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An increasing amount of evidence shows that circular RNAs (circRNAs) have critical effects on cancer progression
and development; however, the biological function and potential molecular mechanism of circRNAs in hepatocel-
lular carcinoma (HCC) are still unclear. CircRNA sequencing was used to identify differentially expressed circRNAs
between HCC tissue and adjacent normal tissue. We found that circ_0001459 expression was significantly elevated
in HCC tissue and cell lines. Furthermore, in vitro and in vivo functional experiments were carried out to detect
the effects of circ_0001459 on HCC growth and metastasis. Knockdown of circ_0001459 significantly inhibited
the proliferation, migration, and invasion of HCC cells, whereas upregulation of circ_0001459 had the opposite
effect. Moreover, bioinformatics analysis, dual-luciferase reporter assay, RNA immunoprecipitation, and fluores-
cence in situ hybridization assays were used to predict and verify the interaction between circ_0001459, miR-6165,
and the target gene IGF1R. Downregulation of circ_0001459 decreased IGFIR expression and inhibited epithelial-
to-mesenchymal transition, which could be rescued by treatment with a miR-6165 inhibitor. Mechanistically, we
revealed that circ_0001459 could sponge miR-6165 and induce the upregulation of its downstream target IGFIR,
thus significantly promoting the progression of HCC. Therefore, circ_0001459 could be a new potential therapeutic
target for HCC patients.
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Introduction of HCC to identify new effective biomarkers and
therapeutic targets.

In recent years, growing evidence has supported
the biological function of circular RNAs (circ-
RNAs) in the progression of cancers.” CircRNAs
are noncoding RNAs with covalent closed loops
and are abundant, highly conserved, and relatively
stable in the eukaryotic transcriptome.*> It has
been reported that circRNAs can participate in the
regulation of tumor development and progression
through the competitive binding of miRNAs, RNA-
binding proteins, and protein-coding RNAs.® In
addition, a large number of studies have shown that

Hepatocellular carcinoma (HCC) is one of the most
prevalent cancers and a main cause of cancer-
related death worldwide, and its incidence rate and
mortality rate are on the rise.! Although advance-
ments have been made in mechanistic research and
the clinical treatment of HCC, the prognosis of
patients with HCC is still poor, and the 5-year sur-
vival rate is less than 25%.? Hence, it is vital to fur-
ther investigate the specific molecular mechanism
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circRNAs could be used as diagnostic markers and
therapeutic targets for cancers.”” For example, cir-
cREPS2 regulates the RUNX3/B-catenin pathway
by adsorbing miR-558 to inhibit the progression of
gastric cancer, and circREPS2 might be a promis-
ing biomarker and therapeutic target.” CircACTN4
can compete with FUBPI and block the binding
of FUBPI1 with FIR, thereby promoting the tran-
scription of MYC and the progression of breast can-
cer; therefore, circACTN4 might be a new thera-
peutic target.® Circ_0001955 affects the miR-145-
5p/NRAS axis in HCC and could act as a promising
target for the treatment of HCC.? MicroRNAs (mi-
RNAs) are small noncoding RNAs that can directly
regulate the levels of most mRNAs.!? It has been
found that the expression of miR-6165 is downreg-
ulated in cancers and is related to the progression
of cancers.!"'? However, its effect on HCC remains
unclear. Furthermore, insulin-like growth factor 1
receptor (IGFIR) plays a cancer-promoting role in
a variety of cancers, including HCC."**!

In this work, we first identified that circ_0001459
was upregulated in HCC tissue and cell lines and
had vital effects on promoting HCC progression by
binding miR-6165 and upregulating IGF1R expres-
sion. Therefore, our findings provide new insight
into the mechanism of circ_0001459 in HCC pro-
gression and indicate that it might be a promising
therapeutic target for HCC.

Materials and methods

Human tissue samples

Thirty-eight pairs of HCC tissue and adjacent nor-
mal tissue were obtained during surgical resec-
tion. These tissues were stored in liquid nitro-
gen until further analysis. No patients received any
chemotherapy or radiotherapy before the operation
and were confirmed to have HCC by pathological
diagnosis. This study was approved by the ethics
review committee of Nanjing Second Hospital (No.
2020-SL-ky024) and the ethics review committee of
Nanjing Drum Tower Hospital (No. 2013-081-05).
Patients provided written informed consent before
participation.

Cell culture and cell transfection

Human HCC cell lines (HepG2, Huh7, Hep-3B,
SK-HEP-1, and SMMC7721) and the immor-
talized human hepatocyte cell line LO2 were
purchased from the Cell Bank of Chinese Academy

Circ_0001459 regulates the miR-6165/IGF1R axis

of Medical Sciences. The cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco,
Waltham, MA) supplemented with 10% fetal bovine
serum (FBS; Gibco), 100 pg/mL penicillin, and 100
pg/mL streptomycin at 37 °C in 5% CO,. ShRNA
against circ_0001459 (sh-circ), shRNA against
negative control (sh-NC), and pcDNA IGFIR
overexpression plasmid and its control (pcDNA)
were synthesized by GenePharma (China). The
pcDNA-based circ_0001459 overexpression vector
and pcDNA vector were obtained from GENE-
SEED (China). MiR-6165 mimic, negative control
mimic (NC mimic), miR-6165 inhibitor, and
negative control inhibitor (NC inhibitor) were
obtained from RiboBio (China). Lipofectamine®
3000 (Invitrogen) was used for cell transfection.
The sequences of the shRNAs were as follows: sh-
circ_0001459#1: TGGATATTCTAACAGATTG;
sh-circ_0001459#2: TTCTAACAGATTCAGT-
GCT; sh-circ_0001459#3: AACAGATTCAGT-
GCTCAAG; sh-NC: TTCTCCGAACGTGT-
CACGT.

RNA sequencing

Four pairs of HCC tissue and adjacent normal tissue
were randomly selected for RNA sequencing anal-
ysis, which was done by Aksomics (China). RNA
concentration was determined using a Nano Drop
ND-1000. After the total RNA sample was enriched
with oligo dT (rRNA removal), the KAPA Stranded
RNA-Seq Library Prep Kit (Illumina) was used to
construct the library. The dUTP method combined
with subsequent high-fidelity PCR polymerase pro-
cessing was used to synthesize the double-stranded
cDNA in the library construction, so that the
final RNA sequencing library chain has speci-
ficity. An Agilent 2100 Bioanalyzer was used to
determine the library quality, and then the library
was quantified through qPCR. An Illumina HiSeq
4000 sequencer was used to sequence the mixed
library of different samples. Image processing and
basic recognition were carried out through Solexa
pipeline version 1.8 (Off-Line Base Caller software,
version 1.8) software. After removing adapters,
the sequencing quality of reads was evaluated by
FastQC software. FPKM at gene level and transcrip-
tion level was calculated by R software Ballgown.
New gene/transcript predictions were assembled for
each sample through StringTie and compared with
the official annotation information, which were
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obtained by Ballgown calculation. STAR software
was used to compare circRNAs and the reference
genome. Detection of backsplice junction reads and
read count statistics were performed using CIRCex-
plorer2. Differential expression calculation was per-
formed by the R software edge R.

RNA extraction, RNase R treatment, and
gRT-PCR

Total RNA from HCC tissue and cells was extracted
using TRIzol” reagent (Invitrogen). RNase R
(3 U/lg) (Epicentre Biotechnologies) was used to
digest the total RNA (5 ug) at 37 °C for 15 minutes.
qRT-PCR for circRNAs and mRNAs was performed
using a StepOne™ Real-Time PCR System and
SYBR” Green Mix (TaKaRa, Japan). qRT-PCR for
miRNAs was performed using the Mir-X miRNA
First-Strand Synthesis Kit (TaKaRa). All primers in
this study were synthesized by RiboBio. The expres-
sion levels of circRNAs/mRNAs and miRNAs were
normalized to the levels of GAPDH and U6, respec-
tively. Primers are shown in Table S1 (online only).

Cell proliferation assays

A total of 2 x 10* cells from different groups were
inoculated into each well of a 96-well plate, and cell
proliferation was detected by the Cell Counting Kit-
8 (CCK-8; Dojindo) assay. After incubation at 37 °C
for 2 h, the optical density values were measured at
450 nm. For the colony formation test, a total of 500
HCC cells were inoculated into six-well plates and
cultured for 14 days. The cells were fixed with 4%
paraformaldehyde for 15 min and stained with 0.1%
crystal violet solution for 15 minutes.

EdU assay

For the EdU assay, cells from different groups were
cultured with 50 nmol/L EAU (RiboBio) for 2 h and
fixed with 4% formaldehyde. Then, 1 mL of Cell
LightTM EdU Apollo” 488 (RiboBio) was used to
treat the cells. Nuclear staining was performed with
DAPI for 30 minutes. The fluorescence intensity was
measured with an inverted microscope.

Wound healing assay

Cells from different groups were cultured in six-well
plates. In the middle of the well, a scratch was made
with a pipette tip, and then the cells were washed
with PBS. The average distance between the two
sides of the scratch was measured with a caliper to
assess the scratch distance at 0 and 48 hours.
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Cell migration and invasion assays

Transwell analysis was performed by adding cells
to transwell chambers coated with or without
Matrigel” (BD Biosciences). After transfection, the
cells in each group were counted. A total of 5 x
10* cells from different groups were added to 200
L of serum-free medium, mixed, and then added
to the upper chamber of the transwell chamber.
In the invasion test, the upper cavity of the insert
was coated with 50 L Matrigel. After 24 h of cul-
ture, the cells were fixed with 4% paraformaldehyde
and stained with 0.1% crystal violet for 15 minutes.
Finally, five random fields were selected for obser-
vation to quantify the number of cells remaining on
the lower side.

Flow cytometric analysis of the cell cycle
HepG2 cells and Huh7 cells were cultured in
medium without FBS for 12 h and fixed with 70%
ethanol at 4 °C for 6 hours. Then, after washing with
PBS, the fixed cells were incubated with propidium
iodide containing RNase A at room temperature for
30 minutes. Flow cytometry (BD Biosciences) was
used to analyze the stained cells.

RNA fluorescence in situ hybridization
Cy3-labeled probe sequences for circ_0001459 and
FITC-labeled probe sequences for miR-6165 were
synthesized by GENESEED and were used to ana-
lyze the localization of circ_0001459 and its colo-
calization with miR-6165 in HepG2 cells and Huh7
cells. Hybridization was performed overnight by
using circ_0001459 and miR-6165 probes, and all
images were obtained using a laser confocal micro-
scope.

Dual-luciferase reporter gene assay

Fragments of circ_0001459 and IGFIR containing
miR-6165 binding sites were purchased from
RiboBio and named circ_0001459 wild-type
(circ_0001459-WT), IGFIR wild-type (IGFIR-
WT), circ_0001459 mutant-type (circ_0001459-
MUT), and IGF1R mutant-type (IGF1R-MUT).
The WT and MUT fragments were subcloned
into the pGL3 promoter vector (GenePharma).
HepG2 and Huh7 cells were cultured in 24-
well plates and cotransfected with miR-6165
mimic, inhibitor, the relevant negative control,
and circ_0001459-WT/circ_0001459-MUT or
IGF1IR-WT/IGF1R-MUT. Forty-eight hours after
transfection, the luciferase activity was measured
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by a dual-luciferase reporter assay kit (Promega,
Madison, WI).

RNA immunoprecipitation

The RNA immunoprecipitation (RIP) test was per-
formed using the EZ-Magna RIP Kit (Millipore,
Billerica, MA) following the manufacturer’s pro-
tocol. HepG2 and Huh7 cells were collected 48 h
after transfection of miR-6165 mimic or the rele-
vant negative control. The cells were lysed in com-
plete RNA lysis buffer and incubated with mag-
netic beads conjugated with anti-AGO2 antibody
(Abcam, Waltham, MA) or negative control IgG
antibody (Abcam). The beads were then washed,
and the immunoprecipitated RNA was purified and
enriched. The purified RNA was measured by qRT-
PCR.

RNA pull-down assay

About 1 x 107 cells were collected and lysed
in lysis buffer. The lysate was then centrifuged
and the supernatant was mixed with the biotin-
labeled circ_0001459 probe and the negative con-
trol probe (RioBio) at room temperature for 4
hours. Dynabeads™ M-280 Streptavidin (Invitro-
gen) were used for pull-down assay. The Dynabeads
were washed and treated with DNase/RNase-free
solutions, and the probes were incubated with the
streptavidin-coupled Dynabeads at room tempera-
ture for 30 minutes. After the probe-bound Dyn-
abeads were generated, the supernatant was incu-
bated with the coated beads. The mixture was
washed and then disrupted with lysis buffer and
proteinase K. The RNA complexes bound to the
beads were extracted using the RNeasy Mini Kit
(Qiagen) for qRT-PCR assay.

Western blotting

Radioimmunoprecipitation assay lysis buffer (Bey-
otime) was used to extract the proteins from cells
and tissues. The proteins were then separated on
10% sodium dodecyl sulfate polyacrylamide gels
and transferred to polyvinylidene fluoride mem-
branes (Millipore). The membranes were blocked
in 5% nonfat milk for 1 h and incubated with pri-
mary antibodies. The primary antibodies included
those against IGFIR (1:300, Abcam), Akt (1:1000,
Cell Signaling), p-Akt (1:1000, Cell Signaling), P27
(1:1000, Abcam), Bcl-2 (1:800, Abcam), E-cadherin
(1:2000, ProteinTech), N-cadherin (1:2000, Protein-
Tech), vimentin (1:2000, ProteinTech), and GAPDH
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(1:1000, Abcam), which were incubated at 4°C
overnight. Afterward, the membranes were incu-
bated with secondary antibody for 1 hour. Finally,
enhanced chemiluminescence reagent was used to
visualize the protein bands.

Immunohistochemistry

The tumor tissues of nude mice were sectioned
and fixed with 4% paraformaldehyde for 48 hours.
The thickness of the paraffin sections was 5 pwm,
and the sections were deparaffinized. The sections
were blocked with 5% goat serum and then incu-
bated with IGFIR (1:100; Abcam) and Ki-67 (1:200;
Abcam) antibodies. Afterward, the sections were
cultured at 37 °C for 2 h with the secondary anti-
body (1:500; Santa Cruz).

Tumor formation in vivo

Five-week-old male BALB/c nude mice were sub-
cutaneously inoculated in the flank with 1 x 107
stably transfected Huh7 cells (sh-circ_0001459 or
sh-NC). The tumor volume (V) was checked every
5 days before sacrificing the mice and calculated
according to the following formula: V = length
x width? x 0.5. Approximately 25 days later, the
mice were sacrificed, and the tumor tissues were
removed and photographed. In addition, the tumor
tissues were weighed and stored in liquid nitro-
gen until further study. A total of 2 x 10° stably
transfected Huh7 cells (sh-circ_0001459 or sh-NC)
were injected into the tail vein of each mouse, and
a model of lung metastasis was established. After 8
weeks, the mice were sacrificed, and then the lungs
were stained with hematoxylin and eosin. The mice
were maintained, and experiments were carried out
in the specific-pathogen-free Animal Laboratory of
Southeast University. The animal experimental pro-
cedure was approved by the Ethics Committee for
Experimental Animals of Southeast University (No.
20210226002).

Statistical analysis

Statistical analysis was performed using SPSS (IBM,
version 22.0) or GraphPad Prism” (Version 8.0).
Student’s t-test and one-way ANOVA were used to
test the differences between groups. Pearson’s cor-
relation coefficient was used in the correlation anal-
ysis. All data are expressed as the mean =+ standard
deviation of at least three independent experiments,
and P < 0.05 was considered to indicate a statisti-
cally significant difference.
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Figure 1. Circ_0001459 is upregulated in HCC. (A) Heatmap of differentially expressed circRNAs in HCC and adjacent normal
tissues. (B) Relative expression of circRNAs differentially expressed in 10 pairs of HCC and adjacent normal tissues by qRT-PCR.
(C) Relative expression of circ_0001459 in tissues by qRT-PCR. (D) Relative expression of circ_0001459 in HCC tissue at different
TNM stages. (E) Relative expression of circ_0001459 in HCC tissue with or without lymph node metastasis. (F) Relative expression
of circ_0001459 in cell lines by qRT-PCR. (G) The back-splice junction of circ_0001459 was identified by Sanger sequencing. (H)
RNase R digestion was conducted to evaluate the stability of circ_0001459. (I) The expression of circ_0001459 in cytoplasm or
nuclear in HCC cells by gqRT-PCR. (J) The localization of circ_0001459 was detected by FISH. *P < 0.05 and **P < 0.01.

Results

Relative circ_0001459 expression levels in
HCC

To generate the expression profiles of circRNAs
and identify differentially expressed circRNAs in
HCC patients, representative paired HCC tissue
and adjacent normal tissue from four patients were
selected for RNA sequencing. Using the cutoff cri-
teria of fold change >1.5 and P value < 0.05,
183 differentially expressed circRNAs were iden-
tified, of which 94 were upregulated and 89 were
downregulated (Fig. 1A). qRT-PCR analysis was
used to identify the 10 most upregulated circ-
RNAs, and the results indicated that circ_0001459

50

showed the highest upregulation in another 10 sam-
ples of HCC tissue compared with the control tis-
sue (Fig. 1B). Therefore, we selected circ_0001459
for further analysis. To further verify our results,
we increased the number of assessed tissue sam-
ples to 34 pairs and measured circ_0001459 expres-
sion by qRT-PCR. The results showed that the
expression level of circ_0001459 in HCC tissue was
significantly higher than that in adjacent normal tis-
sue (Fig. 1C). The correlation between circ_0001459
expression level and clinicopathological character-
istics in HCC patients is shown in Table S2 (online
only). High expression of circ_0001459 was corre-
lated with tumor differentiation and lymph node
metastasis. In addition, increased circ_0001459
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expression was found in tumor tissues at tumor-
node-metastasis (TNM) stages III-IV versus TNM
stages I-II (Fig. 1D). Circ_0001459 expression was
upregulated in tumor tissues with lymph node
metastasis (Fig. 1E). HCC patients with high
expression of circ_0001459 displayed shorter over-
all survival times than those with low expression
of circ_0001459, according to Kaplan-Meier sur-
vival curve analysis (Fig. S1, online only). More-
over, the expression of circ_0001459 was markedly
increased in HCC cell lines (Huh7, HepG2, Hep3B,
SMMC7721, and SK-HEP-1) compared with nor-
mal LO2 cells (Fig. 1F). The genomic site of
circ_0001459 is shown in Figure 1G, and the spliced
mature sequence length of circ_0001459 is 131 bp.
HepG2 and Huh7 cells were treated with RNase R
exonuclease to verify that circ_0001459 was resis-
tant to RNase R, while NEIL3 mRNA was decreased
significantly after RNase R treatment (Fig. 1H).
Nuclear-cytoplasmic fractionation and RNA flu-
orescence in situ hybridization (FISH) analysis
showed that circ_0001459 was mainly located in the
cytoplasm (Fig. 1I and J). These results suggested
that the expression of circ_0001459 was increased
in HCC and may be involved in the progression of
HCC.

Circ_0001459 promotes the growth, migration,
and invasion of HCC cells

To investigate the biological function of circ_
0001459 in HCC cells, three shRNAs (sh-
circ_0001459#1, sh-circ_0001459#2, and sh-
circ_0001459#3) and an overexpression vector
of circ_0001459 were constructed. We mea-
sured circ_0001459 expression, and the results
revealed that the circ_0001459 expression level
was markedly downregulated and upregulated in
HepG2 and Huh7 cells, respectively, while the
NEIL3 mRNA level did not change (Fig. 2A and
B). Among the shRNAs, sh-circ_0001459#1 had
the best knockdown efficiency, so it was used for
further functional experiments. CCK-8, colony for-
mation, and EdU assays were conducted to assess
cell proliferation, and the results indicated that
the downregulation of circ_0001459 significantly
inhibited cell growth, whereas the upregulation of
circ_0001459 promoted cell proliferation (Fig. 2C-
E). In the wound healing and transwell assays,
the results revealed that circ_0001459 knock-
down reduced the migration and invasion of
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HepG2 and Huh7 cells, while circ_0001459 over-
expression showed the opposite effect (Fig. 2F
and G). Flow cytometry results revealed that
circ_0001459 downregulation induced G1/S phase
arrest, whereas circ_0001459 upregulation showed
the opposite change (Fig. 2H). Taken together,
our results revealed that circ_0001459 exerted a
pro-oncogenic effect in HCC cells.

Circ_0001459 functions as a sponge of
miR-6165

One of the important biological functions of
circRNAs is their role as miRNA sponges. In
this study, circ_0001459 was found to be mainly
enriched in the cytoplasm, so we speculated that
circ_0001459 may play an important biological
role in HCC as a miRNA sponge. To verify our
hypothesis, the potential target miRNAs were pre-
dicted by three bioinformatics databases (Tar-
getScan, miRanda, and RNAhybrid), and a total
of five miRNAs were selected from the overlap
between the three databases: miR-1301-3p, miR-
1914-3p, miR-296-3p, miR-6165, and miR-8069.
The expression changes in the five miRNAs in
response to circ_0001459 knockdown in HepG2
and Huh7 cells were then measured by qRT-
PCR. The results revealed that miR-6165 expres-
sion was the most affected by circ_0001459 down-
regulation (Fig. 3A). Bioinformatic analysis showed
that circ_0001459 contains complementary bind-
ing sites for miR-6165 (Fig. 3B). Dual-luciferase
reporter analysis confirmed that miR-6165 mim-
ics markedly decreased luciferase activity in the
wild-type group, while luciferase activity in the
mutant group was not affected, suggesting that
there may be a direct interaction between miR-
6165 and circ_0001459 (Fig. 3C). An anti-AGO2
RIP assay was performed, and the results revealed
that circ_0001459 and miR-6165 were pulled down
by anti-AGO2 antibody but not IgG (Fig. 3D). An
RNA pull-down assay showed a greater enrichment
of miR-6165 in the biotinylated-circ_0001459 probe
compared with that in the control group (Fig. 3E).
Circ_0001459 and miR-6165 were colocalized in
the cytoplasm of HepG2 and Huh7 cells accord-
ing to FISH analysis (Fig. 3F). In contrast with
circ_0001459, miR-6165 was significantly down-
regulated in HCC cell lines and tissues (Fig. 3G
and H). The expression of miR-6165 was negatively
correlated with the expression of circ_0001459 by

Ann. N.Y. Acad. Sci. 15612 (2022) 46-60 © 2022 The Authors. Annals of the New York Academy of Sciences 51
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



Circ_0001459 regulates the miR-6165/IGF1R axis

>

o

0.5

Relative expression of
circ_0001459

= sh-NC

B sh-circ_0001459#1

= sh-circ_0001459#2
sh-circ_0001459#3

(2]

HepG2

HepG2

= sh-NC 1
~ shirc_0001459#1
~ Mock

circ_0001459

Huh7

cell viability (OD450)

Relative expression of

NEIL3

Huh7

-+ shNC
~ shecirc_0001459#1

~ Mock

circ_0001459

Shen et al.

== Mock = Mock
= sh-NC . 4
= sh-circ_0001459#1 150 ™ circ_0001459 - 1.5 ' circ_0001459
mm sh-circ_0001459#2 k] *x s
sh-circ_0001459#3 g 120 <
Sq S
8g 90 2 10
s L
85 0 53
58 s 32
4
5 2 k]
¢ 1 &
0 0.0
HepG2 Huh7
Mo e ep ul HepG2 Huh?
Sh-NC  sh-circ_0001459#1  Mock circ_0001459 HepG2 Huh?
7 i
= -
o i
W S fu
Em Em
tw £ w
S 8.

HepG2

HepG2

Huh7

HepG2

Huh7

.
Time(hr)

Mock

circ_0001459

EdU incorperation (%)

Relative distance
5

0.5
0.0
O N & >
S EE
& &
2.0 Huh7

Relative distance
5

g & >
S5 N_‘,#‘ ‘oo@s»

S
o’ &
&
&
HepG2
= sh-NC
= A
z
g o
H
§ 2.
) I I
G1 s Gam
Huh7
-
£ oo
fo .
P I
s G2am

61

Huh7

HepG2

Huh7

HepG2

Huh7

sh-NC

O S
S v‘y‘\ @é}‘ S
TS
5 <
& &
‘\S'
B

sh-NC

Mock

3
8

sh-circ_0001459#1 circ_0001459

Huh7

60

40

20

EdU incorperation (%)

sh-circ_0001459#1 Mock circ_0001459 HepG2

Migration

Relative Migration/invasion Ability

Invasion

sh-NC Huh7

= shC = Mock
= shecirc_0001459#1 = circ_0001459

Migration

Invasion

Mock circ_0001459 HepG2
x EE] = Mock
- . oy cie o004z
X . s =
. L
i 5
s S
: il
Ve ) 6 O mm
Huh?
€ 2 = Mock
LE i 50, 8 circ_0001459
. { =T ' N
' Lo
i i, B
: ) il
G s om

Figure 2. Circ_0001459 promotes the growth, invasion, and migration of HCC cells in vitro. (A and B) The effects of knockdown
or overexpression of circ_0001459 in HCC cells were measured using qRT-PCR. (C-E) CCK-8, colony formation, and EdU assays
of HCC cells with circ_0001459 knockdown or overexpression. (F and G) Wound healing and transwell assays showed that invasion
and migration were significantly increased after circ_0001459 overexpression, but inhibited after circ_0001459 knockdown. (H)
Flow cytometry analysis was carried out to determine the changes in the cell cycle profile following circ_0001459 knockdown or
overexpression in HCC cells. *P < 0.05 and **P < 0.01.
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Pearson correlation analysis (Fig. 3I). Overall, these
data suggested that circ_0001459 could act as a
sponge for miR-6165 in HCC.

MiR-6165 reverses the oncogenic effects of
circ_0001459

To verify whether circ_0001459 plays an oncogenic
role by sponging miR-6165, rescue experiments
using miR-6165 mimics or inhibitors were per-
formed. CCK-8, colony formation, and EdU assays
revealed that the miR-6165 inhibitor reversed the
inhibitory effect induced by circ_0001459 down-
regulation in HepG2 cells, whereas miR-6165
mimics counteracted the proliferation-promoting
role of circ_0001459 overexpression in Huh7 cells
(Fig. 4A-C). Wound healing and transwell experi-
ments showed that downregulation of circ_0001459
inhibited cell migration and invasion, and miR-
6165 inhibitor reversed these effects, while over-
expression of circ_0001459 significantly enhanced
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migration and invasion, which could be reversed by
miR-6165 mimics (Fig. 4D and E). In conclusion,
these findings suggested that miR-6165 may play a
vital role downstream of circ_0001459.

IGF1R is a direct target of miR-6165 and is
indirectly regulated by circ_0001459

The target genes of miR-6165 were predicted by
miRanda, DIANA, TargetScan, and miRmap. Mul-
tiple miRNA recognition elements (MREs) for miR-
6165 within the 3'-UTR of the IGFIR gene were
predicted, and four of the MREs (positions 5871,
6628, 7021, and 8652) revealed the best base pair-
ing score and higher protection state compared
with the flanking sequences, underlining their func-
tional importance. A schematic diagram of the base-
pairing of the conserved MREs with miR-6165 is
shown in Figure 5A. Dual-luciferase reporter analy-
sis was then conducted. The results verified that the
luciferase activity of the vector carrying the IGF1R
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wild-type 3" untranslated region (3'-UTR-WT) was
significantly decreased by miR-6165 mimics, while
the luciferase activity in the IGF1R mutant 3'-UTR
(3'-UTR-MUT) group was not affected (Fig. 5B).
The qRT-PCR results showed that the expression
of IGFIR was increased significantly in HCC cells
and tissues (Fig. 5C). Pearson correlation analysis
indicated that the expression of IGFIR was nega-
tively correlated with the expression of miR-6165,
as detected by qRT-PCR in 34 paired HCC and nor-
mal tissues (Fig. 5D). In addition, qRT-PCR and
western blot assays showed that miR-6165 mimics
decreased the expression of IGF1R, while miR-6165
inhibitor increased the expression of IGFIR in HCC
cells (Fig. 5E and F). Western blot analysis showed
that after circ_0001459 knockdown, the expres-

sion levels of IGFIR, p-Akt, Bcl-2, N-cadherin,
and vimentin were significantly decreased, and
the expression levels of p27 and E-cadherin were
markedly increased (Fig. 5G). In contrast, overex-
pression of circ_0001459 had the opposite effect
on the expression of these proteins (Fig. 5G). The
decrease or increase in IGF1R expression caused
by circ_0001459 downregulation or upregulation
could be reversed by miR-6165 inhibitor or mimics,
respectively (Fig. 5G).

IGF1R overexpression reverses circ_0001459
knockdown-induced inhibition of the growth,
migration, and invasion of HCC cells

Since IGFIR is a downstream target of miR-
6165 and circ_0001459, we further determined
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**P < 0.01.

whether circ_0001459 and IGFIR are function-
ally related. HepG2 and Huh7 cells were cotrans-
fected with sh-circ_0001459#1 (or sh-NC) and
the lentiviral vector expressing IGFIR (or con-
trol vector). We found that IGFIR overexpression
markedly reversed the circ_0001459 knockdown-
induced reduction of IGF1R expression in HepG2
and Huh?7 cells (Fig. 6A). Using CCK-8, colony for-
mation, EdU, wound healing, and transwell assays,

we demonstrated that IGFIR overexpression could
promote the proliferation, migration, and invasion
of HepG2 and Huh?7 cells, and we further observed
that IGFIR overexpression could largely block
the inhibition of malignant biological behavior
after circ_0001459 knockdown (Fig. 6B-F). Alto-
gether, these results suggested that circ_0001459
was involved in HCC progression mainly through
targeting IGF1R.
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Figure 7. Circ_0001459 promotes tumor growth and lung metastasis in vivo. (A) Xenograft tumors in a mouse model of HCC.
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Circ_0001459 promotes tumor growth and
lung metastasis in vivo

To reveal the role of circ_0001459 in vivo,
circ_0001459-knockdown Huh?7 cells and negative
control cells were injected into the flanks of BALB/c
nude mice. The results indicated that circ_0001459
downregulation reduced the tumor size and weight
of mice (Fig. 7A-C). In addition, circ_0001459 and
IGFIR expression levels were decreased, whereas
the miR-6165 level was increased in tumor tissues
from the sh-circ_0001459 group compared with
the sh-NC group (Fig. 7D). Western blot anal-
ysis showed that IGFIR, N-cadherin, vimentin,

Ann. N.Y. Acad. Sci. 1512 (2022) 46-60 © 2022 The Authors. Annals o

and Bcl-2 expression levels were decreased, while
the E-cadherin expression level was increased in
the sh-circ_0001459 group compared with the
sh-NC group (Fig. 7E). The IGF1R and Ki-67
expression levels in tumor tissue collected from
the sh-circ_0001459 group were decreased com-
pared with those in the sh-NC group, and the
sh-circ_0001459 group showed more apoptotic
cells (Fig. 7F). After 8 weeks, the mice were euth-
anized, and their lung tissue was collected for
study. The mouse lungs of the sh-circ_0001459
group had fewer metastatic foci than those of the
sh-NC group (Fig. 7G). In conclusion, our results
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revealed that the circ_0001459/miR-6165/IGF1R
pathway promotes the progression of HCC
(Fig. 7H).

Discussion

It is generally believed that circRNAs have cru-
cial effects on regulating genes in human cancers.'®
Therefore, understanding the biological roles of
circRNAs has become of great interest. For example,
circ_0000337 promotes the cisplatin resistance of
esophageal cancer via the miR-377-3p/JAK2 path-
way, which might be a potential therapeutic tar-
get of esophageal cancer.!” Circ_100146 acts as a
tumor promoter in prostate cancer via the miR-615-
5p/TRIP13 axis.'® Circ_0089823 regulates SOX4
by sponging miR-507, miR-557, miR-579-3p, and
miR-1287-5p, thereby enhancing the progression
of non-small-cell lung cancer."” Additionally, circ-
RNAs are associated with HCC. For instance, circ-
RASGREF2 accelerates HCC progression by spong-
ing miR-1224 to upregulate FAK expression.?’
Circ_0014717 may be a promising biomarker for
HCC through the miR-668-3p/BTG2 pathway.?!
CircFAM13B promotes the progression of HCC via
the miR-212/E2F5 axis and activates the P53 axis.**
Has_circ_0016788 regulates the proliferation and
glycolysis of HCC by sponging miR-506-3p and
upregulating PARP14.%

In this study, we found that circ_0001459 was sig-
nificantly enhanced in HCC tissue and cells com-
pared with normal control tissue. To reveal the role
of circ_0001459 in HCC, HepG2 cells and Huh7
cells with loss of circ_0001459 expression (mediated
by sh-circ_0001459 transfection) were designed,
and the effects on the malignant biological function
of the cells were examined. The cells with down-
regulated circ_0001459 expression showed obvious
deceases in proliferation, migration, and invasion.
Huh?7 cells transfected with sh-circ_0001459 were
injected subcutaneously into nude mice via the cau-
dal vein. The results revealed that the tumors were
significantly smaller in terms of volume and weight
and that the number of pulmonary nodules was
reduced in the knockdown group versus the control
group. These data suggested that circ_0001459 plays
an important regulatory role in HCC. Many studies
have reported that circRNAs can be used as com-
peting endogenous RNAs (ceRNAs) in the occur-
rence and progression of human cancers. The role of
circRNAs in regulating miRNAs has been an active

Shen et al.

area of research in recent years. miR-6165 is pre-
dicted to be a target of circ_0001459. miR-6165 can
inhibit the migration and invasion of gastric cancer
by regulating STRN4.!! miR-6165 is a tumor sup-
pressor in colorectal cancer that can regulate IGFIR
expression.!> The close interaction between miR-
6165 and circ_0001459 was confirmed in HCC cells;
miR-6165 inhibitor was found to reverse the func-
tional changes in HCC cells caused by circ_0001459
knockdown.

IGFIR is an important signaling molecule
involved in many tumor processes.?*"2® For exam-
ple, long noncoding RNA SNHGI1 facilitates
prostate cancer progression by upregulating IGF1R
expression.”’ IGFIR increases the proliferation
and glycolysis of pancreatic cancer.”® HOXB13
accelerates gastric cancer cell migration and inva-
sion by upregulating the expression of IGFIR.*
IGFIR is activated through miR-122 downregula-
tion, resulting in activation of the RAS/RAF/ERK
pathway in HCC.*® Based on these data, we exam-
ined the expression of IGF1R in HCC tissues and
cells. There was a positive correlation between
IGFIR and circ_0001459. In HepG2 and Huh?7
cells, the deletion of circ_0001459 greatly inhibited
the expression of IGFIR. miR-6165 can interact
directly with IGFIR by binding to the 3’-UTR of
IGFIR. Previous studies have shown that circ-
RNAs, as miRNA sponges, regulate the expression
of tumor regulatory genes through the circRNA-
miRNA-mRNA axis."””" In our study, we found
that circ_0001459 sponged miR-6165 to regulate
the expression of IGF1R in HCC. Some circRNAs
can accumulate in the nucleus and bind to linear
transcripts of parental genes to regulate mRNA
translation.’® Furthermore, some circRNAs can
be translated into proteins to play key biological
functions.*” Attention should be focused on the
detailed functional mechanism of circ_0001459
in HCC in future studies. Moreover, these stud-
ies should include more HCC clinical samples
and HCC cell lines. Other specific circRNAs and
their detailed mechanisms in HCC also need to
be further studied. In conclusion, we found that
circ_0001459 was upregulated in HCC and sponged
miR-6165 to increase IGF1R expression. The dele-
tion of circ_0001459 could markedly inhibit the
progression of HCC cells by targeting the miR-
6165/IGF1R axis. Our results identified a new
therapeutic target for HCC.
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