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Abstract
Purpose: This study aims to explore the role of circ_0032704 in sorafenib-resistant 
hepatocellular carcinoma (HCC).
Methods: The expression of circ_0032704, miR-514a-3p, and programmed death-
ligand 1 (PD-L1) mRNA was detected by quantitative real-time PCR (qPCR). The ex-
pression of multidrug resistant-related proteins, migration/invasion-related proteins, 
exosome-related proteins, and PD-L1 protein was detected by western blot. Cell vi-
ability was detected by CCK-8 assay. Cell proliferation, migration, and invasion were 
assessed by EdU assay, wound healing assay, and transwell assay. The binding be-
tween miR-514a-3p and circ_0032704 or PD-L1 was verified by RIP assay, pull-down 
assay, and dual-luciferase reporter assay. Cell- or serum-derived exosomes were iso-
lated and identified by TEM and NTA. Xenograft models were established to deter-
mine the effect of circ_0032704 on drug resistance in vivo.
Results: Circ_0032704 was overexpressed in sorafenib-resistant HCC tissues and 
cells. Circ_0032704 knockdown reduced sorafenib resistance in HCC cells and inhib-
ited cell proliferation, migration, and invasion of sorafenib-resistant HCC cells, while 
these effects were reversed by PD-L1 overexpression. We found that circ_0032704 
positively regulated PD-L1 expression via targeting miR-514a-3p. Exosomes with 
circ_0032704 inhibition reduced sorafenib resistance in HCC cells and inhibited cell 
proliferation, migration, and invasion of sorafenib-resistant HCC cells. Exosomes 
with circ_0032704 inhibition also inhibited tumor growth in vivo. The expression of 
circ_0032704 in exosomes was stable and possessed diagnostic value.
Conclusion: Circ_0032704 enhanced sorafenib resistance in HCC and promoted the 
malignant development of sorafenib-resistant HCC. Circ_0032704 could be trans-
ported by exosomes, and exosomal circ_0032704 had diagnostic value.
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1  |  INTRODUC TION

Hepatocellular carcinoma (HCC) is one of the most common le-
thal tumors, causing over 0.78 million deaths worldwide every 
year.1 The prognosis of HCC patients is still poor, with a 5-year 
overall survival rate of <15%.2 Most HCC deaths are caused by 
a high proportion of postoperative metastasis and drug resis-
tance.3 Sorafenib is a multi-target tyrosine kinase inhibitor (TKI) 
and currently used to treat advanced HCC not suitable for surgery 
or locoregional treatment.4 Furthermore, it can also be used as a 
postoperative adjuvant therapy to reduce the risk of postopera-
tive recurrence.5,6 Unfortunately, long-term exposure to sorafenib 
often causes drug resistance in tumor cells, leading to poor ther-
apeutic outcomes.7 Molecular biomarkers can effectively predict 
recurrence, metastasis, and the efficacy of specific therapy, and 
have become the focus of extensive research.8 Therefore, the 
identification of reliable biomarkers to deepen our understand-
ing of the underlying mechanisms of HCC resistance development 
will help formulate better therapeutic strategies and improve 
prognosis.

Circular RNAs (circRNAs) involving in cancer initiation and 
development have been widely documented in cancer research.9 
CircRNAs represent a class of endogenous non-coding RNAs, with 
loop-closed structures from “back-splicing” events. CircRNAs are 
known for their high stability due to the lack of 3′ and 5′ ends and 
can be widely detected in various body fluids, including urine, sa-
liva, and serum.10 Therefore, circRNAs are regarded as promising 
biomarkers in cancer management.9 Exosomes are extracellular 
vesicles and characterized by representative lipid bilayer struc-
ture.11 Exosomes exist in all types of body fluids and are actively 
produced in tumor cells, which makes exosomes major cancer hall-
marks and biomarkers.12,13 In clinical practice, exosomes-based 
nanoparticle drug delivery strategies are developed to strengthen 
cancer therapy.12 Numerous studies have demonstrated that cir-
cRNAs can be transported by exosomes, and exosomal circRNAs 
function as diagnostic and prognostic biomarkers for cancer.14 
CircRNAs expression profiles provide masses of circRNAs that are 
aberrantly expressed in tumor tissues and cell lines.15,16 By ana-
lyzing the data from public GEO datasets (GSE78520, GSE94508, 
and GSE97332), we obtained numerous circRNAs dysregulated in 
HCC tissues. Circ_0032704 was shown to be highly expressed in 
HCC tissues, which was documented in all three datasets, hinting 
that circ_0032704 dysregulation was involved in HCC develop-
ment. However, the role of circ_0032704 in HCC progression was 
still unclear.

MicroRNAs (miRNAs) regulate the expression of oncogenes or 
tumor-suppressor genes by interacting with their 3′ untranslated re-
gion (3′UTR).17 However, circRNAs mechanically serve as microRNA 
(miRNA) sponge and thus relieve the inhibition of miRNA on target 
genes.18 Recently, circRNAs-mediated miRNA/mRNA regulatory 
networks have been widely reported. However, the related regu-
latory networks of circ_0032704 were not addressed and needed 
further exploring.

The present study obtained circ_0032704 from the public GEO 
datasets and for the first time investigated the expression and func-
tion of circ_0032704 in HCC with sorafenib resistance. Our study 
partially addressed the functional mechanism of circ_0032704 by 
establishing miRNA/mRNA pathway, and further study proposed 
that exosomal circ_0032704 was a promising biomarker in the mon-
itor of sorafenib resistance in HCC development.

2  |  MATERIAL S AND METHODS

2.1  |  Data collection

CircRNAs expression data were collected from the public database 
GEO (GSE78520, GSE94508, and GSE97332).

2.2  |  Sample collection

Patients with HCC (n = 60) received postoperative sorafenib treatment 
at the First Affiliated Hospital, Hengyang Medical School, University 
of South China. According to the outcomes judged by the Response 
Evaluation Criteria in Solid Tumors (RECIST),19 patients were divided 
into sorafenib-sensitive group (n = 25) and sorafenib-resistant group 
(n = 35). Tumor tissues and adjacent normal tissues were excised from 
HCC patients by surgery and diagnosed by dedicated pathologists. 
Tissue samples were frozen and stored at −80°C until use. Besides, 
venous blood from each patient was collected and centrifuged to ob-
tain serum. Serum supernatant was transferred into RNase-free tubes 
and stored at −80°C until use. Written informed consent was obtained 
from each participant prior to sample collection. The study protocol 
was permitted by the Ethics Committee of the First Affiliated Hospital, 
Hengyang Medical School, University of South China.

2.3  |  Cell lines

HCC cell lines, Huh-7 and SK-HEP-1, were purchased from BeNa (Beijing, 
China) and cultured in 90% DMEM containing 10% FBS. Huh-7 and 
SK-HEP-1 cells were exposed to sorafenib at increasing concentrations 
(0.1–1 μM; for over 6 months) to construct sorafenib-resistant Huh-7 and 
SK-HEP-1 cells (Huh-7/SR and SK-HEP-1/SR). Huh-7/SR and SK-HEP-1/
SR cells were exposed to 1 μM sorafenib to maintain drug resistance.

2.4  |  Quantitative real-time PCR (qPCR)

Total RNA was extracted by TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA) and scrambled into cDNA using the PrimeScript™ RT Master 
Mix Kit (Takara, Dalian, China) or MicroRNA first-strand synthesis kit 
(Takara). Then, the FastStart Universal SYBR Green Master Kit (Roche, 
Mannheim, Germany) was applied for qPCR amplification assay. The 
internal parameters used in this study were β-actin and U6. The 2−∆∆Ct 



    |  509DOU et al.

method was utilized to calculate the data. The primer sequences 
were: circ_0032704, F: 5′-AGTTG​TGA​CGA​TCC​AGA​AGTG-3′ and R: 
5′-AGGGA​GAT​CTG​GTT​TGGCAA-3′; PD-L1, F: 5′-TGCAG​GGC​ATT​
CCA​GAAAGA-3′ and R: 5′-TAGGT​CCT​TGG​GAA​CCGTGA-3′; β-actin, 
F: 5′-CTGGA​ACG​GTG​AAG​GTGACA-3′ and R: 5′-CGCAT​CTC​ATA​TTT​
GGA​ATGACT-3′; miR-514a-3p, F: 5′-GCGCG​ATT​GAC​ACT​TCTGTG-3′ 
and R: 5′-AGTGC​AGG​GTC​CGA​GGTATT-3′; U6, F: 5′-CTCGC​TTC​GGC​
AGC​ACA​TATACT-3′ and R: 5′-ACGCT​TCA​CGA​ATT​TGC​GTGTC-3′

2.5  |  CircRNAs identification

Genomic DNA (gDNA) was extracted from Huh-7/SR and SK-HEP-1/
SR cells using PureLink Genomic DNA Mini Kit (ThermoFisher, 
Waltham, MA, USA). Divergent primers (F: 5′-CCTCA​TCG​CAG​CAG​
TTGTTT-3′ and R: 5′-TCCGA​ATG​TTC​TTG​GCTCCT-3′) were used to 
amplify the circular transcripts from cDNA but not gDNA.

Total RNA (2 μg) was incubated with 3 U/μg RNase R (Epicenter 
Technologies, Madison, WI, USA) at 37°C for 30 min. The treated 
RNA was used for reverse transcription and qPCR.

2.6  |  Subcellular distribution

RNA in cytoplasmic fraction and nuclear fraction was isolated using the 
PARIS kit (Invitrogen) according to the protocol. RNA in each fraction 
was used for reverse transfection. The expression of circ_0032704 in 
each fraction was detected by qPCR, with GAPDH (F: 5′-GAAGG​TGA​
AGG​TCG​GAGTC-3′ and R: 5′-GAAGA​TGG​TGA​TGG​GATTTC-3′) as a 
cytoplasmic internal reference, and U6 as a nuclear internal reference.

2.7  |  Cell transfection

Oligonucleotides, including shRNA targeting circ_0032704 (sh-
circ_0032704, target sequence 5′-AGTTG​TTT​TGC​CAA​ACC​AGAT-3′) 
and its negative control (sh-NC), miR-514a-3p mimic (miR-514a-3p, 
Product number: miR10002883-1-5) and its negative control (miR-NC, 
Product number: miR1N0000001-1-5), miR-514a-3p inhibitor (anti-
miR-514a-3p, Product number: miR20002883-1-5) and its negative 
control (anti-NC, Product number: miR2N0000001-1-5), were syn-
thesized by GenePharma (Shanghai, China) and Ribobio (Guangzhou, 
China). Vectors, including PD-L1 overexpression vector (PD-L1) and 
pcDNA vector (vector), were constructed by Sangon Biotech (Shanghai, 
China). According to the manufacturer's instructions, cell transfection 
was performed using Lipofectamine 3000 reagent (Invitrogen).

2.8  |  CCK-8 assay

Cells were treated with different concentrations of sorafenib. After 
48 h, CCK-8 reagent (Invitrogen) was added to culture cells. Cell 

viability was assessed by the absorbance at 450 nm using a microplate 
reader (Bio-Rad, Hercules, CA, USA). Then, IC50 of sorafenib was ob-
tained from the cell viability curve.

2.9  |  Western blot assay

Protein samples were extracted using RIPA lysis buffer (Servicebio, 
Wuhan, China), separated by SDS-PAGE, and then transferred 
onto PVDF membrane (Bio-Rad). The membranes were blocked by 
5% skim milk and probed with the primary antibodies against mul-
tidrug resistance protein 1 (MRP1; ab170904; Abcam, Cambridge, 
MA, USA), MDR-associated protein 1 (MRP1; ab263865; Abcam), 
E-cadherin (ab40772; Abcam), N-cadherin (ab18203; Abcam), 
PD-L1 (ab243877; Abcam), β-actin (ab8227; Abcam), TSG101 
(ab125011; Abcam), CD63 (ab134045; Abcam), CD81 (ab109201; 
Abcam). The next day, the protein was incubated with the second-
ary antibody (ab205718; Abcam) for 2 h. The protein bands were 
visualized using an enhanced chemiluminescent kit (Beyotime, 
Shanghai, China).

2.10  |  EdU assay

EdU for cell proliferation assay was conducted using the Cell-Light 
TM EdU DNA Cell Proliferation Kit (RiboBio). Cells were plated 
into 96-well plates (1 × 104 cells/well), and 50 μM EdU medium was 
added to each well on next day. Cells were next fixed with 4% par-
aformaldehyde and stained with Appllo. Cell nucleus was stained 
with DAPI. Images were captured using a microscope (Olympus, 
Tokyo, Japan).

2.11  |  Wound healing assay

In brief, cells were plated into six-well plates at a density of 2 × 105 
cells/well. Images were captured when cell confluence reached 90%, 
and a sterile pipette tip was used to create a wound. Cells were cul-
ture for 24 h, and images were next captured to observe migration 
distance.

2.12  |  Transwell assay

Transwell chambers were pre-treated with Matrigel (Corning 
Incorporated, Corning, NY, USA). Cells were resuspended into 
serum-depleted DMEM medium and then loaded on the top of 
chambers (3 × 104 cells/well). Meantime, the lower chambers were 
filled with complete medium containing 10% FBS. After 24 h, the in-
vaded cells to the lower surface were fixed and stained with 0.1% 
crystal violet (Beyotime). The images of cell invasion were captured 
using a microscope (100×, Olympus).
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2.13  |  RIP assay

The Magna RIP RNA Binding Protein Immunoprecipitation Kit 
(Millipore, Billerica, MA, USA) was used to perform the RIP assay. 
The protein lysate was prepared and next incubated with Ago2 
antibody-coupled magnetic beads, using IgG antibody-coupled mag-
netic beads as negative control. Next day, the beads were eluted to 
isolate RNA, and RNA complex was used for qPCR.

2.14  |  Pull-down assay

Biotin-labeled probes of miR-514a-3p (bio-miR-514a-3p) or miR-NC 
(bio-miR-NC) were provided by Ribobio. Huh-7/SR and SK-HEP-1/SR 
cells were transfected with bio-miR-514a-3p or bio-miR-NC and then 
lysed. All procedures were conducted according to the protocol from 
the Pierce™ Magnetic RNA-Protein Pull-Down Kit (ThermoFisher). 
RNA complex bound to beads was extracted and used for qPCR.

2.15  |  Dual-luciferase reporter assay

The binding sites between miR-514a-3p and circ_0032704 or PD-
L1 were provided by bioinformatics tools. Luciferase reporter vec-
tors pmirGLO containing wt-circ_0032704, mut-circ_0032704, 
wt-PD-L1 3′UTR, or mut-PD-L1 3′UTR were constructed by 
Genepharma. Then, the reporter vector was separately transfected 
with miR-514a-3p or miR-NC into 293T cells (Bena). After 48 h, 
luciferase activities in 293 T cells were measured using the Dual-
Luciferase Reporter Assay System (Promega, Madison, WI, USA).

2.16  |  Exosome isolation and identification

Exosomes were isolated from cells by differential centrifugation using 
an exoEasy Maxi Kit (QIAGEN, Duesseldorf, Germany). The morphol-
ogy of exosomes was identified by transmission electron microscopy 
(TEM). Simply put, the isolated exosomes were resuspended in PBS 
and then transferred on a formvar carbon-coated copper grid with 
0.125% Formvar. The grid was next stained with 1% uranyl acetate 
staining buffer and finally washed with PBS. Images were taken under 
a TEM (Hitachi, Tokyo, Japan). The size and concentration of exosomes 
were identified by nanoparticle tracking analysis (NTA). Simply put, ex-
osomes were suspended in PBS and used for tracking analysis using 
NanoSight NS300 instrument (Malvern, Worcestershire, UK). The size 
distribution and concentration of exosomes were determined based 
on the Stokes–Einstein equation.

2.17  |  Animal study

Nude mice (Balb/c, 6-week-old, female) were purchased from 
Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). 

Huh-7 cells were subcutaneously injected into the region of nude 
mice (2 × 106 cells/mouse) to induce tumor growth. During tumor 
growth, exosomes (10 μg per 100 μL) derived from Huh-7/SR cells 
transfected with sh-circ_0032704 or sh-NC or PBS (control) were 
injected into tumor nodes every 3 days. Mice were administered 
with sorafenib (5 mg/kg) via intraperitoneal injection every 3 days. 
Mice were divided into three groups (n = 6 per group). Mice in group 
1 were administered with PBS + Sorafenib. Mice in group 2 were ad-
ministered with Huh-7/SR-sh-NC exo + Sorafenib. Mice in group 3 
were administered with Huh-7/SR-sh-circ_0032704 exo + Sorafenib. 
After 28 days, all mice were euthanized, and tumor tissues were ex-
cised. Tumor volume (length×width2 × 0.5) was measured once a 
week. The animal procedures were approved by the Animal Care and 
Use Committee of the First Affiliated Hospital, Hengyang Medical 
School, University of South China.

2.18  |  IHC analysis

Tissue paraffin sections (5 μm) were prepared. In brief, tissue sec-
tions were dewaxed and fixed, followed by incubation with the 
primary antibodies against PD-L1 (ab243877; Abcam) and Ki-67 
(ab92742; Abcam) overnight. Next day, tissue sections were probed 
with the secondary antibody (ab205718; Abcam). Tissues sections 
were stained using Pierce™ DAB Substrate Kit (ThermoFisher) ac-
cording to the protocol.

2.19  |  Statistical analysis

GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA) was 
utilized for statistical analysis. Student's t-test was used to analyze 
the difference between two groups. ANOVA was used to analyze 
the data among multiple groups. The Pearson correlation coefficient 
was used to analyze the correlation between the two variables. The 
data were collected from at least three experimental repeats and 
expressed as the mean ± SD, and p < 0.05 was confirmed statistically 
significant.

3  |  RESULTS

3.1  |  Circ_0032704 was highly expressed in HCC 
sorafenib-resistant HCC tissues and cells

By analyzing the public GEO datasets, including GSE78520, 
GSE94508, and GSE97332, numerous circRNAs that were differ-
ently expressed in HCC tumor tissues compared to normal tissues 
were obtained (Figure 1A–C). A total of seven circRNAs that were 
upregulated in HCC tumor tissues were identified in all these data-
sets (Figure 1D). Then, we examined the expression of these seven 
circRNAs in our clinical samples, and we found that circ_0032704 
showed the highest expression level in HCC tissues relative to other 
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circRNAs (Figure  1E), and circ_0032704 expression levels (me-
dian = 1.91) were associated with tumor size, TNM stage, vascular 
invasion, and sorafenib therapy (Table S1). In addition, circ_0032704 
of interest was shown to be overexpressed in sorafenib-resistant 
tumor tissues compared with that in sorafenib-sensitive tumor tis-
sues (Figure  1F). By analyzing the structure of circ_0032704, we 
discovered that circ_0032704 was derived from exon8 ~ exon12 
regions of TTLL5 mRNA (NM_015072) (Figure 1G). The expression 
of circ_0032704 was notably increased in Huh-7/SR and SK-HEP-1/
SR cells compared to their parent cells (Figure 1H). The resistance 
of Huh-7/SR and SK-HEP-1/SR cells to sorafenib was evidenced 

by the increased expression of MDR1, MRP1 and N-cadherin, and 
the decreased expression of E-cadherin, in contract to their pa-
rental cells (Figure S1A,B). We experimentally tested the existence 
of circ_0032704 in Huh-7/SR and SK-HEP-1/SR cells using diver-
gent primers. The data presented that divergent primers ampli-
fied circ_0032704 in cDNA but not gDNA (Figure  1I). Moreover, 
circ_0032704, compared to linear transcript, was notably resistant 
RNase R digestion (Figure 1J,K). In Huh-7/SR and SK-HEP-1/SR cells, 
circ_0032704 was mainly distributed in the cytoplasmic fraction but 
not in the nuclear fraction (Figure  1L,M). In this part, we demon-
strated the existence and stability of circ_0032704 and introduced 

F I G U R E  1  Circ_0032704 was highly expressed in sorafenib-resistant tumor tissues and cells. (A–C) Public datasets, including GSE78520, 
GSE94508, and GSE97330, were applied in this study. (D) A total of seven circRNAs were screened in these three datasets. (E) The 
expression of these circRNAs in our clinical tissues was detected by qPCR. (F) The expression of circ_0032704 in sorafenib-resistant tumor 
tissues, sorafenib-sensitive tumor tissues, and normal tissues was detected by qPCR. (G) The formation of circ_0032704. (H) The expression 
of circ_0032704 in Huh-7/SR cells, SK-HEP-1/SR cells, and their parental cells was measured by qPCR. (I) The existence of circ_0032704 was 
identified by divergent primers. (J, K) The stability of circ_0032704 was identified by RNase R. (L, M) The distribution of circ_0032704 was 
determined. *p < .05, **p < .01 and ***p < .001.
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that circ_0032704 expression was increased in sorafenib-resistant 
HCC tissues and cells.

3.2  |  Circ_0032704 knockdown reduced sorafenib 
resistance, inhibited cell malignant phenotypes, and 
promoted CD8+T-induced cell cytotoxicity in 
Huh-7/SR and SK-HEP-1/SR cells

The endogenous level of circ_0032704 in Huh-7/SR and SK-HEP-1/
SR cells was reduced by transfecting with sh-circ_0032704 to explore 
the role of circ_0032704 (Figure S2A). Huh-7/SR and SK-HEP-1/SR 
cells were exposed to different doses of sorafenib, and circ_0032704 
knockdown significantly weakened cell viability (Figure S2B,C). Besides, 
circ_0032704 knockdown notably reduced the IC50 of sorafenib in 
Huh-7/SR and SK-HEP-1/SR cells (Figure  S2D). Western blot was 
performed to detect the expression of the drug resistance markers, 
MDR1 and MRP1. The data showed that the expression of MDR1 and 
MRP1 was strikingly declined in Huh-7/SR and SK-HEP-1/SR cells 
transfected with sh-circ_0032704 compared to sh-NC (Figure S2E,F). 
EdU assay presented that circ_0032704 knockdown markedly inhib-
ited cell proliferation (Figure S3A). Wound healing assay and transwell 
assay presented that circ_0032704 knockdown inhibited wound heal-
ing rate and cell invasive rate, suggesting that circ_0032704 knock-
down inhibited cell migration and invasion (Figure S3B,C). In addition, 
the expression of E-cadherin was increased, while the expression of 
N-cadherin was decreased in Huh-7/SR and SK-HEP-1/SR cells trans-
fected with sh-circ_0032704 compared to sh-NC (Figure S3D,E).

3.3  |  Circ_0032704 knockdown played functions in 
Huh-7/SR and SK-HEP-1/SR cells by depleting PD-L1

The expression of PD-L1 was shown to be increased in sorafenib-
resistant HCC tumor tissues compared to sorafenib-sensitive HCC 
tumor tissues (Figure 2A), and we found that PD-L1 mRNA level 
was positively correlated with circ_0032704 level in sorafenib-
resistant HCC tumor tissues (Figure  2B). The expression of PD-
L1 protein was also notably increased in sorafenib-resistant HCC 
tumor tissues compared to sorafenib-sensitive HCC tumor tis-
sues (Figure  2C). The expression of PD-L1 protein was notably 
increased in Huh-7/SR and SK-HEP-1/SR cells compared to their 
parent cells (Figure  2D). The expression of PD-L1 protein was 
markedly decreased in Huh-7/SR and SK-HEP-1/SR cells trans-
fected with sh-circ_0032704 (Figure 2E), while its expression was 
notably strengthened in cells transfected with oe-circ_0032704 
(Figure  S4B). The efficiency of circ_0032704 overexpression 
and PD-L1 overexpression in Huh-7/SR and SK-HEP-1/SR cells 
was shown in Figure  S4A,C, displaying the elevated expression 
of circ_0032704 or PD-L1 protein in oe-circ_0032704- or oe-
PD-L1-transfected cells. In the experimental cells for rescue ex-
periments, PD-L1 mRNA expression and protein expression were 
largely restored by sh-circ_0032704 + oe-PD-L1, compared to 

sh-circ_0032704 + vector, in Huh-7/SR and SK-HEP-1/SR cells 
(Figure 2F and S4D). The IC50 of sorafenib in Huh-7/SR and SK-
HEP-1/SR cells was largely recovered by sh-circ_0032704 + oe-
PD-L1 compared to sh-circ_0032704 + vector (Figure  2G). The 
protein levels of MDR1 and MRP1 were significantly recov-
ered in Huh-7/SR and SK-HEP-1/SR cells transfected with sh-
circ_0032704 + oe-PD-L1 compared to sh-circ_0032704 + vector 
(Figure 2H,I). EdU assay presented that the reintroduction of PD-
L1 recovered cell proliferation in Huh-7/SR and SK-HEP-1/SR cells 
with circ_0032704 knockdown (Figure 2J and S5A). Cell migration 
and cell invasion suppressed by circ_0032704 knockdown were 
partially recovered by oe-PDL-1 reintroduction (Figure  2K,L). 
However, the expression of E-cadherin was repressed, while the 
expression of N-cadherin was restored by PD-L1 reintroduction in 
Huh-7/SR and SK-HEP-1/SR cells with circ_0032704 knockdown 
(Figure  2M,N). These data revealed that PD-L1 overexpression 
partially reversed the effects of circ_0032704 knockdown.

3.4  |  Circ_0032704 promoted the expression of 
PD-L1 by targeting miR-514a-3p

Bioinformatics tool starBase was used to predict miRNAs that har-
bored binding sites with circ_0032704, and bioinformatics tool 
TargetScan was used to predict miRNAs that harbored a binding site 
with PD-L1 3′UTR. Venn diagram showed that miR-514a-3p pos-
sessed binding sites with both circ_0032704 and PD-L1 (Figure 3A). 
RIP assay showed that circ_0032704, PD-L1, and miR-514a-3p 
could be enriched in the anti-Ago2 group relative to anti-IgG group 
(Figure  3B,C). Biotin pull-down assay showed that circ_0032704 
could be largely enriched by bio-miR-514a-3p probe but not bio-
miR-NC probe (Figure  3D). Subsequently, dual-luciferase reporter 
plasmids, including mut-circ_0032704, wt-circ_0032704, mut-
PD-L1 3′UTR and wt-PD-L1 3′UTR, were constructed (Figure 3E). In 
this assay, the cotransfection of miR-514a-3p and wt-circ_0032704 
or wt-PD-L1 3′UTR in 293 T cells significantly reduced luciferase ac-
tivity (Figure  3F,G). The data confirmed the binding between miR-
514a-3p and circ_0032704 or PD-L1 3′UTR. The expression of 
miR-514a-3p was notably enhanced in Huh-7/SR and SK-HEP-1/SR 
cells transfected with miR-514a-3p but declined in cells transfected 
with anti-miR-514a-3p (Figure 3H,I). The expression of PD-L1 pro-
tein was notably reduced in Huh-7/SR and SK-HEP-1/SR cells after 
miR-514a-3p restoration but increased in cells after miR-514a-3p in-
hibition (Figure 3J,K). Moreover, the expression of PD-L1 protein and 
mRNA was significantly reduced in Huh-7/SR and SK-HEP-1/SR cells 
with circ_0032704 knockdown but recovered in cells transfected 
with sh-circ_0032704 + anti-miR-514a-3p (Figure 3L,M and S4E,F). 
The expression of miR-514a-3p was markedly declined in sorafenib-
resistant tumor tissues compared to sorafenib-sensitive tumor tis-
sues (Figure  3N). MiR-514a-3p expression was also decreased in 
Huh-7/SR and SK-HEP-1/SR cells compared to their parent cells 
(Figure 3O). The data suggested that circ_0032704 positively regu-
lated the expression of PD-L1 by targeting miR-514a-3p.
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FIGURE 2 Circ_0032704 knockdown inhibited sorafenib resistance, cell proliferation, migration, and invasion by downregulating PD-L1. (A) 
The expression of PD-L1 mRNA in sorafenib-resistant and sorafenib-sensitive tumor tissues was detected by qPCR. (B) The correlation between 
circ_0032704 expression and PD-L1 expression was analyzed by Pearson's analysis. (C) The expression of PD-L1 protein in sorafenib-resistant 
and sorafenib-sensitive tumor tissues was detected by western blot. (D) The expression of PD-L1 protein in Huh-7/SR cells, SK-HEP-1/SR cells, 
and their parental cells was measured by western blot. (E) The expression of PD-L1 protein in Huh-7/SR and SK-HEP-1/SR cells transfected with 
sh-circ_0032704 or sh-NC was measured by western blot. In Huh-7/SR and SK-HEP-1/SR cells transfected with sh-circ_0032704 + oe-PD-L1 or 
sh-circ_0032704 + vector, (F) the expression of PD-L1 protein was measured by western blot. (G) IC50 was measured by CCK-8 assay. (H, I) The 
protein levels of MDR1 and MRP1 were detected by western blot. (J–L) Cell proliferation, migration, and invasion were assessed by EdU assay, 
wound healing assay, and transwell assay, respectively. (M, N) The protein levels of E-cadherin and N-cadherin were detected by western blot. 
*p < 0.05, **p < 0.01 and ***p < 0.001.



514  |    DOU et al.

3.5  |  Circ_0032704 could be transported by 
exosomes, and exosomal circ_0032704 was a 
biomarker for HCC-resistant diagnosis

Serum-derived exosomes were obtained from serum samples 
of sorafenib-resistant patients and sorafenib-sensitive patients, 
and the bilayer morphology of exosomes was identified by TEM 
(Figure 4A). NTA analysis displayed the density and size distribution 

of serum-derived exosomes (Figure 4B). Western blot showed the 
noticeable expression of CD63, CD81, and TSG101 in exosomes 
(Figure  4C). The expression of circ_0032704 was notably higher 
in serum-derived exosomes from sorafenib-resistant patients 
than that from sorafenib-sensitive patients (Figure  4D). Serum-
derived exosomes were exposed to air for 0, 6, 12, and 24 h, and 
the expression of circ_0032704 was slowly decreased (Figure 4E). 
Serum-derived exosomes were exposed to NaOH and HCl, and the 

F I G U R E  3  Circ_0032704 regulated PD-L1 expression by targeting miR-514a-3p. (A) Bioinformatics tool predicted the binding sites 
between miR-514a-3p and circ_0032704 and PD-L1. (B, C) Circ_0032704, PD-L1, and miR-514a-3p interacted with Ago2 protein by RIP 
assay. (D) The interaction between miR-514a-3p and circ_0032704 or PD-L1 was verified by pull-down assay. (E) Luciferase reporter 
plasmids were designed. (F, G) The binding between miR-514a-3p and circ_0032704 or PD-L1 was verified by dual-luciferase reporter 
assay. (H, I) The efficiency of miR-514a-3p mimic and miR-514a-3p inhibitor was checked by qPCR. (J, K) The expression of PD-L1 protein in 
Huh-7/SR and SK-HEP-1/SR cells after miR-514a-3p enrichment or overexpression was detected by western blot. (L, M) The expression of 
PD-L1 protein in Huh-7/SR and SK-HEP-1/SR cells transfected with sh-circ_0032704 + anti-NC or sh-circ_0032704 + anti-miR-514a-3p was 
detected by western blot. (N, O) The expression of miR-514a-3p in sorafenib-resistant HCC tumor tissues and cells was detected by qPCR. 
**p < 0.01 and ***p < 0.001.



    |  515DOU et al.

data showed that circ_0032704 expression had a strong receivable 
ability of pH changes (Figure 4F). Serum-derived exosomes expe-
rienced repeated freezing and thawing, and the data showed that 
the expression of circ_0032704 was rarely decreased (Figure 4G). 
These data suggested that circ_0032704 was stably expressed 

in exosomes. Moreover, receiver operating characteristic (ROC) 
curve indicated that circ_0032704 in serum exosomes had a high 
diagnostic value (AUC = 0.774) (Figure 4H), suggesting that exoso-
mal circ_0032704 was a stable biomarker for HCC-resistant diag-
nosis. Notably, patients with low exosomal circ_0032704 might 

F I G U R E  4  Circ_0032704 could be transferred by exosomes, and exosomal circ_0032704 was a stable biomarker for HCC-resistant 
diagnosis. (A) Serum-derived exosomes were observed under a TEM. (B) The size distribution of serum-derived exosomes was analyzed by 
NTA. (C) Exosomes were identified by the expression of CD63, CD81, and TSG101. (D) The expression of circ_0032704 in serum-derived 
exosomes was detected by qPCR. (E–G) The expression of circ_0032704 in exosomes after exposure to air, PH change, or multigelation was 
detected by qPCR. (H) The diagnostic sensitivity of exosomal circ_0032704 was determined by ROC curve. (I) Kaplan–Meier prognostic 
analyses showed the OS of HCC patients based on the expression of circ_0032704 in serum-derived exosomes. (J) The phenotype of cell-
derived exosomes was observed under a TEM. (K) The size distribution of cell-derived exosomes was analyzed by NTA. (L) Exosomes were 
identified by the expression of TSG101, CD63, and CD81 using western blot. (M) The expression of circ_0032704 in exosomes derived 
from different cells was detected by qPCR. (N)The expression of circ_0032704 in exosomes derived from Huh-7/SR and SK-HEP-1/SR cells 
transfected with sh-circ_0032704 or sh-NC was detected by qPCR. (O, P) After the incubation of exosomes derived from Huh-7/SR and SK-
HEP-1/SR cells transfected with sh-circ_0032704 or sh-NC, the expression in Huh-7 and SK-HEP-1 cells was detected by qPCR. **p < 0.01 
and ***p < 0.001.
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have a longer survival time (Figure  4I). Huh-7/SR and SK-HEP-1/
SR cells-derived exosomes were further obtained, and the repre-
sentative lipid bilayer structure of exosomes was observed by TEM 
(Figure 4J). NTA analysis displayed the density and size distribution 
of cell-derived exosomes (Figure  4K). Western blot showed that 
exosomes-related markers, including TSG101, CD63, and CD81, 
could be abundantly enriched in exosomes derived from Huh-7/SR 
and SK-HEP-1/SR cells (Figure 4L). In addition, we found that the 
expression of circ_0032704 was markedly increased in exosomes 
from Huh-7/SR and SK-HEP-1/SR cells compared to their parent 
cells (Figure 4M). The expression of circ_0032704 was notably de-
clined in exosomes derived from Huh-7/SR and SK-HEP-1/SR cells 
transfected with sh-circ_0032704 but not sh-NC (Figure 4N). The 
expression of circ_0032704 was notably enhanced in Huh-7 cells 
incubated with exosomes derived from Huh-7/SR cells transfected 
with sh-NC but reduced in Huh-7 cells incubated with exosomes 
derived from Huh-7/SR cells transfected with sh-circ_0032704 
(Figure  4O). Similar results were also detected in SK-HEP-1 cells 
(Figure 4P). The data illustrated that circ_0032704 was transported 
by exosomes, and exosomal circ_0032704 was a diagnostic marker 
for sorafenib-resistant HCC.

3.6  |  Downregulation of exosomal circ_0032704 
inhibited sorafenib resistance, cell proliferation, 
migration, and invasion in Huh-7 and SK-HEP-1 cells

Exosomes were isolated from Huh-7/SR and SK-HEP-1/SR cells 
transfected with sh-circ_0032704 or sh-NC, and Huh-7 and 
SK-HEP-1 cells were incubated with these exosomes. We found 
that the protein level and mRNA level of PD-L1 were notably de-
creased in Huh-7 and SK-HEP-1 cells incubated with Huh-7/SR-
sh-circ_0032704 exosomes or SK-HEP-1/SR-sh-circ_0032704 
exosomes, respectively (Figure  5A,B and S4G,H). In Huh-7 and 
SK-HEP-1 cells incubated with Huh-7/SR-sh-circ_0032704 ex-
osomes or SK-HEP-1/SR-sh-circ_0032704 exosomes, we found 
that the IC50 of sorafenib was notably decreased (Figure  5C,D), 
and the protein levels of MDR1 and MRP1 were also significantly 
declined (Figure  5E,F). The data indicated that exosomes with 
circ_0032704 inhibition reduced sorafenib resistance in Huh-7 
and SK-HEP-1 cells. EdU assay presented that cell proliferation 
capacity was notably suppressed in Huh-7 and SK-HEP-1 cells in-
cubated with exosomes with circ_0032704 inhibition (Figure 5G, 
H and S5B). Wound healing assay and transwell assay presented 
that the ability of cell migration and invasion was notably inhib-
ited in Huh-7 and SK-HEP-1 cells incubated with exosomes with 
circ_0032704 inhibition (Figure 5I–L). In addition, exosomes with 
circ_0032704 inhibition enhanced the expression of E-cadherin 
and reduced the expression of N-cadherin in Huh-7 and SK-HEP-1 
cells (Figure  5M, N). The data suggested that downregulation of 
exosomal circ_0032704 could inhibit cell malignant behaviors in 
Huh-7 and SK-HEP-1 cells.

3.7  |  Exosomes with circ_0032704 inhibition 
inhibited tumor growth in vivo

In sorafenib-administered mice, the injection of exosomes carrying 
sh-NC promoted tumor volume and tumor weight compared to PBS 
injection, while exosomes with circ_0032704 inhibition partially in-
hibited tumor volume and tumor weight (Figure 6A,C). The expres-
sion of circ_0032704 was enhanced in tumor tissues with exosomes 
carrying sh-NC treatment but repressed in tumor tissues with ex-
osomes carrying sh-circ_0032704 treatment (Figure 6D). IHC assay 
presented that the abundance of PD-L1 and Ki-67 was enhanced 
in tumor tissues with exosomes carrying sh-NC treatment but re-
pressed in tumor tissues with exosomes carrying sh-circ_0032704 
treatment (Figure 6E). Western blot assay showed that the protein 
levels of MDR1, MRP1, and N-cadherin were increased in tumor 
tissues with exosomes carrying sh-NC treatment but repressed in 
tumor tissues with exosomes carrying sh-circ_0032704 treatment, 
while the protein level of E-cadherin was decreased in tumor tis-
sues with exosomes carrying sh-NC treatment but recovered in 
tumor tissues with exosomes carrying sh-circ_0032704 treatment 
(Figure 6F).

4  |  DISCUSSION

The current study highlighted that circ_0032704 played a vital role 
in sorafenib-resistant HCC. We found that circ_0032704 expres-
sion was significantly elevated in sorafenib-resistant tumor tissues 
and cell lines of HCC. The knockdown of circ_0032704 weakened 
the resistance to sorafenib of sorafenib-resistant HCC cells and ef-
fectively inhibited sorafenib-resistant HCC cell proliferation, migra-
tion, and invasion. In addition, circ_0032704 could be transmitted 
by exosomes, and exosomes with low expression of circ_0032704 
suppressed the malignant behaviors of HCC cells. In mechanism, we 
found that circ_0032704 played functions partially by targeting the 
miR-514a-3p/PD-L1 pathway. This study was the first to explore 
the role and functional mechanism of circ_0032704 in HCC with 
sorafenib resistance.

The implication of circRNAs in HCC development has been 
widely clarified, while the involvement of circRNAs in sorafenib 
resistance development of HCC is rarely reported. Previous stud-
ies published that circ_0008367 was markedly upregulated in 
sorafenib-treated HCC cells, and sorafenib-induced ferroptosis was 
largely suppressed by circ_0008367 silencing.20 CircRNA_104797 
was reported to be overexpressed in sorafenib-resistant HCC cells, 
and circRNA_104797 knockdown strengthened sorafenib-induced 
cell apoptosis in sorafenib-resistant HCC cells.21 In this study, we 
analyzed the data from the public GEO datasets and found that 
circ_0032704 expression was notably increased in HCC tissues. 
We further determined that circ_0032704 was overexpressed in 
sorafenib-resistant HCC tissues and cells compared to sorafenib-
sensitive tissues and cells. Circ_0032704 downregulation efficiently 
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reduced sorafenib resistance and suppressed cancer cell prolifera-
tion, migration, and invasion.

It has been reported that PD-L1 is one of the immune check-
point receptors, and PD-L1 interacting with PD-1 inhibits the 

survival and function of CD8+ T cells, thus decreasing immune 
responses and promoting immune escape.22,23 PD-L1 is widely 
overexpressed in various cancers, and PD-L1 overexpression 
promoted cancer cell malignant properties, such as proliferation, 

F I G U R E  5  Exosomes from Huh-7/SR and SK-HEP-1/SR cells with circ_0032704 knockdown enhanced sorafenib sensitivity and 
inhibited Huh-7 and SK-HEP-1 cell malignant behaviors. Huh-7 and SK-HEP-1 cells were incubated with exosomes derived from Huh-7/
SR and SK-HEP-1/SR cells transfected with sh-circ_0032704 or sh-NC. In these cells, (A, B) the expression of PD-L1 protein was detected 
by western blot. (C, D) IC50 value was measured by CCK-8 assay. (E, F) The protein levels of MDR1 and MRP1 were measured by western 
blot. (G, H) cell proliferation was assessed by EdU assay. (I, J) Cell migration was assessed by wound healing assay. (K, L) Cell invasion was 
assessed by transwell assay. (M, N) The protein levels of E-cadherin and N-cadherin were measured by western blot. *p < 0.05, **p < 0.01 and 
***p < 0.001.
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invasion, and epithelial-mesenchymal transition (EMT).24–26 
Besides, high expression of PD-L1 was shown to be associated 
with poor prognosis in patients with HCC.27 To determine whether 
circ_0032704 regulated HCC progression by modulating PD-L1, 
we performed rescued experiments by enhancing PD-L1 expres-
sion in circ_0032704-depleted HCC cells. The results showed 
that PD-L1 overexpression recovered circ_0032704 knockdown-
blocked sorafenib resistance, cell proliferation, migration, and in-
vasion. The data indicated that circ_0032704 was implicated in 
the development of sorafenib resistance in HCC via regulating 
PD-L1 expression.

Further study illustrated that miR-514a-3p harbored the binding 
sites with both circ_0032704 and PD-L1 3′UTR. We speculated that 
circ_0032704 regulated the expression of PD-L1 by competitively 
targeting miR-514a-3p. Interestingly, the expression of PD-L1 was 
reduced in HCC cells after circ_0032704 knockdown but recovered 
by further miR-514a-3p inhibition. In terms of function, cell prolif-
eration, migration, invasion, and sorafenib resistance in Huh-7/SR 
and SK-HEP-1/SR cells inhibited by miR-514a-3p restoration were 
largely recovered by PD-L1 reintroduction. MiR-514a-3p was previ-
ously claimed to be a suppressor in renal cell carcinoma and testic-
ular germ cell tumor.28,29 The role of miR-514a-3p in HCC was also 
explored in our study for the first time. Overall, circ_0032704, PD-
L1, and miR-514a-3p were all vital regulators in HCC with sorafenib 
resistance.

Moreover, our study discovered that circ_0032704 was overex-
pressed in exosomes deriving from sorafenib-resistant HCC cells. 
Exosomes carrying low expression of circ_0032704 enhanced the 

sensitivity to sorafenib of Huh-7 and SK-HEP-1 cells and inhibited 
Huh-7 and SK-HEP-1 cell malignant behaviors. In animal models, 
exosomes carrying low expression of circ_0032704 enhanced 
sorafenib sensitivity and thus blocked tumor growth in  vivo. 
Importantly, the expression of circ_0032704 in serum-derived 
exosomes from HCC patients was stable and held great diagnostic 
value. The data strongly suggested that exosomal circ_0032704 
was a promising biomarker in the management of HCC with 
sorafenib resistance.

5  |  CONCLUSION

Circ_0032704 was overexpressed in sorafenib-resistant tumor tis-
sues and cells of HCC. The knockdown of circ_0032704 reduced 
sorafenib resistance and inhibited cell proliferation, migration, and 
invasion. Our study proposed a novel mechanism that circ_032704 
exerted these effects by positively regulating PD-L1 via competi-
tively targeting miR-514a-3p. In addition, exosomal circ_0032704 
was a promising biomarker in the prediction of sorafenib resistance 
in HCC development.
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