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ABSTRACT

As a new class of endogenous noncoding RNAs, circular RNAs (circRNAs), have been found to influence cell
development and function by sponging microRNAs. MicroRNA (miR)-198 is downregulated in various
cancers, including hepatocellular carcinoma (HCC). We therefore searched for dysregulated circRNAs that
could sponge miR-198 in HCC. By analyzing relevant circRNA databases (circBase, TargetScan and
Circinteractome), we found that the miR-198-binding circRNA hsa_circSP3 is upregulated in HCC. CircSP3
expression correlated negatively with miR-198 expression in HCC tissues. Dual luciferase reporter assays
indicated that circSP3 bound to miR-198. CircSP3 overexpression in HCC cells induced expression of
cyclin-dependent kinase 4, a target gene of miR-198. Silencing circSP3 inhibited HCC cell proliferation and
migration by downregulating cyclin-dependent kinase 4, whereas inhibiting miR-198 reversed those effects.
In vivo experiments confirmed that circSP3 promoted xenograft tumor growth. These data suggest that

circSP3 may be a novel biomarker for HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the second most
common cause of cancer-related death worldwide [1].
The high metastasis and invasiveness of HCC lead to a
high recurrence rate [2], thereby resulting in a poor
prognosis [3]. The pathogenesis of liver cancer involves
many signaling pathways that are not fully understood,
so it is imperative to further explore the molecular
mechanisms of HCC to identify potential tumor markers
and therapeutic targets.

Unlike linear RNAs, circular RNAs (circRNAs) are
characterized by a covalent closed-loop structure with
no 5' to 3' polarity and no tail polyadenylation [4, 5].
CircRNAs tend to be highly expressed in the cytoplasm
of eukaryotic cells, and are conserved among species
due to their resistance to RNase R [6-9]. CircRNAs can

function as “super sponges” for microRNAs (miRNAs)
[10, 11], and can bind to RNA binding proteins
involved in tumorigenesis [12, 13]. CircRNAs broadly
participate in the initiation and progression of various
diseases, including malignant tumors such as gastric
cancer [14, 15] and HCC [16, 17].

MiRNAs are important noncoding RNAs that inhibit the
expression of protein-coding genes by binding to the 3'-
untranslated regions of mRNAs [18]. Aberrant miRNA-
198 (miR-198) expression has been found to correlate
with the carcinogenesis and progression of various
cancers, including lung adenocarcinoma [19], esophageal
cancer [20], colorectal cancer [21] and prostate cancer
[22]. Recent investigations have demonstrated that miR-
198 is also downregulated in HCC [23]. In melanoma, the
upregulation of hsa_circ_ 0025039 induced the down-
regulation of miR-198, thus promoting cancer progression
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by de-repressing cyclin-dependent kinase 4 (CDK4) [24].
Since circRNAs are known to be involved in the
pathogenesis of HCC, we hypothesized that miR-198 may
be downregulated in HCC due to its sponging by
CircRNAs.

In this study, we performed bioinformatic analyses to
identify circRNAs that could bind to miR-198 in HCC,
and we confirmed the results in luciferase reporter
assays. We further studied one of these circRNAs,
circSP3, by examining its expression in HCC
tissues/cell lines and its association with tumor
characteristics in vitro and in vivo.

RESULTS

Identification of circSP3 in HCC and confirmation
of its circular structure

To determine whether the downregulation of miR-198
in HCC was due to the upregulation of circRNAs, we
performed a bioinformatics analysis based on the
miRanda algorithm to identify circRNAs that might
sponge miR-198. We found a binding site for miR-198
in circ_0002642 (circSP3) (Figure 1A). CircSP3 (chr2:
174,819,600 - 174,820,960) is derived from exons
within the SP3 locus on chromosome 2g31.1 (Figure
1B). Sanger sequencing confirmed the splice junction of
circSP3 (Figure 1C).

Next, we designed two sets of primers: a divergent
primer set for circular transcripts, and a convergent
primer set for linear transcripts. We used these two sets
of primers to amplify the circular and linear transcripts
of SP3 in both complementary DNA (cDNA) and
genomic DNA (gDNA) from Huh-7 cells (an HCC cell
line). The circular transcripts were amplified by
divergent primers in cDNA, but not in gDNA, while the
linear transcripts were amplified by convergent primers
in both cDNA and gDNA. No product was amplified by
divergent primers for GAPDH (the negative control
gene) in cDNA or gDNA (Figure 1D).

The circular structure of circSP3 was confirmed in an
RNase R experiment. As shown in Figure 1E, the linear
transcripts of SP3 amplified from Huh-7 cells were
degraded by RNase R, while the circular transcripts of
SP3 were resistant to RNase R treatment. These data
demonstrated the circular structure of circSP3.

CDK4 was a target of miR-198

To further investigate the involvement of miR-198 in
HCC, we searched for potential miR-198 target genes
in several databases, including TargetScan, miRanda,
miRWalk, miRTarBase, miRDB, Human miRNA

Targets and PolymiRTS Database. Only mRNAs that
were predicted by four or more databases were
selected for subsequent study. We further narrowed
down this list by selecting genes that were specifically
expressed in liver cancer, in order to identify potential
miR-198 target genes in HCC. We detected 108
mRNAs to which miR-198 might bind, including
CDK4 (Figure 2). The specific mRNA names are
shown in Supplementary File 1.

CircSP3 was upregulated in HCC

Since circSP3 was identified as a potential sponge of
miR-198, we then performed quantitative real-time
(gRT)-PCR to detect circSP3 levels in HCC and normal
liver tissues. The results revealed that circSP3 was
upregulated in HCC tissues (Figure 3A). Next, we
divided patients into high and low expression groups
according to the average relative circSP3 level in HCC
tissues (0.1812 + 0.02998), and we examined the
clinicopathological characteristics of the two groups.
We found that circSP3 levels correlated with the tumor
size and tumor-node-metastasis (TNM) stage (Table 1).
These results indicated that circSP3 may be a biomarker
for HCC.

We also examined circSP3 expression in four HCC cell
lines (Hep-3B, Huh-7, Bel-7402 and SMMC-7721) and
a normal liver cell line (HL-7702). CircSP3 levels were
higher in the HCC cell lines than in the normal liver cell
line. The lowest level was detected in Hep-3B cells,
while the highest level was noted in Huh-7 cells (Figure
3B). Therefore, for subsequent experiments, Hep-3B
cells were infected with circSP3-overexpressing
plasmids, while Huh-7 cells were infected with small
interfering RNAs (siRNAs) for circSP3 (si-circSP3-1
and si-circSP3-2) or with recombinant lentiviruses
containing complementary oligonucleotides of small
hairpin RNAs for circSP3 (LV3-circSP3).

We then performed gRT-PCR analyses, which
demonstrated that circSP3 was significantly upregulated
in Hep-3B cells that had been infected with circSP3-
overexpressing plasmids (Figure 3C). On the other
hand, circSP3 expression was much lower in Huh-7
cells infected with si-circSP3-2 than in those infected
with the negative control (si-NC; Figure 3D). Likewise,
circSP3 expression was significantly lower in Huh-7
cells infected with LV3-circSP3 than in those infected
with the negative control (LV3-NC).

CircSP3 promoted HCC cell proliferation in vitro
Next, we evaluated the effects of circSP3 over-

expression or silencing on HCC cell proliferation. A
Cell Counting Kit 8 (CCK-8) assay demonstrated that
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Hep-3B cell proliferation was enhanced when circSP3
was overexpressed (Figure 4A). In contrast, the
proliferation of si-circSP3-2-infected Huh-7 cells was
lower than that of si-NC-transfected cells (Figure 4B).

We also performed flow cytometry to investigate the
effects of circSP3 expression on cell cycle progression
and apoptosis in HCC cells. The overexpression of
circSP3 significantly reduced the percentage of Hep-3B
cells in GO/G1 phase and increased the percentage of
Hep-3B cells in S phase. On the other hand, the
knockdown of circSP3 significantly increased the
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percentage of Huh-7 cells in GO/G1 phase and reduced
the percentage of Huh-7 cells in S phase (Figure 4C).
However, circSP3 overexpression or knockdown did
not alter apoptosis in HCC cells. These results indicated
that circSP3 promoted HCC cell proliferation in vitro.

CircSP3 promoted HCC cell migration and invasion
in vitro

We then assessed the influence of circSP3 over-
expression or silencing on HCC cell migration and
invasion. Transwell migration and invasion assays
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Figure 1. Identification of circSP3 in HCC cells and confirmation of its circular structure. (A) The predicted binding between circSP3
and miR-198. (B) Schematic illustration demonstrating that circSP3 is located on chromosome 2¢31.1 and cyclized from exons of SP3. (C) The
PCR products of circSP3 were confirmed through Sanger sequencing. (D) CircSP3 was detected in Huh-7 cells. As expected, divergent primers
detected circSP3 in cDNA but not in gDNA. GAPDH was used as a negative control. (E) The relative levels of circSP3 and SP3 were assessed
through gRT-PCR analysis in cells treated with or without RNase R. *p<0.05, **p<0.01 and ***p<0.001.
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Figure 2. The overlapping mRNAs from seven online analysis tools. The mRNAs identified by TargetScan, miRanda, miRWalk,
miRTarBase, miRDB, Human miRNA Targets and PolymiRTS Database are visualized with a Venn diagram.
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Figure 3. Expression of circSP3 in HCC tissues and cell lines. (A) CircSP3 levels in 48 pairs of HCC tissues and adjacent normal liver
tissues were evaluated using qRT-PCR. (B) The relative circSP3 levels in four HCC cell lines (Hep-3B, Huh-7, Bel-7402 and SMMC-7721) and an
immortalized liver cell line (HL-7702) were determined using qRT-PCR. (C) CircSP3 levels in Hep-3B cells infected with NC or circSP3 plasmids.
(D) qRT-PCR was conducted to confirm the knockdown efficiency of si-circSP3-1 and si-circSP3-2. (E) gRT-PCR was conducted to confirm the
knockdown efficiency of LV3-circSP3. *p<0.05, **p<0.01 and ***p<0.001.
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Table 1. Correlation between circSP3 expression and clinicopathological

characteristics in HCC patients.

CircSP3 expression

2

Factor Number HighN=27 LowN=23 x” value P value

Age 0.329 0.566
< 40 years 9 6 3
> 40 years 41 21 20

Gender 0.709 0.4
Male 41 23 18
Female 9 4 5

HBsAg 0.081 0.777
+ 40 22 18
- 10 5 5

HBV DNA 1.155 0.283
+ 28 17 11
- 22 10 12

AFP 2.498 0.114
<400 pg/L 41 20 21
>400 pg/L 9 7 2

ALT 0.349 0.555
<40 U/L 26 13 13
>40 U/L 24 14 10

AST 0.297 0.586
<40 U/L 24 12 12
>40 U/L 26 15 11

Tumor size 17.809 0.0001
<5cm 21 4 17
>5cm 29 23 6

TNM stage 12.268 0.002
| 14 3 11
I 10 4 6
i 26 20 6

HBsAg: Hepatitis B surface antigen; HBV: Hepatitis B virus; AFP: Alpha-
fetoprotein; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase;

TNM: Tumor-node-metastasis.

indicated that circSP3 overexpression significantly
increased the migration and invasion of Hep-3B cells
(Figure 5A, 5B), while si-circSP3-2 treatment reduced
the migration and invasion of Huh-7 cells (Figure 5C,
5D). These results demonstrated that circSP3 promoted
HCC cell migration and invasion in vitro.

CircSP3 bound to miR-198 in HCC cells

Next, we performed qRT-PCR to measure miR-198
levels in the same four HCC cell lines (Hep-3B, Huh-
7, Bel-7402 and SMMC-7721) and normal liver cells
(HL-7702). The levels of miR-198 were lower in the
HCC cell lines than in the normal liver cell line

(Figure 6A). A correlation analysis revealed that
circSP3 expression correlated negatively with miR-
198 expression in HCC tissues (r=-0.2524),
suggesting that sponging of miR-198 by circSP3 may
promote the occurrence and development of HCC
(Figure 6B).

We then performed gRT-PCR to analyze miR-198
expression in Hep-3B cells infected with circSP3-
overexpressing or NC plasmids, and in Huh-7 cells
infected with si-circSP3 or si-NC. The overexpression
of circSP3 inhibited miR-198 expression in Hep-3B
cells (Figure 6C), whereas the downregulation of
circSP3 induced miR-198 expression in Huh-7 cells
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(Figure 6D). We also assessed circSP3 expression in
Huh-7 cells transfected with miR-198 mimics or miR-
198 mimic controls, and in Hep-3B cells transfected
with miR-198 inhibitors or miR-198 inhibitor
controls. Interestingly, the results suggested that miR-
198 mimics significantly inhibited circSP3 expression
(Figure 6E), whereas miR-198 inhibitors significantly
promoted circSP3 expression (Figure 6F). These
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correlated negatively with miR-198 expression, and
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Figure 4. CircSP3 induced HCC cell proliferation in vitro. (A) A CCK-8 assay was performed to assess cell proliferation when circSP3 was
overexpressed in Hep-3B cells. (B) A CCK-8 assay was performed to assess cell proliferation when circSP3 was knocked down in Huh-7 cells.
(C) The cell cycle was analyzed using flow cytometry when circSP3 was overexpressed or knocked down. *p<0.05, **p<0.01 and ***p<0.001.
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198 significantly reduced the luciferase intensity of a
wild-type circSP3 reporter, but had no effect on a
mutated circSP3 reporter (Figure 6H, 61). Moreover,
fluorescence in situ hybridization (FISH) analysis
revealed that circSP3 colocalized with miR-198 in the
cytoplasm of HCC cells (Figure 6J). These results
suggested that circSP3 could bind directly to miR-198
in the cytoplasm.

CircSP3 promoted HCC growth by sponging miR-
198 and upregulating CDK4

To investigate whether circSP3 promoted tumor growth
by sponging miR-198, we performed rescue
experiments. Hep-3B cells were transfected with
circSP3-overexpressing  plasmids, NC plasmids,
circSP3+miR-198 mimics or circSP3+miR-198 mimic

Cell migration number

Cell migration number

Cell migration number

Figure 5. CircSP3 induced HCC cell migration and invasion in vitro. (A, B) Cell migration and invasion were assessed with Transwell
assays in Hep-3B cells infected with circSP3 or NC plasmids. (C, D). Transwell assays were carried out to assess cell migration and invasion
when circSP3 was downregulated in Huh-7 cells. **p<0.01.
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NC plasmids. Huh-7 cells were transfected with si-
circSP3, si-NC, si-circSP3+miR-198 inhibitors or si-
circSP3+miR-198 inhibitor NC plasmids. CCK-8 assays
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the inhibitory effects of si-circSP3 on Huh-7 cell
proliferation, migration and invasion (Figure 7B, 7D,
7F). Notably, Western blotting indicated that circSP3
overexpression induced the protein expression of the
miR-198 target CDK4, while miR-198 overexpression
reversed this effect (Figure 7G). Accordingly, si-
circSP3 inhibited CDK4 expression, while miR-198
inhibitors abolished this effect (Figure 7H).

In view of these results, we assessed whether the
sponging of miR-198 by circSP3 promoted tumor
growth by de-repressing CDK4. Hep-3B cells were
transfected with circSP3-overexpressing plasmids, NC
plasmids, circSP3+CDK4-homo-520 (CDK4 knock-
down) plasmids or circSP3+CDK4-homo-520-NC
plasmids. Huh-7 cells were transfected with si-circSP3,
si-NC,  si-circSP3+CDK4  (pcDNA3.1) or  si-
circSP3+CDK4-NC plasmids. The inhibition of CDK4
reversed the enhancing effects of circSP3 on Hep-3B
cell proliferation, migration and invasion (Figure 8A,
8C, 8E). Furthermore, CDK4 overexpression abolished
the inhibitory effects of si-circSP3 on Huh-7 cell
proliferation, migration and invasion (Figure 8B, 8D,
8F). Western blotting confirmed that knocking down
CDK4 reversed the enhancing effects of circSP3 on
CDK4 expression, while overexpressing CDK4 reversed
the inhibitory effects of si-circSP3 on CDK4 expression
(Figure 8G, 8H).

These data indicated that circSP3 promoted HCC cell
growth by sponging miR-198 and thus inducing CDK4.

Silencing of circSP3 inhibited HCC formation in vivo

Finally, we investigated the effects of circSP3 on tumor
growth in vivo. Mice were injected with Huh-7 or Hep-
3B cells that had been transfected with recombinant
lentiviruses containing complementary oligonucleotides
of small hairpin RNAs for circSP3 (LV3-circSP3) or the
negative control (LV3-NC). The tumor growth rates,
volumes and weights were significantly lower in the
LV3-circSP3 groups than in the LV3-NC groups
(Figure 9A-9F).

We also performed gRT-PCR to detect circSP3 and
miR-198, as well as Western blotting to detect CDK4,
in the xenograft tumors. CircSP3 and CDK4 levels were
lower in the LV3-circSP3 group than in the LV3-NC
group (Figure 9G, 9l). On the other hand, miR-198
levels were higher in the LV3-circSP3 group than in the
LV3-NC group (Figure 9H). In addition, we performed
immunohistochemistry to detect Ki-67 levels in the
xenograft tumors. Ki-67 levels were lower in the LV3-
circSP3 group than in the LV3-NC group (Figure 9J).
These results indicated that circSP3 enhanced tumor
development in vivo.

DISCUSSION

MiRNAs are important contributors to both
physiological and pathological processes, including cell
proliferation, apoptosis, migration and invasion [25-
27]. Abnormal miRNA expression is associated with the
occurrence and development of wvarious cancers,
including breast, brain, colon, liver and lung cancers
and chronic myeloid leukemia [28-32]. CircRNAs, a
novel class of noncoding RNAs, have also been
identified as tumor biomarkers and regulators [33-35].
However, much remains unknown about the expression
and function of circRNAs in HCC. In the present study,
we used Circlnteractome (https:/circinteractome.nia.
nih.gov/) and circBase (http://www.circbase.org/) to
investigate whether circRNAs could bind to miR-198 in
HCC, and we identified circSP3 as one such circRNA.
We hypothesized that circSP3 exerts its biological
functions as a sponge of miR-198 and thus an inducer of
CDKA4.

We then conducted a series of experiments to
investigate the expression and function of circSP3 in
HCC. CircSP3 was upregulated in HCC tissues and cell
lines, and higher circSP3 expression was associated
with a larger tumor size and a higher TNM stage in
HCC patients. Moreover, circSP3 overexpression
increased the proliferation, migration and invasion of
HCC cells, while circSP3 silencing reduced these
properties. Knocking down circSP3 also markedly
inhibited tumor growth in vivo. Furthermore, gRT-PCR
analysis indicated that circSP3 expression correlated
negatively with miR-198 expression in HCC cells, and
dual luciferase reporter assays revealed that circSP3 and
miR-198 could bind directly to each other. FISH
analysis demonstrated that circSP3 colocalized with
miR-198 in the cytoplasm of HCC cells. In summary,
we found that circSP3 exerted its biological functions as
a sponge of miR-198.

We subsequently performed rescue experiments, which
demonstrated that miR-198 overexpression could
reverse the effects of circSP3 overexpression in HCC
cells. These findings suggested that circSP3 enhanced
the proliferation, migration and invasion of HCC cells
by inhibiting miR-198. We also examined the effects of
circSP3 and miR-198 on CDK4, an miR-198 target with
important functions in the cell cycle and cell migration
[30]. Western blotting demonstrated that circSP3
promoted CDK4 expression, while miR-198 over-
expression reversed this effect. Accordingly, si-circSP3-
2 inhibited CDK4 expression, while miR-198 inhibitors
restored it.

In summary, our findings revealed that circSP3 was
significantly upregulated in HCC and was associated
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Figure 8. CircSP3 promotes HCC cell proliferation, migration and invasion by inducing CDK4. CircSP3-overexpressing Hep-3B cells
were infected with CDK4-homo-520 (CDK4 knockdown) or CDK4-homo-520 control plasmids, and circSP3-knockdown Huh-7 cells were
infected with CDK4-overexpressing or CDK4 control plasmids. (A, B) CCK-8, (C, D) Transwell migration and (E, F) Transwell invasion assays
were conducted to assess cell proliferation, migration and invasion, respectively. (G, H) The effects of circSP3 and CDK4 expression plasmids
on CDK4 expression were quantified using Western blotting. *p<0.05, **p<0.01 and ***p<0.001.
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with worse tumor characteristics. These data suggested
that circSP3 may be a useful prognostic predictor and
therapeutic target in HCC; however, more clinical data
will be needed to confirm this. Our study also indicated
that circSP3 could sponge miR-198 and thus induce
CDK4 in HCC. Further research is needed to determine
whether circSP3 also functions through other signaling
pathways.

MATERIALS AND METHODS

Identification of circRNAs that could bind to miR-
198 in HCC

We searched the Circlnteractome (https://circin
teractome.nia.nih.gov/) and circBase (http://www.
circbase.org/) for circRNAs that could bind to miR-198
in HCC. We used strict screening conditions to predict
these circRNAs, including two prediction algorithms
(Pctar and miRanda), a very high stringency (>5) and a
requirement for expression in at least three cancer types.

Tissue specimens

We obtained 50 HCC tissues and matched adjacent
nontumorous liver tissues (>3 cm away from the
cancerous tissue) from the First Affiliated Hospital of
Chongging Medical University from August 2016 to
December 2018. Patients did not receive chemo-
therapy or radiotherapy before surgery, and HCC was
confirmed through pathological examinations. Tissues
were placed in an RNA-preserving solution at 4° C
overnight, and were stored at -80° C until RNA
extraction. The protocol of this experiment was
approved by the Local Ethics Committee and
complied with the ethical guidelines of the 2013
Declaration of Helsinki.

Cell culture

Human HCC cell lines (Hep-3B, Huh-7, Bel-7402 and
SMMC-7721) and a normal liver cell line (HL-7702)
were obtained from the China Center for Type Culture
Collection (Wuhan, China). Hep-3B and Huh-7 cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Carlsbhad, CA, USA) containing 10%
fetal bovine serum (PAN, Bavaria, Germany). SMMC-
7721, Bel-7402 and HL-7702 cells were cultured in
RPMI1640 medium containing 10% fetal bovine serum.
Cells were cultured at 37° C in 5% CO..

Cell transfection
PLVX-ZsGreen-hsa-miR-198  (miR-198  mimics),

pLVX-ZsGreen (miR-198 mimic controls), pLVX-
tdTomato-hsa-miR-198 inhibitor (miR-198 inhibitors)

and pLVX-tdTomato (miR-198 inhibitor controls)
were purchased from GeneCopoeia (Guangzhou,
China). The following sequences were used: miR-198
mimics, 5-CCG ACA ACC ACT ACC TGA-3'; miR-
198 inhibitors, 5-GAA CCU AUC UCC CCU CUG
GAC C-3'; NC, 5-CAG UAC UUU UGU GUA GUA
CAA-3.

The circSP3-overexpressing plasmids and the siRNAs
targeting the junction region of circSP3 were
synthesized by GenePharma (Shanghai, China). For
circSP3  overexpression, the full-length coding
sequence of circSP3 was cloned into the
pcDNA3.1(+) vector [36]. The structure and sequence
of the circSP3 overexpression plasmid are shown in
Supplementary File 2. An empty pcDNA3.1(+) vector
(si-NC) was used as a negative control. The siRNA
sequences were: si-circSP3-1, 5'-GAC AGU CCU
GCA GAC AGG UTT-3; si-circSP3-2, 5'-GUC CUG
CAG ACA GGU GAU UTT-3'; si-NC, 5-UUC UCC
GAA CGU GUC ACG UTT-3". Hep-3B and Huh-7
cells were cultured in six-well plates. When the cells
reached 50-70% confluence, they were transfected
with the plasmids using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Cells were collected for
experiments after 48 h.

The lentiviral wvector containing complementary
oligonucleotides of small hairpin RNAs for circSP3
(LV3-circSP3) was constructed by GenePharma. An
empty lentiviral vector (LV3-NC) was used as a
negative control. Polybrene and puromycin were
purchased from GenePharma. Cells were seeded at 1.25
x 10%well in a six-well plate. When the cells reached
50-70% confluence, polybrene was used to infect them
with the lentiviral vectors. Puromycin (2 pg/mL) was
added to remove uninfected cells. The sequences of the
vectors were: LV3-circSP3, 5'-GTC CTG CAG ACA
GGT GAT T-3; LV3-NC, 5-TTC TCC GAA CGT
GTC ACG T-3.

The CDK4 knockdown plasmid (CDK4-homo-520) was
synthesized by GenePharma. The empty vector (CDK4-
homo-520-NC) was used as a negative control. The
sequences of the plasmids were: CDK4-homo-520, 5'-
GCC AGU UUC UAA GAG GCC UTT-3; CDK4-
homo-520-NC, 5-UUC UCC GAA CGU GUC ACG
UTT-3".

RNA extraction, qRT-PCR and RNase R treatment

Total RNA was extracted with TRIzol reagent
(Invitrogen). The extracted RNA was digested with
RNase R (20 U/uL, Epicentre, USA) to remove linear
RNAs and enrich circRNAs. Reverse transcription and
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gRT-PCR were performed with a circular RNA
fluorescent quantitative detection kit (GENESEED,
Guangzhou, China). The reverse transcription reaction
system for circRNA was as follows:

Reagent volume
Total RNA 2 uL
2xRT Buffer 10 uL
TransScript RT Enzyme (M-MLV) 1 uL
Reverse Transcription Primer 2 uL
ddH20 To 20 pL

The reverse transcription reaction conditions included
incubation at 25° C for 10 min, 42° C for 15 min, 85° C
for 5 min and 4° C for storage.

The gRT-PCR reaction system was as follows:

Reagent volume

2x gPCR SYBR Green Master Mix 10 uL
Forward primer (10 uM) 0.5uL
Reverse primer (10 pM) 0.5 uL
cDNA 1L
ddH20 8 uL

The @RT-PCR reaction conditions included pre-

denaturation at 95° C for 5 min, followed by 40 cycles
of 95° C for 15 s, 60° C for 15 s and 72° C for 32 s.

A CFX96 Real-Time PCR System (Bio-Rad, USA) was
used for gRT-PCR. The following primers were used:
GAPDH, 5-GTA TGA CAA CGA ATT TGG CTA
CAG-3' (forward), 5-TGA GGG TCT CTC TCT TCC
TCT TGT- 3’ (reverse); circSP3, 5'-CTC CAG TTAGTC
TAA GCA CTG G-3' (forward), 5-GCC AAATCA CCT
GTC TGC AG-3' (reverse); SP3, 5-GAC AAT GAC
TGC AGG CAT TAA T-3' (forward), 5-TAA TAT CAG
GAG AAA CCC GCT C-3' (reverse); miR-198, 5'-ATA
TGT CAC TAG GTC CAG AGG GG -3’ (forward), 5-
TAT GGT TGT TCT GCT CTC TGT GTC -3’ (reverse);
U6, 5'-CTC GCT TCG GCA GCA CA-3' (forward), 5'-
AAC GCT TCA CGA ATT TGC GT-3' (reverse).

Circular structure confirmation

The circular structure of circSP3 was confirmed through
Sanger sequencing and divergent primer PCR treatment.
PCR products amplified by divergent primers for circSP3
were inserted into a T vector and delivered to Tsingke
Biotech for Sanger sequencing. The results were
crosschecked with the back-spliced region of circSP3
supplied by circBase. In addition, since CcircRNAs
normally arise from pre-mRNAs, divergent and
convergent primers were used to amplify the circular and
linear transcripts of SP3, respectively, in both cDNA and

gDNA from Huh-7 cells. Theoretically, the circular
transcript of SP3 could be only amplified by divergent
primers in cONA, not gDNA. GAPDH was employed as
the negative control. The primer sequences were: human
GAPDH, GCC GTC TAG AAA AAC CTG CC
(forward), CCA CCT GGT GCT CAG TGT AG
(reverse); circ-GAPDH, GTG CTC AAC CAG TTAGCT
CTC (forward), CCA AAT CCG TTG ACT CCG AC
(reverse); hsa circ SP3, CTC CAG TTA GTC TAA
GCA CTG G (forward), AAG CCA AAT CAC CTG
TCT GCA (reverse); SP3, CAT CTG CGT TGG CAT
TCT GG (forward), ATG TGT TCT TCT GTG CCT
CTG T (reverse).

CCK-8 assay

Cell proliferation was assessed with a CCK-8 assay
(Hanbio Biotechnology Co. Ltd., Shanghai, China).
Cells (2 x 10% were seeded into 96-well plates. At six
different time points, 10 pL of CCK-8 solution was
added to each well. After 2 h of incubation at 37° C, the
absorbance at 450 nm was measured on a microplate
reader (Thermo Scientific, USA). Experiments were
independently performed in triplicate.

Transwell migration and invasion assays

Cell migration and invasion were assessed using
Transwell chambers (8.0 um pore size; EMD Millipore,
Billerica, MA, USA) with or without Matrigel (diluted
1:9) (Corning Inc., USA), respectively. For the
migration assay, infected Hep-3B cells (4x10°) or Huh-
7 cells (2x10°) were resuspended in 200 pL of serum-
free MEM (Minimum Essential Medium) and seeded
into the upper chamber, while 500 uL of DMEM
containing 10% serum was added to the lower chamber.
For the invasion assay, cell-containing medium was
seeded into the Matrigel-coated upper chamber, and 500
uL of DMEM containing 10% serum was added to the
lower chamber. After 24 h, the cells in the upper
chamber were removed with cotton swabs, while those
on the lower membrane were fixed in 4%
paraformaldehyde for 30 min and then stained with
0.1% crystal violet (Beyotime, Jiangsu, China) for 30
min. Cells were counted under an upright microscope
(Nikon, Tokyo, Japan, 200x magnification).

Cell cycle and apoptosis assay

To assess the cell cycle and apoptosis, we seeded 3 x
10 treated cells into six-well plates and incubated them
at 37° C for 48 h. For the cell cycle analysis, cells were
digested with trypsin (Hyclone), washed twice with
phosphate-buffered saline (PBS) and fixed in 70%
ethanol at 4° C overnight. The cells were centrifuged at
500 x g for 5 min, washed twice with cold PBS and
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centrifuged. Cell cycle analysis was performed using
fluorescence-activated cell sorting after the digested
cells were treated with RNase A (0.1 mg/mL) and
stained with propidium iodide (0.05 mg/mL; 4A
Biotech, Beijing, China) for 30 min at 37° C.

For the apoptosis analysis, cells were digested with
trypsin and washed twice with PBS. The cells were then
stained for 5 min at room temperature using an Annexin
V/propidium iodide detection kit (4A Biotech).
Apoptotic cells were measured using flow cytometry
(Beckman Coulter). All experiments were repeated at
least three times.

Luciferase reporter assay

The pmiRGLO-circSP3-wildtype (circSP3-wt) or
miRGLO-circSP3-mutant ~ (circSP3-mut)  reporter
vectors containing the predicted miR-198 binding sites
were purchased from GenePharma. The circSP3-wt or
circSP3-mut vectors were co-transfected with miR-198
mimics or miR-198 mimic controls into cells using
Lipofectamine 2000 (Invitrogen). After 48 h, firefly and
Renilla luciferase activities were measured with a Dual
Luciferase Reporter Assay system (Promega, USA).
Firefly luciferase activity was normalized to Renilla
luciferase activity.

Protein extraction and western blot analysis

Radioimmunoprecipitation assay lysis buffer was used
for cell lysis and total protein extraction. The total
protein content was quantified with a bicinchoninic acid
protein assay kit (Thermo Fisher Scientific). The protein
extracts were combined with protein loading buffer and
boiled for 10 min. Then, 15 ug of each protein sample
was separated on a 10% sodium dodecyl sulfate
polyacrylamide gel (80 V for 40 min, 120 V for 80 min)
(Beyotime) and transferred to a polyvinylidene
difluoride membrane (210 mA constant current, 60 min)
(Millipore). The membrane was blocked with 5%
skimmed milk at room temperature for 2 h and then
incubated with anti-CDK4 (1:1000, Cell Signaling
Technology, USA, 12790s) or anti-GAPDH (1:500,
Bioss, China, bs-0755R) primary antibodies overnight
at 4° C. The membranes were subsequently incubated
with goat anti-rabbit 1gG secondary antibodies
conjugated to horseradish peroxidase (1:5000, Bioss,
bs-0295G-HRP) at room temperature for 2 h. Finally,
the proteins were visualized with a Western Bright ECL
Kit (Advansta, USA).

RNA fish

Cell suspensions were pipetted onto autoclaved slides in
48-well plates, washed with PBS and fixed with 4%

paraformaldehyde. After dehydration was performed with
70, 85 and 100% ethanol, hybridization was conducted
overnight with circSP3 and hsa-miR-198 probes.
Treatment was performed using a FISH kit
(GenePharma). Then, 100 pL of diluted 4’,6-diamidino-2-
phenylindole stain was added to each well for 20 min in
the dark. The staining solution was then discarded, 100 uL
of PBS was added, and the coverslips were removed and
observed under a fluorescence microscope. The sequence
of the circSP3 probe was 5-AAA AGC CCG TGA AAC
AAG AGG AAG CCC GTG AAA CAA CAG GAA
ATG GAA ATG GCT GCC TTG GAC GTG GAT-3/,
and the sequence of the hsa-miR-198 probe was 5'-GAA
CCT ATC TCC CCT CTG GAC C-3'.

HCC xenograft mouse model

Four-week-old female BALB/c nude mice were
obtained from the Laboratory Animal Center of
Chongging Medical University (Chongging, China).
The hip of each mouse was subcutaneously injected
with 5x10° Huh-7 or Hep-3B cells infected with LV3-
circSP3 or LV3-NC recombinant lentiviruses (n=3
mice/group). The tumor volumes were measured every
four days (length x width? / 2) (mm®). All mice were
sacrificed on day 32, and their tumors were removed,
weighed and photographed.

Immunohistochemistry assay

Dissected tumor tissues were fixed overnight with a
formalin solution, dehydrated with ethanol, embedded
in paraffin and sectioned at 5 mm. The slides were
blocked with 5% normal goat serum and then incubated
with anti-Ki-67 antibodies (Bioss, bs-23103R) at 4° C
overnight. After being washed, the slides were
incubated with goat anti-rabbit horseradish peroxidase
antibodies (Vector Laboratories). The proteins were
visualized with 3,3’-diaminobenzidine (Sigma-Aldrich,
St. Louis, MO, USA) and analyzed under a light
microscope (Nikon). The staining intensity was graded
on the following scale: 0 (absence of staining), 1
(weakly stained), 2 (moderately stained) and 3 (strongly
stained). The percentage of positive tumor cells was
scored as follows: 0 (absence of tumor cells), 1 (<33%
tumor cells), 2 (33-66% tumor cells) and 3 (>66%
tumor cells).

Statistical analysis

All statistical analyses were performed using GraphPad
software 6.0 (GraphPad Inc., San Diego, CA, USA) and
SPSS wversion 24.0 (Chicago, IL, USA). Each
experiment was repeated at least three times. Data are
presented as the mean * standard deviation. Differences
were considered statistically significant at p<0.05.
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SUPPLEMENTARY MATERIALS

Supplementary Files

Supplementary File 1. circSP3 overexpression plasmid structure and sequence.

The structure of circSP3 overexpression plasmid is as follows:

pUCori

SV40 pA~

Cloning site: HindlIll/BamHI

Gene length: 1360bp

The gene sequence of circSP3:
atgaccgctcccgaaaageccgtgaaacaagaggaaatggetgecttggac
gtggatagcggeggeggeggtggeggeggeggeggecacggegagtate
tgcagcagcagcaacagcacggaaacggtgcggtggeggeggeagegge
ggcccaggacactcagecgtcaccgetegetctgetggecgctacctgeage
aagatagggccgccatcgecgggegacgacgaggaggaggeggeegec
gcagccggggeecccgecgeecgecggagegacaggtgatttggettetgea
cagttaggaggagcaccaaaccgatgggaggttttgtcagccacacctacaa
ctataaaagatgaagctggtaatctagtccagattccaagtgcetgctacttcaag
tgggcagtatgttcttccccttcagaatttgcagaatcaacaaatattttcegttge
accaggatcagattcatcaaatggtacagtgtccagtgttcaatatcaagtgata
ccacagatccagtcagcagatggtcagcaggttcaaattggtttcacaggetct
tcagataatgggggtataaatcaagaaagcagtcaaattcagatcattcctgge
tctaatcaaaccttacttgectctggaacaccttctgctaacatccagaatctcat
accacagactggtcaagtccaggttcagggagttgcaattggtggttcatctttt
cctggtcaaacccaagtagttgctaatgtgectcttggtetgccaggaaatatta
cgtttgtaccaatcaatagtgtcgatctagattctttgggactctcgggeagttct
cagacaatgactgcaggcattaatgccgacggacatttgataaacacaggac
aagctatggatagttcagacaattcagaaaggactggtgagegggtttctectg
atattaatgaaactaatactgatacagatttatttgtgccaacatcctcttcatcac
agttgcctgttacgatagatagtacaggtatattacaacaaaacacaaatagctt
gactacatctagtgggcaggttcattcttcagatcttcagggaaattatatccagt

pcDNA3.1(+)

5.4Kb

CMV
/ Nhel (896)
; \ HindIII (912)
\| Kpnl (922)
\ BamHI (930)

i/ JE(‘ORI(QSB)
—_ EcoRV (965)

\ a\A\'otI (980)
BGHpA' \ Xhol(986)

Xbal (992)

T Hori

~ SV40 ori

Neomycin

cgcctgtttctgaagagacacaggcacagaatattcaggtttctacagcacag
cctgttgtacagcatctacaacttcaagagtctcagcagccaaccagtcaagce
ccaaattgtgcaaggtattacaccacagacaatccatggtgtgcaagecagtg
gtcaaaatatatcacaacaggctttgcaaaatcttcagttgcagctgaatcctgg
aacctttttaattcaggcacagacagtgaccccttctggacaggtaacttggea
aacgtttcaagtacaaggggtccagaacttgcagaatttgcaaatacagaatac
tgctgcccaacaaataactttgacgectgttcaaaccctcacacttggtcaagtt
gcggcaggtggagecttcacttcaactccagttagtctaageactggtcagtty
ccaaatctacaaacagttacagtgaactctatagattctgctggtatacagctac
atccaggagagaatgctgacagtcctgcagatattaggatcaaggaagaaga
acctgatcctgaagagtggceagcetcagtggtgattctaccttgaataccaatga
cctaacacacttaagagtacaggtggtagatgaagaaggggaccaacaacat
caagaaggaaaaagacttcggagggtagcttgcacctgtcccaactgtaaag
aaggtggtggaagaggtaccaatcttgggaaaaagaagcaacacatttgtcat
ataccaggatgtggtaaagtctatgggaagacctcacatctgagagctcatctg
cgttggcattctggagaacgcccttttgtttgtaactggatgtactgtggtaaaag
atttactcgaagtgatgaattacagaggcacagaagaacacatacaggtgaga
agaaatttgtttgtccagaatgttcaaaacgctttatgagaagtgaccaccttgc
caaacatattaaaacacaccagaataaaaaaggtattcactctagcagtacagt
gctggceatctgtggaagetgegegagatgatactttgattactgcaggaggaa
caacgcttatccttgcaaatattcaacaaggttctgtttcagggataggaactgtt
aatacttccgccaccagcaatcaagatatccttaccaacactgaaatacctttac
agcttgtcacagtttctggaaatgagacaatggagtaa
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Supplementary File 2. The miR-198 target predicted by the online database.

VCP CDH11 CCND2
PAKG6 ADARB1 DGCR8
MSI2 SERPINF2 HMGA1
DENND2D CDK6 PAPSS1
APBA2 DKK3 MYB
SHOX2 PTEN HOXA1
CSF1 PER2 ARHGEF9
ELAVL1 NLK SMAD2
CDK4 LARP1 CTBP2
POLR2E BIRC5 FANCD?2
NOVA1 SP1 FUT8
MAPRE1 DDR1 PPP2R5E
BMF FOXJ1 NTRK3
SPRY?2 MET NCOR2
EGF SERPINAS5 BTG2
GPSM2 PAFAH1B1 SRC
SLC2A1 NEK8 FASN
SETDA4 BVES H2AFX
PCDH9 TLN1 CNR1
CACNA1 HDAC4 PEA15
OGT FRS2 SETDB1
TNFRSF18 MSR1 PDCD1LG2
FTCD SPTBN1 CAPN2
HDGF PEG10 TNK2
PPP1R9B PTPN1 HOXB13
PLAU TNRC6B ADAM1
RAD52 IDS TFCP2
CD4 HFE POLD1
TRIM3 ARHGAP1 SORT1
ITGAS TLN2 CDKN2B
INPPL1 PPARA YWHAG
ASPH THBS1 MAP2K7
STK17B CBL HDLBP
PSD3 ZEB2 BAG3
AMFR MLL2 TPM3
CTGF KRT14 PVR
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