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Circ_0031242 regulates the

functional properties of hepatocellular
carcinoma cells through the miR-944/MAD2L1 axis

Jianwei Lin', Zenghai Lin', Yagiong Hua? and Yan Chen?

"Department of General Surgery, The First Affiliated Hospital of Shantou University Medical College, Shantou and
2Department of Medicine, Shenzhen Letu Biotechnology Co., Ltd., Guangdong, China

Summary. Background. Circular RNAs (circRNAs)
possess key functions in the pathogenesis of
hepatocellular carcinoma (HCC). Nonetheless, the
actions of individual circRNAs in HCC remain
undefined.

Methods. circ_0031242, miR-944, and MAD2L1
expression were quantified by qRT-PCR. Transwell
assay was utilized to examine cell invasion and
migration. Glucose consumption and lactate production
were measured to assess the impact on glycolysis. The
relationships among circ_0031242, MAD2L1, and miR-
944 were examined via luciferase reporter assay.

Results. circ_0031242 was notably augmented in
HCC. Loss of function of circ_0031242 hindered cell
proliferation, invasion, migration, glycolysis, and
promoted apoptosis, as well as impeding HCC tumor
growth. circ_0031242 directly targeted miR-944.
Inhibition of miR-944 counteracted the effects of si-
circ_0031242 on HCC cells. Additionally, miR-944 was
proved to directly target MAD2L1 in HCC cells.
Moreover, the promotion of MAD2L1 was able to rescue
the inhibition of high miR-944 expression on HCC cell
progression. Meanwhile, circ_0031242 involved the
post-transcriptional modulation of MAD2L1 through
miR-944.

Conclusion. This study suggested that circ 0031242
regulated tumor cell progression and tumor growth
through the miR-944/MAD2L1 axis in HCC.
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Introduction

Hepatocellular carcinoma (HCC) remains one of the
most prevalent cancers globally (Shen et al., 2018;
Kaibori et al., 2019). Despite the continuous
development of therapeutic methods, their therapeutic
effects remain unsatisfactory. Therefore, understanding
the pathogenesis of HCC and finding new effective
methods are of great significance for increasing the cure
rate and improving prognosis.

Circular RNAs (circRNAs) are naturally occurring
RNAs with a closed covalent circular structure (Qiu et
al., 2019). Understanding and exploration of circRNA
have been deepening. The report of Xiong et al. revealed
that circRNAs have miRNA binding sites and can work
as a ceRNA to form a circRNA-miRNA axis in HCC
Xiong et al., 2018). Up to now, circRNAs have
established important regulatory roles in various cancers,
including HCC (Hsiao et al., 2017; Yao et al., 2017,
Zhang et al., 2017, 2018; Qu et al., 2019). For instance,
circ_0025202 was expressed in low levels in breast
cancer cells and performed key effects on physiological
processes such as cell metastasis and sensitivity to
tamoxifen by affecting the miR-182-5p/FOX03a axis
(Sang et al., 2019). Abnormal expression of circRNA
has been found in HCC and participates in the
oncogenesis of HCC, which has great application value
for disease prediction and therapeutic targets (Qin et al.,
2016; Wang et al., 2019a,b; Wei et al., 2020a,b). For
instance, circ_001955 was enhanced in HCC and closely
related to tumor development (Yao et al., 2019; Ding et
al., 2020b). However, there are many circRNAs whose
critical actions in HCC have not been identified.

Here, we collected HCC samples from clinical
patients and observed that circ_ 0031242 is elevated in
HCC tissues, implying that circ 003124 was related to
the pathogenesis of HCC. However, the related functions
and the detailed mechanisms of circ_003124 remain
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unclear.
Materials and methods
Human subject study

We obtained HCC tissues and their adjacent
nontumor tissues (ANT) from surgical resection of 32
patients at The First Affiliated Hospital of Shantou
University Medical College. This research was
conducted with approval from the Ethics Committee of
The First Affiliated Hospital of Shantou University
Medical College. We received written consent from the
HCC patients (who underwent surgical resection) and
their families. All collected tissues were stored in a
refrigerator at -80°C for subsequent experiments.

Cell lines

HCC cells (SNU-387, Huh-7, and HCCLM3) and
THLE-2 liver cells were provided by American Type
Culture Collection. Transfected cells and non-transfected
cells were propagated in RPMI-1640 medium (Life
Technologies, Scotland, UK), which included 10% FBS
(Life Technologies).

SiRNA and oligonucleotide transfection

Si-circ_0031242, oe-circ_0031242, pcDNA-

MAD?2LI, and the matched control mocks (si-NC, oe-
NC, and pcDNA-con), miR-944 inhibitors and mimics
were from Generaybiotech (Beijing, China).
Lipofectamine 2000 reagent (Life Technologies) was
utilized to introduce siRNA and miRNA mimics and
inhibitors into Huh-7 and SNU-387 cell lines as per the
accompanying recommendations.

gRT-PCR

For circ_ 0031242 and mRNA, the TaKaRa
PrimeScript RT Master was applied to convert cDNA
from total RNA treated without or with RNase R
(Geneseed, Guangzhou, China); qRT-PCR was carried
out to detect circ_0031242 and MAD2L1 using SYBR
Green mix (TaKaRa). miR 944 expression was detected
using the TagMan MiRNA RT kit and TagMan MiRNA
assay kit, from Thermo Fisher Scientific (Runcorn, UK).
Each sample was replicated three times. circ_0031242,
miR-944, and MAD2L1 expression were determined via
the 2-2ACt method, normalizing to GAPDH or U6
internal control gene. The primer (5°-3”) of U6: forward,
CTCGCTTCGGCAGCACATA,; reverse, CGAATTTGC
GTGTCATCCT. The primer (5’-3") of MAD2L1:
forward, ACTTTTGAAACGCTTGGCGG; reverse,
GAGAAGAACTCGGCCACGAT. The primer (5°-3) of
miR-944: forward, GCCGAGAAATTATTGTACATC
GG; reverse, CTCAACTGGTGTCGTGGA. The primer
(5°-3”) of GAPDH: forward, AAGGCTGTGGGCAAGG
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Fig. 1 Circ_0031242 was notably upregulated in HCC. A and B. Circ_0031242 level in HCC tissues compared with ANT tissues. C. Circ_0031242
expression was evaluated in HCCLM3, Huh-7 and SNU-387 cells compared with THLE-2 cells. D and E. The expression of circ_0031242 and linear

mRNA was assessed after RNase R treatment. *p<0.05, **p<0.01.
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TCATC; reverse, GCGTCAAAGGTGGAGGAGTGG.
The primer (5°-37) of circ_0031242: forward,
TGAACGGATTTTCAGCCTTT,; reverse, ATGGCTG
AAGGTGAAACAGG.

Western blot

Total proteins were separated through SDS-
polyacrylamide gel electrophoresis with 90V for 1.5h
and blotted onto PVDF membranes at 90mA (Millipore,
USA). For immunoblotting, we used primary antibodies
including anti-MAD2LI1, anti-HK2, and anti-GAPDH,
anti-Bax, anti-Bcl-2, and secondary antibody (anti-HRP-
conjugated), from Abcam. Each experiment was carried
out in triplicate.

Dual luciferase report assay

The MAD2L1 3'-UTR or circ_0031242 containing a
predicted binding site or a mutated site sequence for

miR-944 were cloned downstream of pmirGLO vector
(Promega, Tokyo, Japan), named MAD2L1 WT,
MAD2L1 MUT, circ_0031242 WT, circ_0031242 MUT,
respectively. We transfected the cells using
Lipofectamine 2000 with MAD2L1 WT (MAD2L1
MUT) or circ_ 0031242 WT (circ_0031242 MUT) and
miRNA mimic. At 48 h after transfection, we determined
luciferase activity with the Promega assay system.

Flow cytometry

Analysis was assessed using the Annexin V-FITC/PI
Kit as described by the manufacturers (Beyotime,
Beijing, China). We employed the FACSCalibur for the
measurement of the apoptosis rate.

Colony formation and CCK-8 assays

~100 transfected SNU-367 and Huh-7 cells were
added in 6-well dishes, followed by incubation for 10
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Fig. 2 Inhibition of circ_0031242 affected HCC cell proliferation, invasion, and migration. A. Circ_0031242 expression was gauged in si-NC- or si-
circ_0031242-transfected Huh-7 and SNU-387 cells. CCK-8 assay (B and C) and colony formation assay (D) were applied for the assessment of the
proliferation of transfected cells. E and F. Transwell migration and invasion assay was employed for the evaluation of migrative and invasive abilities of

transfected cells. *p<0.05, **p<0.01.
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days at 37°C. After crystal violet staining, colonies (> 50
cells) were counted.

Approximately 2000 transfected SNU-367 and Huh-
7 cells were seeded in 96-well dishes. Cell proliferation
assays were detected at the appropriate assay period with
the CCK-8 solution (Dojindo, Rockville, MD, USA).
Cell viability was measured by absorbance (450 nm).
The experiment was done 3 times.

Transwell assay

Transfected SNU-367 and Huh-7 cells in RPMI-
1640 medium were plated in Transwell insert coated
without or with Matrigel (Millipore, Shanghai,
China). The inserts were placed in 10%FBS RPMI-
1640 media. The invasive or migrated cells were
scored 24h later with a light microscope to analyze
the capacity of migration and invasion after crystal
violet staining.

Evaluation of lactate production and glucose
consumption

We employed the Human Lactate Assay Kit and
Glucose Assay Kit to perform these assays as described
by the manufacturers (BioVision, Milpitas, CA, USA).
Each sample was replicated three times.

Animal experiment

With the protocol approved by the Animal Research
Committee of The First Affiliated Hospital of Shantou
University Medical College, we injected subcutaneously
stably transfected Huh-7 cells (4x10°) into BALB/c
female nude mice (five-week-old). Tumor volume was
periodically calculated (formula: volume=width2 x
length/?). 4 weeks later, we weighed and collected
xenografts from killed mice to detect circ_0031242,
miR-944, and MAD2L1 levels.
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Fig. 3. Inhibition of circ_0031242 affected HCC cell apoptosis and glycolysis. A. Apoptosis of si-circ_0031242-transfected or si-NC-introduced Huh-7
and SNU-387 cells was checked by flow cytometry. B. Western blot showing Bax and Bcl-2 expression in si-circ_0031242-transfected or si-NC-
introduced Huh-7 and SNU-387 cells. C and D. Glucose consumption and lactate production in si-circ_0031242-transfected or si-NC-introduced Huh-7
and SNU-387 cells. E. Western blot was applied to assess HK2 level in si-circ_0031242-transfected or si-NC-introduced Huh-7 and SNU-387 cells.

**p<0.01.



307

Effects of circ_0031242 on HCC

Immunohistochemistry assay (IHC)

The tumor tissues of the mice were collected, cut
into pieces with a thickness of no more than 5 mm, and
fixed with 10% neutral formalin. Then, a DAKO
EnVisionTM system (Dako, Glostrup, Denmark) was
used for IHC following the instructions. The primary
antibody used was Ki67 (Abcam). We observed and

counted the number of Ki67 positive cells
microscopically.

Statistical analysis
Each assay was conducted on three or more

biological replicates. Two-tailed student’s #-test (for two
groups) or one-way ANOVA test (three or more groups)
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Fig. 4. Circ_0031242 targeted miR-944. A. The interaction between circ_0031242 and miR-944 was predicted by starBase v2.0. B. miR-944
expression in miR-944-transfected or miR-NC-introduced SNU-387 and Huh-7 cells. C and D. The luciferase activity of Huh-7 and SNU-387 cells.
E and F. miR-944 expression in HCC tissues compared to ANT tissues. (G) miR-944 expression in HCCLM3, Huh-7 and SNU-387 cells compared to
THLE-2 cells. H. Circ_0031242 expression in oe-circ_0031242-transfected or oe-NC-introduced Huh-7 and SNU-387 cells. | and J. miR-944 level was
gauged in SNU-387 and Huh-7 cells introduced by si-circ_0031242, si-NC, oe-NC or oe-circ_0031242. *p<0.05, **p<0.01.
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were employed to analyze the statistical significance. p
values < 0.05 were defined as significant.

Results
Circ_0031242 was upregulated in HCC

In contrast to the adjacent nontumor tissues,
circ_0031242 was significantly promoted in HCC tissues
(Fig. 1A,B). Moreover, circ_0031242 in HCC cell lines
(HCCLM3, Hub-7, SNU-387) was markedly enhanced
compared with the normal THLE-2 cell line (Fig. 1C).
RNase R experiment results showed that circ 0031242
was more stable than linear 0031242 in SNU-387 and
Huh-7 cells (Fig. 1D,E).

Inhibition of circ_0031242 affected HCC cell proliferation,
invasion, migration, apoptosis, and glycolysis

qRT-PCR results showed that the expression of
circ_0031242 was remarkably suppressed in the si-
circ_0031242 group compared with the si-NC group
(Fig. 2A). CCK-8 assays showed that cell viability of the
si-circ_0031242 group was significantly reduced
compared with the si-NC group (Fig. 2B,C). Similarly,
the number of cell colonies of the si-circ_0031242 group
was significantly reduced (Fig. 2D). Moreover, transwell
assay verified the impact of circ_0031242 on cell
metastasis. Cell migration and invasion were
significantly suppressed by circ_0031242 depletion (Fig.
2E,F). Conversely, knockdown of circ_ 003124 induced
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Fig. 5. Down-expression of miR-944 was able to reverse the effects of si-circ_0031242 on cell proliferation, invasion, and migration. A and B. MiR-944
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the apoptosis of Huh-7 and SNU-387 cells (Fig. 3A),
increased Bax protein and inhibited Bcl-2 protein in the
two HCC cell lines (Fig. 3B). In addition, the glucose
consumption, lactate production, and HK2 protein
expression were significantly decreased by
circ_0031242 depletion (Fig. 3C-E), implying that
suppression of circ_0031242 also decreased the
glycolysis of Huh-7 and SNU-387 cells.

Circ_0031242 sponged miR-944 in HCC cells
To further understand whether circ_0031242

participated in HCC by working as a ceRNA, we used
starbase software to predict the miRNA-binding sites to

si-circ_0031242

circ_0031242 and found that miR-944 was a potential
target miRNA of circ_ 0031242 (Fig. 4A). We then used
the dual luciferase reporter assay to prove the possibility.
The miR-944 overexpression efficacy of the miR-944
mimic was validated by qRT-PCR (Fig. 4B). Elevation
of miR-944 dramatically reduced the luciferase activity
of circ_0031242 WT, but did not reduce the reporter
gene expression of circ 0031242 MUT (Fig. 4C,D).
Intriguingly, miR-944 expression was at low levels in
HCC tissues, SUN-387 and Huh-7 HCC cells (Fig. 4E-
G). Moreover, overexpression of circ_0031242 by oe-
circ_0031242 (Fig. 4H) significantly inhibited the level
of miR-944, while low circ 0031242 level significantly
induced miR-944 expression (Fig. 41,J).
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Down-expression of miR-944 reversed the effects of si-
circ_0031242 on HCC cells

To further clarify the function of the relationship of
miR-944 and circ_0031242 in HCC, we transfected si-
circ_0031242+anti-miR-NC or si-circ_0031242+anti-
miR-944 into Huh-7 and SUN-387 cells. As shown in
Fig. 5A,B, transfection of anti-miR-944 reduced si-
circ_0031242-induced elevation of miR-944 of Huh-7
and SUN-387 cells. The results of CCK-8 assay showed
that knockdown of circ_0031242 reduced cell viability,
which was enhanced by downregulation of miR-944
(Fig. 5C,D). Colony formation assay proved that low
miR-944 expression could eliminate the inhibitory
impact of circ_0031242 depletion on colony formation
ability (Fig. 5E). Also, si-circ_0031242 transfection
inhibited cell migration and invasion, which were abated
by miR-944 reduction in Huh-7 and SUN-387 cells (Fig.
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5F-H). Meanwhile, miR-944 reduction inhibited the
apoptosis of SUN-387 and Huh-7 cells, which was
induced by si-circ_0031242 (Fig. 6A,B). Additionally,
miR-944 reduction markedly abolished the repression of
si-circ_0031242 on glucose consumption, lactate
production and HK2 protein level (Fig. 6C-E). These
results indicated that circ_0031242 affected cell
functional behaviors through binding to miR-944.

miR-944 targeted MAD2L1

Next, we predicted the target genes of miR-944 by
TargetScan and found that MAD2L1 contained a
putative complementary sequence for miR-944 (Fig.
7A). To ascertain this, we tested the predicted miR-944
binding sites within MAD2L1 3°’UTR for their reactivity
to miR-944 overexpression in dual-luciferase assays
with or without mutation in the seed sequence. MAD2L 1
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exhibited reactivity to miR-944 overexpression and
showed a striking rescue after mutation in the predicted
miR-944 binding sequence (Fig. 7B,C). In addition,
MAD2L1 expression was highly elevated in HCC
tissues, Huh-7 and SUN-387 HCC cells (Fig. 7D-F). As
shown in Fig. 7G, anti-miR-944 transfection inhibited
miR-944 expression in Huh-7 and SUN-387 cells.
Moreover, MAD2L1 expression was inhibited by
overexpression of miR-944, and conversely augmented
by miR-944 inhibition in Huh-7 and SUN-387 cells (Fig.
7H). Thus, miR-944 targeted MAD2L1 in HCC cells.

Overexpression of MAD2L1 abolished the impact of high
miR-944 expression on HCC cells

In order to explore the function of the relationship
between miR-944 and MAD2L1, we upregulated
MAD2L1 in SNU-387 and Huh-7 cells expressing miR-
944. MAD2L1 expression was remarkably elevated by
pcDAN-MAD2LI1 transfection compared with the
pcDNA-con control (Fig. 8A). By contrast, pcDNA-
MAD2LI1 transfection notably reversed miR-944
overexpression-caused repression of MAD2LI
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expression of Huh-7 and SNU-387 HCC cells (Fig. 8B).
Strikingly, overexpression of miR-944 inhibited cell
proliferation, which was weakened by MAD2L1
elevation (Fig. 8C-E). Moreover, the elevation of
MAD2L1 enhanced cell migration and invasion, which
were impeded by miR-944 overexpression in SNU-387
and Huh-7 cells (Fig. 8F,G). Also, MAD2L1 restoration
reversed the influences of high miR-944 expression on
cell apoptosis and the protein expression of Bax and Bcl-
2 (Fig. 9A,B). Additionally, overexpression of MAD2L1
enhanced glucose consumption, lactate production and
HK2 protein level, which were inhibited by miR-944
mimic transfection in SNU-387 and Huh-7 cells (Fig.
9C-E).

circ_0031242 regulated the expression of MAD2L1
protein through miR-944

To elucidate the relationships of si-circ_0031242,
miR-944 and MAD2L1, we used western blot to
examine MAD2L1 level in Huh-7 and SNU-387
transfected with si-circ 0031242, si-NC, si-
circ_0031242+anti-miR-NC and si-circ_0031242+anti-
miR-944. Expectedly, depletion of circ_0031242
reduced the level of MAD2L1 protein, which was
reversed by inhibiting miR-944 expression in SNU-387
and Huh-7 HCC cells (Fig. 10A,B). Thus, circ_0031242
regulated MAD2L1 through miR-944.

Depletion of circ_0031242 inhibited HCC tumor growth

To further verify the effect of circ_0031242 on
tumor growth, we injected Huh-7 cells transfected with
sh-NC and sh-circ_0031242 into nude mice. By contrast,
the tumor volume and weight were significantly reduced
in the sh-circ 0031242 group (Fig. 11A-C). Moreover,
circ_0031242 expression and MAD2L1 protein level
were markedly lower in the sh-circ_003142 group
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compared with the control group, while miR-944
expression was enhanced in the sh-circ_ 0031242 tumor
(Fig. 11D,E). IHC analysis showed that inhibition of
circ_0031242 reduced cell staining with Ki67 in tumors
(Fig. 11F). Thus, depletion of circ_003142 was able to
inhibit tumor growth.

Discussion

High morbidity of HCC is one of the salient features
in the world (Blum, 2011; Shen et al., 2018) Because
only a fraction of the molecular mechanisms of HCC has
been explored, understanding the precise actions of
circRNAs in HCC remains limited.

CircRNAs have been discovered to be closely
related to tumor growth and metastasis, including HCC
(Qiu et al., 2019; Wang et al., 2020). For example,
circANF566 contributed to cell progression in HCC by
modulating the miR-4738-3p/TDO2 axis (Li et al.,
2020b). Emerging evidence has ascertained that
circ_0031242, produced by back-spliced exons 3-5 of
the PRMT5 mRNA, is an essential regulatory factor in
cancers, including esophageal cancer, breast cancer,
gastric cancer, hepatoma, and non-small cell lung cancer
(Du et al., 2019; Wang et al., 2019a-d; Ding et al.,
2020a,b; Zhang et al., 2020; Wu et al., 2021). Consistent
with previous research (Ding et al., 2020b), we
demonstrated that circ_0031242 was upregulated in
HCC, and knocking down circ_0031242 impeded HCC
cell malignant behaviors.

MiRNAs are a family of key regulatory factors in
cancers (Dou et al., 2016; Feng et al., 2017; Hong,
2017). Several reports have highlighted that miR-944
participates in cancer cell invasion and migration to
mediate inflammation and tumorigenesis in cancers (Ji et
al., 2018; An et al., 2019; Kim et al., 2019). Moreover,
miR-944 is associated with chemoresistance and
prognosis in cancers, implying that miR-944 was an

I si-NC

I si-circ_0031242

B si-circ_0031242+anti-miR-NC
Il si-circ_0031242+anti-miR-944

*%

Fig. 10. Si-circ_0031242 inhibited the
protein expression of MAD2L1 through
regulating miR-944. A and B. MAD2L1
protein expression in Huh-7 and SNU-387
cells introduced by si-circ_0031242+anti-
miR-944, si-circ_0031242+anti-miR-NC,
si-NC, or si-circ_0031242. *p<0.05,
*p<0.01.
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indispensable factor in the regulatory mechanism of
tumor formation and development (He et al., 2017; Peng
et al., 2020). Here, we ascertained that circ_0031242
targeted miR-944 and, importantly, we uncovered that
circ_ 0031242 affected cell progression of HCC through
miR-944.

Accumulating evidence has shown that MAD2L1
might participate in the regulation of cell proliferation,
invasion, and migration in various cancers (Foijer et al.,
2017; Lu et al., 2020). Furthermore, MAD2L1, which
acts as a target of miRNA, is involved in the regulatory
network in tumorigenesis (Li et al., 2017; 2020a; Wang

>
vy

et al., 2019a-d). In this report, we illuminated that miR-
944 participated in the cell growth of HCC through
targeting MAD2L1. Moreover, circ 0031242 induced
MAD2L1 through sponging miR-944. Animal
experiments proved that suppression of circ 0031242
weakened tumorigenesis of HCC in vivo. Thus, the
circ_003124/MIR-944/MAD2L1 axis was an important
regulatory mechanism for HCC pathogenesis.

Conclusion

In summary, we established a new regulatory

C

_ - sh-NC
ﬂE 800+ sh-circ_0031242 sh-NC sh-circ_0031242 ’a 6001
£ E
o 600 £ 400 %
£ 2 = "
= 400 o
o ’ 3
> ﬁ = 200- —3—
5 200 g
£ =
2 01— ; . . : = 0 r :
0 1 2 3 4 sh-NC sh-circ_0031242
Weeks i
D E ¥
& c
S = shiC & s
= o_E3 sh-circ_0031242 & ]
3 3 sh-circ_| - & & 3 1.5-
o S
o 5 :
X 2 MAD2L1 ‘- o & 10.
c 0
z 2g
1 GAPDH W 2 = 0.5
[ ™ o0 *%*
2 g
S o : % 00
oz  circ_0013242 miR-944 ™ sh-NC sh-circ_0031242
4
F sh-NC sh-circ_0031242
‘ SR R -
L) 80+
Ki67 ° _
oS 60-
20
e 40
8 ‘.6 *%
22
N~ - 20+
©
Ki67 e |
sh-NC sh-circ_0031242

e A A TP

Fig. 11. Silencing of circ_003142 inhibited HCC tumor growth. A-C. The growth curves and weight of tumors. D. The expression of circ_0013242 and
mR-944 was detected in sh-NC or sh-circ_0031242 groups in mice. E. The protein expression of MAD2L1 was measured in sh-NC or sh-circ_0031242
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network for HCC. Circ_0031242 affected cell functional
properties of HCC, providing a novel insight for HCC
treatment.
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