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In recent years, circular RNAs (circRNAs) have been shown to
have critical regulatory roles in the resistance to anti-cancer
drugs. However, the contributions of circRNAs to sorafenib
resistance in hepatocellular carcinoma (HCC) remain largely
unknown. The present study aims to explore the involvement
of circFN1 in sorafenib resistance and how circFN1 is associ-
ated with the miR-1205/E2F1 pathway, which have been
demonstrated to mediate this resistance in HCC cells. We
investigated the expression of circRNAs in five paired sorafe-
nib-sensitive HepG2 cells and sorafenib-resistant (SR)-HepG2
cells by microarray analysis. The quantitative real-time PCR
analysis was used to investigate the expression pattern of
circFN1 in HCC patient tissues and cell lines. Then, the effects
of circFN1 on sorafenib resistance, cell proliferation, and
apoptosis were assessed in HCC in vitro and in vivo. In this
study, circFN1 was observed to be upregulated in HCC patient
tissues and cell lines. Overexpression of circFN1 in HCC was
significantly correlated with aggressive characteristics and
served as an independent risk factor for overall survival in pa-
tients with HCC. Our in vivo and in vitro data indicated that
inhibition of circFN1 enhances the sorafenib sensitivity of
HCC cells. Mechanistically, we found that circFN1 could pro-
mote the expression of E2F1 by sponging miR-1205. In sum-
mary, our study demonstrated that circFN1 contributes to sor-
afenib resistance by regulating the miR-1205/E2F1 signaling
pathway. These results indicate that circFN1 may represent a
potentially valuable target for overcoming sorafenib resistance
for HCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is a prevalent malignancy world-
wide with a high recurrence rate and poor prognosis.1 This malig-
nancy contributes to a great proportion of cancer-related deaths
each year, especially in China.2 Due to the late-stage detection and
lack of effective therapies, patients with advanced-stage HCC lose
the opportunity for surgery. As a result, the prognosis of HCC pa-
tients is still very poor, and the 5-year survival rate is lower than
25%.3 Sorafenib, a multi-kinase inhibitor, is the only US Food and
Mo
This is an open access article under the CC BY-NC-
Drug Administration (FDA)-approved proven effective molecular
drug for treatment of advanced HCC, which can significantly prolong
the survival of patients.4,5 Unfortunately, many patients may develop
acquired resistance to sorafenib.6 Evidence has shown that sorafenib
resistance is a process with multifactorial participation that may orig-
inate through a series of modifications; however, the mechanism
responsible for sorafenib resistance in HCC remains little understood.

Circular RNAs (circRNAs) represent a typical class generated by
backsplicing and characterized by covalently closed loop structures
that lack both 50 to 30 polarity and a polyadenylated tail. Accumu-
lating studies have found that circRNAs are involved in various phys-
iological and pathophysiological processes, for instance, modulating
alternative splicing,7 sponging microRNA (miRNA),8 and regulating
protein-RNA interactions and genes expression.9 Due to their closed
structure, circRNAs have a high level of stability and resistance to
RNA degradation. More recently, a novel mechanism of post-tran-
scriptional regulation has been proposed, in which circRNAs interact
with miRNAs as competing endogenous RNAs (ceRNAs).10 In addi-
tion, aberrant expression of circRNAs has been verified in multiple
malignancies, including HCC. In HCC, some studies also revealed
the existence of numerous circRNAs, such as circMTO1 and cir-
cARSP91.11,12 However, the function and mechanism of circRNAs
in sorafenib resistance in HCC need to be further explored.

In the present study, we detected the differential expression of hun-
dreds of circRNAs in sorafenib-resistant HCC tissues by circRNA
arrays and identified circFN1 (hsa_circ_0058124) as a conserved
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Figure 1. circRNA Profiling in Sorafenib-Resistant HCC Cells and hsa_circ_0058124 Characterization

(A) The half-maximal inhibitory concentration (IC50) value. (B) Among the 748 differentially expressed circRNAs, 176 circRNAs were verified as novel circRNAs; 572 circRNAs

were identified beforehand and are listed in the circRNA database. (C) The number of upregulated (red) and downregulated (green) circRNAs according to their categories

of formation mode. (D) The heatmap shows that the top five most upregulated circRNAs were distinguishable between the SR-HepG2 cells and the parent HepG2 cells. (E)

The level of hsa_circ_0058124 was significantly increased in SR-HepG2 cells compared with the parent HepG2 cells. (F) Overexpression of hsa_circ_0058124

promoted sorafenib resistance in both SR-Huh7 and SR-HepG2 cell lines. All tests were performed at least three times. Data are expressed as mean ± SD. *p < 0.05,

**p < 0.01, ***p < 0.001.
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and significantly upregulated circRNA in sorafenib-resistant HCC
tissues and cell lines. Loss- and gain-of functions investigations
showed that circFN1 promoted cancer cell growth in vivo and
in vitro. Mechanistically, we revealed that inhibition of circFN1 could
sensitize HCC cells to sorafenib in part through serving as a RNA to
modulate miRNA-1205 and its target gene, E2F1, expression. Our
findings will provide new insights into the regulatory mechanisms
of circFN1 in tumorigenesis and sorafenib resistance in HCC.

RESULTS
circRNA Profiling in Sorafenib-Resistant HCC Cells and

hsa_circ_0058124 Characterization

To clarify the relationship between circRNAs and sorafenib resistance
in HCC cells, sorafenib-resistant cell lines (SR-HepG2 and SR-Huh7)
were constructed according to an established protocol. As illustrated
in Figure 1A, the half-maximal inhibitory concentration (IC50) value
ranged from 9.42 mmol/L in Huh7 cells to 27.41 mmol/L in SR-Huh7
cells, and 12.37 mmol/L in HepG2 cells to 30.92 mmol/L in SR-
HepG2 cells, respectively. Cells that exhibited higher IC50 values
were defined as resistant. Using a circRNA microarray assay, we
analyzed aberrantly-expressed circRNAs between SR-HepG2 and
422 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
HepG2 cells. After screening of differentially expressed circRNAs by
fold change (FC) filtering (|log2FC| > 1) and Student’s t testing (p <
0.05), 748 differentially expressed circRNAs were identified. Compared
with the HepG2 cells, there were 416 significantly upregulated and 332
significantly downregulated circRNAs in SR-HepG2 cells. Among the
748 differentially expressed circRNAs, 176, including 84 upregulated
ones and 92 downregulated ones, were verified as novel circRNAs;
572 circRNAs, including 332 upregulated ones and 240 downregulated
ones, had been identified beforehand and listed in the circRNA data-
base (circBase; http://www.circbase.org) (Figure 1B). The 748 identified
circRNAs were divided into five different categories on the basis of the
way they were produced. Exonic circRNAs consisting of the protein-
encoding exons accounted for 73.80% (505/748), intronic circRNAs
from intron lariats comprised 8.96% (67/748), sense overlapping circR-
NAs that originated from exon and other sequence circRNAs
comprised 14.84% (111/748), and intergenic circRNAs composed of
unannotated sequences of the gene and antisense circRNAs originating
from antisense regions equally comprised 2.41% (18/748) (Figure 1C).

The results of hierarchical clustering suggested that the five most up-
regulated circRNAs were distinguishable between the SR-HepG2 cells

http://www.circbase.org


Figure 2. circFN1 Was Upregulated in HCC Tissues

and Cell Lines

(A) circFN1 was found to be significantly upregulated in 64

HCC tissues compared to paired adjacent normal tissues

(ANTs). (B) The area under the ROC curve was 0.878 (95%

CI = 0.794–0.963, p < 0.0001). (C) Kaplan-Meier survival

curve of patients with low and high expression of circFN1.

(D) CircFN1 expression was distinctly higher in SR-HepG2

and SR-Huh7 cells. All tests were performed at least

three times. Data are expressed as mean ± SD. **p < 0.01,

***p < 0.001.
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and the parent HepG2 cells (Figure 1D), which were then subjected to
validation by quantitative real-time PCR. Among the differentially ex-
pressed circRNAs, hsa_circ_0058124 was the most upregulated
circRNA in SR-HepG2 cells compared with the parent HepG2
cells (Figure 1E). Moreover, we found that overexpression of
hsa_circ_0058124 promoted sorafenib resistance in both SR-Huh7
and SR-HepG2 cell lines, while other circRNAs showed little
effect (Figure 1F). According to the human reference genome, we
further termed hsa_circ_0058124 (located at chr2:216270960–
216274462 and derived from gene FN1 exons 15–19, with a spliced
mature sequence length of 864 bp) as “circFN1.” We verified its
existence in many circRNA databases. According to the circBase
database, circFN1 is detected in normal human lung fibro-
blasts (http://www.circbase.org/cgi-bin/singlerecord.cgi?id=hsa_circ_
0058124). The circNet database also supported the existence of
circFN1 (http://circnet.mbc.nctu.edu.tw/, by searching circFN1).

circFN1 Was Upregulated in HCC Tissues and Cell Lines

Moreover, the expression level of circFN1 was examined by quantita-
tive real-time PCR analysis in HCC samples and paired adjacent
normal tissues (ANTs) collected from 64 HCC patients. The results
suggested that circFN1 was found to be significantly upregulated in
64 HCC tissues compared to ANTs (p < 0.01, Figure 2A). We used
the receiver operating characteristic (ROC) curve to examine the
diagnostic value of circFN1 in HCC tissues compared with ANTs,
and found the area under the ROC curve (AUC) to be 0.878 (95%
confidence interval [CI] = 0.794–0.963, p < 0.0001; Figure 2B). We
also investigated the clinical significance of circFN1 by analyzing
the correlations between its expression level and clinicopathological
Molecular Thera
characteristics. Using the median expression
level of circFN1 as the cutoff value, we divided
the 64 HCC patients into low and high expres-
sion groups. As listed in Table 1, high circFN1
expression in HCC tissues was closely associated
with tumor size (p = 0.002), tumor, node, and
metastasis (TNM) stage (p = 0.027), and vascular
invasion (p = 0.031) of HCC patients. Further-
more, HCC patients with low expression of
circFN1 displayed clearly longer overall survival
times than did those with high expression of
circFN1 according to Kaplan-Meier survival
curve analysis (p = 0.001) (Figure 2C). Then, experiments were per-
formed at the cellular level. circFN1 expression was distinctively
higher in SR-HepG2 and SR-Huh7 cells, and clearly lower in the
normal human liver cell line LO2 (Figure 2D; p < 0.01). These data
indicated that circFN1 might be a participant in tumorigenesis in
HCC.

Confirmation of Subcellular Localization of circFN1

We investigated the stability and localization of circFN1 in SR-HepG2
and SR-Huh7 cells. Total RNAs from SR-HepG2 and SR-Huh7 cells
were isolated at the indicated time points after treatment with actino-
mycin D, an inhibitor of transcription. Analysis for stability of
circFN1 and FN1 in SR-HepG2 and SR-Huh7 cells treated with acti-
nomycin D revealed that the half-life of circFN1 transcript exceeded
24 h, with more stability than FN1 (Figures 3A and 3B). RNase R is an
exoribonuclease that can degrade RNA from its 30 to 50 end but does
not act on circRNA. In contrast to the linear FN1mRNA, circFN1 was
resistant to RNase R (Figures 3C and 3D). A nuclear and cytoplasmic
protein extraction assay was performed to examine the subcellular
localization of circFN1 in SR-HepG2 and SR-Huh7 cells. It was found
that circFN1 was predominantly localized in the cytoplasm of SR-
HepG2 and SR-Huh7 cells (Figures 3E and 3F). These data indicated
that circFN1 harbored a loop structure and was predominantly local-
ized in the cytoplasm.

Inhibition of circFN1 Enhances the Sorafenib Sensitivity of HCC

via Regulating Akt Activation In Vitro

To further validate the expression level of circFN1 on sorafenib resis-
tance, circFN1 small interfering RNA (siRNA) and circFN1
py: Nucleic Acids Vol. 22 December 2020 423
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Table 1. Association of circFN1 Expression with Clinicopathological

Features of HCC Patients

Characteristics circFN1 Low (n = 32) Expression High (n = 32) p

Age (years)

<55 11 16 0.311

R55 21 16

Sex

Female 15 12 0.613

Male 17 20

HBsAg status

Positive 14 17 0.617

Negative 18 15

Liver cirrhosis

Yes 10 15 0.305

No 22 17

Tumor size (cm)

<5 24 11 0.002

R5 8 21

Tumor number

Single 28 26 0.732

Multiple 4 6

TNM stage

I–II 27 18 0.027

III–IV 5 14

Tumor differentiation 0.302

Well moderate 29 25

Poor 3 7

Vascular invasion

Yes 3 11 0.031

No 29 21

HBsAg, hepatitis B surface antigen.
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overexpression vector were constructed, and we performed loss- and
gain-of-function studies by knocking down or overexpressing
circFN1 in HCC cells. First, we knocked down the expression of
both circFN1 and FN1 mRNA. We designed circFN1-specific
siRNAs targeting the backsplice sequence (respectively si-circFN1#1,
si-circFN1#2, or si-circFN1#3) or the sequence only in the linear tran-
script (si-FN1). Some circRNAs regulate the expression and function
of the corresponding linear transcripts. Therefore, the regulatory rela-
tionship between circFN1 and its linear transcript (FN1) was investi-
gated in this study. As expected, siRNA directed against the back-
splice sequence knocked down only the circular transcript and did
not affect the expression of linear species, and siRNA targeting the
sequence in the linear transcript knocked down only the linear tran-
script and did not affect the expression of the circular transcript in
SR-HepG2 and SR-Huh7 cells (Figures 4A and 4B; Figures S1A and
S1B; p < 0.01). These data indicated that FN1 is not the target gene
of circFN1. We chose si-circFN1#3 for the subsequent experiments
424 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
due to its higher efficiency of interference. Meanwhile, we induced
ectopic overexpression of circFN1 by transfecting HepG2 and
Huh7 cells with the pcDNA-circFN1 expression vector. Also, the
expression vector markedly increased the expression of circFN1
compared with the empty vector (Figure 4C; p < 0.01).

Results of a Cell Counting Kit-8 (CCK-8) assay showed that circFN1
silencing suppressed the proliferation of SR-HepG2 and SR-Huh7
cells after exposure to sorafenib (3 mM) (Figure 4D; Figure S1C; p <
0.01). However, after overexpression of circFN1, the growth rates of
HepG2 and Huh7 cells were significantly increased compared to
the control group (Figure 4E; Figure S1D; p < 0.01). To further
confirm the effect of circFN1 on sorafenib resistance, we analyzed
the rate of apoptosis using annexin V-allophycocyanin (APC)/
DAPI double staining and flow cytometry. Silencing of circFN1 pro-
moted the sorafenib-induced cell apoptosis of SR-HepG2 and SR-
Huh7 cells after exposure to sorafenib (3 mM) (Figure 4F; p < 0.01).
However, cell apoptosis assays revealed that overexpression of
circFN1 significantly decreased the apoptosis of HepG2 and Huh7
cells after exposure to sorafenib (3 mM) compared to the control
group (Figure S1E; p < 0.01). We next examined whether changing
circFN1 by exogenous transfection could lead to the change of phos-
phatase and tensin homolog (PTEN) protein expression and the acti-
vation of Akt, which is negatively regulated by PTEN. Inhibition of
circFN1 significantly increased the expression of PTEN protein and
decreased the activation of Akt in sorafenib-resistant HCC cells
(Figure S1F).

circFN1 Facilitates Sorafenib Resistance of HCC In Vivo

To investigate the biological function of circFN1 on the sensitivity of
HCC cells to sorafenib in vivo, we established a xenograft tumor
model in nude mice. SR-HepG2 cells transfected with si-circFN1 or
a control siRNA were subcutaneously injected into nude mice, fol-
lowed by administration with sorafenib. According to the treatment,
the tumors in the mice were actually assigned to the following groups:
group 1, si-circFN1-transfected cells + sorafenib; group 2, si-circFN1-
transfected cells + Normal Saline (NS); group 3, si-negative control
(NC)-transfected cells + sorafenib; and group 4, si-NC-transfected
cells + NS. The results showed that sorafenib treatment significantly
inhibited the growth of tumor cells when compared with control
groups (group 1 versus group 2, p < 0.01; group 3 versus group 4,
p < 0.01). More importantly, with sorafenib treatment, tumor cells in-
fected with sh-circFN1 grew at lower levels than in controls (group 1
versus group 3, p < 0.01), suggesting that circFN1 knockdown en-
hances the sorafenib sensitivity in vivo (Figure 5A). Tendencies in tu-
mor weight were consistent with those in tumor volume (Figure 5B,
group 1 versus group 2, p < 0.05; group 3 versus group 4, p < 0.05;
group 1 versus group 3, p < 0.01). Moreover, an immunohistochem-
istry assay showed that the tumors treated with sh-circFN1 plus sor-
afenib displayed an increased proliferation percentage of Ki-67-posi-
tive tumor cells compared with the control group (Figures 5C and 5D;
group 1 versus group 3, p < 0.01). Collectively, these results implicated
that circFN1 knockdown displayed a synergic effect with sorafenib in
suppressing HCC cell growth in vivo.



Figure 3. Confirmation of Subcellular Localization of circFN1

(A) Quantitative real-time PCR for the abundance of circFN1 and FN1 in SR-Huh7 cells treated with actinomycin D at the indicated time point. (B) Quantitative real-time PCR

for the abundance of circFN1 and FN1 in SR-HepG2 cells treated with actinomycin D at the indicated time point. (C) Quantitative real-time PCR for the expression of circFN1

and FN1 mRNA in SR-Huh7 cells treated with or without RNase R. (D) Quantitative real-time PCR for the expression of circFN1 and FN1 mRNA in SR-HepG2 cells treated

with or without RNase R. (E) Levels of circFN1 in the nuclear and cytoplasmic fractions of SR-Huh7 cells. (F) Levels of circFN1 in the nuclear and cytoplasmic fractions of SR-

HepG2 cells. Data are listed as means ± SD of at least three independent experiments. **p < 0.01.
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circFN1 May Function as a Sponge for miR-1205

Given that many circRNAs can function as miRNA sponges in the
cytoplasm, we determined whether circFN1 may also bind to miR-
NAs as a sponge and regulate targets via the ceRNA mechanism.
We therefore analyzed the sequence of circFN1 using the miRanda
algorithm (http://microrna.org/) and identified 36 miRNA-binding
sites; however, four miRNAs (miR-23a-3p, miR-1205, miRNA-
1231, and miR-224-5p) were finally selected because they
ranked highly in correspondence with the positions of the putative
binding sites in the 30 untranslated region (UTR) of circFN1
(Table S1).

First, we conducted an RNA immunoprecipitation (RIP) assay with
an antibody against AGO2 in SR-HepG2 cells. The results showed
that circFN1, but not circANRIL (a circRNA reported not to bind
to AGO2), was significantly enriched by the AGO2 antibody (Fig-
ure 6A), suggesting that circFN1 may act as a binding platform for
AGO2 and miRNAs. To further detect whether circFN1 could sponge
miRNAs, we performed a miRNA pull-down assay using biotin-
coupled miRNA mimics (miR-23a-3p, miR-1205, miRNA-1231,
and miR-224-5p). Interestingly, circFN1 was only efficiently enriched
by miR-1205, but not by the other three miRNAs (Figure 6B). In or-
der to further validate the interaction, the circFN1 sequence contain-
ing the putative or mutatedmiR-1205 binding site was cloned into the
downstream of the luciferase reporter gene, generating wild-type
(WT)-circFN1 or mutant (MUT)-circFN1 luciferase reporter plas-
mids. Then, the effect of miR-1205 onWT-circFN1 or MUT-circFN1
luciferase reporter systems was determined. The results showed that
the miR-1205 mimic considerably reduced the luciferase activity of
the WT-circFN1 luciferase reporter vector compared with the NC,
while the miR-1205 mimic did not pose any impact on the luciferase
activity of MUT-circFN1-transfected SR-HepG2 and SR-Huh7 cells
(Figure 6C; p < 0.01). Furthermore, the results of a pull-down assay
using biotin-labeled miR-1205 mimics showed obvious enrichment
of circFN1 compared with that of the NC (Figure 6D). Furthermore,
silencing of circFN1 did not affect the expression of miR-1205, and
transfection of miR-1205 mimics did not affect the expression of
circFN1 in SR-HepG2 and SR-Huh7 cells (Figures 6E and 6F), which
indicated that circFN1 functions as a miRNA sponge without
affecting the expression of sponged miRNAs.
miR-1205 Suppressed Sorafenib Resistance and Inhibited the

Tumorigenesis of HCC Cells

The quantitative real-time PCR analysis indicated that there was a
decreasing trend in miR-1205 levels from normal tissues to HCC
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 425
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Figure 4. Inhibition of circFN1 Enhances the Sorafenib Sensitivity of HCC In Vitro

(A) The quantitative real-time PCR assay indicated the expression level of circFN1 in SR-HepG2 and SR-Huh7 cells treated with si-circFN1. (B) The quantitative real-time PCR

assay indicated the expression level of FN1 in SR-HepG2 and SR-Huh7 cells treated with si-circFN1. (C) The quantitative real-time PCR assay indicated the expression level

of circFN1 in HepG2 and Huh7 cells infected with circFN1 overexpression plasmid. (D) CCK-8 assay showing circFN1 silencing suppressed the proliferation of SR-HepG2

cells in the presence of sorafenib (3 mM). (E) CCK-8 assay showing that overexpression of circFN1 promoted the proliferation of HepG2 cells. (F) Silencing of circFN1

promoted sorafenib-induced cell apoptosis of SR-HepG2 and SR-Huh7 cells after exposure to sorafenib (3 mM). Data are listed as means ± SD of at least three independent

experiments. *p < 0.05, **p < 0.01.
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tissues, and the differences between the two groups were significant
(Figure 7A; p < 0.01). We also confirmed that the expression of
miR-1205 was clearly decreased in sorafenib-resistant cells than that
in sorafenib-sensitive cells, indicating the opposite result to circFN1
expression (Figure 7B; p < 0.01). To gain insight into whether circFN1
affected sorafenib resistance of HCC cells via modulation of miR-1205,
we further performed rescue assays to confirm how miR-1205 modu-
lated sorafenib resistance. We transfected miR-1205 inhibitors into
HepG2 cells or mimics into SR-HepG2 cells and proliferation curves
were performed. Our results showed that HepG2 cells transfected
with miR-1205 inhibitors grew at a dramatically higher rate as
compared with controls (Figure 7C; p < 0.01), whereas miR-1205
mimics markedly inhibits the cell growth in SR-HepG2 cells when
compared with cells transfected with miR-NC (Figure 7D; p < 0.01).
Moreover, a CCK-8 assay proved that downregulation of circFN1
markedly inhibits the cell growth in sorafenib-resistant cells, whereas
the si-circFN1#3-induced decrease of cell growthwas partially restored
by miR-1205 inhibition (Figure 7E; p < 0.01). Furthermore, flow cy-
426 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
tometry analysis indicated that miR-1205 overexpression or circFN1
knockdown dramatically aggravated sorafenib-induced apoptosis of
SR-HepG2 and SR-Huh7 cells; however, si-circFN1#3-triggered
apoptosis was attenuated after cotransfection with themiR-1205 inhib-
itor (Figure 7F; p < 0.01). Taken together, these data hinted that inhi-
bition of miR-1205 could significantly reverse circFN1-mediated sora-
fenib resistance in HCC cells.

circFN1 Upregulates E2F1 Expression via Sponging miR-1205

Previous studies have reported that several genes are directly targeted
by miR-1205 in human cancers, including E2F1, TIMP3, SATB1, and
DIECR1. According to the ceRNA theory, circFN1 expression is posi-
tively correlated with its target genes. To further verify the down-
stream targets of circFN1, mRNA levels of four candidate target genes
were detected after silencing circFN1, and we found that only E2F1
was downregulated (Figure 8A). To verify whether E2F1 was the
direct target of miR-1205, we first performed a miRNA biotin pull-
down assay. We found that miR-1205 could significantly enrich the



Figure 5. circFN1 Facilitates Sorafenib Resistance of

HCC In Vivo

(A) circFN1 knockdown enhances the sorafenib sensitivity

in vivo. (B) Weights of tumors that developed in xenografts

from different groups. (C) The percentage of Ki-67-positive

cells in xenografts from different groups. (D) Immunohis-

tochemistry (IHC) analysis of expression levels of Ki-67 in

xenografts from different groups. All tests were at least

performed three times. Data are expressed as mean ± SD.

**p < 0.01.
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30 UTR of E2F1 mRNA (Figure 8B). To verify whether the 30 UTR of
E2F1 mRNA was a target of miR-1205 in HCC cells, a luciferase re-
porter gene assay was used. The WT 30 UTR sequence or MUT 30

UTR sequence of E2F1 was cloned into a luciferase reporter vector.
The luciferase activity was significantly inhibited by the miR-1205
mimics in WT 30 UTR sequence-transfected cells. Conversely, the
luciferase activity was not inhibited by the miR-1205 mimics in
MUT 30 UTR sequence-transfected cells (Figures 8C and 8D). These
results suggested that miR-1205 binds to the 30 UTR of E2F1 and
directly downregulates E2F1 expression.

To further confirm the effects of circFN1 on E2F1 expression, HCC
cells were transfected with the circFN1 siRNA, and the E2F1 protein
levels were detected using western blotting. The results showed that
knockdown of circFN1 expression significantly reduced the E2F1
protein levels in SR-HepG2 cells (Figure 8E). Moreover, inhibition
of the circFN1-mediated decrease of E2F1 protein expression was
significantly recuperated following miR-1205 inhibitors (Figure 8E).
To determine the expression levels of E2F1 in HCC, we analyzed
the HCC dataset from The Cancer Genome Atlas (TCGA) database
and found that the level of E2F1 was significantly upregulated in
HCC tissue compared with normal liver tissue (Figure 8F). Subse-
quently, Kaplan-Meier survival analysis from TCGA HCC datasets
suggested that high E2F1 expression in HCC tissues is significantly
associated with worse overall survival (OS) (log-rank test, p =
0.0025, Figure 8G) and worse disease-free survival (DFS) (log-rank
Molecular Thera
test, p = 0.0023, Figure 8H). All of these data
made us draw a conclusion that circFN1 posi-
tively regulated E2F1 expression by interacting
with miR-1205 in sorafenib-resistant HCC cells.

DISCUSSION
In this study, we explored the effect of circRNA
circFN1 on the sorafenib chemosensitivity of
HCC and demonstrate the regulatory mecha-
nism of the miR-1205/E2F1 signaling pathway.
Our results indicate that upregulated circFN1
could increase the sorafenib resistance of HCC
cells. circFN1 can function as a molecular sponge
of miR-1205, which weakens the inhibitory effect
of miRNA on the downstream target gene E2F1.
Moreover, the dual-luciferase reporter system
and RIP assay validated the direct interaction of circFN1, miR-
1205, and E2F1. These results suggested that circFN1 may have the
potential to regulate the sorafenib resistance of HCC, in turn promot-
ing the progression of HCC.

In the last decade, improved drug therapy agents have significantly
prolonged the survival of HCC patients with advanced diseases. Sor-
afenib, an oral multikinase inhibitor, was initially demonstrated to
suppress proliferation and angiogenesis by targeting BRAF, Raf-1,
Flt3, VEGFR-2/3, and PDGFR-b.13,14 As an FDA-approved standard
targeted therapy agent for HCC, sorafenib showed survival benefits in
advanced HCC patients worldwide.15 However, most patients eventu-
ally progressed to drug-resistant diseases and may result in a poor
prognosis. The mechanisms involved in sorafenib resistance of
HCC are complex. Until now, however, the precise mechanisms un-
derlying HCC drug resistance remained to be investigated.

circRNA together with miRNA and long noncoding RNA (lncRNA)
are the most explored noncoding RNAs (ncRNAs) in the past years.16

circRNA is characterized by a covalently closed loop and has no ca-
pacity to code protein.17 Recent studies have proven that circRNA
participates in various physiological and pathological processes,
including cellular differentiation, proliferation, death, angiogenesis,
and metabolic stress responses.18 Dysregulated circRNAs act as onco-
genes or tumor suppressors in the development and progression of
many cancers, including HCC.19–21 Emerging evidence indicates
py: Nucleic Acids Vol. 22 December 2020 427
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Figure 6. circFN1 May Function as a Sponge for miR-1205

(A) Endogenous circFN1 was efficiently pulled down by anti-Ago2. (B) miRNA pull-down assay showed that circFN1 was only efficiently enriched by miR-1205. (C) The

luciferase reporter systems showed that the miR-1205 mimic considerably reduced the luciferase activity of the WT-circFN1 luciferase reporter vector compared with

negative control, while the miR-1205 mimic did not pose any impact on the luciferase activity of MUT-circFN1-transfected SR-HepG2 and SR-Huh7 cells. (D) circFN1 and

miR-1205 simultaneously existed in the production precipitated by anti-Ago2. (E) Silencing of circFN1 did not affect the expression of miR-1205. (F) Transfection of miR-1205

mimics did not affect the expression of circFN1. All tests were performed at least three times. Data are expressed as mean ± SD. **p < 0.01.
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that multiple miRNAs and lncRNAs are involved in sorafenib resis-
tance.22,23 In contrast, few circRNAs have been found to be partici-
pants in sorafenib resistance of HCC. Interestingly, significantly
altered expressions of circRNAs have been found in a variety of
drug-resistant HCC cells compared to those in drug-sensitive cells,
suggesting that prediction of efficacy of different drugs using various
circRNAs may promote individualized HCC therapy.24

In recent years, the growing popularity of high-throughput
sequencing technology has enabled researchers to further investigate
the expression and action mechanism of circRNA. Using a circRNA
microarray assay, we analyzed aberrantly expressed circRNAs be-
tween a sorafenib-resistant cell line (SR-HepG2) and the parent
HepG2 cells. Results showed that 416 circRNAs were significantly up-
regulated and 332 circRNAs were significantly downregulated be-
tween sorafenib-sensitive and sorafenib-resistant cells of HCC.
Then, we demonstrated that circFN1 was upregulated in HCC tissues
and associated with sorafenib resistance in HCC. To further validate
whether circFN1 was functionally required for sorafenib resistance,
we performed loss-of-function studies by knockdown of circFN1 in
two sorafenib-resistant cell lines (SR-HepG2 and SR-Huh7). Mean-
while, we overexpressed circFN1 in sorafenib-sensitive HCC cells.
428 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
Loss-of-function experiments revealed that knockdown of circFN1
promoted sorafenib-induced cell apoptosis and inhibited cell prolifer-
ation of sorafenib-resistant cells under sorafenib treatment. Gain-of-
function experiments revealed that ectopic expression of circFN1 pro-
moted proliferation and inhibited apoptosis of sorafenib-sensitive
cells, compared with NC-transfected cells. In addition, xenograft ex-
periments revealed that inhibition of circFN1 sensitized HCC cells to
sorafenib in vivo.

It is well established that circRNA could act as a ceRNA to inhibit the
miRNA biological functions by interfering with the binding of
miRNA to target mRNA.25,26 In this study, we identified circFN1 as
a new interactive molecule of miR-1205, and we also confirmed
that E2F1 was the downstream target of miR-1205. In addition, a re-
view of the literature suggested that E2F1 is closely involved in tumor-
igenesis; we therefore reasoned that E2F1may be a downstream target
of circFN1. To explore miRNAs targeted by circFN1, we used the
miRanda analysis results and applied circRNAs in dual-luciferase re-
porter and RIP assays; ultimately, we found that circFN1 enhances the
sorafenib resistance, mainly through interaction with miR-1205. We
also confirmed that the expression of miR-1205 was obviously
decreased in sorafenib-resistant cells than that in sorafenib-sensitive



Figure 7. miR-1205 Suppressed Sorafenib Resistance

and Inhibited the Tumorigenesis of HCC Cells

(A) Relative expression of miR-1205 in HCC tissues. (B)

Relative expression of miR-1205 in sorafenib-resistant cells.

(C) CCK-8 assay showed that miR-1205 mimics markedly

inhibit the cell growth in SR-HepG2 cells when compared

with cells transfected with miR-NC. (D) CCK-8 assay

showed that HepG2 cells transfected with miR-1205 in-

hibitors grew at a dramatically higher rate as compared with

controls. (E) CCK-8 assay showed that downregulation of

circFN1-induced decrease of cell growth was partially

restored by the miR-1205 inhibitor in SR-HepG2 cells. (F)

Flow cytometry analysis indicated that downregulation of

circFN1-triggered apoptosis was attenuated by the miR-

1205 inhibitor in sorafenib-resistant cells. All tests were at

least performed three times. Data are expressed as mean ±

SD. **p < 0.01.
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cells, indicating the opposite result to circFN1 expression. Next, we
verified that circFN1 had an endogenous sponge-like effect on miR-
1205 in HCC. First, bioinformatics prediction and a luciferase re-
porter assay showed that circFN1 and the E2F1 3ʹUTR share identical
miR-1205 response elements and might therefore bind competitively
to miR-1205. Second, circFN1 could bind directly to miR-1205 in an
AGO2-dependent manner. Third, knockdown or overexpression of
circFN1 did not significantly affect miR-1205 expression, and miR-
1025 mimics reversed circFN1-mediated sorafenib-resistant effects.
Finally, circFN1 could control the E2F1 level by provoking miR-
1205. However, the miRNAs investigated in this study were predicted
and selected by computational algorithms, which may be incomplete
and require further investigation.
Molecular The
Taken together, circFN1 is a novel key regulator
of the miR-1205/E2F1 pathway and mediates
sorafenib resistance in HCC cells. circFN1 com-
petes with the 30 UTR of E2F1 for binding with
miR-1205, and it mediates sorafenib resistance
in HCC cells. The finding that the circFN1/
miR-1205/E2F1 signaling pathway is involved
in sorafenib resistance may provide novel
strategies to overcome sorafenib resistance in
HCC.

MATERIALS AND METHODS
HCC Samples

We obtained 64 paired HCC tissues and ANTs
from the Department of Special Treatment I and
Liver Transplantation, Shanghai Eastern Hepato-
biliary Surgery Hospital. Samples from patients
who had received chemotherapy or radiotherapy
before collection were excluded. Written consent
approving the use of HCC tissues in our study
were obtained from each patient. The histopatho-
logical diagnosis was based on the World Health
Organization (WHO) criteria. Ethical approval
was obtained from the Shanghai Eastern Hepatobiliary Surgery Hos-
pital Research Ethics Committee, and written informed consent was
obtained from each patient. Consent forms will be provided upon
request.

Cell Lines

HCC cell lines HepG2, Huh-7, and the normal human liver cell line
LO2 were purchased from the Chinese Academy of Sciences Cell
Bank Type Culture Collection. The cells were cultured with DMEM
and RPMI 1640 (Gibco, Carlsbad, CA, USA) together with 10% fetal
bovine serum (Gibco) at 37�C in an atmosphere containing 5% CO2.
SR-HepG2 and SR-Huh7 cells were prepared according to the
method previously described.27
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Microarray Analysis

Total RNA was extracted from HepG2 and SR-HepG2 cell samples
using an RNeasy mini kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. Purified total RNA was quantified
using the NanoDrop 2000 spectrophotometer. The total RNA was
sent to Aksomics (Shanghai, China) to analyze circRNA expression
profiles. Differentially expressed circRNAs were identified as FC >2
and an adjusted p value <0.05.

RNA Preparation and Quantitative Real-Time PCR

Total RNA extraction and quantification, RNA purification, and
cDNA synthesis were conducted as described previously. For RNase
R treatment, 2 mg of total RNA was incubated for 15 min at 37�C
with or without 3 U/mg RNase R (Epicenter Technologies, WI,
USA). To detect RNA expression, quantitative real-time PCR was
performed with PowerUp SYBR Green master mix (Thermo Fisher
Scientific, MA, USA) and the Applied Biosystems StepOnePlus real-
time PCR detection system (Life Technologies, CA, USA). The rela-
tive gene expression was calculated using the 2�DCT method
normalized to GAPDH, and the FC of gene expression was calcu-
lated by the 2�DDCT method. Bulge-Loop miRNA quantitative
real-time PCR primer sets (one reverse transcriptase [RT] primer
and a pair of qPCR primers for each set) specific for miR-1205
were designed by RiboBio (Guangzhou, China). The relative expres-
sion of miR-1205 was normalized to human U6 small nuclear RNA
(snRNA).

siRNA and Plasmid Construction and Cell Transfection

The siRNAs were provided by Life Technologies. The miRNAmimics
and primers were provided by RiboBio. The full-length cDNA of hu-
man circFN1 was synthesized by Invitrogen and cloned into the
expression vector pCDNA3.1 (Clontech Laboratories). The final
construct was verified by sequencing. Plasmid vectors for transfection
were prepared using DNA midi-prep kits (E.Z.N.A Endo-Free
Plasmid Mini Kit II) and transfected into cells using Lipofectamine
3000 (Invitrogen). The siRNAs and miRNA mimic were transfected
into cells using RNAiMAX (Invitrogen) according to the manufac-
turer’s instructions.

Actinomycin D and RNase R treatment

To block transcription, 2 mg/mL actinomycin D or dimethyl sulfoxide
(Sigma-Aldrich, St. Louis, MO, USA) as an NC was added into the cell
culture medium. For RNase R treatment, total RNA (2 mg) was incu-
bated for 30min at 37�Cwith or without 3 U/mg of RNase R (Epicenter
Technologies, Madison, WI, USA). After treatment with actinomycin
Figure 8. circFN1 Upregulates E2F1 Expression via Sponging miR-1205

(A) Silencing of circFN1 downregulated the expression of E2F1. (B) miR-1205 could sig

predicted binding sites between E2F1 and miR-1205. (D) Luciferase reporter assay de

E2F1-WT in HCC cells. (E) Inhibition of circFN1-mediated decrease of E2F1 protein

database showed that the level of E2F1 was significantly upregulated in HCC tissue co

datasets suggested that high E2F1 expression in HCC tissues is significantly associated

datasets suggested that high E2F1 expression in HCC tissues is significantly associated

Data are expressed as mean ± SD. **p < 0.01.
D and RNase R, quantitative real-time PCR was performed to deter-
mine the expression levels of circFN1 and FN1 mRNA.

Cell Fractionation Assay

Cytoplasmic and nuclear RNA was acquired using a cytoplasmic and
nuclear RNA purification kit (Invitrogen, CA, USA). Briefly, the cells
were harvested and incubated for 10 min with lysis solution on ice.
The cells were then centrifuged for 3 min at 12,000� g. The superna-
tant was collected for cytoplasmic RNA and the nuclear pellet was
used for nuclear RNA extraction. GAPDH was used as the cyto-
plasmic endogenous control. The U6 small nuclear RNA was used
as the nuclear endogenous control.

Cell Viability Assay

Cells were seeded at a density of 2� 103 cells per well (100 mL) in a 96-
well plate. Cell viability was evaluated with the CCK-8 (Bimake,
Shanghai, China) after 0, 24, 48, 72, and 96 h of transfection. The
absorbance was determined with a BioTek Synergy HTX multi-
mode reader at 450 nm.

Flow Cytometry Assay

After transfection for 48 h, the cells were collected for apoptosis assays.
The apoptosis assays were performed with an apoptosis detection kit
(BD Pharmingen, CA, USA) by suspending the cells in 100 mL of bind-
ing buffer containing 5 mL of phycoerythrin (PE) and 5 mL of 7-amino-
actinomycin D (7-ADD), incubating them in the dark for 15 min, and
adding 400 mL of binding buffer to resuspend the cells. The cells were
divided into viable cells, dead cells, early apoptotic cells, and late
apoptotic cells. The early and late apoptotic cells were measured. The
cells were analyzed by flow cytometry (FACSCalibur flow cytometer,
BD Biosciences, USA) to quantify the cell apoptosis. All experiments
were performed independently in triplicate.

Tumor Xenograft Model

Six-week-old male BALB/c athymic nude mice (n = 5 per group) were
purchased from the Shanghai Experimental Animal Center
(Shanghai, China). Mice were subcutaneously injected into the back
with 1 � 106 SR-HepG2 cells transfected with si-circFN1 or si-NC
suspended in 100 mL of Hanks’ balanced salt solution. After 6 days
of injection, mice were intraperitoneally administered phosphate-
buffered solution (PBS) or 20 mg/kg sorafenib once daily for 4 weeks.
According to the treatment, the tumors on the mice were actually as-
signed to the following groups: group 1, si-circFN1-transfected cells +
sorafenib; group 2, si-circFN1-transfected cells + NS; group 3, si-NC-
transfected cells + sorafenib; and group 4, si-NC-transfected cells +
nificantly enrich the 30 UTR of E2F1 mRNA. (C) Bioinformatics analysis revealed the

monstrated that miR-1205 mimics significantly decreased the luciferase activity of

expression was significantly recuperated following miR-1205 inhibitors. (F) TCGA

mpared with normal liver tissue. (G) Kaplan-Meier survival analysis from TCGA HCC

with worse overall survival (OS). (H) Kaplan-Meier survival analysis from TCGA HCC

with worse disease-free survival (DFS). All tests were performed at least three times.
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NS. The tumor size was measured every 3 days with a caliper, and tu-
mor volume was calculated according to the following formula: vol-
ume = (length � width2)/2. All mice were sacrificed on day 21 after
inoculation. The resected tumor masses were harvested for subse-
quent weight and quantitative real-time PCR analyses. The animal ex-
periments were approved by the Animal Care and Use Committee of
Shanghai Eastern Hepatobiliary Surgery Hospital and were per-
formed in accordance with the Institutional Guide for the Care and
Use of Laboratory Animals.

Ki-67 Staining

The excised tumor tissue specimens were put in formalin, fixed, and
paraffin-embedded. After deparaffinization and rehydration, tissues
were incubated with antibody against Ki-67 (Santa Cruz Biotech-
nology, Dallas, TX, USA) at 4�C all night. Tissues were stained with
diaminobenzidine (DAB) and observed under light microscopy.

Biotin-Coupled miRNA Capture

Briefly, the 30 end biotinylated miR-RNA mimic or control biotin-
RNA (RiboBio) was transfected into SPC-A1 cells at a final concen-
tration of 20 nmol/L for 1 day. The biotin-coupled RNA complex
was pulled down by incubating the cell lysate with streptavidin-coated
magnetic beads (Ambion, Life Technologies). The abundance of
circFN1 and E2F7 in bound fractions was evaluated by quantitative
real-time PCR analysis.

Dual-Luciferase Assay

To construct luciferase reporter vectors, the full length of circFN1 or
the 30 UTR fragment of E2F1 were cloned into the dual-luciferase re-
porter vector psiCHECK-2 (Promega, WI, USA), and the potential
binding sites of miR-1205 were mutated. The above WT or MUT
plasmids were co-transfected with miR-1205 mimics or miR-NC
into cells. Luciferase assays were performed 48 h after transfection us-
ing a Dual-Luciferase reporter gene assay kit (Promega, Madison, WI,
USA). The firefly luciferase activity was normalized to Renilla lucif-
erase activity, and the relative luciferase activity in each group was ob-
tained by normalizing the value of firefly luciferase activity/Renilla
luciferase activity to that of the NC-transfected group.

RIP Assay

Briefly, cells were fixed with formaldehyde, lysed with lysis buffer, and
sonicated. The supernatant was collected and incubated with a
circRNA-specific probes Dynabeads (Invitrogen) mixture overnight
at 30�C. On the next day, the Dynabeads was washed and incubated
with 200 mL of lysis buffer. Finally, RNA was extracted from these
complexes and used for qPCR.

In Vivo Precipitation of circRNAs

circFN1-overexpressing cells were washed with ice-cold PBS, fixed
with 1% formaldehyde, lysed in 500 mL of coimmunoprecipitation
(coIP) buffer, sonicated, and centrifuged. The supernatant was then
added to a probes-M280 streptavidin Dynabeads (Invitrogen)
mixture and further incubated at 30�C for 12 h. After that, to reverse
the formaldehyde crosslinking, the probes-Dynabeads-circRNAs
432 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
mixture was washed and incubated with 200 mL of lysis buffer and
proteinase K. Subsequently, the RNA was extracted from the mixture
using TRIzol reagent (Invitrogen).

Western Blotting

The proteins were extracted using a total protein extraction kit
(Thermo Fisher Scientific, MA, USA). The protein extracts (30–
40 mg) were separated on 12% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis gels and then electrophoretically trans-
ferred to polyvinylidene fluoride membranes (Millipore, USA). Af-
ter blocking in 5% non-fat milk for 2 h, the membranes were
incubated overnight at 4�C with primary antibodies recognizing
PTEN (1:1,000 dilution; Cell Signaling Technology), AKT
(1:1,000 dilution; Cell Signaling Technology), phosphorylated
Akt (p-Akt, 1:1,000 dilution; Cell Signaling Technology), E2F1
(1:1,000 dilution; Abcam, UK), and GAPDH (1:10,000 dilution;
Proteintech, USA). After incubation with secondary antibodies
(1:5,000 dilution; Jackson ImmunoResearch, PA, USA), the protein
bands were visualized by chemiluminescence using a GE Amer-
sham Imager 600 (GE Healthcare, USA).

TCGA Dataset Analysis

The data and the corresponding clinical information of patients were
collected from TCGA database (https://www.cancer.gov/about-nci/
organization/ccg/research/structural-genomics/tcga). We used the
edgeR package of R packages to perform the difference analysis
(https://bioconductor.org/packages/release/bioc/html/edgeR.html)
and used the pheatmap package of R packages to perform the cluster
analysis (https://cran.r-project.org/web/packages/pheatmap/index.
html). The Sva R package was used to remove the batch effect. Genes
with adjusted p values <0.05 and absolute FCs >1.5 were considered
differentially expressed genes. Kaplan-Meier survival curves were
drawn to analyze the relationships between genes and overall survival
in the survival package. The corresponding statistical analysis and
graphics were performed in R software (R version 3.3.2).

Statistical Analysis

All data were processed by GraphPad Prism version 5 software
(GraphPad, San Diego, CA, USA). All experiments were performed
in triplicate, and the results are presented as the mean value ± stan-
dard deviation. Differences between groups were determined by a
paired two-tailed t test. One-way ANOVA or the nonparametric
Kruskal-Wallis test was used to evaluate the relationship between
circFN1 levels and other features.
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