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Introduction: Small cell lung cancer (SCLC) is a subtype of lung cancer with high malignancy and poor prognosis. Rapid acquisition
of chemoresistance is one of the main reasons leading to clinical treatment failure of SCLC. Studies have indicated that circRNAs
participate in multiple processes of tumor progression, including chemoresistance. However, the molecular mechanisms of circRNAs
driving the chemoresistance of SCLC are not well specified.

Methods: The differentially expressed circRNAs were screened by transcriptome sequencing of chemoresistant and chemosensitive
SCLC cells. The EVs of SCLC cells were isolated and identified by ultracentrifugation, Western blotting, transmission electron
microscopy, nanoparticle tracking analysis and EVs uptake assays. The expression levels of circSH3PXD2A in serum and EVs of
SCLC patients and healthy individuals were detected by qRT-PCR. The characteristics of circCSH3PXD2A were detected by Sanger
sequencing, RNase R assay, nuclear-cytoplasmic fraction assay, and fluorescence in situ hybridization assay. The mechanisms of
circSH3PXD2A inhibiting SCLC progression were studied by bioinformatics analysis, chemoresistance assay, proliferation assay,
apoptosis assay, transwell assay, pull-down assay, luciferase reporting assay, and mouse xenograft assay.

Results: It was identified that the circCSH3PXD2A was a prominently downregulated circRNA in chemoresistant SCLC cells. The
expression level of circSH3PXD2A in EVs of SCLC patients was negatively associated with chemoresistance, and the combination of
EVs-derived circSH3PXD2A and serum ProGRP (Progastrin-releasing peptide) levels had better indications for DDP-resistant SCLC
patients. CircSH3PXD2A inhibited the chemoresistance, proliferation, migration, and invasion of SCLC cells through miR-375-3p/
YAP1 axis in vivo and in vitro. SCLC cells cocultured with EVs secreted by circSH3PXD2A-overexpressing cells exhibited decreased
chemoresistance and cell proliferation.

Conclusion: Our results manifest that EVs-derived circSH3PXD2A inhibits the chemoresistance of SCLC through miR-375-3p/
YAP1 axis. Moreover, EVs-derived circSH3PXD2A may serve as a predictive biomarker for DDP-resistant SCLC patients.
Keywords: circSH3PXD2A, extracellular vesicles, miR-375-3p, YAP1, chemoresistance, small cell lung cancer

Introduction

Lung cancer has the highest incidence and mortality rate worldwide. In 2018, there were approximately 2.1 million new
lung cancer cases and 1.8 million lung cancer deaths.' Lung cancer can be generally categorized into two subtypes: non-
small cell lung cancer (NSCLC) and small cell lung cancer (SCLC).? The proportion of SCLC is approximately 15%,>
which has a high degree of malignancy and rapid proliferation and tends to metastasize in the early stage.*> Due to the
nature of high metastasis rate of SCLC, most patients have already developed distant metastases at the time of treatment
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and have therefore missed the opportunity for surgical treatment. Because of that, chemotherapy is the preferred
treatment for SCLC. The widely accepted first-line therapeutic method for SCLC is chemotherapy-based comprehensive
treatment. The standard chemotherapy regimen is a combined chemotherapy regimen containing platinum.>° Despite the
fact that patients with SCLC have a high response rate to first-line therapy, the 5-year overall survival (OS) rate is merely
6% due to the rapid progression of SCLC and the development of chemoresistance.” Therefore, one of the core topics of
SCLC research is to systematically study the mechanism of chemoresistance in SCLC and develop effective molecular
diagnostic methods to guide clinical chemotherapy more accurately.

CircRNAs were first discovered in RNA viruses in 1976° and were once thought to be splicing noise in organisms. In
recent years, circRNAs have become a research focus in the wake of the advancement of technologies and methods such as
high-throughput sequencing and bioinformatics.” Multiple studies have manifested that circRNAs may adjust and control
gene expression at multiple levels, including regulations of transcription of parental genes, homologous linear RNA cleavage
and RNA-binding protein function, sponges of microRNAs, and polypeptide coding.'® A growing number of studies have
shown that circRNAs participate in various physiological and pathological processes, especially in cancer. Dysregulated
circRNAs participate in multiple developmental processes of malignant tumors, including tumorigenesis, growth, metastasis,
apoptosis, angiogenesis, and chemoresistance.'""'? Recent studies have shown that circRNAs can positively or negatively
modulate the resistance of a variety of tumors to conventional chemotherapy or immunotherapy,'*'? suggesting that circRNAs
may be a new and promising biomarker for the prevention, diagnosis, and treatment of tumors, which are of great importance
in scientific research or clinical fields.

Extracellular vesicles (EVs) are small nanovesicles with a diameter of approximately 30—-150 nm'* that contain
multiple components such as proteins, nucleic acids, lipids, miRNAs, IncRNAs, and circRNAs.!> EVs can create
favorable conditions for cancer progression and metastasis by transporting their contents to recipient cells and modulat-
ing the interaction between cancer cells and surrounding cells.'® In recent years, studies have shown that EVs derived
from drug-resistant tumor cells may transmit drug resistance to chemosensitive cells by delivering proteins, miRNAs, or
circRNAs, thus increasing the chemoresistance of tumor cells. Meanwhile, EVs in fluids can be used as indicators to
evaluate the response of patients to drug efficacy in view of their easy accessibility.'”'> However, the potential
mechanism of EVs-derived circRNAs in chemoresistance is still unknown in SCLC.

Considering the important role of circRNAs in the progression of tumorigenesis and development, and the fact that few
studies on the mechanism of circRNAs in the progression of SCLC, especially in chemoresistance, it is necessary to study
circRNAs involved in chemoresistance of SCLC. By analyzing the transcriptome sequencing results of chemoresistant and
chemosensitive SCLC cells, we find significant differences in the expression of cricSH3PXD2A between the two cell lines.
CircSH3PXDAZ2 is a novel circRNA that has not yet been studied. The role of circSH3PXD2A in tumorigenesis and
development remains unclear. Our study shows that circSH3PXD2A is downregulated in chemoresistant SCLC cells and is
negatively correlated with chemoresistance in SCLC patients. Mechanistically, we find that EVs-derived circSH3PXD2A
inhibits the chemoresistance of SCLC through sponging miR-375-3p to promote the expression of YAP1. Our findings
provide new insights into the mechanisms of SCLC chemoresistance.

Materials and Methods

Cell Lines and Reagents

The SCLC cell lines SBC-3, H446, H69, H82 and SHP77 were purchased from ATCC, and DMS273 was purchased from
AcceGen Biotech. Six human SCLC cell lines were cultured in RPMI 1640 medium supplemented with 10% fetal bovine
serum at 37°C in a 5% CO2 incubator.”® Selleck Chemicals (Shanghai, China) provided the YAP1 inhibitor (CA3).
Antibodies against YAP1 and GAPDH were obtained from Abways Technology (Shanghai, China) and antibodies against
CD63 and TSG101 were obtained from Cell Signaling Technology (United States).

Clinical Samples
From July 2021 to June 2022, we collected peripheral serum samples and clinical case data from 30 SCLC patients at the First
Affiliated Hospital of University of Science and Technology of China. They were all treated with cisplatin chemotherapy, with
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clinical disease progression as a marker of resistance. Serum samples of SCLC patients were collected at the beginning of
cisplatin treatment and at the time of clinical progression. In addition, the peripheral blood serum of 30 healthy individuals in
our hospital was collected as the control group. The inclusion criteria for healthy controls were no previous history of
malignant tumors, normal tumor markers, and normal liver and kidney functions. The study was approved by the Ethics
Committee of West District of the First Affiliated Hospital of University of Science and Technology of China (2020-kl-120).
All subjects signed informed consent forms, and the information of the patients is shown in Table 1.

Tumor Marker Detection

Peripheral venous blood samples were collected at the beginning of cisplatin treatment and at the time of clinical
progression and centrifuged at 3000 x g for 10 minutes to separate serum. Tumor markers were detected by Roche
electrochemiluminescence immunoanalyzer E601 (Roche, Germany). All operations were conducted strictly following
the reagent and instrument instructions.

Cell Transfection

The circSH3PXD2A overexpression lentivirus was supplied by HANBIO (Shanghai, China). The circSH3PXD2A
siRNA, miR-375-3p mimic or inhibitor and their negative controls were purchased from RiboBio (Guangzhou,
China). The sequences of circSH3PXD2A are shown in Table S1. All operations were conducted following the reagent
instructions.

Chemoresistance Assay

Small cell lung cancer cells (5000 cells per well) were seeded in 96-well plates and then treated with diluted drugs for 24
hours after cell adhesion. Cell survival was measured by CCK-8 according to the reagent instructions. The 50%
inhibitory concentration (IC50) (the concentration of drug required for 50% of cells to be killed) was calculated. Once

Table | Clinical Associations Between circSH3PXD2A and Clinicopathological Variables in SCLC Patients

Variable Serum circSH3PXD2A P value | EVs-Derived circSH3PXD2A | P value
Low (n=15) | High (n=15) Low (n=15) High (n=15)

Age (years)
<63.0 8 6 0.464 7 7 1.000
= 63.0 7 9 8 8

Gender
Male 10 I 0.690 10 I 0.690
Female 5 4 5 4

Smoking history
Yes 2 5 0.195 3 4 0.666
No 13 10 12 I

Time to development of chemoresistance (months)
<7.0 4 10 0.067 7 7 1.000
270 ] 5 8 8

Clinical stages
LD | 3 0.283 | 3 0.283
ED 14 12 14 12

Lymph node metastasis
Yes 14 12 0.283 14 12 0.283
No | 3 |

Distant metastasis
Yes 12 9 0.232 13 8 0.046
No 3 6 2 7

Abbreviations: LD, limited disease; ED, extensive disease.
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the IC50 values of SCLC cell lines to different drugs were determined, the IC50 dose of each drug was used to treat
SCLC cells for subsequent chemoresistance experiments, and CCK-8 was used to detect the viability of the cells to
determine the chemoresistance of the cells.

Cell Proliferation Assay

Small cell lung cancer cells (3000 cells per well) were seeded in 96-well plates. Ten microliters of CCK-8 reagent was
added to the 96-well plate at different points in time. Then, the 96-well plates with cells were incubated in the incubator
at 37°C for 2 h. The absorbance was detected at 450 nm.

Transwell Assay

The transwell chamber (Corning Costar) coated without (cell migration) or with (cell invasion) Matrigel was used in this
assay. Briefly, digested and resuspended H446 cells were plated in the upper chamber, RPMI-1640 medium containing
20% FBS was added to the bottom of the chamber. After 48 hours of cultivation, the chamber was swabbed with cotton
swabs and then fixed and stained. After observation with a microscope, the cell number that migrated and invaded to the
bottom of the chamber was counted.

Quantitative Real-Time PCR

Total RNA of SCLC cells was isolated with TRIzol (TTANGEN) and reverse transcribed by HiScript II qRT Supermix
(Vazyme). qPCR was conducted to quantify RNA expression levels. The RNA expression levels were analyzed by the 2 44"
method. The internal control for mRNA was GAPDH, and that for miRNA was U6. The primers for U6, miR-370-3p and miR-

375-3p were designed and synthesized by RiboBio (Guangzhou, China). All primer sequences are shown in Table S1.

Cell Apoptosis Assay

All operations were conducted in accordance with detection kit (Bestbio) instructions. Briefly, SCLC cells were digested
and then collected after washing twice with PBS. The collected cells were incubated with Annexin V-Alexa Fluor 660/
Annexin V-FITC and PI after treatment with DDP for 48 hours. The cell apoptosis rate was detected by flow cytometry.

RNase R Treatment

Total RNA of SCLC cells was isolated with TRIzol reagent (TTANGEN) and then treated without or with RNase
R (Geneseed Biotech). After incubation at 37°C for 10 min, qRT-PCR was performed to analyze the expression of
circSH3PXD2A and SH3PXD2A. GAPDH was selected as the internal reference.

Western Blot Assay

The proteins of SCLC cells were extracted with protein lysis buffer. The extracted proteins were subjected to SDS-PAGE
electrophoresis and membrane transfer. The membrane that contains the transferred protein was then blocked with 5%
skim milk powder at room temperature for 2 hours, and the blocked membrane was incubated with the primary antibody
and the secondary antibody, respectively. Finally, the protein expression level was detected by chemiluminescence
detection kit (ECL, Thermo).

Nuclear-Cytoplasmic Fraction Assay

An RNA Subcellular Isolation Kit (Active Motif) and TRIZOL (TIANGEN) were used to separate the RNA from the
nucleus and cytoplasm of SCLC cells. Then, qRT-PCR was conducted to determine the ratio of nuclear and cytoplasm
distribution. The internal control for cytoplasmic and nuclear was GAPDH and U6 respectively.

Fluorescence in situ Hybridization Assay

Cy3-labeled circSH3PXD2A FISH probes were purchased from RiboBio (Guangzhou, China). The localization of
circSH3PXD2A in SCLC cells was analyzed by the fluorescent in situ hybridization kit (RiboBio, China). All operations
were strictly performed in accordance with the reagent instructions.
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Biotin-coupled Probe Pull-down Assay
Bio-miR-375-3p-WT (biotin-labeled miR-375-3p wild-type) or bio-miR-375-3p-Mut (biotin-labeled miR-375-3p mutant
type) as well as bio-miR-NC (a negative control) were transfected into cells using the riboFECT CP Transfection Kit
(Ribobio). After 48 hours, the transfected cell lysates were incubated with Dynabeads MyOneTM Streptavidin Cl
(Invitrogen). After that, the bead-bound RNA was washed down and isolated by TRIzol (TIANGEN). The enrichment of
circSH3PXD2A or YAP1 was analyzed by qRT-PCR.

Luciferase Reporter Assay

Wild-type (WT) or mutant (Mut) circSH3PXD2A or YAP1 was synthesized and then subcloned into the pmiR-RB-
ReportTM vector. MiR-375-3p mimics or miR-NC were cotransfected with WT-circSH3PXD2A, Mut-circSH3PXD2A,
WT-YAP1 or Mut-YAP1 into cells. After 48 hours, the Dual-Luciferase Reporter Assay System (Promega) was used for
analyzing the firefly and Renilla luciferase activities.

EVs Purification and ldentification

The ultracentrifugation method was used to isolate EVs from the serum of patients with SCLC and the cell culture
medium of SCLC cells. The separated serum or the medium with cell debris removed was centrifuged at 16,000 x g at
4°C for 45 min. Then, the supernatant was transferred to a new ultracentrifuge tube and ultracentrifuged at 100,000 x g at
4°C for 1 hour. After ultracentrifugation, the supernatant was discarded and the pellet was resuspended in PBS and
filtrated with a 0.22 pm filter. Finally, the EVs were centrifuged at 100,000 x g at 4°C for 1 hour and dissolved in PBS.
The protein concentration of EVs was determined by BCA protein assay kit. Protein markers of EVs, such as CD63 and
TSG101, were used to examine the EVs. The extracted EVs were detected through Western blotting, nanoparticle
tracking analysis (NTA) and transmission electron microscopy (TEM) as previously mentioned.*'**

EVs Uptake Experiment

The red fluorescent dye PKH26 (Sigma—Aldrich) was used to stain EVs. The extracted EVs (10 pg) were dissolved and
mixed with RPMI-1640 medium (serum-free) and 4 uL of PKH26. The mixture of EVs and PKH26 was incubated and
centrifuged. The red fluorescent labeled EVs were then dissolved in PBS and cocultured with recipient cells for 12-24
hours. After DAPI staining, the cells containing red fluorescently labeled EVs were analyzed using a fluorescence
microscope (Olympus).

Animal Experiments

To assess the function of circSH3PXD2A in the chemoresistance of SCLC. A total of 5x10® SHP77 vector and SHP77
circSH3PXD2A-oe cells were subcutaneously injected into BALB/c nude mice (4-6 weeks old). When the tumor size
reached 100 mm3, the mice were randomly divided into four groups (SHP77 vector + PBS, SHP77 vector +DDP, SHP77
circSH3PXD2A-oe + PBS, SHP77 circSH3PXD2A-oe + DDP) and intraperitoneally injected with DDP (3 mg/kg) or
PBS. Tumor volume was measured every three days with a caliper. After 4 weeks, the mice were sacrificed, and tumor
samples were collected for QRT-PCR, Western blotting, and histological examination.

To analyze the influence of EVs-derived circSH3PXD2A on the chemoresistance of SCLC. H446 cells (5x10°) were
subcutaneously injected into BALB/c nude mice (4—6 weeks). When the diameter of the tumor reached 6 mm, the mice
were randomly divided into four groups (H446 vector-EVs + PBS, H446 vector-EVs + DDP, H446 circSH3PXD2A-oe-
EVs + PBS, H446 circSH3PXD2A-oe-EVs + DDP) and were intratumorally injected with 50 pg of EVs or PBS and
intraperitoneally injected with DDP. Tumor volume was measured every three days with a caliper.

Bioinformatics Analysis of SCLC Samples from GEO Platform

Clinical sample datasets of SCLC, GSE60052,° GSE149507,>* and GSE1037,%° were enrolled in this study. The
expression data and clinical characteristics were downloaded from the Gene Expression Omnibus (GEO) Platform
(http://www.ncbi.nlm.nih.gov/geo). The GSE60052 dataset contained RNA-sequencing data of 7 normal lung tissue
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and 79 SCLC tumor tissues. The GSE149507 dataset contained microarray data of 18 pairs of SCLC tumor and adjacent
lung tissues. The GSE1037 dataset contained microarray data of 19 normal lung tissues, 15 SCLC tumor tissues, and
other types of lung cancer tissues. The mRNA expression values were normalized, log2-transformed using R (version
4.1.3), and then analyzed using GraphPad Prism software.

Statistical Analysis

GraphPad Prism 7 software (San Diego, CA, United States) and SPSS 25.0 (IBM Corp., Armonk, NY, United States)
were applied for all statistical analyses. Two-tailed Student’s ¢-test and analysis of variance (ANOVA) were used for
pairwise comparisons or multivariate analysis. The Mann—Whitney U-test was used for data analysis of SCLC patients
and healthy individuals. The receiver operator characteristic curve (ROC) was used to obtain the area under the curve
(AUC) for each tumor marker. Each experiment was repeated at least three times, and all the data in our study were

presented as the means + standard deviations (SD). P < 0.05 was regarded to be statistically significant.

Results
CircSH3PXD2A Was Downregulated in Chemoresistant SCLC Cells and Negatively

Correlated with Chemoresistance in SCLC Patients

To identify candidate circRNAs related to chemotherapeutic sensitivity in SCLC, we first examined the chemosensitivity of
six SCLC cell lines, including H446, SHP77, SBC-3, DMS273, H82, and H69. The ICs (the drug dose required for 50% of
cells killed) of first-line chemotherapy drugs of SCLC, including cis-platinum (DDP), etoposide (VP-16), and Adriamycin
(ADM), was assayed by CCK-8 assay in these cell lines (Figure S1). According to the calculation of the relative ICso and
chemoresistance index (the numerical value of the total relative IC50 over the number of drugs), a chemoresistant cell line
(SHP77) and a chemosensitive cell line (H446) were determined. The transcriptomes of these two cell lines were then
sequenced. There were 1181 differentially expressed circRNAs between two cell lines. Among them, hsa_circ_0019869 was
downregulated in the chemoresistant SHP77 cell line (Figure 1A), which was subsequently verified through qRT-PCR
(Figure 1B). Hsa_circ_ 0019869 (chr10:105,371,338-105,420,872), also termed circSH3PXD2A, was derived from the
SH3PXD2A gene and generated by cyclization of exons 8—12 (752 bp). The back-spliced site of circSH3PXD2A was
confirmed by qRT-PCR based on divergent primers and Sanger sequencing (Figure 1C). RNase R treatment was then used to
validate circSH3PXD2A. The linear SH3PXD2A was degraded, while the level of circSH3PXD2A remained almost
unchanged after treatment (Figure 1D). Nuclear-cytoplasmic fractionation assays and FISH assays showed that
circSH3PXD2A was predominantly present in nuclear sections (Figure 1E and Figure 1F).

To explore the clinical value of circSH3PXD2A in SCLC patients, we collected clinical case data and peripheral
samples from 30 SCLC patients at the beginning of cisplatin treatment (DDP-sensitive) and at the time of the first clinical
progression (DDP-resistance) respectively, and we analyzed the level of serum circSH3PXD2A. The results showed that
serum circSH3PXD2A levels decreased in SCLC patients after DDP resistance. CircRNAs can be transmitted between
tumor cells through EVs to regulate the occurrence and development of tumors.'®**?® Serum EVs were also successfully
isolated and identified by Western blotting, NTA, and TEM in our previous studies.?? Based on that, we studied the
expression level of circSH3PXD2A in SCLC patients-derived EVs. The circSH3PXD2A levels in EVs decreased
significantly after DDP resistance, and the expression difference of circSH3PXD2A in EVs was larger than that in
serum (Figure 1G). We also found that EVs-derived circSH3PXD2A levels in DDP-resistance SCLC patients were much
lower than in DDP-sensitive SCLC patients and healthy people. Unlike EVs-derived circSH3PXD2A, serum
circSH3PXD2A showed no significant difference among the three groups (Figure 1H). After analyzing the clinical
association between circSH3PXD2A and clinicopathological variables in SCLC patients, we found that DDP-resistant
patients with low EVs-derived circCSH3PXD2A levels had more distant metastasis (Table 1). By comparing the diagnostic
efficiency of EVs-derived circSH3PXD2A, serum circSH3PXD2A and clinical diagnostic markers for lung cancer
including CEA, CA125, CA211, NSE, and ProGRP, we found that EVs-derived circSH3PXD2A was superior to other
clinical diagnostic markers in predicting chemoresistance to DDP in SCLC patients. Moreover, the combination of EVs-
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Figure | CircSH3PXD2A was downregulated in chemoresistant SCLC cells and negatively correlated with chemoresistance. (A) Volcano plot for differentially expressed
circRNAs between chemosensitive H446 and chemoresistant SHP77 cells. (B) qRT-PCR analysis of hsa_circ_0019869 levels in H446 and SHP77 cells. (C) Schematic diagram
of circSH3PXD2A and its back-splicing site. The red arrow indicates the back-splicing site. (D) The expression levels of circSH3PXD2A and its host gene SH3PXD2A were
determined by qRT-PCR after treatment with RNase R or without RNase R. (E and F) Nuclear-cytoplasmic fraction assay (E) and FISH assay (F) were employed to confirm
the distribution of circSH3PXD2A. Scale bar; 10 um (G) The circSH3PXD2A levels in serum (left) and EVs (right) in SCLC patients before and after cisplatin resistance
(n=30). (H) qRT-qPCR analysis of the serum (left) and EVs-derived (right) circSH3PXD2A expression levels of DDP-resistant patients (n=30), DDP-sensitive patients (n=30)
and normal controls (n=30). (I) Comparison of the diagnostic efficiency of EVs-derived and serum circSH3PXD2A and serum tumor markers in patients with SCLC before
and after DDP resistance. (J) The diagnostic efficiency of serum tumor markers combined with EVs-derived circSH3PXD2A in patients with SCLC before and after DDP
resistance. *p < 0.05 *¥p < 0.01, ***p<0.001.
Abbreviations: ns, no significance; DDP, cis-platinum.
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derived circSH3PXD2A and serum ProGRP had a better predictive performance for DDP-resistant SCLC patients
(Figure 11 and Figure 1J, Table S2).

CircSH3PXD2A Inhibits Chemoresistance of SCLC

As the level of circSH3PXD2A was negatively associated with chemoresistance in SCLC, we wanted to examine whether
circSH3PXD2A could inhibit chemoresistance of SCLC. SHP77 and H446 cells were transfected with circSH3PXD2A
vector and siRNAs that targeted the cyclization sites of circSH3PXD2A respectively. CircSH3PXD2A vector transfection
effectively increased the levels of circSH3PXD2A but not linear SH3PXD2A in SHP77 cells, and circSH3PXD2A
siRNAs transfection significantly decreased the levels of circSH3PXD2A but not linear SH3PXD2A in H446 cells
(Figure 2A). The circSH3PXD2A overexpression in SHP77 significantly reduced the ratio of surviving cells treated with
DDP, ADM, and VP-16, and increased the ratio of cell apoptosis, while knockdown of circSH3PXD2A resulted in the
opposite results (Figure 2B and Figure 2C). Also, a significant increase in cell proliferation, migration, and invasion of
circSH3PXD2A knockdown H446 cells was observed when compared to the control. Additionally, circSH3PXD2A

A mmsi-NC  mmsi-circ-2 B
@ == Vector ©  EEsicirc-1 mmsi-circ-3 _ == Vector mm si-NC
Q 150 B circ-oe 0157 s ns T 157 Em circ-oe Sys- B si-circ-1
Bl 4 k) —— —Ds L o~ @ si-circ-2
P [ — ns . ek ool ~ i
9 g0 S 1.0- L 2 - r p20 —
A 7 2 Si5] = T e
9 60 L 9 a =1 mrm !
8T g 3 310
o 47 © 0.5 8 g
o
2 2 re 2 2 205
®© ®© © =
g oA Soo- 3o 00
;o ax o « LI R P
S 0 O A SN
RO & &
S 2 2 S
H446 327 e
] . . . o
si-circ-1 si-circ-2 Tn’ 201
154 —2
L 10
8
3 5
h Q
6.82 10 735 485 < 0-
T 10 10t 10° 10° 0 100 100 100 10° 00 10t 10t 10 é,é ol éo .&g’\ ‘k(,ﬂ’
Annexin V-AF660 ———> Annexin V-FITC ——» WO O 0
D E
3 mm si-NC
—~ QO = -
. S e ) @ si-circ-1
s Vect 5 '°] - siNC § ooo. Emsicirc-2
s : ci?((:: g; o -=- si-circ-1 = et
> - = i-circ- W[ ©
2 1o- ] 2 10- -+~ Si-Circ-2 O 30004 **** s
5 .5 ° -
) 7] Q —
= = © 2000
5 o
O 54 3 5 2
g g g 1000
T | T | 2
g o —————— & o T o
2040 60 80 0 20 40 60 80 & Migration Invasion
Time(h) Time(h)

Figure 2 CircSH3PXD2A inhibits chemoresistance of SCLC. (A) The expression levels of circSH3PXD2A and SH3PXD2A were detected after transfection with
circSH3PXD2A lentivirus or siRNA in SCLC cells. (B) Chemoresistance assays were performed to analyze the chemoresistance of SCLC cells to the chemotherapeutic
drugs DDP, ADM, and VP-16. (C) Flow cytometric analyses for apoptosis in SCLC cells transfected with lentivirus or siRNA after DDP treatment. (D) CCK-8 assay was
employed to analyze the effect of circSH3PXD2A on SCLC cell proliferation. (E) After transfected with circSH3PXD2A siRNA or negative control, the migration and
invasion capacities of H446 cells were detected through transwell assays. Scale bar, 100 um. *p<0.05, **p<0.01, **p<0.001, ****p<0.0001.

Abbreviations: ns, no significance; OE, overexpression; si, siRNA.
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overexpression promoted cell proliferation in SHP77 cells (Figure 2D and Figure 2E). Due to the fact that SHP77 cells
are semiadherent and semisuspended in nature, the migration and invasion capacities of the cells are weak.Therefore, we
were unable to perform invasion and migration experiments in these cells. To conclude, our results show that
circSH3PXD2A inhibits the chemoresistance, proliferation, migration, and invasion of SCLC cells.

CircSH3PXD2A Acts as a Sponge for miR-375-3p to Suppress Chemoresistance in
SCLC

Increasing number of studies have shown that circRNAs could function by sponging miRNAs. The potential miRNAs
binding to circSH3PXD2A were predicted through miRanda, RNAhybrid, and TargetScan. After intersection with our
miRNA sequencing data, we found that miR-375-3p and miR-370-3p might be miRNAs interacting with circSH3PXD2A
(Figure 3A). The results of qRT-PCR showed that the miR-375-3p expression level of SHP77 (chemoresistant SCLC cell
line) was higher than that of H446 (chemosensitive SCLC cell line), but there was no significant difference in the expression
of miR-370-3p between them (Figure 3B). By analyzing the sequencing data of chemoresistant and chemosensitive SCLC
cells, we found that miR-375-3p had the most significant difference (Figure 3C). This result is consistent with our earlier
research that miR-375 is dramatically increased in the plasma of chemoresistant SCLC patients.?® Further research revealed
that the expression of miR-375-3p was reduced in circSH3PXD2A-upregulated cells, whereas its expression was increased
in circSH3PXD2A-downregulated cells (Figure 3D). Biotin-coupled probe pull-down assay using biotin-miR-375-3p
revealed that circSH3PXD2A was enriched in the biotin-coupled group, indicating that it could bind with miR-375-3p
(Figure 3E and Figure 3F). Furthermore, the binding site of circSH3PXD2A and miR-375-3p was shown, and the dual-
luciferase reporter assay showed that miR-375-3p mimics reduced the luciferase activity of circSH3PXD2A wild-type
rather than mutant-type (Figure 3G). In conclusion, these results manifest that miR-375-3p is upregulated in chemoresistant
SCLC cells, and circSH3PXD2A could interact with miR-375-3p.

We then tried to confirm that circSH3PXD2A functions by inhibiting miR-375-3p in SCLC cells. To explore the
functional role of miR-375-3p, miR-375-3p mimic or inhibitor were used to alter the expression level of miR-375-3p in
SCLC cells, later detected by qRT-PCR (Figure 4A). The chemoresistance, proliferation, migration and invasion of
SCLC cells were enhanced when transfected with miR-375-3p mimic. Conversely, the chemoresistance and proliferation
of SCLC cells were weakened when transfected with miR-375-3p inhibitor (Figure 4B—E). Moreover, cotransfection of
circSH3PXD2A and miR-375-3p mimic in SCLC cells revealed that miR-375-3p counteracted tumor suppressive effects
of circSH3PXD2A, including proliferation and chemoresistance (Figure 4F-H). Our data suggests that circSH3PXD2A
decreases the chemoresistance, proliferation, migration, and invasion of SCLC cells through miR-375-3p.

Direct Regulation of SCLC Chemoresistance Through circSH3PXD2A/miR-375-3p/

YAPI| Axis in vitro and in vivo

To investigate the interplay mechanism by which circSH3PXD2A/miR-375-3p axis works, we screened the targets of
miR-375-3p using the PicTar, TargetScan, and mRNA sequence data, and found that YAP1 was a candidate target of
miR-375-3p (Figure S2A). After detecting the mRNA expression of YAPI and two other reported miR-375-3p down-
stream target genes, SLC7A11 and LDHB, we found that the mRNA expression level of YAP1, rather than the other two
genes, was dramatically changed with the alteration of miR-375-3p level (Figure 5A and Figure S2B). Western blot
analysis also showed that miR-375-3p could inhibit the protein expression level of YAP1 (Figure 5B). Moreover, the
expression level of YAP1 decreased with increasing chemoresistance in six SCLC cell lines (Figures S1 and S2C). To
further validate the association between miR-375-3p and YAPI, biotin-labeled miR-375-3p mimic was used to conduct
a pull-down assay. The results indicated that the enrichment of YAP1 was higher in the biotin-labeled miR-375-3p group
than in the negative control (Figure 5C and Figure 5D). Then, the YAP1 3’UTR (wild-type or mutant) was cotransfected
with miR-375-3p mimic into H446 cells to verify the mutual effect between YAP1 and miR-375-3p. The results showed
that the miR-375-3p mimic reduced the luciferase activity of YAP1 3°’UTR wild-type but not the mutant-type
(Figure 5E). Furthermore, we also found overexpression of circSH3PXD2A elevated YAP1 expression, and knockdown
of circSH3PXD2A reduced its expression (Figure 5F and Figure 5G).
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Figure 3 Interaction between circSH3PXD2A and miR-375-3p. (A) Venn diagram showing circSH3PXD2A-related miRNAs screened by the intersection of miRanda,
RNAhybrid, TargetScan, and circRNA sequence data. (B) Expression levels of candidate circSH3PXD2A-related miRNAs (miR-375-3p and miR-370-3p) in H446 and SHP77
cells. (C) Volcano plot for differentially expressed miRNAs in H446 and SHP77 cells. (D) The expression level of miR-375-3p was detected in SCLC cells transfected with
circSH3PXD2A overexpression lentivirus or circSH3PXD2A siRNA. (E and F) Biotin-coupled miR-375-3p mimic was used to pull down circSH3PXD2A, and the expression
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Abbreviation: ns, no significance.

To find out whether YAPI is critical for the action of circSH3PXD2A in SCLC, we inhibited YAP1 expression through
a YAPI1 inhibitor named CA3. Inhibition of YAPI expression with CA3 (1 pM) significantly reversed circSH3PXD2A-
mediated effects, including chemoresistance and proliferation ability on SHP77 cells (Figure SH-J and Figure S2D).
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Figure 4 CircSH3PXD2A acts as a sponge for miR-375-3p to suppress chemoresistance in SCLC. (A) The transfection efficiency of miR-375-3p mimic (left) or inhibitor (right) was
determined by qRT-PCR. (B) After transfected with miR-375-3p mimic (left) or inhibitor (left), the chemoresistance of SCLC cells to the chemotherapeutic drugs DDP, ADM and
VP-16 was detected by chemoresistance assay. (C) The effect of miR-375-3p on the apoptosis of SCLC cells was analyzed by flow cytometry. (D) The proliferation rate of SCLC
cells was detected by CCK-8 assay. (E) Transwell assays were applied to analyze the influence of miR-375-3p on the migration and invasion of SCLC cells. Scale bar, 100 um. (F)
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Figure 5 Direct regulation of SCLC chemoresistance through circSH3PXD2A/miR-375-3p/YAP| axis in vitro. (A) The mRNA expression levels of YAP| in SCLC cells transfected with
miR-375-3p mimic (left) or inhibitor (right). (B) Western blotting was conducted to analyze the effect of miR-375-3p on the expression level of YAPI. (C and D) Pull-down assay
revealed the enrichment of YAPI by biotin-labeled miR-375-3p mimic. (E) Schematic diagram showing the site at which miR-375-3p binds to the 3’UTR of YAPI, and a luciferase
reporter assay suggested the interaction of YAP| with miR-375-3p. (F and G) Determination of the mRNA (F) and protein (G) expression levels of YAPI. (H) The protein expression
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Moreover, we compared YAP1 expression levels in SCLC and normal tissues from three data sets (GSE60052, GSE149507
and GSE1037), and found that YAP1 was downregulated in SCLC patients (Figure 5K and Figure S2E).

We also studied the influence of circSH3PXD2A on the chemoresistance of SCLC in vivo. We subcutaneously injected
SHP77 vector and SHP77 circ-oe cells into the flanks of BALB/c nude mice and intraperitoneally injected DDP or PBS.
Compared with the vector group, xenograft tumor size and weight were smaller in the circ-oe group. The circ-oe group combined
with DDP showed the lowest tumor volume and weight among the four groups (Figure 6A—C). qRT-PCR or Western blotting
was employed to analyze the expression levels of circSH3PXD2A, miR-375-3p, and YAP1. The results manifested that the
expression of circSH3PXD2A and YAPI increased while miR-375-3p decreased in the circSH3PXD2A overexpression group,
which coincided with the in vitro results (Figure 6D and Figure 6E). IHC staining showed that YAP1 expression increased and
Ki67, which is a universal cell proliferation marker, decreased in the circSH3PXD2A overexpression group (Figure 6F). These
results show that circSH3PXD2A inhibits the chemoresistance of SCLC through the miR-375-3p/YAP1 axis in vivo.

Effect of EVs-Delivered circSH3PXD2A on Chemoresistance of SCLC in vitro and in vivo
Numerous studies have shown that circRNAs can be transported to recipient cells to affect the biological function of
recipient cells through EVs and to participate in tumorigenesis and development, including tumor chemoresistance.'>-*!
We wonder whether circSH3PXD2A inhibits SCLC chemoresistance through EVs. We collected and characterized the EVs
from the cell culture medium of SCLC cell lines. Transmission electron microscopy (TEM) and nanoparticle tracking
analysis (NTA) showed that the isolated EVs had a round morphology and were 50—-150 nm in diameter (Figure 7A and
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Figure 6 Effects of the circSH3PXD2A/miR-375-3p/YAPI axis on the chemoresistance of SCLC in vivo. (A) Representative graphs of xenograft tumors in balb/c mice that
were subcutaneously injected with vector or circ-oe cells and treated with DDP or PBS. (B and C) Analysis of tumor size (B) and tumor weight (C) from balb/c mice.
(D and E) The mRNA expression levels of circSH3PXD2A, miR-375-3p, and YAP| (D) and the protein level of YAPI (E) in xenograft tumors were analyzed through qRT-

PCR and Western blotting, respectively. (F) IHC detection of YAP| and Kié7 protein levels in vector and circSH3PXD2A-oe transfected tumors. Scale bar, 20 um. *p<0.05,
##p<0.01, **+p<0.0001.
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Figure 7B). Moreover, Western blotting showed that CD63 and TSG101, protein markers of EVs, were enriched in EVs,
and the negative protein marker, calnexin was not found in EVs (Figure 7C). These results indicated that EVs were
successfully collected. Then, qRT-PCR analysis of RNA in these isolated EVs revealed that circSH3PXD2A levels were
increased in the EVs of circSH3PXD2A overexpressed cells compared with the EVs of control cells (Figure 7D). To test
whether the EVs could be taken by SCLC cells, the red fluorescent dye PKH26 labeled EVs isolated from SCLC cells were
cocultured with H446 cells. As shown in Figure 7E, these EVs were absorbed and internalized by the H446 cells.
Furthermore, after coculture with circSH3PXD2A-oe EVs, the expression of circSH3PXD2A and YAP1 was upregulated,
while miR-375-3p was downregulated (Figure 7F). Functionally, the chemoresistance and proliferation of the cells
cocultured with circSH3PXD2A-oe EVs were impaired (Figure 7G and Figure 7H).

Xenotransplantation experiments were then performed to investigate the role of EVs-derived circSH3PXD2A in vivo. H446
cells were subcutaneously injected into BALB/c nude mice to form tumors. These tumors were intratumorally injected with vector
EVs or circSH3PXD2A-oe-EVs, and then intraperitoneally injected DDP or PBS one day later. Tumor size and weight
measurement suggested that DDP inhibited tumor growth and circSH3PXD2A-oe-EVs strengthened this inhibitory effect
(Figure 71-K). qRT-PCR or Western blotting manifested that circSH3PXD2A and YAP1 expression was elevated in the circ-
oe-EVs group and negatively related to miR-375-3p (Figure 7L and Figure 7M). The expression of YAP1 and Ki67 was analyzed
by IHC.Our results revealed that YAP1 was increased and Ki67 was decreased in the circ-oe-EVs group (Figure 7N). In
conclusion, our data manifests that EVs mediate the intercellular delivery of circSH3PXD2A and suppress chemoresistance
through miR-375-3p/YAP1 in SCLC.

Discussion

Rapid acquisition of chemoresistance and lack of effective follow-up treatment are the main reasons leading to failure of clinical
diagnosis and treatment in SCLC. For the past few years, multiple studies have demonstrated that dysregulated circRNAs
participate in multiple processes in cancer, such as chemoresistance and metastasis. Li et al found that circ_0000098 facilitates
doxorubicin resistance in hepatocellular carcinoma through the miR-383/MCURI axis.** Wei et al revealed that circPARD3
inhibits autophagy and promotes laryngeal squamous cell carcinoma chemoresistance by targeting miR-145-5p.'? In colorectal
cancer, circ_001680 enhances resistance to irinotecan by upregulating BMI1, and circEXOC6B decreases chemoresistance to
5-fluorouracil through binding to RRAGB."?*? However, there are limited number of studies on the connection between
circRNAs and chemoresistance in SCLC. In our study, we found that circSH3PXD2A was abnormally downregulated in
chemoresistant SCLC cells and that upregulation of cricSH3PXD2A inhibited chemoresistance, proliferation, invasion and
migration of SCLC cells. The current clinical diagnostic markers of SCLC mainly include CEA, CA125, CA211, NSE and
ProGRP. In our study, we found that EVs-derived circSH3PXD2A combined with serum ProGRP had a better diagnostic
indication on DDP-resistant SCLC. This finding may provide a new method for the diagnosis and prediction of SCLC with DDP
resistance.

Since circRNAs take part in the development of tumors by sponging miRNAs,>* we screened miRNAs interacting with
circSH3PXD2A by bioinformatics and miRNA sequencing data and found that circSH3PXD2A interacted with miR-375-3p. In
vitro and in vivo assays manifested that circSH3PXD2A inhibits the chemoresistance of SCLC through miR-375-3p. In our
previous research, we found that miR-375 was dramatically increased in the plasma of chemoresistant SCLC patients.”” Mao et al
found that exosomal miR-375-3p derived from SCLC cells targets claudin-1 of vascular endothelial cells to disrupt the vascular
barrier and promote metastasis in SCLC.*>> Our study further validated the positive regulatory role of miR-375-3p in the
development of SCLC.

MiRNAs are involved in tumorigenesis and development by suppressing the expression of target genes.'* To obtain more
specific knowledge of the mechanism by which circSH3PXD2A influences the chemoresistance of SCLC, we analyzed the
downstream target genes of miR-375-3p and found that YAP1 was its target gene. Yes-associated protein 1 (YAP1) has been
reported to play diverse functions in cancers. In SCLC, YAP1, ASCL1, NEURODI, and POU2F3 were used as markers for
subtype classification of SCLC.*® Several studies have shown that YAP1 functions as an oncogene to accelerate cancer cell
survival, metastasis, tumorigenesis, and chemoresistance.>” *° However, there are also some studies suggesting that YAP1 has
a tumor-inhibiting effect in tumors. Studies have revealed that YAP1 is lessened in esophageal squamous cell carcinoma and
medullary thyroid carcinoma.*'** Downregulated expression of YAPI accelerates resistance to chemotherapy and targeted
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Figure 7 Effect of EVs-delivered circSH3PXD2A on the chemoresistance of SCLC in vitro and in vivo. (A) Transmission electron microscopy showed the morphology of
EVs. Scale bar, 200 nm. (B) Nanoparticle tracking analysis determined EVs size. (C) Western blotting showing the EVs protein markers CD63 and TSGI101 were enriched in
EVs secreted by SCLC cells. Calnexin was used as a negative control. (D) The expression level of circSH3PXD2A in vector EVs and circ-oe EVs.(E) EVs uptake assay
revealed that PKH26-labeled EVs were absorbed by SCLC cells. Scale bar, 100 um. (F) Determination of the mRNA expression levels of circSH3PXD2A, miR-375-3p and
YAPI in H446 cells after coculture with vector EVs or circ-oe EVs. (G and H) Chemoresistance (G) and cell proliferation ability (H) were analyzed in H446 cells treated with
vector EVs or circ-oe EVs. (I) Representative images of tumors from balb/c mice. (J and K) Comparison of tumor weight (J) and tumor weight (K) of sacrificed mice. (L and
M) Analysis of the protein levels of YAPI (L) and the mRNA levels of circSH3PXD2A, miR-375-3p and YAP| (M). (N) IHC detection of YAPI and Ki67 protein levels in
tumors from balb/c mice. Scale bar, 20 um. *p<0.05, *¥p<0.01, ***p<0.001, ****p<0.0001.
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drugs in FLT3-ITD* AML cells and docetaxel resistance in prostate cancer.**** In our study, we confirmed that miR-375-3p
targets YAP1. Our further research showed that circSH3PXD2A promotes YAPI expression by sponging miR-375-3p and
suppresses the chemoresistance of SCLC in vitro and in vivo. Additionally, inhibition of YAP1 expression promotes chemore-
sistance and cell proliferation in SCLC. Our results are in support of the research by Nishikawa et al, who found that upregulation
of YAP! inhibits the proliferative capacity of SCLC cells.*® However, a recent research revealed that activation of YAP1
promotes the transition of the neuroendocrine to non-neuroendocrine fate of SCLC and increases acquired resistance in mouse
SCLC cells, which is inconsistent with our conclusion.*” We hold the opinion that primary and acquired drug resistance may have
contributed to the different results. Taken together, our results indicate that circSH3PXD2A suppresses chemoresistance through
the miR-375-3p/YAP1 axis in SCLC.

Multiple studies have manifested that EVs derived from cancer cells act as messengers for cell communication and
participate in tumorigenesis, tumor survival, metastasis, chemoresistance, and radiosensitivity in various cancers.’*** Zang
et al revealed that exosomal circ_0000337 derived from CDDP-resistant cells could increase chemoresistance, cell survival,
and metastasis in CDDP-sensitive cells through the miR-337-3p/JAK2 axis in esophageal cancer cells.*® Ding et al found that
TMZ-resistant cell-derived exosomal circ_0072083 could increase drug resistance of TMZ-sensitive cells in glioma.'® In our
study, EVs secreted by circSH3PXD2A-overexpressing cells inhibit the chemoresistance and proliferation of SCLC in vitro
and in vivo. Additionally, circSH3PXD2A-overexpressing cell-derived EVs downregulate miR-375-3p expression and
upregulate YAP1 expression in SCLC. These data indicate that EVs mediate intercellular delivery of circSH3PXD2A and
suppress chemoresistance through the miR-375-3p/YAP1 axis in SCLC.

Conclusions

In summary, our results demonstrated the important role of EVs-derived circSH3PXD2A in regulating the chemoresis-
tance of SCLC cells. EVs-derived circSH3PXD2A inhibits the chemoresistance of SCLC cells by upregulating YAP1
through sponge adsorption of miR-375-3p. Furthermore, we found that EVs-derived circSH3PXD2A combined with
serum ProGRP had a better indication for SCLC patients with DDP-resistance. Our study underlined a previously
unknown function of circSH3PXD2A in SCLC and the potential of circSH3PXD2A as a prognostic biomarker for SCLC
patients with DDP-resistance.
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