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Abstract
Circular RNA (circRNA) is thought to mediate the occurrence and development of human cancer and usually acts 
as a tiny RNA (miRNA) sponge to regulate downstream gene expression. However, it is not clear whether and how 
circACVR2A (hsa_circ_0001073) is involved in the progression of HCC. The purpose of this study is to clarify the 
potential role and molecular mechanism of circACVR2A in regulating the progression of hepatocellular carcinoma 
cells (HCC). The abundance of related proteins in circACVR2A, microRNA (miR511-5p) and PI3K-Akt signaling 
pathway was determined by quantitative reverse transcriptase polymerase chain reaction (RT-PCR) or Western 
blotting. Cell viability, invasion and apoptosis were analyzed by CCK-8, Transwell analysis and Tunel staining, 
respectively. The interaction between circACVR2A and microRNA was evaluated by double luciferase reporter gene 
assay. The results showed that circACVR2A was highly expressed in hepatocellular carcinoma cell lines. Our in vivo 
and in vitro data showed that circACVR2A promoted the proliferation, migration and invasion of HCC. In terms 
of mechanism, we found that circACVR2A can directly interact with miR511-5p and act as a miRNA sponge to 
regulate the expression of related proteins in PI3K-Akt signaling pathway.

In HCC, circACVR2A can mediate miR-511-5p/mRNA network to activate PI3K signal pathway. This shows that the 
molecular regulatory network with circACVR2A as the core is a new potential target for diagnosis and treatment of 
hepatocellular carcinoma.
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Introduction
Hepatocellular carcinoma is extremely deadly, with more 
than 700,000 people dying from it each year. There are 
about 400,000 new hepatocellular carcinoma patients 
in China every year, accounting for about 50% of the 
increase in hepatocellular carcinoma patients in the 
world [1, 2]. Because of the high recurrence rate and poor 
prognosis of patients with hepatocellular carcinoma, it is 
particularly necessary to find new and more effective bio-
markers as targets for detection of hepatocellular carci-
noma, or as targets for prevention and treatment.

circRNA is a special type of endogenous RNA mol-
ecule, which exists widely in a variety of biological cells. 
Unlike linear RNA, cirRNA is a closed loop without 5 
‘and 3’ ends or polyadenosine tails [3]. It has been found 
that circRNA can be derived from exons or introns, or 
composed of both exons and introns [4]. Although the 
existence of circRNA has been discovered in the 1970s, 
it has not received enough attention for a long time [5, 
6]. Until recent years, with the development of RNA 
deep sequencing technology and bioinformatics, a large 
number of endogenous circRNA have been found and 
expressed steadily in mammalian cells. Although many 
circRNA contain potential protein coding sequences, cir-
cRNA with protein coding function has not been found 
[7, 8], so scholars begin to think about and study the 
related functions of circRNA. More and more studies 
have confirmed that circRNA plays an important role in 
many diseases such as nervous system disease, cardiovas-
cular disease, diabetes, malignant tumor and so on [9]. 
circRNA can play a regulatory role at the transcriptional 
and post-transcriptional level, and can also participate 
in the regulation of gene transcription or bind to RNA-
binding proteins. [10, 11]. In addition, the sponge effect 
of circRNA on miRNA is also one of the current research 
hotspots [12, 13].

Studies have shown that there is a stable difference in 
the expression of circRNA between a variety of malig-
nant tumors and normal tissues, so some scholars 
think that some circRNA can be used as ideal biomark-
ers of malignant tumors. circRNA is also involved in 
the physiological processes of tumor cell proliferation, 
apoptosis, invasion and metastasis [14–16]. For exam-
ple, there are significant differences in the expression of 
hsa_circ_002059 in gastric cancer, normal tissues and 
blood samples, which also shows its potential diagnostic 
value as a biomarker [17]. The expression of circ-ITCH 
in esophageal squamous cell carcinoma is significantly 
lower than that in adjacent tissues. Overexpression of 
circ-ITCH can significantly inhibit the cycle progression 
of tumor cells and thus inhibit tumor growth [18]. How-
ever, there are few studies on whether circRNA can be 
used as a diagnosis and treatment target for liver cancer.

There is a molecular regulatory relationship among cir-
cRNA, miRNA and mRNA. circRNA has a sponge effect 
on miRNA. Some scholars have found nearly 70 miR-7 
binding sites on circRNA-CDR1as [12, 13]. miRNAs are 
non-coding single-stranded RNA (ribonucleic acid) mol-
ecules with a length of about 22 nucleotides encoded 
by endogenous genes, with a size of about 21–23 bases. 
MiRNAs are mostly formed by the processing of Dicer 
enzymes (a kind of ribonuclease III) of single-stranded 
RNA precursors with a hairpin structure of about 70–90 
bases. miRNAs have 5 ‘phosphate and 3’ hydroxyl groups 
and are located at the 3’or 5 ‘end of the RNA precursor. 
It has the function of destroying the transcripts of spe-
cific target genes or inducing translation suppression 
[19]. mRNA is a kind of RNA (ribonucleic acid), which is 
transcribed by genes, carries biological genetic informa-
tion and can guide protein biosynthesis by reading triad 
code. It consists of the upstream 5 ‘non-coding region 
(5’-UTR), the coding region and the downstream 3’ non-
coding region (3’-UTR), and the content accounts for 
about 3%-5% of the total cellular RNA. Biological genes 
are transcribed to form the precursor mRNA, and the 
precursor mRNA becomes mature mRNA after splicing 
modification, which carries biological genetic informa-
tion into the ribosome to guide the synthesis of protein 
peptide chain, thus completing the expression process 
from gene to protein [20]. The process of translating 
mRNA into peptide chain is regulated by regulatory fac-
tors, and most miRNA can regulate the translation of 
specific corresponding mRNA into proteins. Mature 
miRNA binds to its complementary mRNA site in the 
way of base pairing, which affects the translation pro-
cess of mRNA and regulates gene expression. At present, 
some studies have shown that the disordered expres-
sion of miRNA and mRNA caused by the imbalance of 
circRNA can drive the tumorigenesis and metastasis of 
various cancers [21]. Therefore, the molecular regulatory 
network with circRNA as the core may play an important 
role in the occurrence of hepatocellular carcinoma.

circACVR2A comes from the gene ACVR2A and 
is located in chr2:148653869–148,657,467 (ID: hsa_
circ_0001073 in circbase database). The total length is 
473 bp. In 2013, several studies detected the presence of 
circACVR2A in different tissue and cell samples [22, 23]. 
Zheng et al. detected the expression of circACVR2A in 7 
cases of cancer tissues, including bladder cancer, breast 
cancer, colon cancer, hepatocellular carcinoma, gas-
tric cancer, renal clear cell carcinoma and prostate can-
cer [24]. However, what kind of function circACVR2A 
has in hepatocellular carcinoma, whether it is signifi-
cantly different from normal tissue, early and later stage 
of hepatocellular carcinoma, and its relationship with 
the prognosis of hepatocellular carcinoma is still under 
study. For this reason, we propose that “the molecular 
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regulatory network with circACVR2A as the core may be 
involved in the occurrence, development and prognosis 
of hepatocellular carcinoma”, which provides a basis for 
the study of the molecular mechanism of the occurrence 
and development of hepatocellular carcinoma.

Phosphatidyl-inositol3-kinase (PI3K) -serine-thre-
oninekinase (AKT) signaling pathway, as one of the 
important pathways of cancer signaling, can not only 
increase the “Warburg” effect in tumor cells, It can also 
promote the proliferation and spread of cancer cells [25–
27]. Previous studies have shown that the PI3K signaling 
pathway is highly expressed in liver cancer tissues, and it 
has been proved that it is related to the occurrence, pro-
gression and metastasis of liver cancer [28, 29]. As one 
of the important signal transduction pathways in liver 
cancer cells, PI3K signaling pathway plays a key role in 
inhibiting apoptosis and promoting proliferation in cells 
by regulating the activation state of various downstream 
effector molecules [30–32]. However, whether cir-
cACVR2A-mediated miRNA/mRNA regulatory network 
has a direct regulatory effect on the PI3K signaling path-
way needs further study.

Method
Cell culture and treatments
Human hepatoma cell lines Huh-7, HepG2 and human 
normal liver cell line LO2 were purchased from Hang-
zhou Jenker Biological Technology Co.,Ltd; Human hep-
atoma cell lines Hep3B and human normal hepatocyte 
line MIHA are provided by the Laboratory of Molecu-
lar Pharmacology, School of Pharmacology, Southwest 
Medical University. Huh-7, HepG2, Hep3B and HEK-293 
cells were cultured in DMEM (Gibco, Shanghai, China), 
MIHA cells were cultured in RPMI-1640(Gibco), sup-
plemented with 1% penicillin/streptomycin (Gibco) and 
10% FBS(Gibco). Cells were grown in a humidified atmo-
sphere of 5% CO2 at 37 °C.

Quantitative reverse transcription polymerase chain 
reaction (qRT-PCR)
RNA was isolated with TRIzol (Life technologies, USA). 
To purity circRNA and explore the circular structure, 
RNA was treated with 3 U/µg RNase R (Geneseed) for 
30 min. The RNA in nuclear and cytoplasm was isolated 
using Cytoplasmic & Nuclear RNA Purification Kit (Bio-
creative Technology, Beijing, CA). RNA was reversely 
transcribed to comple-mentary DNA through specific 
reverse transcription kit (Tiangen, Beijing, CA). Comple-
mentary DNA together with SYBR Green (Vazyme) and 
primers (Tsingke, Beijing, CA) was used for qRT-PCR. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
or U6 served as internal reference. The relative RNA 
abundance was calculated according to 2−ΔΔCt method. 
The sequence information of primers was listed in 
Table 1.

Oligonuleotide transfection
Overexpression plasmids, interference RNA (shRNA), 
miRNA mimics, miRNA inhibitors and negative control 
oligonucleotides were purchased from Hanbio Biotech-
nology (Shanghai, China). Lipofectamine RNAiMax (Life 
Technologies) was used for cell transfection. pCD3.1-
CMV-ciR vector (Hanbio Biotechnology, Shanghai, CA) 
was used to generate circACVR2A overexpression vec-
tor, and pCD3.1-CMV-ciR vector was used as negative 
control. pCDNA3.1-U6-CMV-ZsGreen vector (Hanbio 
Biotechnology) was used to generate shRNA interfer-
ence vector, and pCDNA3.1-U6-CMV-ZsGree vector 
was used as negative control. 2 µ g vector oligodeoxynu-
cleotides were transfected into cells using Lipofectamine 
3000 (Thermo Fisher, Wilmington, Deutschland).

Cell proliferation, wound healing, migration, invasion 
assays and apoptosis
For the detection of cell survival, about 2 × 104Huh-7 
and Hep3B cells were inoculated into a 96-well plate and 

Table 1  The sequence information of primers
Gene Sequence

Forward (5’-3’) Reverse (5’-3’)
circACVR2A ​A​T​T​T​T​T​G​T​T​G​C​T​G​T​G​A​G​G​G ​G​T​G​G​C​A​C​C​A​A​G​G​A​A​T​A​G​A​G
COL4A4 ​C​C​T​T​C​C​C​G​T​A​T​T​T​A​G​C​A​C​G​C ​G​T​C​C​T​C​A​G​A​A​C​A​C​A​C​C​C​A​T​G​A
CREB1 ​G​C​C​A​C​A​T​T​A​G​C​C​C​A​G​G​T​A​T​C​T​A​T ​T​G​T​T​T​G​G​A​C​T​T​G​T​G​G​A​G​A​C​T​G​A​A
ERBB4 ​G​G​A​C​A​A​C​A​C​T​C​T​T​C​A​G​C​A​C​A​A​T​C ​G​C​C​A​T​T​C​T​C​A​A​A​C​T​C​C​C​G​A​A​A​T​T
FN1 ​G​A​G​G​G​C​A​G​A​A​G​A​G​A​C​A​A​C​A​T​G​A​A ​C​C​C​T​T​C​A​T​T​G​G​T​T​G​T​G​C​A​G​A​T​T​T
KRAS ​A​G​G​G​A​C​T​A​G​G​G​C​A​G​T​T​T​G​G​A ​A​A​T​G​T​C​T​T​G​G​C​A​C​A​C​C​A​C​C​A
NTRK2 ​T​C​T​G​C​T​C​A​C​T​T​C​A​T​G​G​G​C​T​G ​A​G​A​C​C​G​A​G​A​G​A​T​G​T​T​C​C​C​G​A
PIK3R3 ​T​G​A​C​A​G​A​A​T​C​C​C​G​C​T​C​T​T​C​C ​C​C​T​C​C​C​T​T​C​C​G​C​A​A​A​G​T​C​A​A
PPP2R5E ​G​A​A​C​G​C​T​G​A​G​G​T​T​C​G​G​G​T ​G​A​G​G​A​G​T​A​G​T​T​G​G​T​G​C​T​G​A​G​G
GAPDH ​C​A​A​G​G​C​T​G​A​G​A​A​C​G​G​G​A​A​G ​T​G​A​A​G​A​C​G​C​C​A​G​T​G​G​A​C​T​C
miR511-5p ​C​G​C​G​G​T​G​T​C​T​T​T​T​G​C​T​C​T​G
U6 ​G​C​T​T​C​G​G​C​A​G​C​A​C​A​T​A​T​A​C​T
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maintained for 24–96  h. Subsequently, 10 µ L CCK-8 
(Beyotime, Shanghai, CA) is added to each hole. After 
2  h of culture, the optical density level at 450  nm was 
detected by enzyme labeling instrument (Bio-Rad, USA). 
The cell viability was analyzed by normalizing to the con-
trol group.

In the colony formation experiment, the transfected 
cells were inoculated in 6-well plates with the density of 
1 × 103 cells per well. After about 10 days, the clones were 
washed with PBS, fixed with 4% paraformaldehyde fixa-
tion solution (Beyotime, Shanghai, CA) and stained with 
0.1% crystal violet. Then the results were imaged and 
quantified.

For the wound healing experiment, the wound was 
made in the middle of the six-hole plate with the suction 
head of 200 µ L liquid transfer gun (time 0 h), and then 
the cells were cultured in serum-free medium immedi-
ately. After 24  h and 48  h of culture, the cell migration 
photos were taken, the cell migration distance was mea-
sured, and normalized to the relative mobility of 0 h con-
trol for comparison.

For Transwell experiment, when the 24-well chamber 
(Corning, Corning, USA) was pre-coated with Matrigel 
(Solarbio, Beijing, CA), about 5 × 104 Huh-7 or Hep3B 
cells were placed in serum-free DMEM medium. Add 
500 µ L culture medium and 10% serum in the low room. 
After 24  h of culture, the invasive cells were washed 
with PBS, fixed with 4% paraformaldehyde fixation solu-
tion (Beyotime) and stained with 0.1% crystal violet, and 
counted under microscope.

For the detection of apoptosis, using terminal deoxy-
nucleotidyl transferase-mediated Nick end labeling 
(TUNEL), TdT enzyme and DAPI enzyme (Elabscience, 
Wuhan, CA) were used to stain the cell slides fixed with 
4% paraformaldehyde fixation solution (Beyotime), and 
detected by fluorescence microscope.

Western blot analysis
Proteins were extracted with RIPA lysis buffer supple-
mented with 1% protease inhibitor and quantified by 
a BCA kit (Beyotime). Equal amounts of proteins (40 µ 
g) were separated by 10%or12% SDS-PAGE and trans-
ferred to PVDF membranes (Merckmillipore, DE). After 
blocking with 5% skim milk powder at room tempera-
ture for 1  h, the membrane were incubated with prim-
mary antibodies specific to PI3K (1:1000, CST, USA), 
p-PI3K (1:1000, CST, USA), Akt (1:1000, CST, USA), 
p-Akt(1:1000, CST, USA), Foxo1 (1:1000, CST, USA), 
p-Foxo1 (1:1000, CST, USA), Bcl2 (1:800, Beyotime, CA), 
Bax (1:800, Beyotime, CA), GAPDH (1:1000, Abcam, 
UK) and β-Actin (1:1000, Beyotime, CA) at 4 ℃ over-
night. Then the goat anti-mouse or goat anti-rabbit sec-
ondary antibodies coupled with horseradish peroxidase 

was incubated and developed with chemiluminescence 
HRP substrate (BIO-RAD).

Luciferase reporter assay
HEK293T cells (1 × 105) were inoculated in a 12-well plate 
and co-transfected with corresponding pSI-Check2 vec-
tors and MicroRNA mimics. After incubation for 48  h, 
according to the instructions of the manufacturer, the 
activities of fireflies and Renilla luciferase were detected 
by dual luciferase reporter gene detection system (Beyo-
time). Independent experiment in triplicate.

Animal experiments
BALB/c nude mice (5–6 weeks old) were purchased from 
Beijing HFK Bio-Technology. All animal care and experi-
mental procedures are approved by the Institutional 
Animal Care and use Committee of Southwest Medical 
University and carried out in accordance with established 
guidelines. For tumor growth study, each group included 
5 mice. Hep3B cells stably expressing or silencing cir-
cACVR2A (2 × 106 cells per mouse) were subcutaneously 
injected into the right back. After a week, the size of the 
tumor was measured every three days. After 21 days, the 
mice were killed and the weight of the tumor was exam-
ined. The tumor samples were fixed and embedded in 
paraffin wax, and then the samples were cut into 5 µ m 
thick paraffin sections for HE staining.

Statistical analysis
Three independent experiments were carried out. Graph-
Pad Prism8.0 (GraphPad Prism, Inc., La Jolla, California, 
USA) was used for statistical analysis. The difference 
between the two groups was evaluated by Student’s t test 
(two-tailed) or analysis of variance (ANOVA). The data 
are shown as mean ± SD. The experimental results were 
repeated more than three times, P < 0.05 indicates that 
the difference is statistically significant.

Result
circACVR2A is highly expressed in HCC and has sponge 
effect on miR-511-5p
RT-qPCR assay detected the expression of circACVR2A 
in two human normal liver cell lines (LO2 and MIHA) 
and three human hepatocellular carcinoma cell lines 
(HepG2, Huh-7 and Hep). The results showed that com-
pared with normal hepatocytes, the expression of cir-
cACVR2A was up-regulated in hepatocellular carcinoma 
cell lines (Fig.  1A). In order to rule out the possibility 
that extreme expression levels in hepatocellular carci-
noma cells could affect the efficiency of overexpression 
or knockdown of circACVR2A, two hepatocellular car-
cinoma cell lines with intermediate circACVR2A expres-
sion levels, Huh-7 and Hep3B, were selected. By means of 
biological information analysis, the expression difference 
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of miRNA in liver cancer was analyzed using gene expres-
sion mapping (GEO) database, and 126 miRNAs with 
differential expression were obtained (Fig. 1B). Then, we 
intersect the differential miRNAs with the predicted cir-
cACVR2A-miRNAs in the circbank database to get two 
down-regulated miRNA, miR144-5p and miR511-5p. 
(Fig. 1C). We selected miR-511-5p, which has a larger dif-
ference, for the follow-up experiment.

The circACVR2A overexpressed and knockdown 
plasmid was constructed, and the circACVR2A over-
expressed and knockdown HCC cell lines Huh-7 and 
Hep3B were constructed using transient and lentivi-
ral infection methods. Next, we verified the efficiency 
of overexpression and knockdown of circACVR2A in 
hepatocellular carcinoma cells by RT-qPCR assay, and 
demonstrated successful overexpression and knock-
down of circACVR2A in hepatocellular carcinoma cell 
lines Huh-7 and Hep3B (Fig.  1D). At the same time, 

the expression levels of miR511-5p were detected using 
the same batch of RNA extracted. The results showed 
that overexpression of circACVR2A in hepatoma cell 
lines Huh-7 and Hep3B could decrease the expression 
of miR511-5p. In contrast, knockdown of circACVR2A 
could up-regulate miR-511-5p expression (Fig. 1E). This 
suggests that circACVR2A may have a regulatory effect 
on miR-511-5p. To verify whether circACVR2A has a 
spongy effect on miR511-5p, we designed a dual lucifer-
ase assay to construct a circACVR2A sequence of wild-
type (WT) or a sequence with mutant (MUT) miR511-5p 
binding site. Constructed reporter plasmids or plasmids 
carrying the luciferase gene were co-transfected into 
HEK293T cells with miR511-5p or miR-NC mimics. 
After 48 h, firefly luciferase activity and sea kidney lucif-
erase activity were detected by double luciferase kit. The 
results showed that the miR511-5p co-transfection group 
with circACVR2A-WT had lower relative Rluc activity 

Fig. 1  circACVR2A was highly expressed in hepatoma cells and was used as a sponge for miR-511-5p (A) RT-qPCR to detect the expression of cir-
cACVR2A in normal liver cells and liver cancer cells. (B) Volcano map of miRNAs differential expression. (C) Intersection the differentiated miRNAs with the 
circACVR2A-miRNAs predicted in the circbank database. (D) RT-qPCR assay to verify the efficiency of overexpression and knockdown of circACVR2A in 
hepatocellular carcinoma cells. (E) RT-qPCR assay verified the expression of miR-511-5p after overexpression and knockdown of circACVR2A in hepatoma 
cells. (F) HEK293T cotransfected with miRNA mimics, Psi-Check2-wild-type circACVR2A (circACVR2A-WT) or Psi-Check2-mutant circACVR2A (circACVR2A-
MUT) plasmid Luciferase reporter gene was detected in cells. All experiments were repeated three times, expressed as mean ± SD, *P < 0.05, **P < 0.01, 
***P < 0.001. In Fig. 1A * LO2 serves as the control group; # MIHA serves as the control group compared with pcDNA3.1 and PCDNA3.1-U6 in Fig. 1D and 
E, compared with mimics NC in Fig. 1F
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than the control group, demonstrating that circACVR2A 
can exert a spongy effect on miR-511-5p (Fig. 1F).

circACVR2A can promote the proliferation of HCC
CCK-8 assay and cell clone formation assay were used to 
explore whether circACVR2A can affect the prolifera-
tion of hepatocellular carcinoma cells. In hepatoma cell 
lines Huh-7 and Hep3B which overexpressed or knocked 
down circACVR2A, the cell viability was measured by 
CCK8 at 0 h, 24 h, 48 h, 72 h and 96 h, respectively. Com-
pared with the control group, it was found that overex-
pression of circACVR2A could significantly enhance the 
cell viability of hepatoma cells Huh-7 and Hep3B, while 
knocking down circACVR2A would lead to a signifi-
cant decrease in the viability of Huh-7 and Hep3B cells 
(Fig.  2A, B). In the experiment of cell clone formation, 
we found that overexpression of circACVR2A increased 

the number of cell clones, while silence circACVR2A 
decreased the number of cell clones, which indicated that 
circACVR2A could promote the tumorigenesis of Huh-7 
and Hep3B cells in vitro (Fig. 2C, D).

circACVR2A promotes invasion and migration of HCC
circACVR2A was overexpressed or knocked down in 
hepatocellular carcinoma cell lines Huh-7 and Hep3B. 
The effect of circACVR2A expression on the invasion and 
migration of hepatocellular carcinoma cells was detected 
by cell scratch test and transwell cell invasion test in vitro. 
The results showed that in the migration experiment, 
compared with the control group, the growth rate of 
overexpressed circACVR2A cells was significantly faster 
than that of knock-down circACVR2A cells (Fig. 3A, B). 
It is suggested that circACVR2A can promote the migra-
tion of Huh-7 and Hep3B in hepatocellular carcinoma 

Fig. 2  circACVR2A can promote the proliferation of hepatoma cells in vitro. (A) The effect of circACVR2A on the proliferation of hepatoma cell line Huh-7 
was detected by CCK8 assay. (B) The effect of circACVR2A on the proliferation of hepatoma cell line Hep3B cells was detected by CCK8 assay. (C) The ef-
fect of circACVR2A on the clonal formation of hepatoma cells Huh 7 cells were detected by cell cloning assay. (D) The effect of circACVR2A on the clonal 
formation of hepatoma cells Hep3B cells was detected by cell cloning assay. All experiments were repeated three times, expressed as mean ± SD, *P < 0.05, 
**P < 0.01, ***P < 0.001, compared with pCDNA3.1 or pCDNA3.1-U6 in Fig. 2
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cells; in the invasion experiment, overexpression of cir-
cACVR2A can promote more Huh-7 and Hep3 cells 
to pass through the transwell chamber than the control 
group, while knocking down circACVR2A will cause 
fewer cells to penetrate the chamber (Fig.  3C, D). It is 
suggested that circACVR2A can promote the invade of 
Huh-7 and Hep3B in hepatocellular carcinoma cells.

circACVR2A can inhibit the apoptosis of hepatocellular 
carcinoma cells
TUNEL staining test was used to detect whether 
circACVR2A could affect the apoptosis of 

hepatocellular carcinoma cells. After Huh-7 and Hep3B 
were overexpressed or silenced by circACVR2A, the pre-
pared cell slides were stained with TUNEL staining kit, 
TdT enzyme staining solution and DAPI enzyme stain-
ing solution. Then, it was observed and photographed 
by fluorescence microscope. According to the results 
of TUNEL staining (Fig.  4A, B). The positive TUNEL 
staining was red and varied in shape and size, and dis-
tributed randomly among normal cells in a dispersed 
form. There were almost no positive cells in the control 
group, and almost no red positive cells indicating apop-
tosis in the overexpressed circACVR2A group, and there 

Fig. 3  circACVR2A can promote the migration and invasion of hepatoma cells. (A, C) Cell migration and invasion test: to detect the migration and inva-
sion ability of hepatoma cell Huh-7 in vitro; (B, D) Cell migration and invasion test: to detect the migration and invasion ability of hepatoma cell Hep3B in 
vitro. All the experiments were repeated three times, expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, compared with pCDNA3.1 or pCDNA3.1-U6
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was no significant difference between the two groups of 
cells. However, in the knock-down circACVR2A group 
(shRNA1 and shRNA3), the positive cells increased 
significantly and were higher than those in the respec-
tive control groups. This suggests that inhibition of cir-
cACVR2A can promote the apoptosis of Huh-7 and 
Hep3B cells.

miR511-5p can modulate the abundance of mRNAs on the 
PI3K signaling pathway
In order to construct the regulatory network of cir-
cACVR2A-miRNA-mRNA, we use three databases (Tar-
getScan, mirDIP, miRWalk) to predict the intersection 
of has-miR511-5p/mRNAs to get 160 mRNAs (Fig. 5A). 
After KEGG enrichment analysis, it was found that these 
mRNAs could affect multiple signal pathways respec-
tively (Fig.  5B). The classical signal pathway PI3K was 
selected and the enriched mRNA on its pathway was 
analyzed. Nine mRNAs enriched in PI3K pathway were 
obtained, including COL4A4, CREB1, ERBB4, FN1, 
KRAS, FGF9, NTRK2, PIK3R3 and PPP2R5E. Among 
them, except that there was no difference in the expres-
sion of FGF9, the other 8 mRNAs showed significant dif-
ferences in the comparison between normal tissues and 
hepatocellular carcinoma tissues, and these 8 mRNAs 
showed a trend of high expression in tumors (Fig.  5C). 

In order to verify that circACVR2A can regulate these 
mRNAs through miR511-5p, we overexpressed and 
silenced circACVR2A in hepatocellular carcinoma cell 
lines Huh-7 and Hep3B, and detected the abundance 
changes of COL4A4, CREB1, ERBB4 and other 8 mRNAs 
in hepatocellular carcinoma cells by RT-qPCR assay. The 
results showed that circACVR2A could regulate these 
mRNAs through miR511-5p (Fig. 5D-K).

circACVR2A can activate the PI3K signaling pathway
In order to further verify that circACVR2A can play 
a carcinogenic role through PI3K signal pathway, we 
used Western Blot assay to detect the expression of pro-
teins related to PI3K signal pathway after overexpres-
sion and silence of circACVR2A in Huh-7 and Hep3B 
cell lines. The results showed that overexpression of cir-
cACVR2 significantly enhanced the expression of PI3K, 
p-PI3K, p-AKT and p-FoxO1, and significantly inhibited 
the expression of FoxO1, while silencing circACVR2A 
showed the opposite result (Fig. 6A). In addition, we also 
detected the apoptosis-related protein Bax/Bcl2 in hepa-
tocellular carcinoma cell lines Huh-7 and Hep3B. It was 
found that overexpression of circACVR2 in hepatoma 
cell lines Huh-7 and Hep3B could significantly inhibit 
the expression of Bax and enhance the expression of 
Bcl2, while the opposite result was found after silencing 

Fig. 4  circACVR2A can inhibit the apoptosis of hepatoma cells in vitro. (A) In Huh-7 and Hep3B cells overexpressing circACVR2A, the climbing slices fixed 
with 4% paraformaldehyde were stained with TdT enzyme and DAPI enzyme respectively. (B) In the silent circACVR2A hepatoma cells Huh-7 and Hep3B, 
the climbing slices fixed with 4% paraformaldehyde were stained with TdT enzyme and DAPI enzyme, respectively
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Fig. 5  circACVR2A can regulate the abundance of mRNAs related to PI3K signal pathway through miR-511-5p. (A) Predict hsa-miR511-5p/mRNAs inter-
section through three databases (TargetScan, mirDIP, miRWalk); (B) KEGG enrichment analysis of overlapping mRNAs; (C) Difference analysis of 9 mRNAs 
enriched to PI3K signal pathway; (D-K) RT-qPCR verification of 8 mRNAs with differences. All the experiments were repeated three times, expressed as 
mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, and compared with pCDNA3.1 or pCDNA3.1-U6
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circACVR2A (Fig. 6B, C). This indicates that the regula-
tory network mediated by circACVR2A can up-regulate 
the PI3K-AKT signal pathway and play a carcinogenic 
role.

circACVR2A promotes the growth of HCC in vivo
In order to further verify the effect of circACVR2A on 
tumor growth in vivo, Hep3B cells with stable expression 
of circACVR2A and its control vector were constructed, 
and circACVR2A with shRNA1 silencing Hep3B cells 
was selected according to the results of cell experiments. 
BALB/c nude mice aged about 5–6 weeks were selected 
and the cells of overexpression or knockdown of cir-
cACVR2A and their control groups were inoculated in 
the right axilla of mice. One week after cell inoculation, 

tumors grew in all groups, and the tumor volume was 
measured and recorded every 3 days. After 21 days 
of inoculation, the mice were killed, the tumor tissue 
was stripped and the weight was examined. The results 
showed that compared with the control group, the tumor 
tissue of tumor-bearing mice in circACVR2A overex-
pression group showed obvious necrosis (Fig.  7A). In 
addition, the tumor volume and weight of circACVR2A 
overexpression group increased significantly, while 
the tumor volume and weight of knock down group 
decreased significantly compared with the control group 
(Fig. 7B-D). HE staining was used to detect the develop-
ment of tumors in each group. The cells with light red 
cytoplasm and light blue nucleus or blue disappearance 
were defined as tumor necrotic cells. The necrosis of 

Fig. 6  circACVR2A can regulate the PI3K/AKT/FOXO1 signaling pathway. (A) After overexpression and silencing of circACVR2A in Huh-7 and Hep3B, the 
abundance of PI3K, Akt, FOXO1 and their phosphorylated proteins, with GAPDH as the internal reference protein; (B, C) After overexpression and silenc-
ing of circ ACVR2A in Huh-7 and Hep3B, the abundance of Bax and BCL2, with β-Actin as the internal reference protein. *P < 0.05, **P < 0.01, ***P < 0.001, 
and compared with pCDNA3.1 or pCDNA3.1-U6
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tumor cells is usually closely related to the rapid growth 
of tumor and insufficient blood supply. The results 
showed that the area of tumor necrotic cells in the cir-
cACVR2A overexpression group was significantly larger 
than that in the control group, while the tumor necrotic 
cell area in the circACVR2A knockdown group was sig-
nificantly smaller than that in the control group (Fig. 7E). 

This shows that down-regulating the expression of cir-
cACVR2A in hepatocellular carcinoma can inhibit the 
growth of tumor in vivo.

Discussion
In recent years, circRNAs have been identified as an 
important class of non-coding RNA molecules, many 
of which play key roles in the origin and development 
of cancer through different pathways. They are usually 
expressed in tissue-specific and cancer-specific ways, and 
with the emergence of more and more research data, we 
are gradually discovering that these molecules may have 
potential clinical value and application prospects [33, 34].
In particular, it has great potential as a target for diagno-
sis and therapy [15, 35, 36].

At present, some scholars have detected the expres-
sion of circACVR2A in seven types of cancer tissues, 
including bladder cancer, breast cancer, colon cancer, 
hepatocellular carcinoma, gastric cancer, renal clear 
cell carcinoma, and prostate cancer by high-throughput 
sequencing of different types of cancer [24]. Dong et al. 
proposed that circACVR2A inhibited the proliferation 
and metastasis of bladder cancer cells through the miR-
626/EYA4 axis, and low expression of circACVR2A was 
detected in bladder cancer cells [37]. Liu et al. also pro-
posed that circACVR2A targeted miR-626/LIFR axis to 
inhibit lung cancer progression, and also detected low 
expression of circACVR2A in lung cancer cells [38]. 
However, the function of circACVR2A in liver cancer 
remains largely unknown and requires further explora-
tion. In this study, we found that circACVR2A acts as a 
tumor suppressor in bladder and lung cancer, but pro-
motes tumor development in liver cancer. circACVR2A is 
up-regulated in Huh-7 and Hep3B cells, and overexpres-
sion of circACVR2A significantly promotes the prolif-
eration, migration and invasion of hepatoma cells, while 
SHRNA-mediated circACVR2A silencing has opposite 
effects on hepatoma cells.

With the continuous improvement of high-throughput 
RNA sequencing techniques and new bioinformatics 
tools, researchers have discovered thousands of circRNA 
s in a variety of organisms [39–41]. These circRNAs have 
abundant miRNA binding sites, and by binding to spe-
cific miRNAs, the inhibition of miRNAs on their target 
genes can be lifted [42, 43]. circRNA adsorbs miRNA by 
sponge, affects mRNA transcription and translation, and 
thus regulates gene expression [44–46]. In our study, we 
verified that circACVR2A can interact with miR-511-5p 
in liver cancer cells through bioinformatics analysis com-
bined with dual luciferase reporter gene assay. However, 
in previous studies, it has been proved that miR-511-5p 
is low expressed in liver cancer and plays a cancer-sup-
pressing role in liver cancer [47], which is consistent 
with the results obtained in this study. In addition, the 

Fig. 7  Overexpression or silencing of circACVR2A promoted or inhibited 
the growth of hepatoma cells in vivo. (A, B) Hep3B cells stably expressing 
circACVR2 or control vector and Hep3B cells stably silencing circ-ACVR2 or 
control vector were inoculated into the right axilla of BALB/c nude mice. 
(C, D) The tumor volume and weight of circACVR2A overexpression group 
were significantly increased, while those of silent group were significantly 
decreased. (E) The representative images of HE staining analysis of tumors 
in each group. (F) The schematic diagram shows that circACVR2A inhibits 
the proliferation, metastasis and apoptosis of hepatocellular carcinoma 
cells through the miR-511/PI3K axis. *P < 0.05, **P < 0.01, ***P < 0.001, and 
compared with pCDNA3.1 or pCDNA3.1-U6

 



Page 12 of 14Fei et al. Molecular Cancer          (2024) 23:159 

expression of circACVR2A mediated the expression of 
miR-511-5p by RT-qPCR. These results suggest that cir-
cACVR2A can act as a miRNA sponge for miR-511-5p.

Previous studies have shown that miRNAs can disrupt 
transcription products of target-specific genes or induce 
translation inhibition by binding to specific mRNAs [19].
Recent studies have shown that circRNA s can directly 
bind to miRNAs to regulate gene expression, thereby pre-
venting them from interacting with target genes [21, 44–
46]. In our study, candidate target genes of miR-511-5p 
were predicted by TargetScan, mirDIP and miRWalk, and 
multiple tumor-related signaling pathways were obtained 
by KEGG enrichment analysis. As one of the major sig-
naling pathways in hepatocellular carcinoma, PI3K-Akt 
signaling pathway is widely involved in the regulation of 
cell cycle, cell proliferation, apoptosis, metabolism and 
angiogenesis [28, 48].In our study, nine candidate target 
genes of miR-511-5p were found to be enriched in the 
PI3K-Akt signaling pathway, among which eight mRNAs 
(COL4A4, CREB1, ERBB4, FN1, KRAS, NTRK2, PIK3R3 
and PPP2R5E) showed significant differences compared 
with the normal group. Subsequently, the regulatory 
relationship of miR-511-5p on these 8 target genes was 
verified by RT-qPCR. Although there have been stud-
ies showing that five mRNAs, including PIK3R3, ERBB 
and FN1, can regulate the PI3K-Akt signaling pathway 
in hepatocellular carcinoma and act as tumor-promot-
ing genes [49–52], their association with miR-511-5p 
and circACVR2A has not been described. Therefore, 
this study provides more information for understanding 
the biological function of CIRcacVR2A-mediated miR-
511-5p/mRNA regulatory network in hepatoma cells. In 
addition to detecting PI3K and Akt expression, we also 
detected FoxO1 expression, which has been identified as 
a negatively regulated downstream gene of Akt. Previous 
studies have shown that the change of FoxO1 expression 
is related to cell proliferation and apoptosis, which is 
consistent with our experimental results.

Although circRNA has received a lot of attention in 
recent years and circRNA has been shown to play a cru-
cial role in the progression and prognosis of human liver 
cancer [33, 53, 54], the study of circRNA, including cir-
cACVR2A, for clinical application is just beginning. On 
the one hand, there is no research on the function and 
possible mechanism of circACVR2A in hepatocellu-
lar carcinoma, which is worthy of further study. On the 
other hand, it is due to the lack of preclinical studies that 
include a sufficient number of patients. Although it has 
been proved by in vitro and in vivo experiments that the 
expression of circACVR2A is closely related to the occur-
rence and progression of hepatocellular carcinoma cells, 
due to the lack of clinical tissue samples of primary liver 
cancer, the differential expression of circACVR2A in 
normal subjects and patients with liver cancer cannot 

be directly verified, so there are still some limitations. 
In the future research, clinical samples will be collected 
and sequenced to verify the difference of circACVR2A 
expression between normal people and patients with 
liver cancer. In addition, the molecular mechanism of 
liver cancer mediated by circACVR2A regulatory net-
work will be further explored.

Conclusions
To sum up, studies have shown that the expression of 
circACVR2A is up-regulated in hepatocellular carci-
noma cell lines, and its high expression is closely related 
to the progression of hepatocellular carcinoma. In terms 
of mechanism, circACVR2A significantly inhibits the 
proliferation and metastasis of hepatocellular carcinoma 
by directly binding to miR-511-5p, thus reducing the 
inhibitory ability of miR-511-5p on PI3K signal pathway 
(Fig. 7F). Studies have proved that the molecular regula-
tory network with circACVR2A as the core may be a new 
therapeutic target for liver cancer.
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