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Hsa-circRNA-G004213 promotes cisplatin sensitivity
by regulating miR-513b-Sp/PRPF39 in liver cancer
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Abstract. In recent years, increasing evidence has confirmed
that exosomal circular RNAs (circRNAs) serve a crucial role
in the prognostic prediction and diagnosis of liver cancer (LC).
The present study compared the expression patterns of exosomal
circRNAs during transarterial chemoembolization (TACE).
CircRNA sequencing analysis identified 390 differentially
expressed circRNAs between the prior TACE and following
the first TACE operation groups and 489 differentially
expressed circRNAs between the prior to TACE and following
the second TACE operation groups. Gene Ontology analysis of
the differentially expressed circRNAs demonstrated that they
were associated with fatty acid metabolism, receptor binding
and membrane protein complexes. Kyoto Encyclopedia of
Genes and Genomes pathway analysis predicted that protein
digestion and absorption pathways were activated following
TACE. A novel gene was screened out; hsa-circRNA-G004213
(circ-G004213) was significantly upregulated following
TACE (fold change >10, P<0.01). Further analysis found
circ-G004213 significantly increased the cisplatin sensitivity
of HepG2 cells and positively associated with the prognosis
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of tumor-bearing mice. Based on the potential downstream
miRNAs and mRNAs, the circRNA-miRNA-mRNA network
was constructed. It was demonstrated that circ-G004213 regu-
lated cisplatin resistance via the miR-513b-5p/PRPF39 axis.
Finally, the present study confirmed that circ-G004213 was
positively associated with the prognosis of patients with LC
following TACE. Therefore, circ-G004213 may be used as an
indicator for predicting the efficacy of TACE.

Introduction

Globally, liver cancer (LC) is the commonest type of hepatic
malignancy and the third leading cause of cancer-related
death (1). Transarterial chemoembolization (TACE) is mainly
used to treat unresectable advanced LC and can also be used
for complementary treatment without radical resection. As
most patients with LC are diagnosed at advanced stages,
which causes them to miss the best opportunity for curative
therapy via resection, transplantation or ablation, TACE
serves an important role in the treatment of LC. The main
mechanism of the treatment of LC relies on the difference in
the blood supply between LC and normal liver tissue. A total
of 95-99% of the LC blood supply is derived from the hepatic
artery and 70-75% of the liver tissue blood supply is derived
from the portal vein (2). TACE can effectively block the blood
supply from the hepatic artery while continuously releasing
high-concentration chemotherapy drugs (cisplatin and
fluorouracil) to directly kill tumor cells and has little effect
on normal liver tissue (3). Tumor stage, portal hypertension
and preoperative levels of a fetoprotein, alkaline phospha-
tase, vy glutamyl transpeptidase and monocytes are important
clinical indicators to predict the efficacy of TACE (4). Serum
IL-6 and IL-8 levels may help to identify patients who benefit
from TACE in terms of objective response to treatment and
overall survival before intervention (5). Circulating MMP-2 is
also associated with the prognosis of LC following TACE (6).
However, molecular markers of TACE-related prognostic
indicators are lacking.

Exosomes are microcapsule structures with a lipid
bilayer having a diameter of 30-150 nm that are secreted
by various normal cells and tumor cells and are naturally
present in various body fluids (7). They contain proteins,
lipids, messenger RNA (mRNA), microRNA (miRNA), long
noncoding RNA (IncRNA), circular RNA (circRNA) and
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transcription factors (8,9). Exosomes serve a crucial role in the
carcinogenesis of LC (10,11).

In the process of carcinogenesis, exosomes are associ-
ated with viral spread and affect host immunity, which
causes DNA damage and LC. For example, exosomal
miR-122 promotes viral RNA replication and transmission
between hepatitis virus C-infected hepatocytes and normal
hepatocytes via the AGO2-miR-122-HSP90 complex (12).
IncRNA FAL1/miR-1236 can promote tumor metastasis (13).
Noncoding (nc)RNAs can be transferred to immune cells
through exosomes to induce the expansion or differentiation
of immunosuppressive cells in LC. For example, exosomal
miR-23a-3p can upregulate the expression of programmed
death-ligand 1 through the PTEN-PI3K/AKT pathway (14).

An increasing number of studies have demonstrated that
exosomal circRNAs serve a key role in the prediction and
diagnosis of LC. For example, exosomal circRNA-100338 can
promote LC metastasis (15). The circRNA Cdrl, as a competi-
tive endogenous RNA, is associated with the progression
of LC (16). Exosomal circPTGR1 promotes LC metastasis
via the miR449a-hepatocyte growth factor receptor (MET)
pathway (17). In addition, exosomal circRNAs secreted from
adipocytes can promote the growth of LC by targeting the
deubiquitination-related protein USP7 (18).

The present study first compared the expression patterns of
exosomal circRNAs during TACE. Hepatic artery blood was
collected from 5 patients with LC at three time points: Prior
to TACE treatment (prior TACE), following the first TACE
operation (TACEI) and following the second TACE operation
(TACE2). Then, the exosomes were extracted from the blood
and the alterations of the circRNAs in exosomes were further
analyzed. A novel circRNA was screened (circ-G004213). The
present study demonstrated that circ-G004213 was associ-
ated with the prognosis of patients with LC. By constructing
circRNA-miRNA-mRNA interaction, it was found that
circ-G004213 interacted with miR-513b-5p and downstream
target gene PRPF39. Previous studies found that miR-513b-5p
can suppress cell promotion in experimental electromagnetic
cancer cells and suppress cell promotion and migration in
ovarian cancer (19,20). In addition, PRPF39 was associ-
ated with cisplatin sensitivity (21). The present study was
performed in order to further confirm the role and mechanism
of circ-G004213/miR-513b-5p/PRPF39 in the cisplatin sensi-
tivity of LC.

Materials and methods

Human specimens. Hepatic artery blood was collected from
five male patients between May 2017 and May 2019 with LC
(age range between 26 and 66 years old) at three time points:
Prior TACE, TACE!l and TACE2. A total of 10 ml of hepatic
artery blood was drawn from each patient at each time point,
EDTAK?2 was used to anticoagulant and the plasma was
separated (2,000 x g, 10 min at 4°C) and immediately frozen
at -80°C prior to the extraction of exosomes. All five patients
were enrolled from the Department of Gastroenterology at
the First Affiliated Hospital of Chengdu Medical College
(Chengdu, China) from 2018-2019. The other 50 patients with
LC' blood samples were obtained from the tissue specimen
bank of the First Affiliated Hospital of Chengdu Medical

College (2017-2020; Table I). LC was diagnosed according
to the 2017 specifications for the diagnosis and treatment
of primary liver cancer using TNM and Barcelona Clinic
Liver Cancer staging (BCLC) tumor staging assessment (22).
Child-Pugh score was used to evaluate the changes in liver
function of the patients following TACE treatment (23). None
of the patients with LC received chemotherapy or radiotherapy
before TACE. The clinical, imaging and pathologic records of
the patients were reviewed retrospectively. Informed consent
was signed in writing by all patients and the study protocol
was approved by the ethics committee of the First Affiliated
Hospital of Chengdu Medical College (approval no. 2017009).

Isolation of exosomes. Exosomes in plasma were separated
by an exoEasy Maxi kit (Qiagen China Co., Ltd.). XBP buffer
(3 ml) was added to 3 ml of plasma. The centrifuge tube was
immediately inverted gently to mix the solution and kept at
room temperature. The plasma/XBP buffer mixture was
then added to the exoEasy rotary column and centrifuged at
500 x g for 1 min at 4°C. The flow through was discarded and
the rotating column was placed in the same collecting tube.
XWP buffer (10 ml) was added and centrifuged at 5,000 x g
for 5 min at 4°C to remove the residual volume from the
rotating column. All the flow through in the collection tube
was discarded. The rotating column was moved into a new
collecting tube. Next, 400 pl-1 ml of Xe buffer was added to
the membrane and incubated for 1 min at 4°C. The test tube
was centrifuged at 500 x g for 5 min at 4°C and the eluate was
collected. Finally, the eluate was added to the exoEasy rotary
column and incubated for 1 min and the tube was centrifuged
at 5,000 x g for 5 min at 4°C; then, the eluate was collected and
transferred to a new collection tube. Finally, the exons were
resuspended in PBS and stored at -80°C.

Detection of exosomes. Exosomes were detected by three
methods. First, exosomes were observed under a transmission
electron microscope (TEM; HT7700; Hitachi, Ltd.). For an
enhanced view of the plasma membrane, the exosomes were
embedded in polymer at 65°C for 48 h. Then, they were stained
with uranium acetate for 10 min and lead acetate for 10 min
(room temperature).

Western blotting was used to detect the typical exosomal
markers, as below. Equal amounts of protein were subjected
to SDS-PAGE. The protein extracted from blood was used as
the control. The sources and dilutions of the antibodies that
were used were as follows: Mouse anti-CD9 (Abcam; 1:400),
mouse anti-CD63 (Abcam; 1:400), rabbit anti-tumor suscepti-
bility gene (TSG)101 (Abcam; 1:1,000) and mouse anti-B-actin
(Abcam; 1:1,000), which was used as an internal control.
Finally, the exosomes were tested with a Malvern Nano-Nano
Analyzer (MNNA; Nanosight NS300; Malvern Instruments,
Ltd.) to measure their size.

CircRNA sequencing analysis. High-throughput full tran-
scriptome sequencing and subsequent bioinformatics analysis
were performed. According to the manufacturer's instructions,
the RNA library was constructed with rRNA-depleted RNA
using the TruSeq Stranded Total RNA library preparation
tool (Illumina, Inc.). The Bioanalyzer 2100 system (Agilent
Technologies, Inc.) was used to test and quantify the quality
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Table I. Association between clinicopathological variables and
circ-G004213 expression in patients with LC following TACE.

circ-G004213

Characteristics Number High Low P-value

Sex 0.496
Male 39 18 21
Female 11 7 4

Age (years) 0.999
<50 8 3 5
>50 42 19 23

HBV 0.716
Positive 41 23 18
Negative 9 6 3

AFP (ng/ml) 0.033¢
<200 7 6 1
>200 43 15 28

TNM stage 0.009*
Iand II 21 15 6
IIT and IV 29 9 20

BCLC stage 0.022*
Aand B 23 16 7
Cand D 27 9 18

Child-Pugh score 0.484
5-6 29 16 13
7-9 18 7 11
=10 3 1 2

HBYV, hepatitis virus B; AFP, alpha-fetoprotein; BCLC, Barcelona
Clinic Liver Cancer staging. *Significant difference.

of the library. A total of 10 picomolar libraries were denatured
to generate single-stranded DNA molecules. These molecules
were captured on Illumina flow cells and amplified in situ in
clusters. Finally, 150 cycles of sequencing were performed on
an I1lumina HiSeq 4000 sequencer (Illumina, Inc.) according
to the manufacturer's instructions. Paired end readings were
taken from the Illumina HiSeq 4000 sequencer (Illumina, Inc.).
After trimming of the 3' adapter, low-quality readings were
removed by Cutadapt software (v1.9.3; https://pypi.python.
org/pypi/cutadapt#downloads). High quality trim reading
analysis was then performed. Star software (http:/www.star-
softwarein.com/) was used to compare high-quality reading
data with the reference genome/transcriptome, DCC software
(https://www.hpc.dtu.dk/? page_id=3270) was used to detect
and identify circRNAs and the circRNA database (v0.1;
http://www.circbase.org/.) was used for annotation. The data
were normalized by edgeR software (v3.12; http://bioconductor.
org/biocLiteR) and differential expression was analyzed. The
relevant data of the present study have been uploaded to GEO
depository with the number GSE 165183. Gene Ontology
(GO) was used to study the differentially expressed molecules
(http://www. http://geneontology.org). The Kyoto Encyclopedia
of Genes and Genomes (KEGG; http://www.genome.jp/kegg)

database was also used. Based on the GO and KEGG pathway
analyses, the differentially expressed circRNAs were anno-
tated and their functions determined.

Cell culture. The human 293T cells and LC cell lines HepG2
were derived from Wuhan tumor cell lines in China (Procell
Life Science & Technology Co., Ltd.). HepG2 and 293T cells
were identified by STR analysis. Mycoplasma conjugation
test was performed in all cells and these cells have been used
in our previous study (24). The acisplatin-resistant subline
(HepG2/CIS) of HepG2 cells was established by repeated
subculture in cisplatin (25). Cisplatin was purchased from
Sigma-Aldrich (Merck KGaA) and dissolved in dimethyl
sulfoxide to obtain a 10 mM stock solution. All cells were
cultured in DMEM (HyClone; Cytiva) containing 10% fetal
bovine serum (FBS, HyClone; Cytiva) and preserved at 37°C
and 5% CO,. For comparison of the ICs, values of CIS among
the groups of HepG2 cells, cell viability was evaluated through
MTT assays as described previously (24). HepG2 cells (1x10%)
were plated in 96-well plates. Once the cells reached 70%
confluence, CIS (0, 5, 10, 20, 40, 100 and 200 M) was added.
After the cells were incubated for an additional 72 h, the MTT
reagent was added and allowed to incorporate for 4 h. The
optical density at 570 nm was determined using an ELISA
plate reader (Model 550; Bio-Rad Laboratories, Inc.).

Plasmid construction and transfection. For overexpression of
circ-G004213, the full-length 339 bp cDNA of circ-G004213
was cloned into the vector pLCDH. The circ-G004213 and
2581-bp to 2600-bp fragments of PRPF39 were amplified from
the cDNA of HepG2 cells and cloned into pmiRGLO (Promega
Corporation) for luciferase analysis. All constructed plasmids
were confirmed by sequencing. In addition, HepG2 cell lines
with stable overexpression or knockout of PRPF39 were
constructed with lentiviral vectors (24,25). Short interfering
(si)RNA, miRNA mimics or inhibitors were synthesized by
Guangzhou RiboBio Co., Ltd. siRNA-circ-G004213, 5'-AGA
UUCUUAGACUCCAGAU-3'; siRNA-NC (negative control),
5'-UUCUCCGAACGUGUCACGU-3". HepG2 cells were
seeded in a six-well plate, and 100 pM of siRNA-circ-G004213
was transfected into HepG2 cells using TurboFect transfec-
tion reagent (Thermo Fisher Scientific, Inc.). miRNA mimics
or inhibitors (Beckman Coulter, Inc.) were diluted to a final
concentration of 20 nM in serum-free DMEM (HyClone;
Cytiva). For transient transfection, HepG2 and 293T cells were
transfected with Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. There was an interval of 24 h between transfection and
subsequent experiments.

Luciferase reporter assay. Double fluorescein reporter gene
detection was carried out according to the manufacturer's
instructions (24,25). The Wild-type (WT) and mutant (MUT)
circ-G004213 UTRs and PRPF39 UTRs were amplified and
cloned into pmirGLO (Promega Corporation). For dual lucif-
erase assays, 293T cells were cotransfected with the pmirGLO
plasmid and miR-523b-5p mimic and pRLTK reporter gene
carrier, respectively, with assistance of Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.). The firefly and
Renilla luciferase activities were measured by applying dual
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luciferase reporter assay system (Promega Corporation) 48 h
following transfection according to the manufacturer's instruc-
tions. The luciferase activity was measured by a Multi-Mode
Microplate Reader (Synergy 2; BioTek Instruments, Inc.). All
the assays were repeated at least 3 times.

In vivo experiments. A total of 120 6-week-old BALB/c nude
mice from Chengdu Dossy. Experimental Animal Co., Ltd.
were subcutaneously inoculated in the flank region with HepG2
cells (5x10°; circ-G004213-OE, vector-NC, si-circ-G004213
or si-NC). Then 10 mice in each group were subcutaneously
injected with the cell mixture. The mice were fed in SPF
animal center of Chengdu Medical College with the humidity
at 50%, the temperature at 25°C and 14-h light/10-h dark cycle.
The tumor volume was calculated using the following formula:
Tumor volume (mm?)=7/6 x length x width?. When the tumor
volume reached 100 mm?, CIS (10 xM) was intraperitoneally
injected (25). The endpoint was tumors up to 1,000 mm?.
When they reached the endpoint, the mice were euthanized
with 100% CO, with a flow rate of 40% and the endpoint
was recorded. The animal experiments were approved by
the research ethics committee of Chengdu Medical College
(approval no. 2017CYA-021).

CircRNA-miRNA-mRNA interactions. To further study
the relationship between circRNAs and miRNAs, the
miRanda and TargetScan databases (http:/www. microrna.
org/microrna/home.do) were used to identify targeted
miRNAs. From these predictions it was hypothesized that the
circRNAs might act as miRNA sponges. Based on the binding
sites of differentially expressed circRNAs and miRNAs, a
network between circRNAs and miRNAs was constructed.
According to the reverse splicing site coordinates of circRNAs,
the coordinates of mRNAs (defined as circRNA-related genes)
were found through the RefSeq database (v34; https:/www.
ncbi.nlm.nih.gov/refseq/).

Reverse transcription-quantitative (RT-q) PCR. To detect the
expression of circRNAs and mRNA, RT-qPCR was performed
according to the manufacturer's protocols. Total RNA from
blood samples lysates was isolated using TRIzol® reagent
(Thermo Fisher Scientific, Inc.). cDNA was synthesized with
the PrimeScript RT Master Mix (Takara Biotechnology Co.,
Ltd.) from 500 ng RNA. The PCR analyses were performed
with SYBR Premix Ex Taqll (Takara Biotechnology Co.,
Ltd.) with Light Cycler 480 II Real-Time PCR System (Roche
Diagnostics). PCR protocol consisted of one cycle at 95°C for
10 sec followed by 40 cycles at 95°C for 5 sec and at 60°C
for 45 sec. The relative gene expression data was analyzed by
the 2-24% method (26). GAPDH was used as an endogenous
control gene for circRNAs and mRNA. To determine the
abundance of circRNA, the divergent primers were designed
for the circular transcripts. Primers for circRNAs and related
mRNAs are shown in Table SI.

miR-4677-3p (Assay ID ap04309), miR-513b-5p (Assay ID
ap002658), miR-580-3p (Assay ID ap01950), miR-219a-1-3p
(Assay ID ap01258) and miR-6888-3p (Assay ID ap08601)
were detected according to the RT-qPCR. Mir-X miRNA
First-Strand Synthesis Kit (Takara Biotechnology Co., Ltd.)
was used to reverse transcribe total RNA into mature miRNA.

U6 was used as an endogenous control for miRNA expres-
sion analysis. Magnetic Resonance Elastography (MRE) was
used for analysis. The threshold cycle (Cq) was defined as the
fractional cycle number at which the fluorescence passed the
fixed threshold. All assays were performed in triplicates.

Western blot analysis. Proteins from HepG2 transplanted
tumor were extracted with common protein extraction reagent
(Beyotime Institute of Biotechnology) and 1% phenylmeth-
ylsulfonyl fluoride. Protein concentrations were determined
by BCA using an assay kit (Bio-Rad Laboratories, Inc.).
Protein lysates (50 ug) were loaded by 4% sodium dodecyl
sulfate-polyacrylamide gel and separated by 10% gel elec-
trophoresis and transferred onto a polyvinylidene difluoride
membrane (EMD Millipore). Membranes were incubated in
blocking buffer (Tris-buffered saline containing 5% skimmed
milk) for 1 h at 37°C. The antibodies used were as follows:
B-actin (cat. no. 8H10D10; Cell Signaling Technology, Inc.)
PRPF39 (cat. no. PA5-21627; Invitrogen; Thermo Fisher
Scientific, Inc.). The dilution factor of all antibodies was
1:1,000. The first antibody were incubation at 4°C overnight.
After washing, the membranes underwent hybridization
with horseradish peroxidase-conjugated secondary anti-
body horseradish peroxidase conjugated anti-rabbit IgG
(1:3,000; cat. no. 14708; Cell Signaling Technology, Inc.)
and anti-mouse IgG (1:3,000; cat. no. 7076; Cell Signaling
Technology, Inc.) for 1 h at room temperature. Following
washing signals, were detected by chemiluminescence using
western blotting luminol reagent (Santa Cruz Biotechnology,
Inc.). Protein levels were quantified by scanning blots on a
Gel Doc EZ imager (Bio-Rad Laboratories, Inc.) and analysis
with Quantity One 1D image analysis software 4.4.0 (Bio-Rad
Laboratories, Inc.).

Statistical analysis. All statistical analyses were performed
using SPSS 20.0 (IBM Corp.). Medcalc v18.9 (Medcalc
Software Bvba) software was used to calculate the sample size
to ensure that it was sufficient to detect the pre-specified effect
amount. To determine the significant difference, Student's
t-test was used for comparison between the two groups and
one-way analysis of variance was used for comparison of
multiple groups. Bonferroni's was used as a post hoc test. The
Fisher's exact test was used to test the association between the
two categorical variables. Each experiment was repeated at
least three times. In Kaplan-Meier curves survival analysis,
log-rank test was used. P<0.05 was considered to indicate a
statistically significant difference.

Results

Profiling and characteristics of exosomal circRNAs in
patients with LC following TACE. patients with LC were
enrolled from the affiliated hospital of Chengdu Medical
College between 2018 and 2019. All patients were male, with
ages ranging between 26 and 66 years old. Of these patients,
four had hepatitis virus B (HBV) infection (Table SII). During
the TACE process, cisplatin (50 mg) and fluorouracil (250 mg)
were injected into the tumor tissue through the hepatic artery
for local chemotherapy and the main blood supply of the
tumor was embolized with lipiodol. The tumor and iodized
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Figure 1. Profiling and characteristics of exosomal circRNAs in patients with LC following TACE. (A) TEM image of exosomes with negative staining to
enhance the view of membrane structures (scale bar=100 nm). Western blotting detected CD9, CD63, TSG101 and [-actin in exosomes (blood used as control).
Malvern Nano-Nano Analyzer demonstrated the diameter distribution of isolated exosomes. (B) Heat map of 390 differentially expressed circRNAs between
prior TACE and TACEL. Each column represents one sample; each row represents one probe set. Red color (upregulated expression) or green (downregulated
expression). The dendrogram on the right reveals the sample clustering; the dendrogram on the top reveals the gene clustering. (C) Volcano plot using fold
change and P-value. The red rectangle represents differentially expressed circRNAs between prior TACE and TACEI, P<0.05, fold change =2.0. (D) Heat
map of 489 differentially expressed circRNAs between prior TACE and TACE2. Each column represents one sample; each row represents one probe set. Red
color (upregulated expression) or green (downregulated expression). The dendrogram on the right reveals the sample clustering; the dendrogram on the top
reveals the gene clustering. (E) Volcano plot using fold change and P-value. The red rectangle represents differentially expressed circRNAs between prior
TACE and TACE2, P<0.05, fold change =2.0. circRNA, circular RNA; LC, liver cancer; TACE, transarterial chemoembolization; TEM, transmission electron
microscope; TACEL, after the first TACE operation; TACE2, after the second TACE operation.

oil deposits observed during treatment are shown in Fig. S1.
Through TNM and Barcelona Clinic Liver Cancer staging
(BCLC) tumor staging assessment, it was confirmed that
following performing TACE twice, case 1, 2 and 3 achieved
a partial response and case 4 and 5 achieved a stable disease
state (Table SII). In addition, the Child-Pugh score was used to
evaluate the changes in liver function of the patients following
TACE treatment. The results demonstrated that TACE
treatment did not damage the liver function of the patients
(Table SII).

Under TEM, the diameter of the exosomes ranged from
30 to 150 nm and the membrane was clear and relatively
complete (Fig. 1A). The exosomes expressed typical exosome
markers, such as CD9, TSG101 and CD63. However, there
was no expression of CD63 and TSG101 and low expression
of CD9 in the blood. There was no expression of f-actin in
the exosomes (Fig. 1A). The MNNA demonstrated that the
peak of the isolated exosomes occurred at approximately
150 nm (Fig. 1A). CircRNA-seq identified 390 differentially
expressed circRNAs between the prior TACE and TACEI1
groups (fold change =2.0; P<0.05). Heat maps of 390 differ-
entially expressed circRNAs were generated to illustrate the

distinguishable circRNA expression profile of the samples
(Fig. 1B). The volcano plot analysis demonstrated 305 upregu-
lated and 85 downregulated circRNAs (Fig. 1C). Hierarchical
cluster analysis clearly identified 489 differentially expressed
circRNAs between the TACE and TACE2 groups (Fig. 1D).
The volcano plot analysis demonstrated 422 upregulated and
67 downregulated circRNAs (Fig. 1E).

GO analysis of differentially expressed circRNA-derived genes.
The GO analysis included three categories: Biological process
(BP), cell component (CC) and molecular function (MF). The
BP analysis demonstrated that between the prior TACE and
TACEI groups, the differentially expressed circRNAs were
significantly associated with myosin filament assembly, nega-
tive regulation of androgen receptor and negative regulation
of B cells (Fig. 2A and B). Significant CC terms associated
with the differentially expressed circRNAs between the prior
TACE and TACEI groups were associated with the myosin
filament, nuclear membrane protein complex, immunological
synapse and basal plasma membrane (Fig. 2A and B). For
MF, the differentially expressed circRNAs between the
prior TACE and TACEI groups were associated with IgG
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Figure 2. GO analysis of differentially expressed circRNA-derived genes. The horizontal axis is the enrichment score for the GO terms and the vertical
axis is the GO terms. The enrichment score was calculated as-logl0 (P-value). (A) GO analysis of upregulated circRNAs between prior TACE and TACE].
(B) GO analysis of downregulated circRNAs between prior TACE and TACEI. (C) GO analysis of upregulated circRNAs between prior TACE and
TACE2. (D) GO analysis of downregulated circRNAs between prior TACE and TACE2. GO, Gene Ontology; circRNA, circular RNA; TACE, transarterial
chemoembolization; TACEI, after the first TACE operation; TACE2, after the second TACE operation; Sig, significant; BP, biological process; CC, cell

component; MF, molecular function.

binding, very long-chain fatty acid-CoA ligase and insulin
receptor substrate binding (Fig. 2A and B). Between the
prior TACE and TACE2 groups, the differentially expressed

circRNAs associated with BP were significantly associated
with myosin filament assembly, the medium-chain fatty
acid metabolic process, membrane fission and lipoprotein
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transport (Fig. 2C and D). Significant CC terms associated
with the differentially expressed circRNAs were associated
with the myosin filament, nuclear membrane protein complex,
ESCRT complex and endosome membrane (Fig. 2C and D).
For MF, the differentially expressed circRNAs were associ-
ated with IgG binding, very long-chain fatty acid-CoA ligase,
insulin receptor substrate binding, kinase activity and water
channel activity (Fig. 2C and D).

KEGG pathway analysis of differentially expressed
circRNA-derived genes. The KEGG pathway dot plot shows
the significantly enriched pathways with the enrichment score
[log10 (P-value)] values. KEGG pathway analysis predicted the
pathways affected by the variations in circRNAs in exosomes
from patients with LC following TACE (Fig. 3). Between the
TACE and TACEI! groups, the protein digestion and absorp-
tion pathway was shown to be activated and the miRNAs
involved in the cancer pathway were inhibited (Fig. 3A and B).
Pathway analysis demonstrated that between the prior TACE
and TACE2 groups, the hematopoietic cell lineage and protein
digestion and absorption pathways were both upregulated and
the sphingolipid signaling and phosphatidylinositol signaling
system pathways were downregulated (Fig. 3C and D).

Circ-G004213 promotes the cisplatin sensitivity of HepG?2
cells and improves survival in vivo. To identify the circRNAs
that demonstrated significant and consistent changes during
TACE treatment, the intersection of the circRNAs with
significant changes (fold change >10, P<0.01) were selected for
prior TACE vs. TACE2 and TACE vs. TACE2 (Fig. 4A). It was
found that circ-G004213 and circ_GABRG3 were upregulated

during TACE treatment (Fig. S2A and B). Because the sensi-
tivity of LC cells to cisplatin is significantly associated with
the effect of TACE treatment, the expression of circ-G004213
and circ_GABRG3 was detected in HepG2 and cispl-
atin-resistant HepG2/CIS cells. Notably, as shown in Fig. 4B,
circ-G004213 was weakly expressed in HepG2/CIS cells. In
addition, circ-G004213 was downregulated by CIS induction
(Fig. 4C). Overexpressing and knockout of circ-G004213 was
constructed in HepG2 cells (Fig. S3A). To further determine
the exact role of circ-G004213 in the sensitivity to CIS, we
measured the ICy, of CIS in HepG2 cells. As shown in Fig. 4D,
overexpression of circ-G004213 enhanced the sensitivity of
HepG?2 cells to CIS. By contrast, knockout of circ-G004213
increased the tolerance of HepG2 cells to CIS (Fig. 4D).
CIS (10 M) was injected intraperitoneally; circ-G004213
overexpression reduced tumor growth and circ-G004213
knockout increased tumor growth in vivo (Fig. 4E). In addi-
tion, the survival rate of each group was recorded. As shown in
Fig. 4F, treatment with CIS prolonged the survival rate of the
circ-G004213-overexpressing cells, but a shorter survival rate
was observed in the circ-G004213 knockdown cells compared
with the control cells.

Circ-G004213 regulates CIS sensitivity via regulation of
miR-513b-5p/PRPR39. CircRNAs can act as miRNA sponges
to regulate the expression levels of other related RNAs via
miRNA response elements. miRNAs bind to mRNAs to
inhibit post-transcriptional gene expression. Based on the
first five predicted miRNA targets of circ-G004213 and
the first five predicted mRNA targets of each miRNA, the
circRNA-miRNA-mRNA network was constructed (Fig. 5A).
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miR-513b-5p was significant and continued to decrease
following TACE, so it was selected for further analysis
(Fig. 5B). Luciferase reporter analysis was used to determine
whether miR-513b-5p was directly targeted by circ-G004213.
A double luciferase reporter vector was constructed
containing full-length WT circ-G004213 or a version where
the miR-513b-5p-binding site was mutated (Fig. 5C). A signifi-
cant decrease in luciferase reporter activity was detected in the
293T cells cotransfected with miR-513b-5p mimic and WT but
not the mutant vector (Fig. 5D). Overexpressing and knockout
of miR-513b-5p was constructed in HepG2 cells (Fig. S3B). In
summary, these experiments demonstrated that circ-G004213
can be used as a sponge for miR-513b-5p and the miR-513b-5p
inhibitor can improve the sensitivity of HepG2 cells to CIS
(Fig. 5E). By contrast, miR-513b-5p mimics increased HepG2
tolerance to CIS (Fig. 5E).

PRPF309, as a predicted mRNA target of miR-513b-5p, was
significantly upregulated following TACE (Fig. S2C) and asso-
ciated with cisplatin resistance (15). The roles of PRPF39 were
determined in CIS sensitivity. Overexpressing and knockout of
PRPF39 was constructed in HepG2 cells (Fig. S3C). As shown
in Fig. SF, PRPF39 overexpression enhanced the sensitivity
of HepG2 cells to CIS. PRPF39 knockdown increased the
tolerance of HepG2 to CIS (Fig. 5F). The present study found
that the miR-513b-5p inhibitor increased PRPF39 expression,
while the miR-513b-5p mimic decreased PRPF39 expression
(Fig. 5G). According to MRE analysis, miR-513b-5p had two
potential binding sites in the 3'UTR of PRPF39 (Fig. SH).
Therefore, luciferase reporter plasmids containing the WT

and mutated 3'UTR of PRPF39 were designed to predict the
binding site. Following cotransfection of the miR-513b-5p
mimic with the PRPF39 3'UTR WT1 or PRPF39 3'UTR WT2,
the luciferase activity was significantly decreased. The mutant
PRPF39 structure was unaffected by miR-513b-5p (Fig. 5I).

The expression of miR-513b-5p and PRPF39 was detected
in HepG2 transplanted tumors. The present study demon-
strated that the expression of miR-513b-5p was decreased and
the expression of PRPF39 was increased in tumor tissues with
overexpression of circ-G004213 (Fig. S3C and D). Meanwhile,
the expression of miR-513b-5p in tumor tissues was decreased
and the expression of PRPF39 was increased in tumor tissues
with knockout of circ-G004213 (Fig. S3C and D). These
results further demonstrated that circ-G004213 regulated CIS
sensitivity by regulating miR-513b-5p/PRPR39.

Circ-G004213 is associated with the prognosis of patients with
LC following TACE. The circ-G004213 gene was significantly
upregulated following TACE treatment (Fig. S2A), especially
for case 1,2 and 3, which demonstrated an improved prognosis.
To further verify the effect of circ-G004213 on the prognosis
of patients with LC, the clinicopathological variables and
circ-G004213 expression was analyzed in 50 patients with LC
following TACE. The results demonstrated that high expres-
sion of circ-G004213 was negatively associated with advanced
TNM stage, BCLC stage or a-fetoprotein (AFP) and exhibited
no significant associations with other parameters, including
age, sex, HBV or Child-Pugh score (Table I). Among the
mRNAs that were negatively associated with the prognosis of
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patients, the downstream mRNAs of circ-G004213, GINS2,
Z1C2 and CREB3L3 were significantly downregulated
following TACE (Fig. S2D) and the mRNAs positively asso-
ciated with patient prognosis, PRPF39 and ZWINT, were
significantly upregulated following TACE (Fig. S2C). The
above results suggested that the expression of circ-G004213 in
exosomes may be positively associated with the prognosis of
patients with LC following TACE.

Discussion

Exosomes serve a crucial role in the carcinogenesis of LC. In
particular, small noncoding RNAs in exosomes could serve
as biomarkers for the prediction and diagnosis of LC (27).
Exosomes from LC cells can promote the occurrence and
development of LC. For example, Exosomes derived from
HepG?2 cell can reprogram biological behaviors of LO2
cells (28) and exosomes derived from LC patient serum and
HepG2 cells can inhibit proliferation and sorafenib chemore-
sistance in LC (29).

Recently, an increasing number of studies have demon-
strated that exosomal circRNAs serve a crucial role in the
prediction and diagnosis of LC (10-13). Exosomal circPTGR1
from cells with high metastatic (LM3) can promote LC metas-
tasis via the miR449a-MET pathway (17). Although TACE is
an important treatment for LC, the alteration and effects of

circRNAs in LC following TACE remain to be elucidated. The
alterations of the expression profile of circRNAs in exosomes
from patients with LC following TACE were studied for the first
time, to the best of the authors' knowledge, by high-throughput
whole transcriptome sequencing and subsequent bioinformatic
analysis in the present study.

The present study identified 390 differentially expressed
circRNAs between the prior TACE and TACEI groups and
489 differentially expressed circRNAs between the prior
TACE and TACE2 groups. Based on these different circRNAs,
GO analysis was performed to annotate and determine the
function of these circRNAs. The present study demonstrated
that they were associated with fatty acid metabolism, receptor
binding and membrane protein complexes. The medium-chain
fatty acid metabolic process is associated with the metabolism,
metastasis and prognosis of LC (30,31). The insulin receptor
is associated with LC cell viability and proliferation (32).
The nuclear membrane protein complex promotes the early
recurrence of hepatocellular carcinoma in association with
the Wnt/B-catenin signaling pathway (33). KEGG pathway
analysis predicted that protein digestion and absorption
pathways were activated following TACE. This pathway is
associated with the anti-LC efficacy of DHA in combination
with sorafenib (34).

To identify the circRNAs that demonstrated signifi-
cant and consistent changes during TACE treatment, the



10 QIN ez al: Circ-G004213 AND CISLATINP SENSITIVITY IN HEPATOCELLUAR CARCINOMA

intersection of the circRNAs with significant changes for
prior TACE vs. TACE2 and TACE vs. TACE2 were selected.
It was found that circ-G004213 and circ. GABRG3 were
upregulated during TACE treatment. Cisplatin is a common
chemotherapeutic agent in TACE. Therefore, the sensitivity
of cisplatin chemotherapy is an important factor affecting
TACE treatment. The expression of circ-G004213 and
circ_GABRG3 was detected in HepG2 and cisplatin-resis-
tant HepG2/CIS cells. The present study demonstrated that
circ-G004213 was expressed at low levels in HepG2/CIS
cells and downregulated in response to CIS induction.
However, the role and mechanism of circ. GABRG3 in
TACE require further study. Further analysis confirmed that
circ-G004213 promoted the cisplatin sensitivity of HepG2
cells and improved survival in vivo.

Bioinformatic analysis has shown that some circRNAs can
act as miRNA sponges to regulate the expression levels of other
related RNAs via miRNA response elements. This mechanism
is called competitive endogenous RNA mechanism. miRNAs
bind to mRNAsS to inhibit post-transcriptional gene expression
and serve an important role in regulating gene expression, the
cell cycle and organismal development (35). Therefore, it is
important to identify the interactions of circRNAs, miRNAs
and mRNAs. Based on the first five predicted miRNA targets
and the first five predicted mRNA targets of each miRNA,
the circRNA-miRNA-mRNA network was constructed.
Among the predicted miRNAs, miR-513b-5p was confirmed
to be a candidate miRNA. miR-513b-5p is associated with
cell proliferation and migration in ovarian cancer (20).
Furthermore, the present study confirmed that PRPF39, as a
mRNA target of miR-513b-5p, was significantly upregulated
following TACE. Knockdown of PRPF39 expression using
siRNA resulted in a significant increase in cisplatin resis-
tance (21). Therefore, circ-G004213 regulates CIS sensitivity
via miR-513b-5p/PRPR39.

Studies demonstrate that exosomes from HCC
cells can promote the occurrence and development of
LC (28,29). However, the present study used HepG2 cells
for the purpose of elucidating the role of circ-G004213 in
cisplatin chemotherapy and further proved the interaction
of circ-G004213/miR-513b-5p/PRPF39. Therefore, it did
not isolate exosomes from HepG2 cells for further study.
However, in a future study, will further analyze the role
of exosomal circRNAs source of HepG2 cells on cisplatin
chemotherapy.

The present study demonstrated that high expression of
circ-G004213 was negatively associated with advanced TNM
stage, BCLC stage or AFP and exhibited no significant asso-
ciations with other parameters, including age, sex, HBV or
Child-Pugh score. TNM stage, BCLC stage and AFP predict
poor prognosis in patients with LC (36-38). It was found that
potential downstream mRNAs of circ-G004213, GINS2, ZIC2
and CREB3L3 were significantly downregulated and PRPF39
and ZWINT were significantly upregulated following TACE.
The upregulation and interrelated expression of GINS subunits
predicts poor prognosis in patients with LC (39). ZIC2 could
promote tumor growth and metastasis via PAK4 in LC (40).
ZIC2-dependent octamer-binding transcription factor 4 acti-
vation drives the self-renewal of human LC stem cells (41).
CREBH, which is activated by stress in the endoplasmic

reticulum (ER), is an ER-resident transmembrane basic leucine
zipper (bZIP) transcription factor that is specifically expressed
in the liver and activated CREBH may serve an important
role in LC proliferation (42). Therefore, GINS2, ZIC2 and
CREB3L3 were negatively associated with the prognosis of
LC. Knockdown of PRPF39 expression using siRNA results in
a significant increase in cisplatin resistance (21) and cisplatin is
the main chemotherapy drug used for TACE. Overexpression
of ZWINT predicts poor prognosis and promotes the prolif-
eration of LC by regulating cell cycle-related proteins (43).
Therefore, PRPF39 and ZWINT were positively associated
with the prognosis of LC and circ-G004213 was positively
associated with the prognosis of LC.

In conclusion, the above results suggested that the
expression of circ-G004213 in exosomes could promote
CIS sensitivity via regulation of miR-513b-5p/PRPR39 and
circ-G004213 was positively associated with the prognosis of
patients with LC following TACE. Circ-G004213 may be an
indicator for predicting the efficacy of TACE in patients with
LC.
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