonical
signaling pathways in vivo

A mouse xenograft tumor model was constructed to
determine the effect of hsa_circ_0125356 on gemcitabine
resistance in vivo (Fig. 8A). In the absence of gemcitabine,
subcutaneous transplantation of hsa_circ_0125356-
overexpressing A549 cells or hsa_circ_0125356-silenced
A549-GR cells barely affected tumor growth com-
pared with the NC group, however, the transplanta-
tion of hsa_circ_0125356-silenced A549-GR cells
significantly reduced tumor size, volume, and weight
after gemcitabine treatment, indicating that the silence
of hsa_circ_0125356 enhanced the sensitivity of tumor
cells to gemcitabine, whereas hsa_circ_0125356-over-
expressing A549 cells displayed the opposite effects
(Fig. 8B—E). TUNEL apoptosis assays revealed a sig-
nificant decrease in the percentage of apoptosis-posi-
tive cells in the hsa_circ_0125356 overexpressing group
and an increase in the hsa_circ_0125356 silenced group
(Fig. 8F and G). Moreover, Ki-67 staining indicated that
hsa_circ_0125356 overexpression significantly increased
the percentage of Ki-67-positive cells under gemcitabine
treatment compared with the NC group, whereas silenc-
ing hsa_circ_0125356 led to the opposite results (Fig. 8H
and I).

Immunohistochemical analyses revealed that the
expression of FGF9 was significantly reduced in the
hsa_circ_0125356 knockdown group treated with gem-
citabine, whereas the opposite result was observed
in the hsa_circ_0125356 overexpression group
(Fig. 9A and B). In addition, the FISH results showed
that knockdown of hsa_circ_0125356 significantly
increased the expression of miR-582-5p after gem-
citabine treatment, whereas overexpression of hsa_
circ_0125356 reduced the expression of miR-582-5p
(Fig. 9C and D). Consistent with the results in vitro,
the overexpression of hsa_circ_0125356 notably acti-
vated the expression of canonical and noncanonical
WNT pathway-related proteins, and apoptosis-related
protein, whereas knockdown of hsa_circ_0125356
exhibited a oppsite effect (Fig. 9E—G). These results
indicated that hsa_circ_0125356 regulated the

(See figure on next page.)
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miR-582-5p/FGF9 axis to enhance gemcitabine resist-
ance in NSCLC via the WNT canonical and non-
canonical signaling pathways in vivo.

Discussion

NSCLC is one of the most common malignancies and
the leading cause of lung cancer-related death [31]. In
recent years, the prognosis of patients with NSCLC has
improved considerably with the application of molecular
targeted therapy, immunotherapy, and radiotherapy, as
well as the development of new chemotherapeutic drugs
[32, 33]. However, most patients with NSCLC develop
acquired drug resistance after months of gemcitabine
treatment, eventually leading to a 5-year overall sur-
vival rate of less than 20% [34, 35]. Therefore, there is
an urgent need to identify mechanisms related to gem-
citabine resistance and develop new therapeutic strate-
gies to improve the survival outcomes of patients with
NSCLC.

Recently, circRNAs have been proven to play crucial
roles in drug resistance in malignant tumors, includ-
ing NSCLC. For instance, studies have demonstrated
that circPSMC3 restores sensitivity to gefitinib by
regulating the miR-10a-5p/PTEN axis [36]. Moreo-
ver, circ_0004015 has been shown to regulate PDPK1
expression to maintain gefitinib resistance in miR-
1183 sponges [37]. However, the specific functions of
circRNAs and their novel mechanism of gemcitabine
resistance in NSCLC continue to offer fertile ground
for exploration and investigation.

Here, a gemcitabine-resistant NSCLC cell model
(A549-GR) was constructed and the IC;, of A549-GR
cells increased by nearly 19.3 times compared with
that of wild-type NSCLC cells (A549). Next, using cir-
cRNA sequencing technology, we identified a novel
hsa_circ_0125356 as being among some of the circR-
NAs with the largest expression differences between
gemcitabine-resistant and parental cells. The database
(Circbase) analysis showed that hsa_circ_0125356 was
generated by chromosome chr4 (q28.3) on human
SLC7A11 gene exon reverse splicing. Then, a series
of experiments were performed to verify that hsa_
circ_0125356 exhibited a circular structure with high

Fig. 8 Knockdown or overexpression of hsa_circ_0125356 affected gemcitabine sensitivity in vivo. A An outline of the tumor inoculation

and systemic injection process. B BALB/c nude mice were subcutaneously injected with stably transfected A549 cells. Images of gross tumors
dissected from the subcutaneous xenograft model and weight of resected tumor in the xenograft model. C Tumor volumes were recorded

twice a week. D BALB/c nude mice were subcutaneously injected with stably transfected A549-GR cells. Images of gross tumors dissected

from the subcutaneous xenograft model and weight of resected tumor in the xenograft model. E Tumor volumes were recorded twice a week. F, G
TUNEL assay was used to detect changes in apoptosis from the subcutaneous xenograft model. Scale bar: 20 um. H, | Representative images of IHC
for Ki-67 in xenografts. Scale bar: 20 um and 50 um. Data are shown as the mean+SD. P<0.05; "P<0.01; ~P<0.001; P<0.0001
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stability and was localized in the cytoplasm. Intrigu-
ingly, our results revealed that hsa_circ_0125356 was
upregulated in tumor tissues from NSCLC patients
and correlated with poorer prognosis. In addition,
the resistance-related functional assays demonstrated
that hsa_circ_0125356 promoted gemcitabine resist-
ance in NSCLC cells. Subcutaneous transplantation
of hsa_circ_0125356-silenced A549-GR cells signifi-
cantly enhanced the sensitivity of cells to gemcitabine
in tumor-bearing nude mice, indicating that hsa_
circ_0125356 may be involved in gemcitabine resist-
ance in NSCLC.

Increasing evidence has revealed that circRNAs
regulate miRNAs by competitively binding to target
sites on protein-encoding mRNA molecules [38—40].
MiR-582-5p was selected as the candidate target
miRNA of hsa_circ_0125356 using bioinformatics tools
(Miranda, TargetScan, and Circbank). The results of
FISH experiments demonstrated the localization of
hsa_circ_0125356 and miR-582-5p in the cytoplasm.
The RIP assays and double-luciferase reporter experi-
ment further confirmed that hsa_circ_0125356 could
act as a ceRNA for miR-582-5p. Interestingly, statistical
analysis of clinical samples revealed that miR-582-5p
expression was significantly decreased in NSCLC.
Combined analysis of qRT-PCR and clinical samples
showed a negative correlation between the expression
of hsa_circ_0125356 and miR-582-5p in NSCLC tis-
sues. Previous research has indicated that miR-582-5p
acts as a tumor suppressor in the development of gas-
tric cancer, breast cancer, and NSCLC [41-44]. How-
ever, it is needed to confirm whether miR-582-5p is
involved in gemcitabine resistance in NSCLC. Cell
function experiments in our study showed that the
interaction between hsa_circ_0125356 and miR-582-5p
is a novel strategy for reversing gemcitabine resist-
ance in NSCLC. The in vitro rescue experiments also
confirmed that miR-582-5p could suppress tumor pro-
gression and gemcitabine resistance induced by hsa_
circ_0125356 in NSCLC.

FGF9 is involved in serial types of cancer, and abnor-
mal activation of FGF9 signaling is associated with
tumor progression in NSCLC. FGF9 expression is

(See figure on next page.)
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upregulated in NSCLC and represents an unfavorable
prognostic indicator for patients [45-47]. However,
the specific role of FGF9 in gemcitabine resistance in
NSCLC remains unknown. In this study, we predicted
FGF9 as a potential downstream target gene of miR-
582-5p through bioinformatics analysis. Dual-luciferase
reporter gene assay and western blotting confirmed that
FGF9 was the downstream target of miR-582-5p. Com-
bined analysis of clinical samples and the TCGA data-
base confirmed that FGF9 expression was significantly
elevated in NSCLC. Meanwhile, hsa_circ_0125356
overexpression enhanced the expression of FGF9,
whereas miR-582-5p mimics suppressed FGF9 expres-
sion, suggesting an obvious regulatory relationship
between them. Based on the clinical samples and bio-
informatics analysis results, we speculated that FGF9
may mediate gemcitabine resistance in NSCLC and
affect its proliferation and migration. As expected, this
study revealed that hsa_circ_0125356 promoted tumor
progression and gemcitabine resistance by sponging the
miR-582-5p/FGF9 pathway.

FGF9 has recently been shown to induce cell pro-
liferation, migration, and chemotherapy resistance in
lung cancer cells by regulating the WNT and MAPK
signaling pathways [48—50]. The WNT signaling path-
way is an important molecular signaling pathway in
tumor cells and is significantly correlated with tumor
initiation, metastasis, recurrence, and drug resist-
ance [51-53]. It has been reported that activation of
noncanonical WNT signaling regulates enzalutamide
sensitivity in prostate cancer [54]. Moreover, OTULIN-
mediated WNT/B-catenin activation upon genotoxic
treatment promotes drug resistance and metastasis
in breast cancer [55]. Our results demonstrated that
hsa_circ_0125356 could enhance gemcitabine resist-
ance in NSCLC by regulating the WNT canonical and
non-canonical signaling pathways in vitro and in vivo,
thereby promoting DNA damage repair and inhibit-
ing apoptosis. In addition, WAY 316606 and XAV-
939 are inhibitors of the WNT signaling pathway and
can reverse the effects induced by hsa_circ_0125356.
These results provide convinced evidence that hsa_
circ_0125356 is involved in gemcitabine resistance in

Fig. 9 Hsa_circ_0125356 activates the WNT canonical and non-canonical signaling pathways by regulating the miR-582-5p/FGF9 axis to maintain
gemcitabine resistance in vivo. A, B Representative images of FGF9 IHC in xenografts. Scale bar: 20 pm and 50 um. C, D Representative images

of FISH analyses of hsa_circ_0125356 and miR-582-5p in xenografts. Scale bar: 20 um. E Western blotting analysis was performed to assess

the protein levels of the WNT canonical signaling pathways (ERK1/2, p-ERK1/2, -catenin, p-B-catenin, GSK-303, p-GSK-3[3) in xenografts

from different treatments. GAPDH was used as a loading control. F Western blotting was performed to assess the protein levels of the WNT
non-canonical signaling pathways (Daam1, RhoA, and ROCK2) in xenografts from different treatments. GAPDH was used as a loading control.

G Western blotting was performed to assess the levels of apoptosis-related proteins in xenografts from different treatments. 3-Actin was used

as a loading control. Data are shown as the mean=+SD. P<0.05; "P<0.01; " "P<0.001; " "P<0.0001
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