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the FXRI/PRCKI Complex and Decline

Their Mediated Cell Invasion and Drug
Resistance in NSCLC
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Abstract

Nonsmall cell lung cancer (NSCLC) has gradually become one of the deadliest threats to human health and life worldwide.
Although reports have shown that circular RNAs (circRNAs) are associated with progression and metastasis of NSCLC,
the biological functions of circRNAs during these processes remain largely unknown. Our study showed that
circ_0000079 (CiR79) levels were significantly downregulated in NSCLC patients, especially in cisplatin (DDP)-resistant
NSCLC patients, and low circ_0000079 levels were significantly associated with poor overall survival of NSCLC patients.
Then, results from Cell Counting Kit-8 (CCK-8) cell viability assay and transwell cell invasion assay in A549/DDP and
H460/DDP cells transfected with pCDH-CiR79 expression vector showed that circ_0000079 overexpression significantly
inhibited cell proliferation and invasion of these DDP-resistant NSCLC cells. The online bioinformatic program StarBase
and RNA-binding protein immunoprecipitation predicted and demonstrated that circ_0000079 could bind with the Fragile
X-Related | (FXRI) protein rather than with protein kinase C, iota (PRKCI), which was shown to form a complex with
FXRI to promote invasion and growth of NSCLC cells. Co-immunoprecipitation combined with Western blot assays
indicated that FXRI levels were remarkably decreased, but PRKCI levels remained unchanged in pCDH-ciR79 transfected
NSCLC cells. Moreover, circ_0000079 negatively regulated FXRI/PRKCI-mediated phosphorylation of glycogen synthesis
kinase 3B and activator protein I, thus suppressing the protein level of the Snail gene, an important promoter gene
regulating cancer cell growth and epithelial-mesenchymal transition. Furthermore, DDP resistance of A549/DDP and
H460/DDP cells was inhibited by circ_0000079 overexpression but was restored by FXRI. Hence, our findings
demonstrated that circ_0000079 might inhibit cell invasion and drug resistance in NSCLC by interrupting the formation of
the FXRI/PRCKI complex by interacting with FXRI, and circ_0000079 could act as a potential biomarker and therapeutic
target for NSCLC.
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Introduction

Lung cancer is the leading cause of cancer-related mortality

worldwide, and more than 80% of lung cancers are classified
1,2 :

as nonsmall cell lung cancer (NSCLC)™". NSCLC consists ¢\ 04 march 18,2020, Revised: July 24, 2020, Accepted: September 3,

of squamous cell carcinoma, large cell carcinoma, and ade- 2020.

nocarcinoma, and most patients with advanced NSCLC have
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a local invasion and/or distal metastasis at presentation”.
Although cisplatin (DDP)-based chemotherapy is an effec-
tive method used in the treatment of advanced malignancies,
which is one of the first-line chemotherapeutic agents for
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NSCLC, the 5-year survival rate is still only 15%, and the
effectiveness of the treatment remains limited due to an
inherent tumor resistance of NSCLC* . Therefore, identify-
ing biomarkers for drug-resistant NSCLC detections and
treatment targets to facilitate the development of new drugs
are urgently needed.

Circular RNAs (circRNAs) are a class of novel endogen-
ous noncoding RNAs, which are described as RNA mole-
cules in the loop structure generated from the aberrant
splicing of the transcripts’®. Unlike linear RNAs, cir-
cRNAs are characterized by covalently closed continuous
loop structures with neither 5’ to 3’ polarity nor a polyade-
nylated tail, and they are highly represented in vivo com-
pared with their linear counterparts and are predominantly
in the cytoplasm and also can be sorted into exosomes’.
Currently, large-scale studies revealed that circRNAs are
vital to many biological processes in various tumors, such
as cell proliferation, invasion, and differentiation of lung
cancers'®!'". For instance, Zong et al. discovered that
circ_102231 inhibition significantly suppressed lung can-
cer cell proliferation and invasion ability in vitro'?; Zhu
et al. found that hsa_circ_0013958 promoted cell prolifera-
tion and invasion and inhibited cell apoptosis in NSCLC'?;
Zhao et al. showed that circFADS2 was an effective tumor
promoter in lung cancer progression, and its functions were
performed by regulating the expression of miR-498%.
Growing evidence has suggested that circRNAs could be
a novel candidate for molecular therapeutic research of
NSCLC, but the roles of massive circRNAs in tumor carci-
nogenesis remain largely unknown.

In the present study, we found that circ_0000079 expres-
sion was decreased in NSCLC tissues and was associated
with a poor survival rate. Further experiments showed that
circ_0000079 could bind with the fragile X-related 1 (FXR1)
protein but could not with its complex-partner protein kinase
C, iota (PRKCI), to suppress invasion and drug resistance of
NSCLC cells.

Materials and Methods
Patients and Clinical Samples

A total of 204 tissue samples, including 26 nontumor tissue
samples (control) derived from pulmonary laceration
patients who underwent pulmonary laceration repair and
178 NSCLC tissue samples derived for NSCLC patients
who underwent radical resection, were collected at the Sec-
ond Affiliated Hospital of Zhengzhou University (Zhengz-
hou, China) from May 2011 to March 2014. None of the
subjects had received any chemotherapy and radiotherapy
prior to surgery. Patients at the age of less than 12 years, or
with organ dysfunction (liver, kidney, cardiovascular), pre-
vious or complicated with malignant tumors, or with seri-
ous systemic disorders, such as severe infection or
immunodeficiency, were excluded from this study. All of
these patients were treated with cisplatin (DDP)-based

chemotherapy after surgery according to the National Com-
prehensive Cancer Network guideline every 3 weeks for
four cycles. Patients with progressive disease (PD) or with
recurrence <6 months after surgery were defined as DDP-
resistant, whereas those without PD and with recurrence
>12 months after surgery were defined as nonresistant.
We followed up the patients by telephone or outpatient
service from May 2011 to June 2019. The follow-up con-
tents included survival, cause of death, time of death, loca-
tion of metastasis, time of metastasis, and treatment plan.
There were 82 NSCLC patients who are sensitive to DDP
treatment and 96 NSCLC patients with DDP chemoresis-
tance. These resected specimens were rapidly frozen under
—80 °C. Tissue sample usage was approved by the Ethics
Committees of the Second Affiliated Hospital of Zhengz-
hou University, and written informed consent was obtained
from all the participants.

Cell Lines and Cell Culture

BEAS-2B, HBE, A549, H460, A549/DDP, and H460/DDP
cells were purchased from Cell Bank of the Chinese Acad-
emy of Science (Shanghai, China). The cells were main-
tained in Dulbecco’s Modified Eagle Medium (DMEM) or
Roswell Park Memorial Institute-1640 medium (Gibco,
Grand Island, New York State, USA) supplemented with
10% fetal bovine serum (FBS; Gibco), containing 100 U/ml
penicillin and 100 mg/ml streptomycin. Both cell lines were
incubated at 37 °C in a humidified atmosphere of 5% carbon
dioxide. DDP-resistant NSCLC cells were cultured in a
medium supplemented with DDP at a final concentration of
2 puM, to maintain drug resistance. DDP was purchased from
Sigma Chemical Co (St. Louis, MO, USA).

Cell Proliferation Assay

Cell Counting Kit-8 (CCK-8; Dojindo, Japan) was per-
formed to test cell proliferation. Briefly, 1 x 10* cells were
seeded into six-well plates. For each well, 200 pul CCK-8
solution was added. Then, the cells were incubated at
37 °C for 2 h. The absorbance at 450 nm was measured by
using a spectrophotometer every day.

Transwell Cell Invasion Assay

The invasion of NSCLC cells was detected by the transwell
cell invasion assay. In brief, 5 x 10* NSCLC cells were
suspended in 200 mL of serum-free DMEM. Chambers
(8 um, BD Biosciences, Franklin Lakes, NJ, USA) were
plated with BD BioCoat Matrigel according to the manufac-
turer’s protocol. NSCLC cells were incubated for 48 h at
37 °C. After incubation, the upper surface of the membrane
was wiped with a cotton tip, and the cells attached to
the lower surface were stained with crystal violet for 5 min.
The number of cells on the lower surface was counted under
a light microscope in five random fields.
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RNA Extraction and Quantitative PCR (qPCR)

Total RNA was isolated from tissues and cells by using the
TRIzol (Invitrogen, Carlsbad, CA, USA). Single-stranded
cDNA was synthesized with the PrimeScript Reagent Kit
(Promega, Madison, USA). The cDNA was carried out start-
ing from 100 ng of total RNA. The relative expression levels
of circRNA and miRNA were detected by using the SYBR
Green Master Mix (Takara Biotechnology, Dalian, China) in
Step One Plus Real-Time PCR system (Applied Biosystem,
Foster City, CA, USA). Circ_0000079 was validated via
PCR using divergent and convergent primers. Glyceralde-
hyde 3-phosphate dehydrogenase was used as an endogen-
ous control. Briefly, 500 ng of total RNA was reversely
transcribed into cDNA with random primers in a total vol-
ume of 20 pl. The reactions were initiated in a 96-well opti-
cal plate at 95 °C for 30 s, followed by 40 cycles of 95 °C for
5 s and 60 °C for 20 s.

Transfection

To recapitulate circRNA, the genomic region for
circ_0000079 with its flanking introns was amplified using
PrimerSTAR Max DNA Polymerase Mix (Takara). The PCR
products were inserted into the pcDNA3.0 vector. Small
interfering RNAs (siRNAs) against circ_0000079 and FXR1
recombinant protein were constructed and purchased from
GenePharma (Shanghai, China). All vectors were verified by
sequencing. All cell transfections were performed by using
Lipofectamine 3000 (Invitrogen) according to the manufac-
turer’s protocol.

RNA-Binding Protein Immunoprecipitation Assay
(RNA-IP)

In RNA-IP assays, cells were harvested when they reached
70% to 80% confluence. In brief, 107 cells were washed in
ice-cold phosphate-buffered saline (PBS), lysed in Tris—
hydrochloric acid (HCI), pH 7.5, buffered with 1% Triton
or digitonin containing protease inhibitors, and incubated
with 5 pg of primary antibody at 4 °C for 2 h. A total of
40 pl of 50% slurry of protein A-Sepharose (GE Healthcare,
Chicago, USA) was added to each sample, and the mixtures
were incubated at 4 °C for 4 h. The pellets were washed with
3x PBS and resuspended in 0.5 ml Tri Reagent (Sigma-
Aldrich). The coprecipitated RNA eluted in aqueous solution
was analyzed by qPCR to prove the presence of binding
products using their respective primers.

Pull-Down Assay with Biotinylated RNA

The cell lines were transfected with biotinylated RNA (50
nM) and harvested 48 h after transfection. The cells were
washed with PBS followed by brief vortex and incubated in a
lysis buffer (20 mM Tris, pH 7.5, 200 mM sodium chloride
[NaCl], 2.5 mM magnesium chloride, 0.05% Igepal, 60 U/ml
Superase-In [Ambion, USA], 1 mM DTT, protease

inhibitors) on ice for 10 min. The lysates were precleared
by centrifugation, and 50 pl of the samples were aliquoted
for input. The remaining lysates were incubated with M-280
streptavidin magnetic beads (Sigma). The beads were coated
with RNase-free BSA and yeast total RNA (both from
Sigma). The beads were incubated at 4 °C for 3 h, washed
twice with ice-cold lysis buffer, three times with the low salt
buffer (0.1% sodium dodecyl sulfate [SDS], 1% Triton X-
100,2 mM EDTA, 20 mM Tris—HCI pH 8.0, 150 mM NacCl),
and once with the high salt buffer (0.1% SDS, 1% Triton X-
100, 2 mM EDTA, 20 mM Tris—HCI pH 8.0, 500 mM NaCl).
The bound RNAs were purified by Trizol for the analysis.

Co-Immunoprecipitation (co-IP)

NSCLC cells were transfected 1 pg/ml pCDH-ciR79 (Gene-
Pharma), 100 nM siCric_0000079 (GenePharma), or corre-
sponding negative controls (GenePharma) for 48 h, and next
were incubated with anti-PRKCI antibody (1:500, Abcam,
ab154681) or immunoglobulin G (IgG; 1:500, Abcam,
ab6728) for 24 h, then subjected to co-IP. For IP of trans-
fected or normal NSCLC, the cells were lysed in Tris—HCl,
pH 7.5, buffered with 1% Triton or digitonin containing
protease inhibitors. Supernatant was incubated with appro-
priate antibody (2 pg) for at least 90 min at 4 °C followed
by incubation for an additional 90 min with Protein
A-Sepharose beads. Beads were washed with lysis buffer
three times, incubated for 5 min at 95 °C with Laemmli
buffer, and subjected to Western Blot analysis.

Western Blot

Western Blot was performed according to the following pro-
cedure. Cells were lysed in total protein lysis buffer (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with
protease and phosphatase inhibitor for 1 h at 4 °C. The
protein concentration was measured using a BCA protein
assay reagent kit (Sigma). Proteins were separated by 10%
SDS polyacrylamide gel electrophoresis and then trans-
ferred to a polyvinylidene difluoride membrane (Millipore,
Boston, MA, USA). After blocking in 5% skim milk for 1 h,
the anti-PRKCI antibody (1:500, Abcam, ab154681), anti-
FXR1 antibody (1:500, Abcam, ab51970), anti- proliferat-
ing cell nuclear antigen (PCNA) antibody (1:500, Abcam,
ab29), anti-B-cell lymphoma 2 (Bcl-2) antibody (1:500,
Abcam, ab32124), anti-E-cadherin antibody (1:500,
Abcam, ab1416), anti-Snail (1:400, Cell Signaling Tech-
nology), anti-glycogen synthesis kinase 3 (GSK3p;
1:300, Cell Signaling Technology), anti-p-GSK3f (1:200,
Cell Signaling Technology), anti-activator protein -1 (AP-
11:350, Cell Signaling Technology), anti-p-AP-1 (1:200,
Cell Signaling Technology), anti-multidrug resistance-
associated protein-1 (MRP-1; 1:350, Cell Signaling Tech-
nology), anti-lung resistance-associated protein (LRP;
1:300, Cell Signaling Technology), and anti-vimentin anti-
body (1:500, Abcam, ab20346) were used in this work.
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Fig. 1. Circ_0000079 expression profile in NSCLC tissues and its association with patients’ prognosis. (A) The schematic diagram for the
transcription and splicing process of hsa_circ_0000079 (abbreviated as CiR79 in the figures). (B) Qualitative PCR was used to detect the
expression of circ_0000079 in lung tissues of nonresistant NSCLC patients (n = 96), DDP-resistant NSCLC patients (n = 82), and adjacent
normal lung tissues (n = 26) (the average expression level of the control group was defined as I). (C) The Kaplan—Meier survival analysis and
log-rank test showed that patients with high circ_0000079 levels (n = 34) elevated survival times compared with patients with low
circ_0000079 levels (n = 36). The median survival time for patients with high and low expression of circ_0000079 was 52 months as
compared with 32 months, respectively (P = 0.0018). Each level group contains half nonresistant NSCLC and half-resistant NSCLC patients.
*P < 0.05 compared with the control group, #P < 0.05 compared with nonresistant group. DDP: cisplatin; NSCLC: nonsmall cell lung cancer.

After incubating with the primary antibodies overnight at
4 °C, the membranes were incubated with corresponding
secondary antibodies for 1 h at room temperature. Protein
bands were visualized using SuperSignal West Femto Max-
imum Sensitivity Substrate solution (Thermo Fisher Scien-
tific) and captured on X-ray films.

Statistical Analysis

All experiments were repeated at least three independent
times. Statistical analysis was performed using SPSS 22.0
software (SPSS, Chicago, IL, USA) or GraphPad Prism Ver-
sion 6 (GraphPad Software Inc., San Diego, CA, USA). The
data were expressed as the mean + SEM. P < 0.05 was
considered statistically significant.

Results

Circ_0000079 Expression Profile in NSCLC Tissues
and its Association with Patients’ Prognosis

As shown in Fig. 1A, hsa_circ_0000079 is a circular RNA
with 1226 nt in spliced sequence length. Its gene is located at

chr1:62908829-62914337 and generated by circularization
of the fifth to ninth exons of ubiquitin-specific protease 1

(USP1) gene. Qualitative PCR was used to detect the relative
expression of circ_0000079 in 96 nonresistant NSCLC lung
tissues, 82 cisplatin (DDP)-resistant NSCLC lung tissues,
and 26 adjacent normal lung tissues. The results showed that
circ_0000079 levels were the lowest in DDP-resistant
NSCLC cells compared with nonresistant NSCLC cells and
noncancerous cells, and circ_0000079 levels were highest in
noncancerous cells, which imply that circ_0000079 was
associated with the DDP-resistant NSCLC (Fig. 1B). The
clinicopathologic characteristics of the DDP-resistant and
nonresistant patients were listed in Table 1, which revealed
that there is no difference in age, sex, tumor size, and metas-
tasis between the resistant and nonresistant patients, but
resistant patients displayed much lower circ_0000079 level,
deeper invasion, and poorer differentiation degree. To assess
the correlation of circ_0000079 expression with the survival
rate of the patients, the expression levels of circ_0000079 in
NSCLC patient lung tissues were categorized as the high-
level group (n = 34) and low-level group (n = 38), and each
group accounted for half of nondrug resistance NSCLC
patients and half of drug-resistance NSCLC patients. Com-
pared with the circ_0000079 high expression group, Kaplan—
Meier survival curves showed that the patients with low
expression of circ_0000079 had a lower 5-year overall
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Table I. Clinicopathological Characteristics of the Non-Resistant and Resistant Patients.

Parameters Nonresistant cases Resistant cases x? -value P-value
Age distribution 96 (54.1 + 10.8) 82 (52.9 + 9.9) 0.008 0.929
<60 58 49

>60 38 33

Sex

Male 50 45 0.139 0.709
Female 46 37

CiR79 level

<0.5 fold of control 37 71 42.781 <0.00 |k
>0.5 fold of control 59 Il

Distal metastasis

Negative 43 32 0.603 0.437
Positive 53 50

Tumor size

<5cm 55 40 1.287 0.257
>5cm 41 42

Depth of invasion

NO/NI 51 31 4.178 0.041*
N2/N3 45 51

Differentiation

Well/Moderately 54 29 7.751 0.005%*
Poorly 42 53

*P < 0.05. P < 0.01. **P < 0.001.

survival rate and shorter median survival time (52 vs 32
months, P = 0.0018) (Fig. 1C). These results indicated that
circ_0000079 may participate in the development and pro-
gression of human NSCLC.

Increased Circ_0000079 Expression Inhibited Cell
Proliferation and Invasion of DDP Resistance
NSCLC Cells

To explore whether circ_0000079 play a role in the devel-
opment of NSCLC, six different types of cells were selected
as research representatives in the following studies, includ-
ing two human normal lung epithelial cell lines (BEAS-2B,
HBE), two nonresistant NSCLC cell lines (A549, H460), and
two DDP-resistant NSCLC cell strains (A549/DDP, H460/
DDP). qPCR analysis showed that circ_0000079 levels were
dramatically decreased in NSCLC cell lines, especially in
cells with DDP resistance, compared with two human nor-
mal lung epithelial cell lines (Fig. 2A) (n = 6). As shown in
Fig. 2B, the level of circ_0000079 in the pCDH-ciR79 trans-
fected cells was significantly increased in a dose-dependent
manner compared with the vehicle control.

As shown in Fig. 2C, D, CCK-8 cell count assay and
transwell cell invasion assay showed a significant decrease
in growth and invasion of A549/DDP and H460/DDP cells
when circ_0000079 was overexpressed, compared with the
control group (n = 6). Therefore, our data suggested that
circ_0000079 plays an important role in the progression of
NSCLC, and circ_0000079 suppressed cell proliferation and
invasion of DDP-resistant NSCLC in vitro.

Circ_0000079 Could Bind with FXRI But Not with
PRCKI in NSCLC

To investigate the mechanism of circ_0000079 involved in
NSCLC tumorigenesis, the online bioinformatic program
StarBase was used to search circ_0000079 target proteins,
and we found that circ_0000079 may interact with the
FXR1 protein. FXR1 is an RNA-binding protein, which
coordinates elaborate networks of RNA—protein and
protein—protein interactions that link RNA metabolism to
signal transduction pathways. Then, we speculated that
circ_0000079 might suppress cell invasion and drug resis-
tance in NSCLC by interacting with FXR1. However, large-
scale studies had revealed that FXR1 was highly expressed
in many human cancers and its overexpression is associated
with poor prognosis in NSCLC, and further investigations
showed that FXR1 could drive NSCLC progression in vitro
and in vivo through binding with PRKCI'*"'®. Thus, we
investigated the relation between circ_0000079 and FXR1/
PRKCT in drug-resistant NSCLC cells by using RNA-IP and
RNA pull-down. RNA-IP combined with qPCR analyses
showed that an abundant amount of circ_0000079 was
observed in the protein—-RNA complex precipitated by
FXR1-antibody, but not in that precipitated by PRKCI anti-
body (Fig. 3A). The circ_0000079-probe-based RNA pull-
down combined with Western blotting assays showed that
circ_0000079 could bind with FXR1 but not PRKCI (Fig.
3B). Our data suggested that circ_0000079 can interact with
FXR1 rather than with PRCKI in NSCLC cells. Hence, we
speculated that circ_0000079 might block the formation of
the FXR1/PRCKI complex via interaction with FXRI1.
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Fig. 2. Increased circ_0000079 expression inhibited cell proliferation and invasion of DDP resistance NSCLC cells. (A) Comparison of
circ_0000079 levels among human normal lung epithelial cell lines (BEAS-2B and HBE), NSCLC cell lines (A549 and H460), and DDP-
resistant NSCLC cell lines (A549/DDP and H460/DDP) (n = 6). *P < 0.05 compared with human normal lung epithelial cell lines and
#P < 0.05 compared with NSCLC cell lines. (B) A549/DDP and H460/DDP were transfected with 0.2, |, and 5 pg/ml pCDH-ciR79 for 72 h,
respectively. The expression of Circ_0000079 after transfection was detected by qualitative PCR (n = 6). *P < 0.05 compared with vector.
#p < 0.05 compared with 0.2 pug/ml pCDH-ciR79. (C-D) A549/DDP and H460/DDP cell lines were transfected with 0.2 and | pg/ml pCDH-
ciR79 for 72 h, respectively. (C). The proliferation status of A549/DDP and H460/DDP cell lines after transfection was detected by CCK-8.
(D). Transwell cell invasion assay for the determination of invasion of A549/DDP and H460/DDP cells after transfection. *P < 0.05 compared
with the control group. #P < 0.05 compared with 0.2 ug/ml pCDH-ciR79. CCK-8: cell counting kit-8; DDP: cisplatin; NSCLC: nonsmall cell
lung cancer.
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Fig. 3. Circ_0000079 could bond with FXR I but not with PRCKl in
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was used to detect the interaction between circ_0000079 and
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Ab as the antibody and IgG as the negative control in the experi-
ment. ¥P < 0.01. (B) The lysates prepared from resistant NSCLC
cells were transfected with biotinylated circ_0000079 probe or a
random oligo probe (50 nM), harvested 48 h after transfection, and
then subjected to RNA pull-down and Western Blot analysis. I, 30%
samples were loaded) and P, 100% samples were loaded (n = 6).
FXRI: fragile X-related | protein; I: input; IgG: immunoglobulin G;
IP: immunoprecipitation; NSCLC: nonsmall cell lung cancer; P: pel-
let; PRKCI: protein kinase C: iota.

Circ_0000079 Decoyed FXRI to Interrupt Formation
of the FXRI/PRKCI Complex and Negatively Regulated
Snail Expression

To verify our hypothesis above, we performed co-IP experi-
ments and found that the expression levels of FXR1 were
remarkably decreased in pCDH-ciR79 transfected NSCLC
cells but remarkably increased in the siCirc_0000079-
transfected NSCLC cells compared with the control. How-
ever, PRKCI levels remained unchanged in response to
changed circ_0000079 levels (n = 6) (Fig. 4A). Our results
further indicated that upregulated circ_0000079 could sup-
press the binding of FXR1 and PRKCI in NSCLC. To
explore whether circ_0000079 inhibited NSCLC progres-
sion through interrupting FXR1/PRKCI, we next investi-
gated the effect of changed circ_0000079 and FXR1 levels
on the expression of the key proteins regulating cell invasion
and resistance of NSCLC, including Bcl2, vimentin, and

E-cadherin. Western Blot analysis displayed that Bcl-2 and
vimentin levels were both declined in pCDH-ciR79-
transfected cells and strikingly raised in siCirc_0000079-
transfected cells, while they showed the normal level in cells
co-transfected with circ_0000079 and FXR1, compared with
the control. On the contrary, E-cadherin levels were drama-
tically raised in cells transfected with pCDH-ciR79 but
reduced in cells transfected with siCirc_0000079, while it
was rescued in cells co-transfected with circ_0000079 and
FXR1, compared with the control (Fig. 4B). The FXR1/
PRCKI complex has been shown to positively regulate
Snail through activating the GSK3f and AP-1. We then
investigated the effect of circ_0000079 on phosphorylation
levels of GSK3f and AP-1. Western blotting showed that
circ_0000079 negatively regulated phosphorylation of
GSK3p and AP-1, thus suppressing the expression Snail,
a famous regulator in the promotion of cancer cell growth
and epithelial-mesenchymal transition (EMT) (Fig. 4C).
Together, our data suggested that circ_0000079 might
suppress the carcinogenesis of NSCLC by interrupting
the formation of the FXR1/PRCKI complex by bonding
with FXR1.

FXR1 Could Restore the DDP Resistance Reduced by
Circ_0000079

The study further examined whether circ_0000079 sup-
pressed drug resistance of NSCLC cells by interaction with
FXRI. First, A549, A549/DDP, and pretreated A549/DDP
cells were treated with DDP at the indicated concentration
for 48 h before subjected to CCK-8 analysis. The results
showed that the cell invasion of all cells decreased with the
increase of DDP added concentration (Fig. 5A). Then, it can
be seen more intuitively in bar graphs: ICs, for DDP of
A549/DDP was significantly higher than A549/DDP trans-
fected with 0.2 pg/ml pCDH-ciR79 but had no difference
with A549/DDP transfected with 0.2 pg/ml pCDH-ciR79
and 5 pg/ml FXR1 (Fig. 5B). As expected, four types of
H460 cells had the same consequences under the same treat-
ing condition (Fig. 5C, D). Consistently, the levels of MRPs,
including MRP-1 and LRP, were also suppressed by ciR79
overexpression and rescued by FXR1 (Fig. 5E). Overall, our
studies suggested that circ_0000079 overexpression could
inhibit the resistance of NSCLC cells by decoying FXRI.

Discussion

CircRNAs are a recently discovered type of noncoding
RNAs, which existed extensively in mammalian cells and
have been regarded as productions by circularization of
exons resulting from errors during post-transcriptional pro-
cessing'""'®. Emerging evidence revealed that circRNAs
exhibited tissue-specific and developmental-specific expres-
sion pattern and played crucial roles in multiple cellular
processes of many cancers'"'®!?. Circ_0000079 was first
detected in human HEK?293 cells and was first reported in
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Fig. 4. Circ_0000079 decoyed FXRI to interrupt the formation of the FXR I/PRKCI complex. (A) The NSCLC cells prepared for co-IP were
transfected | pg/ml pCDH-ciR79, siCric_0000079, or vector for 48 h, and then incubated with PRKCI antibody or IgG for 24 h. Lysates from
preprocessed NSCLC cells were subjected to Western Blot analysis with antibodies against FXRI, PRCKI, and PCNA to study on the
binding of circ_0000079 and FXR| and PRKCI. The protein-level quantification analyses of FXR| and PRKCI are displayed in the right panel
(n = 6). As shown, PCNA was the control, and IgG was the negative control. |, 30% samples were loaded; IP, 100% samples were loaded. *P <
0.05 compared with IgG group. P < 0.05 and #P < 0.05 compared with the control group. The NSCLC cells subjected to Western Blot after
transfected | pg/ml pCDH-ciR79 or 100 nM siCric_0000079 or 5 ng/mL FXRI recombination protein for 48 h. (B) Expression of the
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detected with Western blotting, and their protein-level quantification analyses are displayed in the right panel (n = 6). (C) The phosphor-
ylation levels of GSK3f and AP-1 and expression of Snail were detected with Western blotting. $-actin was used as an invariant internal
control for calculating protein-fold changes. *P < 0.05 compared with the control group. AP-1: activator protein |; Bcl2: B-cell lymphoma 2;
FXRI: fragile X-related | protein; GSK3[3: glycogen synthesis kinase 3p; I: input; IP: immunoprecipitation; NSCLC: nonsmall cell lung cancer;
PCNA: proliferating cell nuclear antigen; PRKCI: protein kinase C: iota.
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Fig. 5. FXRI could restore the DDP resistance which was reduced by circ_0000079. (A) A549, A549/DDP, and A549/DDP transfected with
0.2 pg/ml pCDH-ciR79 and A549/DDP transfected with 0.2 pg/ml pCDH-ciR79 plus 5 pg/ml FXRI recombinant protein were treated with
DDP at the indicated concentrations for 48 h, and then the cell viability was detected by CCK-8. (B) The ICso for DDP in four types of cells
(ug/ml) (n = 6). (C) H460, H460/DDP, and H460/DDP transfected with 0.2 pg/ml pCDH-ciR79 and H460/DDP transfected with 0.2 pg/ml
pCDH-ciR79 and 5 pg/ml FXR1 recombination protein were treated with DDP at the indicated concentrations for 48 h, and then the cell
viability was detected by CCK-8 (n = 6). (D) The ICso for DDP in four types of cells (ug/ml) (n = 6). (E) The levels of multidrug resistance-
associated proteins MRP-1 and LRP were detected with Western blotting. *P < 0.05 compared with nonresistant cell lines and #P < 0.05
compared with DDP-resistant cell strains. CCK-8: cell counting kit-8; DDP: cisplatin; FXR1: fragile X-related |; ICsq: half-maximal inhibitory
concentration; LRP: lung resistance-associated protein; MRP-1: multidrug resistance-associated protein |.

2013. However, whether circ_0000079 is related to tumor-
igenesis remains to be further studied.

In this study, we observed significantly lower levels of
circ_0000079 in the tissues of NSCLC patients and

especially in drug-resistant NSCLC patients, and transfec-
tion with a circ_0000079 overexpression vector inhibited
cell proliferation and invasion in DDP-resistant NSCLC
growth. The circ_0000079 primer and probe were used to
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RNA-IP and RNA pull-down showed that circ_0000079
could bind with FXR1 but could not with PRCKI in NSCLC
cells. Co-IP verified that FXR1 levels were increased but
PRKCI levels had no change in the siCirc_0000079 trans-
fected cells, and Western blot assay revealed that
circ_0000079 regulated invasion and viability of NSCLC
cells via interaction with FXR1. Our further studies sug-
gested that resistance of NSCLC cells could be inhibited
by circ_0000079 overexpression, which could be restored
by FXRI.

Recently, more papers indicated that circRNAs’ unique
covalently closed-loop structures and specific tertiary
structures could act as a scaffold of modulating for binding
with RNA-binding proteins, microRNAs, or other mole-
cules, and thus they are involved in various aspects of cell
physiology'®2°. For instance, Schneider et al. discovered
that several circRNAs were associated with the RNA-
binding protein, insulin-like growth factor 2 binding protein
3, a known tumor markerzl’zz; Conn et al. identified the
RNA-binding protein Quaking (QKI) as a major regulator
of circRNA biogenesis in EMT, which is a cellular differ-
entiation process important in embryo development, wound
healing, and in cancer metastasis>>. William et al. found that
overexpression of circ-Foxo3 decreased the interaction
between Foxo3 and MDM?2 and repressed the function of
MDM?2 in modulating poly-ubiquitination of Foxo3?***, In
view of previous research ideas, we found that the unchar-
acterized circRNA circ_0000079 could interact with the
RNA-binding protein FXR1 in NSCLC cells.

RNA-binding proteins have profound implications for
cellular physiology and multiple biological processes, and
large-scale studies revealed that RNA-binding proteins play
a role in post-transcriptional regulation and as a potential
driver of tumor development™. As an example, Feng et al.
discovered that QKI-5 regulates the alternative splicing of
NUMB via binding to two RNA elements in its pre-mRNA,
which in turn suppresses cell proliferation and prevents the
activation of the Notch signaling pathway in lung
cancer>>?°, In addition, studies have found that the RNA-
binding protein FXR1 was inversely correlated with
patients’ prognosis, and it was also highly expressed in many
human cancers suggesting a role across multiple tumor
types, including breast cancers, ovarian cancers, colon can-
cers, and so on'*'5. A recent observation indicated that
FXR1 was involved in the extracellular signal-related kinase
(ERK) signaling pathway by directly interacting with
PRKCI to promote cell proliferation, survival, and invasion
of NSCLC cells'*?*”. Our current study demonstrated that
circ_0000079 could decoy FXR1 to inhibit the generation
of FXR1/PRKCI complex in drug resistance NSCLC.

DDP is a member of platinum-containing anticancer
drugs, and these platinum complexes react in vivo and
cause DNA cross-linking, which ultimately triggers cell
apoptosis®®. DDP treatment demonstrates favorable
outcomes initially, but later cancer cells rapidly obtain DDP
resistance leading to relapse and therapeutic failure**’. Drug

resistance could be caused by various mechanisms, such as a
reduction in intracellular drug concentration, the activation
of detoxifying systems, the activation of DNA repair, and the
inhibition of apoptosis*®>'. Recently, more studies have
revealed that ERK signaling cascades play a critical role in
the transmission of signals from growth factor receptors to
prevent apoptosis, and it also proved that ERK signaling
cascades may be a critical pathway conferring acquired drug
resistance’> 4. Furthermore, the FXR1/PRKCI complex
could phosphorylate epithelial cell transforming 2 (ECT2)
to activate ERK signaling cascades to drive transformed lung
cancer cell growth and invasion'*. Therefore, it is most
likely that circ_0000079 prevents the FXR1/PRKCI com-
plex from activating the inhibitory apoptosis capacity of the
ERK signaling in drug resistance NSCLC cells. Neverthe-
less, the suppressed drug resistance was restored by upregu-
lated FXR1. In addition, FXR1 also participates in miRNA
biogenesis, for example, FXR1 protein is required for the
maturation of miR-9, miR-124, and miR-1%. Thus, it could
be the other regulatory mechanism that circ_0000079 inhib-
ited cell invasion and resistance in NSCLC. These specula-
tions still need to be confirmed by further experiments.
The present paper showed, for the first time, that
circ_0000079 expression was downregulated and was
associated with poor overall survival in NSCLC patients.
Our findings further revealed that circ_0000079 could
decline the cell invasion and drug resistance in NSCLC by
interrupting the formation of the FXR1/PRCKI complex by
decoying FXRI1. In conclusion, our studies suggested that
circ_0000079 holds great promise as a diagnostic and che-
mosensitivity target for drug-resistant NSCLC patients.
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