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Background: Circular RNAs (circRNAs) have been implicated in the progression and
chemoresistance development of hepatocellular carcinoma (HCC). However, the precise
parts of circ_ 0031242 in HCC chemoresistance are still not fully understood.

Methods: The levels of circ 0031242, miR-924 and POU class 3 homeobox 2 (POU3F2)
were detected by quantitative real-time polymerase chain reaction (qQRT-PCR) assay or
Western blot analysis. ICsq value for cisplatin (DDP) and cell viability were measured by
the cell counting kit-8 (CCK-8) assay. Cell migration, invasion and apoptosis were assessed
by transwell assay and flow cytometry, respectively. Targeted correlations among
circ 0031242, miR-924 and POU3F2 were verified by the dual-luciferase reporter and
RNA immunoprecipitation (RIP) assays.

Results: Our data revealed that circ 0031242 was associated with HCC resistance to DDP.
The silencing of circ 0031242 diminished DDP resistance, suppressed cell viability, migra-
tion, invasion and promoted apoptosis of DDP-resistant HCC cells (Huh7-R and SNU-387-
R) in vitro, as well as enhanced DDP sensitivity in vivo. Mechanistically, circ 0031242
directly interacted with miR-924 by binding to miR-924. Moreover, miR-924 was
a downstream effector of circ_0031242 function. POU3F2 was a direct target of miR-924,
and miR-924 overexpression regulated DDP-resistant HCC cell progression and DDP resis-
tance by down-regulating POU3F2. Furthermore, circ_0031242 modulated POU3F2 expres-
sion through sponging miR-924.

Conclusion: Our findings identified that circ 0031242 functioned as an important regulator
in DDP-resistant HCC cell progression and DDP resistance through the miR-924/POU3F2
axis, illuminating circ_0031242 as a potential therapeutic target for the chemoresistant HCC.
Keywords: HCC, chemoresistance, circ_0031242, miR-924, POU3F2

Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignancies
worldwide.' Significant improvement has recently been achieved in the prevention,
detection and therapy of HCC.? However, the development of chemoresistance has
become a major problem in successful HCC treatment.®> A clearer understanding of
the molecular basis of HCC chemoresistance will provide a novel opportunity to
develop better therapeutic interventions.

Circular RNAs (circRNAs) are covalently closed biomolecules that have been
implicated in normal development and human diseases.* Some circRNAs have been

recently identified as important regulators in HCC chemoresistance by functioning
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as sponges of microRNAs (miRNAs).” Li et al showed
that circRNA F-box protein 11 (circFBXO11) enhanced
oxaliplatin resistance of HCC by sequestering miR-605.°
Luo et al demonstrated that circ 101505 regulated HCC
cell resistance to cisplatin (DDP) by working as a miR-103
sponge.” As for circRNA protein arginine methyltransfer-
ase 5 (circ PRMTY), it was reported to enhance the malig-
nant progression of gastric cancer and non-small cell lung
circ PRMTS5 called
circ_0031242) was overexpressed in HCC and functioned

cancer.>”  Moreover, (also
as a potential driver in HCC tumorigenesis by sponging
miR-l88—5p.10 Nevertheless, the critical, detailed roles of
circ_ 0031242 in HCC chemoresistance are still not fully
understood.

Emerging evidence has demonstrated the crucial invol-
vement of miRNAs in the chemoresistance of HCC.'""'?
Previous work identified miR-924 as a tumor suppressor in
HCC." The study also highlighted the involvement of
miR-924 in the competing endogenous RNA (ceRNA)
network. A previous report showed that POU class 3
homeobox 2 (POU3F2) was overexpressed in HCC tissues
and served as a tumor driver of HCC.'* Of interest, com-
putational algorithms (Circlnteractome and TargetScan)
predicted two putative complementary regions among
circ_0031242, miR-924 and POU3F2, hinting a potential
ceRNA regulatory network in HCC chemoresistance.

Here, we sought to identify the precise parts of
circ 0031242 in HCC chemoresistance. Aiming to this
goal, we established two DDP-resistant HCC cell lines.
Focusing on the molecular basis mediated by
circ_ 0031242, we further investigated whether the miR-
924/POU3F2 axis was involved in circ_0031242-mediated
regulation in DDP-resistant HCC cell progression and
drug resistance.

Materials and Methods

Clinical Specimens and Cells

The subjects of the human study were 30 primary patients
with HCC and 30 recurrent HCC patients after treatment
with DDP-based chemotherapy at the Third Affiliated
Hospital of Shandong First Medical University. The Ethics
Committee of the Third Affiliated Hospital of Shandong
First Medical University approved the study protocol and
all subjects gave informed consent. Tumor specimens were
obtained from all subjects and 30 adjacent noncancerous
hepatic tissues were collected from random 30 patients. All
clinical specimens were stored at —80°C to measure

circ 0031242, miR-924 and POU3F2 expression using
quantitative real-time polymerase chain reaction (qRT-
PCR) assay and Western blot analysis. This study was
carried out in accordance with the Declaration of Helsinki.

Human THLE-2 hepatocyte cells, Huh7 and SNU-387
hepatoma cells (Bnbio, Beijing, China) were cultivated at
37°C in 5% CO,. Bronchial epithelial cell growth medium
(BEGM, Lonza, Basel, Switzerland) was used for the
cultivation of THLE-2 cells, and Dulbecco’s modified
cagles medium (DMEM, Lonza) was used for Huh7 and
SNU-387 cells. The culture media was also supplemented
with 10% fetal calf serum (FCS, Lonza) and 1% antibio-
tics (penicillin/streptomycin, Lonza).

The two DDP-resistant HCC cells (Huh7-R and SNU-
387-R) were generated by exposing the corresponding
parental cells to gradually increasing concentrations of
DDP (Selleck, Shanghai, China) over 10 months as
reported'” with minor modifications. An additional 2 pg/
mL of DDP was added in the culture media to maintain the
resistance phenotype. The level of DDP resistance was
evaluated by the cell counting kit-8 (CCK-8) assay.

Cell Transfection

Chemical siRNA specific to circ 0031242 (si-circ_0031242,
5-AAUUCCAAGGUGCAAUAGCGG-3') or the nontarget
siRNA (si-NC, 5-GGUACACCCUCCAUGGUAAUU-3'),
miR-924 mimic (5-CGUUCUGUAGUGUUCUGAGA-3")
or a scrambled nontarget sequence (miRNA NC mimic, 5'-
UUCUCCGAACGUGUCACGUTT-3’), and the inhibitor of
miR-924 (miR-924 inhibitor, 5-UCUCAGAACACUAC
AGAACG-3') or its negative control sequence (inhibitor NC,
5'-CAGUACUUUUGUGUAGUACAA-3") were obtained
from Ribobio (Guangzhou, China). The sequence of
POU3F2 (Accession: NM_005604.4) was amplified by PCR
and cloned into pcDNA3.1(+) plasmid (Bnbio) with BamH
I and Xho I restriction sites to create POU3F2 overexpressing
plasmid (pc-POU3F2), with a nontarget plasmid as the nega-
tive control (pc-NC). After reaching ~50% confluence, Huh7-
R and SNU-387-R cells were transiently transfected with 50
nM of the indicated oligonucleotide and 100 ng of plasmid
using Lipofectamine 3000 reagent (Invitrogen, Bleiswijk, the
Netherlands). Forty-eight hours post-transfection, the cells
were harvested for further analysis.

gRT-PCR

Total RNA was isolated from tissue specimens and cul-
tured cells by using a modified Trizol co-purification
technique.'® The levels of circ 0031242 and POU3F2
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mRNA were quantified using PrimeScript™ One-Step TB
Green® RT-PCR Kit (TaKaRa, Dalian, China) in a 20 pL
of reaction containing 100 ng of total RNA with primers
specific for circ_0031242: 5'-TACCATTGGCCTCTAGCC
CT-3' (forward) and 5'-CAAGGGGAATCACAGCCCAT
-3" (reverse), or POU3F2: 5-TGGGATTTACCCAAGCG
GAC-3' (forward) and 5-CGCCTGCAAAGGTCAA
AACA-3' (reverse). Quantification of miR-924 was carried
out using miRCURY LNA™ Universal RT miRNA PCR
(Exiqon, Denmark) with primer for miR-924: 5'-
TCTTCTCTGTTTTGGCCA-3"  (forward) and 5'-
GAACATGTCTGCGTATCTC-3' (reverse). Each reaction
was individually run on a 480 II Light Cycler (Roche,
Basel, Switzerland) in triplicate. Results were calculated
using the 272" method and normalized based on the
expression of f-actin: 5-CTCGCCTTTGCCGATCC-3’
(forward) and 5-GGGGTACTTCAGGGTGAGGA-3’
(reverse), or U6: 5-CTCGCTTCGGCAGCACATATACT
-3’ (forward) and 5-ACGCTTCACGAATTTGCGTGTC
-3’ (reverse). Reactions were incubated for 10 min at 95°
C, and then for 40 cycles at 94°C for 15 s, and 60°C for
60 s.

Measurement of ICsy Value of DDP and
Cell Viability

The ICsq values of DDP and cell viability were determined
by the colorimetric CCK-8 assay.'’ For ICs, value mea-
surement, transfected cells (1 x 10* per well) were plated
in 96-well plates and exposed to various concentrations
(0.5,1,2,4,8, 16,32, 64 and 128 ng/mL) of DDP. For cell
viability detection, transfected cells were plated in 96-well
plates at 5 x 10° per well. After 24 h, CCK-8 solution was
added in each well based on the protocols of manufac-
turers (Abcam, Cambridge, UK). The number of viable
cells was proportional to the absorbance which could be
measured by a microplate reader at 460 nm.

Transwell Migration and Invasion Assay

Transwell inserts for 24-well plates (8.0 um-pore mem-
brane, Corning, Tewksbury, MA, USA) were used for
transwell migration assays. To measure cell invasion, the
transwell inserts were precoated with Matrigel (BD
Biosciences, Oxford, UK). Transfected cells in serum-
free media were plated onto the top of the insert mem-
branes at 2.5 x 10 cells for migration assays and 5 x 10*
cells for invasion assays. 500 puL of culture medium con-
taining 10% FCS was added into the bottom of the lower

chamber as a chemoattractant. The wells were fixed with
70% ethanol and stained with 0.5% crystal violet after 24
h incubation at 37°C. Underneath a microscope (Leica,
Wetzlar, Germany) at 100x magnification, the number of
cells in five random fields was counted to get an average

of cells that had traversed the membrane insert.

Determination of Cell Apoptosis

Cell apoptosis was determined by flow cytometry on an
ECSCalibur (BD Biosciences). Transfected cells (2.5 x
10°) were double-stained with 5 uL of fluorescein isothio-
cyanate (FITC)-labeled Annexin V and 5 pL of propidium
iodide (PI, 50 pg/mL) as per manufacturing recommenda-
tion (Pharmingen, San Diego, CA, USA). A total of
10,000 events were analyzed per sample by the Cell
Quest software (BD Biosciences) and results were
expressed as a percentage of total cell number.

Western Blot

Western blot was carried out using standard protocols as
reported.'® Total protein isolated with ice-cold RIPA lysis
buffer (EpiZyme, Shanghai, China) were fractionated on
4-12% Bis-Tris gels (Invitrogen), blotted on polyvinyli-
dene fluoride membranes (Corning) and then blocked with
5% non-fat milk. Antibodies against P-glycoprotein (P-gp,
ab235954), multidrug resistance-associated protein 1
(MRP1, ab225885), POU3F2 (abl137469), Bcl-2
(ab182858), Bax (ab32503), B-catenin (ab32572), c-myc
(ab32072) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, ab22555) were used as primary antibody as per
the directions of manufacturers (Abcam). Horseradish per-
oxidase-conjugated anti-rabbit IgG antibody (ab97057)
was used as the secondary antibody. Immunoreactive pro-
teins were visualized by Enhanced Chemiluminescence
(Millipore, Shanghai, China) and analyzed using Multi-
Gauge software (Fuyjifilm, Tokyo, Japan).

Generation of Stable circ_0031242
Knockdown Cell Line

Lentiviruses encoding shRNA-circ 0031242 (sh-circ
- 0031242) or a nontarget shRNA (sh-NC) were obtained
from Ribobio. Huh7-R cells were infected with the lenti-
viruses in media containing 8 pg/mL polybrene. The cells
with positive transduction were selected by puromycin (1
pg/mL) more than 3 days.
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Animal Studies

In this study, 4-6-week-old female BALB/c nude mice
were purchased from Vital River Laboratory Animal
Technology Co., Ltd (Beijing, China) and divided into 4
groups (n = 6 per group): PBS, DDP, DDP+sh-NC or DDP
+sh-circ_0031242. About 2 x 10° sh-NC-infected, sh-circ
_0031242-transduced or un-transduced Huh7-R cells were
subcutaneously implanted into the left flank of 4-6-week-
old female BALB/c nude mice (6 mice per group, Vital
River Laboratory, Beijing, China). After one week of
implantation, DDP administration (3 mg/kg) was con-
ducted every 4 days by intraperitoneal injection. Tumor
growth was periodically assessed by calculating tumor
volume as follows: volume = length x width?/2. In the
end, tumor tissues were harvested from all sacrificial mice.

Dual-Luciferase Reporter Assay

The miRNAs that potentially bind to circ 0031242 were
searched using the CircInteractome online tool (https://circin
teractome.nia.nih.gov/mirna target sites.html), and the puta-

tive targets of miR-924 were predicted by the TargetScan
software (http://www.targetscan.org/vert 71/?tdsourcetag=s

pcqq_aiomsg). The fragments of circ_ 0031242 and POU3F2
3'UTR containing the miR-924-pairing region or miss-
matched miR-924-binding sites were individually inserted
into the pmirGLO plasmid (Promega, Mannheim, Germany).
Huh7-R and SNU-387-R cells were seeded at 1 x 10° cells per
well into 24-well plates 24 h before transfection with 200 ng of
each reporter construct and 50 nM of miR-924 mimic or
negative control using Lipofectamine 3000 reagent. The
ratio of Renilla/firefly luciferase was determined with the
Promega Dual-luciferase assay using 20 pL of cell lysates.

RNA Immunoprecipitation (RIP) Assay
RIP assays were done on Huh7-R and SNU-387-R cells
with anti-Argonaute2 (anti-Ago2) or anti-IgG antibody as
recommended by the manufacturers (Millipore). Cell
lysates were incubated with magnetic beads-coupled the
above antibodies at 4°C for 4-6 h. Total RNA from the
beads was isolated to quantify the enrichment levels of
circ_0031242 and miR-924 by qRT-PCR as above.

Statistical Analysis

Data were analyzed for quantitative variables using
a Student’s t-test (two-tailed) or analysis of variance
(ANOVA) followed by Tukey-Kramer post hoc test. The
Mann—Whitney U-test was used to analyze the differences

of gene expression in clinical specimens. Pearson’s rank
correlation was used to test the correlations among
circ 0031242, miR-924 and POU3F2 in DDP-resistant
HCC tissues. All analyses were conducted using the
GraphPad Prism 7 (GraphPad Inc., La Jolla, CA, USA).
Data were presented as the mean + standard deviation with
at least three times of independent experiments and were
interpreted statistically significant as P less than 0.05.

Results
Overexpression of circ_0031242 Was
Associated with DDP Resistance in HCC

To examine whether circ_ 0031242 was involved in DDP
resistance of HCC, we firstly determined its expression
pattern in the tumor samples from primary patients (DDP-
sensitive) and recurrent patients after treatment with DDP-
based chemotherapy (DDP-resistant). As demonstrated by
gqRT-PCR,
sequence and structural representation were provided in

the expression of circ 0031242 (mature

Supplement Figure 1) was remarkably increased in HCC

tissues compared to the normal controls (Figure 1A).
HCC patients had a higher
circ_ 0031242 level than primary patients (Figure 1A).

Moreover, recurrent
Moreover, circ_ 0031242 was dramatically up-regulated
in HCC cell lines compared with the THLE-2 cells, and
it was higher in DDP-resistant HCC cells than that in their
parental cells (Figure 1B). Additionally, by contrast, the
ICsy value of DDP was significantly elevated in DDP-
resistant HCC cells (Huh7-R and SNU-387-R, Figure 1C).

Silencing of circ_0031242 Mitigated DDP
Resistance, Suppressed Cell Viability,
Migration, Invasion, and Enhanced
Apoptosis in Huh7-R and SNU-387-R
Cells

To determine the biological effect of circ 0031242 on the
malignant behaviors of DDP-resistant HCC cells, we per-
formed “phenocopy” silencing by siRNA that direct targets
circ_0031242. Transient transfection of si-circ_0031242, but
not the scrambled sequence control, prominently down-
regulated the expression of circ_0031242 in both Huh7-R
and SNU-387-R cell lines (Figure 2A). In contrast to the si-
NC control, circ 0031242 knockdown led to a significant
decrease in the ICsy values of DDP (Figure 2B). Functional
experiments revealed that the silencing of circ 0031242
caused a prominent repression in cell viability (Figure 2C),
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Figure | Circ_0031242 was overexpressed and associated with DDP resistance in HCC. The expression of circ_0031242 by qRT-PCR in 30 healthy hepatic tissues, HCC
tissues from 30 primary patients (DDP-sensitive) and 30 recurrent patients after treatment with DDP-based chemotherapy (DDP-resistant) (A), THLE-2, Huh7, SNU-387,
Huh7-R and SNU-387-R cells (B). (C) The ICs, value of DDP by CCK-8 assay in Huh7, SNU-387, Huh7-R and SNU-387-R cells. *P < 0.05 by a two-tailed Student’s t-test or

ANOVA followed by Tukey-Kramer post hoc test.

migration (Figure 2D), invasion (Figure 2E), as well as
a striking enhancement in cell apoptosis (Figure 2F).
Moreover, in comparison to the negative control,
circ 0031242 silencing resulted in reduced levels of multi-
drug resistance-associated proteins MRP1 and P-gp in the
two DDP-resistant HCC cell lines (Figure 2G). Additionally,
the silencing of circ 0031242 significantly reduced anti-
apoptotic protein Bcl-2 expression and elevated pro-
apoptotic Bax protein level in both Huh7-R and SNU-387-

R cell lines (Supplement Figure 2A and B).

Silencing of circ_0031242 Enhanced DDP
Sensitivity in vivo

We then elucidate whether circ 0031243 could modulate
DDP sensitivity in vivo. Strikingly, DDP administration
led to a diminishment of tumor growth compared with
control group (Figure 3A—C). Moreover, simultaneous sh-
circ 0031242 transduction and DDP treatment caused
a more significant repression in tumor growth (Figure
3A—C). Additionally, DDP treatment resulted in increased
expression of circ_0031242, and this effect was abolished
by sh-circ_ 0031242 in the xenograft tissues (Figure 3D).

Circ_0031242 Directly Interacted with
miR-924

In order to further understand the role of circ 0031242, we
performed a detailed analysis for its targeted miRNAs using
the CircInteractome online web (https://circinteractome.nia.

nih.gov/mirna target sites.html). Among these candidates,

we selected 6 miRNAs that were associated with HCC
tumorigenesis, and our data showed that miR-924 was the
most significantly up-regulated miRNA in si-circ_0031242-
transfected DDP-resistant cells (Supplement Figure 3A and

B). CircInteractome online tool predicted that circ 0031242
harbored a target sequence (AGACUC) for miR-924
(Figure 4A). When we cloned the circ_0031242 segment
the
a luciferase plasmid, the cotransfection of the luciferase
reporter (circ 0031242 WT) and miR-924 mimic into the
two DDP-resistant HCC cell lines produced lower luciferase

containing putative miR-924-pairing sites into

activity than cells cotransfected with miRNA NC control
(Figure 4B and C). However, the mutation of the target
sequence (circ_0031242 MUT) dramatically abolished the
repressive impact of miR-924 (Figure 4B and C). RIP
showed that of
circ_ 0031242 and miR-924 were synchronously elevated

experiments the enrichment levels
by anti-Ago2 antibody (Figure 4D and E), demonstrating
their potential endogenous interaction. Of interest, miR-924
level was lower in HCC group than that in normal control
group (Figure 4F and G). Moreover, in contrast to the DDP-
sensitive counterparts, miR-924 expression was promi-
nently decreased in DDP-resistant tissues and cells (Figure
4F and G). Additionally, a strong inverse correlation
between miR-924 and circ 0031242 level was found in
DDP-resistant tissues (Supplement Figure 4A). We then
evaluated whether circ 0031242 influenced miR-924
expression in the two DDP-resistant cell lines. The transfec-

tion efficiency of miR-924 inhibitor was gauged by qRT-
PCR (Figure 4H). In comparison to their counterparts, the
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Figure 2 Circ_0031242 knockdown declined DDP resistance, cell viability, migration, invasion and accelerated apoptosis in Huh7-R and SNU-387-R cells. Huh7-R and SNU-
387-R cells were transfected with si-NC or si-circ_0031242. (A) Circ_0031242 expression by gqRT-PCR in transfected cells. (B) The ICsq value of DDP in transfected cells by
CCK-8 assay. (C) Cell viability by CCK-8 assay. (D and E) Cell migration and invasion by transwell assay. (F) Cell apoptosis by flow cytometry. (G) The levels of MRPI and

P-gp in transfected cells by Western blot. *P < 0.05 by a two-tailed Student’s t-test.

transfection of si-circ 0031242 led to a striking up-
regulation in miR-924 expression, and this effect was dra-
matically reversed by miR-924 inhibitor (Figure 41).

Regulatory Impact of circ_0031242
Silencing on Cell DDP Resistance,
Viability, Migration, Invasion, and
Apoptosis Was Reversed by miR-924

Down-Regulation
We then asked whether miR-924 was involved in the
regulation of circ_0031242 knockdown on DDP-resistant

HCC cell behaviors. To address this, Huh7-R and SNU-
387-R cells were cotransfected with si-circ_0031242 and
miR-924 inhibitor. By contrast, si-circ_0031242-mediated
ICso decrease was remarkably abated by miR-924 knock-
down (Figure 5A). Moreover, circ_0031242 silencing-
mediated viability repression (Figure 5B), migration inhi-
bition (Figure 5C), invasion reduction (Figure 5D) and
apoptosis enhancement (Figure 5E) were dramatically
abolished by the down-regulation of miR-924.
Additionally, the reduced impact of circ 0031242 silen-
cing on MRP1 and P-gp expression was strikingly abro-
gated by miR-924 inhibitor (Figure 5F).
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Figure 3 Circ_0031242 knockdown enhanced DDP resistance of Huh7-R cells in vivo. Representative pictures after 4 weeks implantation (A) and growth curves (B) of the
xenograft tumors formed by sh-NC-infected, sh-circ_0031242-transduced or un-transduced Huh7-R cells under DDP or PBS treatment. Tumor average weight (C) and
circ_0031242 level by qRT-PCR (D) of xenograft tumors formed by sh-NC-infected, sh-circ_0031242-transduced or untransduced Huh7-R cells under DDP or PBS
treatment, on 4 weeks after implantation. *P < 0.05 by ANOVA followed by Tukey-Kramer post hoc test.

POU3F2 Was Directly Targeted by
miR-924

To identify the downstream targets of miR-924, we used
the software TargetScan. Among these candidates, we
selected 6 genes that were involved in HCC carcinogen-
esis. Our data showed that POU3F2 mRNA expression
was the most significantly down-regulated in Huh7-R and
SNU-387-R cells transfected with miR-924 mimic
(Supplement Figure 3C and D). To identify the direct

relationship between miR-924 and POU3F2, we gener-
ated the POU3F2 3'UTR wild-type (POU3F2-3'UTR
WT) or mutant-type luciferase reporter (POU3F2-3'UTR
MUT) (Figure 6A) and tested them in dual-luciferase
reporter assays. Transient transfection of POU3F2-
3'UTR WT in the presence of miR-924 mimic caused
a prominent reduction of luciferase activity, and this

effect was completely abrogated by the mutation of the
miR-924-pairing sequence (Figure 6B and C). POU3F2
was overexpressed in HCC tissues and cells compared
with the normal controls, and a more distinct up-
regulation of POU3F2 was found in DDP-resistant HCC
tissues and cells (Figure 6D-F). In addition, in DDP-
resistant HCC tissues, POU3F2 mRNA expression was
inversely correlated with miR-924 level and positively
correlated with circ_ 0031242 expression (Supplement
Figure 4B and C). Western blot data revealed that
POU3F2 overexpressing plasmid (pc-POU3F2) induced
a significant up-regulation of POU3F2 protein level in
both Huh7-R and SNU-387-R cell lines (Figure 6G).
More importantly, the transfection of miR-924 mimic
resulted in decreased POU3F2 expression, and this effect
was remarkably abolished by pc-POU3F2 (Figure 6H).
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Figure 4 Circ_0031242 directly interacted with miR-924 through pairing to miR-924. (A) Schematic of the putative miR-924-pairing sites within circ_0031242 identified by
CircInteractome online tool and the mutation in the target region. (B and C) Relative luciferase activity in Huh7-R and SNU-387-R cells cotransfected with circ_0031242
wild-type (circ_0031242 WT) or mutant-type (circ_0031242 MUT) luciferase reporter constructs and miR-924 mimic or miRNA NC mimic. (D and E) The enrichment
levels of circ_0031242 and miR-924 in cell lysates incubated with anti-Ago2 or anti-IgG antibody. The expression of miR-924 by qRT-PCR in 30 healthy hepatic tissues, HCC
tissues from 30 primary patients (DDP-sensitive) and 30 recurrent patients after treatment with DDP-based chemotherapy (DDP-resistant) (F), THLE-2, Huh7, SNU-387,
Huh7-R and SNU-387-R cells (G), Huh7-R and SNU-387-R cells transfected with inhibitor NC or miR-924 inhibitor (H), Huh7-R and SNU-387-R cells transfected with si-
NG, si-circ_0031242, si-circ_0031242+inhibitor NC or si-circ_0031242+miR-924 inhibitor (I). *P < 0.05 by a two-tailed Student’s t-test or ANOVA followed by Tukey-
Kramer post hoc test.
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Figure 5 The regulatory impact of circ_0031242 silencing on DDP-resistant HCC cell behaviors was abated by miR-924 down-regulation. Huh7-R and SNU-387-R cells
were transfected with si-NC, si-circ_0031242, si-circ_0031242+inhibitor NC or si-circ_0031242+miR-924 inhibitor, followed by the measurement of ICs, value of DDP by
CCK-8 assay (A), cell viability by CCK-8 assay (B), cell migration and invasion by transwell assay (C and D), cell apoptosis by flow cytometry (E), MRPI and P-gp levels by
Western blot (F). *P < 0.05 by ANOVA followed by Tukey-Kramer post hoc test.
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Figure 6 POU3F2 was directly targeted by miR-924. (A) Schematic of the miR-924-pairing sequence within the 3'UTR of POU3F2 mRNA and mutated the miR-924-pairing
sites. (B and C) Relative luciferase activity in Huh7-R and SNU-387-R cells cotransfected with POU3F2 3'UTR wild-type (POU3F2-3'UTR WT) or mutant-type (POU3F2-
3'UTR MUT) luciferase reporter construct and miR-924 mimic or miRNA NC mimic. POU3F2 mRNA and protein levels by gqRT-PCR and Western blot in healthy hepatic
tissues, HCC tissues from primary patients (DDP-sensitive) and recurrent patients after treatment with DDP-based chemotherapy (DDP-resistant) (D and E), THLE-2,
Huh7, SNU-387, Huh7-R and SNU-387-R cells (F), Huh7-R and SNU-387-R cells transfected with pc-POU3F2 or pc-NC (G), Huh7-R and SNU-387-R cells transfected with
miRNA NC mimic, miR-924 mimic, miR-924 mimic+pc-NC or miR-924 mimic+pc-POU3F2 (H). *P < 0.05 by a two-tailed Student’s t-test or ANOVA followed by Tukey-
Kramer post hoc test.
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Figure 7 The increased miR-924 level regulated DDP-resistant HCC cell behaviors by down-regulating POU3F2. Huh7-R and SNU-387-R cells were transfected with
miRNA NC mimic, miR-924 mimic, miR-924 mimic+pc-NC or miR-924 mimic+pc-POU3F2 (POU3F2 overexpressing plasmid). (A) The ICso value of DDP in transfected
cells by CCK-8 assay. (B) Cell viability by CCK-8 assay. (C and D) Cell migration and invasion by transwell assay. (E) Cell apoptosis by flow cytometry. (F) The levels of
MRPI and P-gp in transfected cells by Western blot. *P < 0.05 by ANOVA followed by Tukey-Kramer post hoc test.
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POU3F2 Was a Functional Target of
miR-924 in Regulating Cell DDP
Resistance, Viability, Migration, Invasion
and Apoptosis

We next examined whether miR-924 regulated DDP-
resistant HCC cell behaviors by POU3F2. By contrast,
the increased miR-924 level led to a striking reduction in
ICso values of DDP (Figure 7A), and a significant sup-
pression in cell viability (Figure 7B), migration (Figure
7C), invasion (Figure 7D), as well as a remarkable pro-
motion in cell apoptosis (Figure 7E) in both Huh7-R and
SNU-387-R cell lines. Furthermore, miR-924 overex-
pression caused a prominent decrease in the levels of
MRP1 and P-gp in the two HCC cell lines (Figure 7F).
Nevertheless, these effects of miR-924 overexpression
were dramatically abrogated by POU3F2 up-regulation
(Figure 7A-F).

Circ_0031242 Regulated POU3F2
Expression by Working as a Sponge of
miR-924

Subsequently, we undertook to examine whether, if so,
how circ 0031242 influenced POU3F2 expression. As
expected, in contrast to their counterparts, the transfection
of si-circ 0031242 led to a significant reduction of
POU3F2 protein expression in both Huh7-R and SNU-
387-R cell lines, and this effect was remarkably reversed
by miR-924 inhibitor (Figure 8).

Huh7-R : '

-
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Relative protein expression

Discussion

Chemoresistance is a major problem in successful HCC
therapy.'® Aberrant expression of circRNAs has been reported
HCC
development.™**' In this study, our results showed that

to impact carcinogenesis and chemoresistance
circ_0031242 expression was associated with HCC resistance
to DDP. We showed that the silencing of circ 0031242 dimin-
ished cell DDP resistance, repressed cell progression in vitro
and enhanced DDP sensitivity in vivo. More importantly, we
provided a molecular explanation, at least in part, for the

regulation of circ 0031242 in HCC DDP resistance

(Figure 9).

The ceRNA hypothesis suggests that circRNAs mod-
ulate gene expression by sequestering miRNAs, reducing
their repression to target mMRNAs.**** Here, we first iden-
tified that circ 0031242 directly targeted miR-924. MiR-
924 could regulate the pathogenesis of inflammatory
bowel disease by targeting a-defensin 5.°* MiR-924 was
also found to be overexpressed in leiomyoma progenitor
cells.”® Moreover, Fan et al identified that miR-924-
mediated ceRNA network influenced the tumorigenesis
of HBV-related HCC."? Our results demonstrated the mod-
ulation of circ_0031242 on DDP-resistant HCC cell pro-
gression and DDP resistance through miR-924.

POU3F2, a POU-homeodomain transcription factor,
has been shown as a crucial modulator in various can-
cers, such as melanoma, colon cancer and prostate
cancer.”?® Moreover, recent reported that
POU3F2 was up-regulated in HCC tissues and the

work
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Figure 8 Circ_0031242 regulated POU3F2 expression by sponging miR-924. POU3F2 protein expression by Western blot in Huh7-R and SNU-387-R cells transfected with
si-NC, si-circ_0031242, si-circ_0031242+inhibitor NC or si-circ_0031242+miR-924 inhibitor. *P < 0.05 by ANOVA followed by Tukey-Kramer post hoc test.
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Figure 9 The schematic model of the circ_0031242/miR-924/POU3F2 axis on DDP-resistant HCC cell progression and drug resistance. In DDP-resistant HCC tissues and
cells, circ_0031242 was up-regulated, resulting in decreased miR-924. Then, the reduced miR-924 level elevated POU3F2 expression. Finally, the increased expression of
POU3F2 enhanced DDP resistance, promoted cell viability, migration, invasion, as well as repressed apoptosis in DDP-resistant HCC cells, thereby leading to DDP-resistant

HCC progression.

increased expression of POU3F2 predicted a poor prog-
nosis in these patients.'* The study focusing on the
involvement of POU3F2 in HCC aggressive progression
also argued for a ceRNA regulatory network.'* Here, we
were first to identify that miR-924 directly targeted
POU3F2. Moreover, we first showed that the increased
level of miR-924 modulated DDP-resistant HCC cell
behaviors by down-regulating POU3F2. More impor-
tantly, we pointed out the role of circ 0031242 as
a miR-924 sponge to control POU3F2 expression.
MRP1 and P-gp, two members of ATP-binding cassette
transporter proteins, exert important functions in the
development of multidrug resistance in human
cancer.”®?° Our results showed the regulation of
circ_ 0031242 on the expression of MRP1 and P-gp by
the miR-924/POU3F2 axis, and a future challenging is to
identify how the novel network regulates their expression
in DDP-resistant HCC cells. Additionally, the Wnt/B-
catenin signaling is one of the cancer-related pathways

and promotes the tumorigenesis of various cancers,

including HCC.>' Moreover, the Wnt/B-catenin signaling
was discovered to be implicated in the DDP resistance
development of HCC.?? Our data also demonstrated that
circ_0031242 regulated the Wnt/B-catenin/c-myc signal-
ing by the miR-924/POU3F2 axis in DDP-resistant HCC
cells (Supplement Figure 5). However, the direct evi-

dence between the Wnt/B-catenin/c-myc pathway and
circ_0031242-mediated in DDP-resistant
HCC cell progression and drug resistance is lack, which

regulation

is expected to be explored in further work.

In summary, the findings in this paper identified the
precise parts of circ 0031242 in HCC chemoresistance,
with the ability to regulate DDP-resistant HCC cell pro-
gression and DDP resistance by targeting the miR-924/
POU3F2 axis. These findings provided a strong rationale
for developing circ 0031242 as a potential therapeutic
target for the chemoresistant HCC.
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