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A B S T R A C T   

Hepatocellular cancer (HCC) accounts for approximately 90% of primary liver carcinoma and is a 
significant health threat worldwide. Circular RNA basonuclin 2 (circBNC2) is implicated with the 
progression of several cancers. However, its roles in carcinogenesis and glycolysis are still unclear 
in HCC. In this study, the levels of circBNC2 and high mobility group AT-hook 2 (HMGA2) were 
highly expressed, while these of miR-217 were poorly expressed in HCC tissues and cells. 
Upregulation of circBNC2 was related to poor prognosis and tumor node metastasis (TNM) stage. 
Knockdown of circBNC2 inhibited the HCC progression. Moreover, knockdown of circBNC2 
suppressed the levels of Ras, ERK1/2, PCNA, HK2, and OCT4. Notably, circBNC2 functioned as a 
molecular sponge of microRNA 217 (miR-217) to upregulate the HMGA2 expression. The 
inhibitory effects of the circBNC2 silence on the growth and stemness of HCC cells, and levels of 
PCNA, HK2 and OCT4 were aggravated by the miR-217 overexpression, but neutralized by the 
HMGA2 overexpression. Besides, silencing of circBNC2 blocked the tumor growth through 
upregulating the expression of miR-217 and downregulating the levels of HMGA2, PCNA2, HK2 
and OCT4 in vivo. Thus, the current data confirmed that circBNC2 sponged miR-217 to upregulate 
the HMGA2 level, thereby contributing to the HCC glycolysis and progression. These findings 
might present novel insight into the pathogenesis and treatment of HCC.   

1. Introduction 

As a common and aggressive cancer, liver cancer remains the sixth leading cause of cancer-related death globally [1]. Moreover, 
patients with liver cancer are generally diagnosed at advanced stage with the poor prognosis [2]. Hepatocellular carcinoma (HCC) 
represents over 90% of primary liver cancer, and chemotherapy and immunotherapy are the best options to extend survival before 
resistance arises [2]. Besides, immune checkpoint inhibitors alone or in combination with other agents are vital strategies for the 
treatment of HCC [3–5]. However, high metastasis and recurrence of HCC pose great challenges to the HCC treatment. A small 
population of cancer cells referred as cancer stem cells (CSCs) have the distinct metabolic phenotypes, such as high glycolytic activity 
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[6,7]. CSCs are generally believed to take charge the tumor initiation, recurrence and therapy resistance [6,7]. In this case, it is urgent 
to identify the potential biomarkers for prognosis and develop the new therapeutic targets for HCC. 

Emerging evidences have shown the involvement of circular RNAs (circRNAs) in the occurrence and development of cancers [6,7]. 
For instance, cSMARCA5, a circRNA originated from exons 15 and 16 of the SMARCA5 gene, suppressed tumor growth and metastasis 
in HCC, making it as a potential therapeutic target [8]. CircAKT3 enhanced cisplatin resistance in gastric cancer, which highlighted 
that is might be a potential therapeutic target for patients with gastric cancer receiving cisplatin therapy [9]. CircBNC2 (has_
circ_0008732) is derived from the zinc-finger protein basonuclin 2 (BNC2) that is a susceptibility gene for epithelial ovarian cancer 
[10]. A previous study confirmed that circBNC2 was poorly expressed, thus acting as a promising diagnostic biomarker for epithelial 
ovarian cancer [11,12]. Furthermore, circBNC2 was dysregulated in patients with non-small cell lung cancer. However, the impact of 
circBNC2 on HCC is unknown. 

CircRNA can affect the expression of target genes by serving as competing endogenous RNAs (ceRNAs) for microRNAs (miRNAs), 
thereby participating in the regulation of cancer development [13]. Dysregulation of miRNAs has been identified in various cancers, 
including HCC. For instance, miRNA-1179 inhibited the HCC metastasis by interacting with zinc-finger E-box-binding homeobox 2 
(ZEB2). MiR-194 played a crucial role in the progression of HCC via inhibiting polypyrimidine tract-binding protein 1 (PTBP1)/cyclin 
D3 (CCND3) axis, acting as a novel therapeutic target for the HCC patients [14]. A previous study demonstrated that miRNA-448 
served as a tumor suppressor by downregulating BCL-2 in HCC [15]. Overexpression of miR-140-5p was demonstrated to increase 
the sensitivity to sorafenib in HCC [16]. Notably, miR-217 functioned as a tumor suppressor. MiR-217 could act as a target of long 
non-coding RNA CRNDE to suppress the cell viability and motility by downregulating the level of mitogen-activated protein kinase 1 
(MAPK1) in HCC [17]. Moreover, miR-217 suppressed the HCC development through targeting metadherin (MTDH) [18]. Down
regulation of miR-217 could serve as a potential biomarker for the malignant progression and poor prognosis in HCC [19]. However, 
the interaction and regulatory relationship between circBNC2 and miR-217 have not been investigated. 

Noticeably, the bioinformatics tool predicted that miR-217 acted as a target miRNA of circBNC2. Therefore, in this study, we 
hypothesized that circBNC2 might regulate the carcinogenesis and glycolysis in HCC by mediating the miR-217. Herein, we sought to 
investigate the function of circBNC2 in cell growth, glycolysis and stemness in HCC. The involvement of miR-217/high mobility group 
AT-hook 2 (HMGA2) was also explored during above processes. Significantly, the current findings confirmed that circBNC2 sponged 
miR-217 to upregulate the HMGA2 level, which contributed to the HCC glycolysis and progression, indicating a promising therapeutic 
approach for HCC. 

2. Materials and methods 

2.1. HCC tumor samples and ethics statement 

HCC and adjacent normal tissues (n = 54) were obtained from the Chongqing Cancer Hospital and promptly frozen in liquid ni
trogen for the use. All patient signed the informed consent. This research was approved by the Ethics Review Committees of Chongqing 
Cancer Hospital (No. 2020-LS-036) and conducted according to the Declaration of Helsinki. 

2.1.1. Cell culture 
The cell lines (L02, Huh7, HCCLM3 and Hep3B) were obtained from Procell (Wuhan, China), and maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) with fetal bovine serum (FBS) (10%) and penicillin/streptomycin (100 U/mL, Gibco, Grand Island, 
NY, USA) under 5% carbon dioxide (CO2) at 37 ◦C. 

2.2. Real-time quantitative polymerase chain reaction (RT-qPCR) 

In brief, total RNA from tissues and cells was isolated and purified using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The 
reversed transcription was conducted with RT-PCR kit (Invitrogen), and 2 μl of cDNA template was applied for the RT-qPCR assays on 
AB7300 thermo-recycler purchased from Applied Biosystems (Foster City, CA, USA) using SYBR Green. The internal references were 
GAPDH and U6. The PCR amplification reaction was denatured at 95 ◦C for 10 min followed by a thermocycling step of 40 cycles (95 ◦C 
for 10 s; 60 ◦C for 35 s). The 2− ΔΔCt method was used to calculate the relative expression levels of genes. The sequences were listed in 
Table 1. 

Table 1 
The sequences of primers used in the present study.  

Name Forward primer (5ʹ-3ʹ) Reverse primer (5ʹ-3ʹ) 

circBNC2 GCAGTTCGGAACCAGAACGAC ATGCTGGCCAGTCTTGCTCAC 
miR-217 ACACTCCAGCTGGGTACTGCATCAGGAACTG TGGTGTCGTGGAGTCG 
HMGA2 GGGCGCCGACATTCAAT ACTGCAGTGTCTTCTCCCTTCAA 
GAPDH GGGAAACTGTGGCGTGAT GAGTGGGTGTCGCTGTTGA 
U6 CGCTTCGGCAGCACATATACTAAAATTGGAAC GCTTCACGAATTTGCGTGTCATCCTTGC  
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2.2.1. RNase R treatment 
Approximately 10 μg of RNA was extracted from Huh7 cells and cultured at 37 ◦C for 1 h with or without 4 U/μg of RNase R 

(Epicentre Biotechnologies). Finally, the relative messenger RNAs (mRNAs) levels of circBNC2 and GAPDH were measured by RT- 
qPCR. 

2.2.2. Cell transfection 
Small interfering ribonucleic acid (siRNA) against circBNC2 (si-circBNC2), short hairpin RNA (shRNA) targeting circ-BNC2 (sh- 

circBNC2), and their negative control (si-NC, and sh-NC) were constructed by Sangon Biotechnology (Shanghai, China). MiR-217 
mimic (miR-217), miR-217 inhibitor, HMGA2 mimic (HMGA2), and their negative control (miR-NC, NC inhibitor, and vector) were 
purchased from GenePharma (Shanghai, China). Cell transfection was conducted as previously described [20]. Lipofectamine 3000 
(Invitrogen, Carlsbad, CA, USA) was applied for the transfection assay. 

2.2.3. Cell counting Kit-8 (CCK-8) assay 
The cell viability of Huh7 and Hep3B was performed by CCK-8 assay [14]. Cells were seeded in 96-well plates and incubated at 

37 ◦C for 24 h. At 0 h, 24 h, 48 h and 72 h, 10 μL of CCK-8 solution (Beyotime, Shanghai, China) was added into each well, respectively. 
Four hours later, absorbance at 450 nm was recorded by a Bio-Rad microplate reader (Hercules, CA, USA). 

2.2.4. 5-Ethynyl-2′-deoxyuridine (EdU) assay 
The cell proliferation ability was also evaluated using the EdU assay [14]. In brief, HCC cells (1 × 105) under various treatments 

were seeded in 96-well plates and treated with EdU labelling medium for 2 h. Then, the labeled cells were fixed with paraformaldehyde 
(4%) for 15 min and cultured with TritonX-100 (0.5%) in PBS for 15 min. Next, cells together with Apollo dye solution (100 μL) were 
incubated at room temperature without light for 30 min. Finally, the cells were stained with DAPI for 5 min, and visualized using a 
microscope. ImageJ software was applied to calculate the percentage of EdU positive cells. 

2.2.5. Glucose consumption, lactate production and ATP level detection 
Based on the manufacturer’s instructions, the levels of glucose uptake, lactate and ATP in HCC cells were determined by Glucose 

Assay Kit purchased from Shanghai Abcam (ab65333, China), Lactate Assay kit purchased from Sigma St (MAK064, Louis, MO, USA) 
and ATP Assay Kit purchased from Abcam (ab83355), respectively. For the examination of the levels of glucose uptake, cells (2 × 106) 
were harvested washed with cold PBS, and then resuspended into 100 μL of Assay Buffer. The resuspended cells were homogenized 
quickly by pipetting up and down a few times, and centrifuged with 2 min at 4 ◦C at top speed in a cold microcentrifuge to remove any 
insoluble material. A PCA/KOH deproteinization step was performed before glucose assay. The levels of glucose uptake were deter
mined by colorimetric assay based on the protocol described. For the examination of the levels of lactate, cells (1 × 104) were harvested 
washed with cold PBS, and then resuspended into the extracting solution. Then, cells were subjected to the ultrasonication, and 
centrifuged with 12000 g for 10 min at 4 ◦C. The levels of lactate were determined by colorimetric assay based on the protocol 
described. For the examination of the levels of ATP, cells (1 × 106) were harvested washed with cold PBS, and then resuspended into 
100 μL of ATP Assay Buffer. The resuspended cells were homogenized quickly by pipetting up and down a few times, and centrifuged 
with 13000 g for 5 min at 4 ◦C in a cold microcentrifuge to remove any insoluble material. A PCA/KOH deproteinization step was 
performed before glucose assay. The levels of ATP were determined by colorimetric assay based on the protocol described. 

2.2.6. Tumor sphere formation 
Tumor sphere formation was performed as previously described [14]. Briefly, 1 × 103 cells were placed into 6-well plates and kept 

in DMEM supplemented with epidermal growth factor (EGF, 20 ng/ml), B27 (2%) and fibroblast growth factor (FGF, 10 ng/ml) at 
room temperature for 7 days. After the transfection with si-NC, si-circBNC2, si-circBNC2+miR-217 or si-circBNC2+HMGA2 for 72 h, 
spheres were photographed and counted by a microscope. 

2.3. Western blot analysis 

The extraction of proteins from tissues or cells was implemented via radioimmunoprecipitation assay (RIPA, Sangon Biotech, 
Shanghai, China). Then, the protein samples were subjected to SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) 
membranes (ThermoFisher, Waltham, USA). After the block by 5% non-fat milk, Western blot analysis was applied to determine the 
protein expression [14]. The membranes were incubated with the diluted primary antibodies (1:2000) and secondary antibodies 
(1:5000), respectively. Finally, the protein signals were achieved using an enhanced chemiluminescence (Amersham Pharmacia, 
Piscataway, USA). Primary antibodies against Ras (1:1,000, ab180772), phosphor-ERK1/2 (p-ERK1/2, 1:1,000, ab47339), ERK1/2 
(t-ERK1/2, 1:3,000, ab196883), PCNA (1:2,000, ab18197), OCT4 (1:2,000, ab109183), hexokinase 2 (HK2) (1:2,000, ab227198), 
HMGA2 (1:2,000, ab97276), β-actin (1:2,000, ab8227), GAPDH (1:2,500, ab9485) and secondary antibodies (1:2,000, ab205718) 
were all obtained from Abcam. ImageJ software was used to evaluate the band density by densitometric analysis. 

2.3.1. Flow cytometry 
The cell apoptosis was determined through the flow cytometry assay. Briefly, cells were resuspended into 1 ml of binding buffer 

after cells were rinsed with PBS. Then, cells were stained with propidium iodide (PI) and FITC-Annexin V (Thermo Fisher Scientific), 
separately. Apoptotic cells were detected on a FACScan flow cytometry (BD Biosciences, NJ, USA) and analyzed by BD CellQuest Pro 
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software (version 5.1, BD Biosciences). Besides, the cell cycle was also determined by the flow cytometry assay. Following the wash 
with PBS, cells were fixed with ice-cold 100% ethanol (E7023, Sigma) at 4 ◦C for 60 min, and then washed with PBS thrice. Then, cells 
were incubated with RNase A (100 μg/ml, R1030, Solarbio) at 37 ◦C for 60 min, and with propidium iodide (PI, 1000 μg/ml, P3566, 
Invitrogen) for 30 min without the light. The cell population was detected by the FACScan flow cytometry. 

2.3.2. Dual-luciferase reporter assay 
Dual-luciferase reporter assay was performed as previous description. The wild type sequences of circBNC2 (circBNC2-WT), mutant 

type sequences of circBNC2 (circBNC2-MUT), wild type 3′Untranslated Region (UTR) sequences of HMGA2 (HMGA2-WT) or mutant 
type 3′UTR sequences of HMGA2 (HMGA2-MUT) were obtained and inserted into pGL-3 vector (Promega, Madison, USA). Huh7 cells 
were co-transfected with luciferase reporter plus miR-217 or miR-NC using Lipofectamine 3000. Luciferase intensity was measured by 
Dual-Luciferase Assay Kit of Promega after 48 h. 

2.3.3. RNA pull-down assay 
RNA pull-down analysis was conducted as a previous report [14]. Briefly, wild-type miR-217 and its negative control (miR-NC) 

were labeled with biotin and incubated with streptavidin beads (Biolinkedin Biotech, Shanghai, China) for 24 h at 4 ◦C. Huh7 cells 
were lysed and cultured with bead-biotin complex for 2 h. Subsequently, the bounded RNA was isolated and subjected to qRT-PCR 
assay for the quantitative analysis of the circBNC2 level. 

2.3.4. Tumor xenograft assay 
The 5-weeks-old nude mice (BALB/c) were used to perform xenograft assay. 1 × 107 Huh7 cells transfected with sh-circBNC2 or sh- 

NC were subcutaneously inoculated into the mice. After 7 days, tumor volume was measured every 7 d. All mice were sacrificed by 
inhaling excess CO2 on day 35 after the inoculation. The dissected tumors were weighted. The mice experiment was approved by the 
Animal Ethics Committee of Chongqing University Cancer Hospital. 

2.3.5. Enzyme-linked immunosorbent assay (ELISA) 
Serum of mice was collected and the levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured 

using ELISA kits (Beyotime, PV963). All protocols were carried out according to the manufacturer’s recommendations. 

2.4. Hematoxylin and eosin (H&E) staining 

The collected tumor and liver tissues were fixed with paraformaldehyde (4%) for 24 h and then embedded in paraffin. The tissue 
samples were sectioned into slices with the 5 μm thickness and the sections were stained with hematoxylin and eosin. 

Fig. 1. CircBNC2 was highly expressed in HCC tissues and cells. (A) Compared with the adjacent normal tissues (n = 6), circBNC2 was 
upregulated in HCC tumor tissues (n = 6) according to GSE164803 database. **p < 0.01. (B) The expression of circBNC2 in our cohort of 54 pairs of 
HCC tumor tissues and adjacent normal tissues was detected by RT-qPCR. ***p < 0.001. (C) HCC patients (n = 54) were divided into circBNC2 high 
expression group and low expression based on the median value of circBNC2, and the survival curve of HCC patients in two groups was assessed by 
log-rank test. (D) The correlation between CircBNC2 expression and recurrence-free survival of HCC patients. (E) CircBNC2 expression in HCC cell 
lines (Huh7, HCCLM3 and Hep3B) and a normal liver cell line (L02) were assessed by RT-qPCR. ***p < 0.001 vs. L02. (F) Expression of circBNC2 
and GAPDH in Huh7 cell treated with RNase R were assessed by RT-qPCR. ***p < 0.001 vs. Mock. 
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2.4.1. Immunohistochemistry (IHC) 
The sections of tumor samples were rehydrated for IHC [21]. After the antigen retrieval, the sections were incubated with hydrogen 

peroxide (3%) for 20 min to block endogenous peroxidase. The sections were sealed with normal goat serum (5%) for 30 min, followed 
by the incubation with antibodies against HMGA2 (ab97276, Abcam), PCNA (ab18197, Abcam), HK2 (ab227198, Abcam) and OCT4 
(ab109183, Abcam) overnight at 4 ◦C. Subsequently, the sections were incubated with secondary antibodies at 37 ◦C for 1 h, followed 
by stained with DAB. Finally, the sections were counter-stained with hematoxylin and observed under an Olympus light microscope 
(400× magnification). 

2.5. Statistical analysis 

All data were analyzed using GraphPad Prism 7 and showed as mean ± standard deviation (SD). Difference between groups was 
calculated by Student’s t-test or one-way ANOVA with Tukey’s post-hoc test. Overall survival (OS) was generated by the Kaplan-Meier 
plot, and the difference was assessed by log-rank test. The relationship of circBNC2 level with clinical pathological features was 
analyzed by chi-square test. *p < 0.05 was regarded as the statistical significance. 

3. Results 

Herein, we hypothesized that circBNC2 might exert the potential roles in the carcinogenesis and glycolysis in HCC by mediating the 
miR-217/HMGA2 axis. Therefore, in the current study, we detected the effects of circBNC2 knockdown on cell growth, glycolysis and 
stemness in HCC, as well as the role of miR-217/HMGA2 involved in the above processes. As expected, circBNC2 knockdown could 
inhibit HCC cell growth, glycolysis and stemness by sponging miR-217 to up-regulate the HMGA2 level, suggesting a promising target 
for the treatment of HCC. 

3.1. Overexpression of circBNC2 in HCC tumor tissues and cells 

Previous study identified circBNC2 as a promising diagnostic biomarker for epithelial ovarian cancer [11,12]. Before the inves
tigation of its role in HCC, we first conducted the in silico analysis based on the GSE164803 database and found that the circBNC2 level 
was higher in 6 HCC tumor tissues compared with that in the matched adjacent normal tissues (p < 0.01; Fig. 1A). As shown in Fig. 1B, 
the circBNC2 abundance was higher in HCC tumor tissues compared with that in the matched adjacent tissues (p < 0.001). Moreover, 
expression of circBNC2 was negative correlated with the OS (p < 0.01; Fig. 1C) and recurrence-free survival (p < 0.05; Fig. 1D). 
Besides, the circBNC2 level was higher in all HCC cells than that in L02 cells (p < 0.001; Fig. 1E). More importantly, the mRNA level of 
GAPDH in Huh7 cells was significantly declined after RNase R disposition, while that of circBNC2 was unaffected (Fig. 1F), implying a 
resistance of circBNC2 to RNase R digestion. Thus, circBNC2 acted as a stable circRNA that involved in the HCC progression. CircBNC2 
expression was higher in tumors metastasis (p = 0.006) and advanced-stage tumors (p = 0.013) (Table 1). There is no significant 
association of circBNC2 expression with gender (p = 0.413), age (p = 0.785), tumor size (p = 0.172), or microvascular invasion (p =
0.586) (Table 2). Taken together, the level of circBNC2 was overexpressed in HCC tumor and cells, which was related to the poor 
survival. 

Table 2 
Correlation between circBNC2 expression and the clinical pathological features of 54 HCC patients.  

Characteristic All cases circBNC2 expression p-value 

High (n = 27) Low (n = 27) 

Gender    0.413 
male 29 16 13  
female 25 11 14  
Age (years)    0.785 
<60 29 14 15  
≥60 25 13 12  
Tumor size (cm)    0.172 
≥5 25 10 15  
<5 29 17 12  
Tumor metastasis    0.006* 
Present 26 18 8  
Absent 28 9 19  
Microvascular invasion    0.586 
Absent 26 12 14  
Present 28 15 13  
TNM Stages    0.013* 
I/II 23 7 16  
III/IV 31 20 11  

*p < 0.05. 
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3.2. Knockdown of circBNC2 inhibited HCC cell growth, glycolysis and stemness 

To investigate the roles of circBNC2 in HCC cells, loss-of-function experiment was performed in HCC cells (Huh7 and Hep3B). As 
shown in Fig. 2A, the knockdown efficiency of si-circBNC2 #1 was higher than that of si-circBNC2 #2 and #3 (p < 0.01). Thus, the si- 
circBNC2 #1 was named as si-circBNC2 and used for the following experiments. 

CCK-8 assays indicated that knockdown of circBNC2 inhibited cell proliferation (Fig. 2B). EdU assays also showed that the 
circBNC2 knockdown significantly suppressed the cell proliferation by 40% in Huh7 cells and 35% in Hep3B cells compared with the 
si-NC group (p < 0.001; Fig. 2C and D). Besides, the circBNC2 downregulation inhibited glucose uptake, lactate production and ATP 
level relative to the si-NC group (Fig. 2E–G). Moreover, the circBNC2 knockdown significantly reduced the number of sphere formation 
(Fig. 2H). Furthermore, the levels of survival markers (Ras and ERK), proliferation marker PCNA, glycolysis-related factor HK2, and 
stem-cell marker OCT4 were decreased in Huh7 and Hep3B cells transfected with si-circBNC2 (Fig. S1 A-C, Fig. 2I). Overall, these 
findings implied that deficiency of circBNC2 restrained cell viability, glycolysis and stemness in HCC cells. 

Fig. 2. Function of circBNC2 on proliferation, glycolysis and stemness of HCC cells. (A) The knockdown efficiency of si-circBNC2#1, si- 
circBNC2#2 and si-circBNC2#3 in Huh7 and Hep3B cells was detected by qRT-PCR. After Huh7 and Hep3B cells transfected with si-NC or si- 
circBNC2, the proliferation, relative glucose uptake, relative lactate production, relative ATP level, sphere formation, and levels of PCNA, HK2 
and OCT4 protein were assessed by CCK-8 assay (B), EdU assay(C-D), Glucose Assay Kit (E), Lactate Assay Kit (F), ATP Assay Kit (G), sphere-forming 
assay(H), Western blot assay (I), respectively. The original images of gels can be found in Supplementary material 2. **p < 0.01, ***p < 0.001 vs. 
si-NC. 
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3.3. Knockdown of circBNC2 induced HCC cell G2/M phase arrest and apoptosis 

To investigate the role of circBNC2 in the cell arrest and apoptosis of HCC cells, si-circBNC2 was transfected into Huh7 and Hep3B 
cells. Downregulation of circBNC2 prominently induced G2/M phase arrest in both Huh7 and Hep3B cells (p < 0.01; Fig. 3A). Besides, 
knockdown of circBNC2 significantly enhanced the apoptosis rate of both Huh7 and Hep3B cells (p < 0.001; Fig. 3B). Thus, these 
results indicated that silencing of circBNC2 promoted cell cycle arrest and apoptosis in HCC cells. 

Fig. 3. Knockdown of circBNC2 induced HCC cell S phase arrest and apoptosis. (A) The cell cycle of Huh7 and Hep3B cells was determined by 
the flow cytometry. (B) The cell apoptosis of Huh7 and Hep3B cells was analyzed by the flow cytometry. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. 
si-NC. 
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Fig. 4. CircBNC2 increased HMGA2 expression by absorbing miR-217. (A) The potential binding sites between circBNC2 and miR-217 was 
predicted by circinteractome. (B) The luciferase activity in Huh7 cells co-transfected with circBNC2-WT/circBNC2-MUT and miR-217/miR-NC was 
examined by dual-luciferase reporter assay. ***p < 0.001 vs. miR-NC. (C) After Huh7 cells transfected with si-NC or si-circBNC2, miR-217 expression 
was determined by RT-qPCR assay. ***p < 0.001 vs. si-NC. (D) The level of circBNC2 in Huh7 cells after RNA pull-down assay using Bio-miR-NC 
probe or Bio-miR-217 probe was determined by RT-qPCR. ***p < 0.001 vs. Bio-miR-NC. (E) MiR-217 expression in HCC tumor tissues (n = 54) and 
adjacent normal tissues (n = 54) was detected by RT-qPCR. ***p < 0.001. (F) MiR-217 expression in HCC cell lines (Huh7, HCCLM3 and Hep3B) and 
a normal liver cell line (L02) were assessed by RT-qPCR. ***p < 0.001 vs. L02. (G) The potential binding sites between miR-217 and HMGA2 was 
predicted by starBase. (H) After co-transfected with HMGA2-WT/HMGA2-MUT and miR-217/miR-NC, the luciferase activity in Huh7 cells was 
examined. ***p < 0.001 vs. miR-NC. (I) After Huh7 cells transfected with miR-NC or miR-217 vector, HMGA2 protein expression was detected by 
Western blot assay. The original images of gels can be found in Supplementary material 2. ***p < 0.001 vs. miR-NC. (J) After Huh7 cells transfected 
with miR-217 inhibitor or NC inhibitor, miR-217 expression was detected by RT-qPCR assay. ***p < 0.001 vs. NC inhibitor. (K–L) After Huh7 cells 
transfected with si-NC, si-BNC2 or si-circBNC2+miR-217 inhibitor, the levels of PCNA, HK2 and OCT4 in Huh7 cells were assessed by Western blot 
assay. The original images of gels can be found in Supplementary material 2. ***p < 0.001. (M) HMGA2 expression in HCC tumor tissues (n = 54) 
and adjacent normal tissues (n = 54) was detected by RT-qPCR. ***p < 0.001. (N) HMGA2 expression in HCC cell lines (Huh7, HCCLM3 and Hep3B) 
and normal liver cell line (L02) was assessed by RT-qPCR. ***p < 0.001 vs. L02. (O–Q) The correlations between circBNC2 and miR-217 and HMGA2 
were analyzed in HCC tissues. 
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3.4. CircBNC2 up-regulated the HMGA2 expression by absorbing miR-217 

According to bioinformatics analysis by circinteractome, miR-217 was predicted to be a potential target miRNA of circBNC2 
(Fig. 4A). MiR-217 overexpression significantly suppressed the luciferase activity of circBNC2-WT in Huh7 cells but did not influence 
the luciferase activity of circBNC2-MUT (Fig. 4B). Moreover, transfection of si-circBNC2 increased the expression of miR-217 in Huh7 
cells (p < 0.001; Fig. 4C). CircBNC2 was significantly enriched in biotinylated-miR-217 in Huh7 cells (p < 0.001; Fig. 4D). Besides, the 
miR-217 level was lower in HCC tumor tissues and cell lines (Huh7, HCCLM3 and Hep3B cells) (p < 0.001; Fig. 4E and F). 

By searching via starBase, we found that miR-217 contained the binding sites of HMGA2 (Fig. 4G). The luciferase activity was 
observably inhibited in Huh7 cells co-transfected with HMGA2-WT plus miR-217 (p < 0.001; Fig. 4H), indicating the interaction 
between HMGA2 and miR-217. The relative protein expression of HMGA2 was downregulated in Huh7 cells transfected with miR-217 
(p < 0.001; Fig. 4I). RT-qPCR assay demonstrated that the miR-217 expression was downregulated after the transfection with miR-217 
inhibitor (p < 0.001; Fig. 4J). The HMGA2 protein expression was inhibited in Huh7 cells transfected with si-circBNC2 (p < 0.001; 
Fig. 4K and L). However, the inhibition was abolished in Huh7 cell co-transfected with si-circBNC2 plus miR-217 inhibitor (p < 0.001; 
Fig. 4K and L). Essentially, the miR-217 inhibitor could neutralize the repression of si-circBNC2 on Huh7 cells. Besides, the HMGA2 
level was upregulated in HCC tumor tissues and cell lines (Huh7, HCCLM3 and Hep3B cells) (p < 0.001; Fig. 4M and N). Additionally, 
we analyzed the correlation between circBNC2 and miR-217 and HMGA2 and found that there was a negative correlation between 
circBNC2 and miR-217 (p < 0.001; Fig. 4O) and a positive correlation between circBNC2 and HMGA2 (p < 0.001; Fig. 4P) in HCC 
tissues. Furthermore, a negative correlation between the expression of miR-217 and HMGA2 (p < 0.001; Fig. 4Q). 

Analyses of the associations of the miR-217 and HMGA2 expression with clinical pathological features of 54 HCC patients were 
performed. Significant correlation was observed in miR-217 and HMGA2 expression with tumors metastasis. There is no significant 
association of miR-217 and HMGA2 expression with gender, age, tumor size, microvascular invasion, or TNM stage (Tables 3 and 4). 

3.5. CircBNC2 regulated HCC cell proliferation, glycolysis and stemness through miR-217/HMGA2 axis 

To investigate whether miR-217/HMGA2 axis contributed to the circBNC2-mediated HCC development, we performed experi
ments by restoring the miR-217 or HMGA2 expression. Transfection of the HMGA2 vector significantly increased its expression (p <
0.001; Fig. 5A). MiR-217 overexpression significantly promoted the inhibitory effect of circBNC2 silence on HCC cell growth based on 
the CCK-8 and EdU assays (p < 0.05; Fig. 5B–D). Conversely, HMGA2 overexpression significantly reversed the decrease of circBNC2 
knockdown on HCC cell growth (p < 0.01; Fig. 5B–D). Moreover, circBNC2 silencing-mediated inhibitory effects on glucose uptake, 
lactate production and ATP level of Huh7 cells were enhanced by the miR-217 overexpression or neutralized by the HMGA2 over
expression (p < 0.05; Fig. 5E–G). 

The sphere-forming assay showed that the circBNC2 silencing-mediated inhibitory effects on sphere formation (p < 0.05; Fig. 6A) 
and protein expression of PCNA, HK2 and OCT4 (p < 0.05; Fig. 6B) could also be facilitated by the miR-217 elevation or reversed by the 
HMGA2 overexpression. Besides, downregulation of circBNC2 prominently induced G2/M phase arrest of both Huh7 and Hep3B cells 
(p < 0.05; Fig. 6C). However, administration of miR-217 inhibitor had a restoring effect on the circBNC2 silencing-mediated inhibitory 
role in G2/M phase (p > 0.05; Fig. 6C). Collectively, these results suggested that miR-217/HMGA2 axis involved in circBNC2-mediated 
HCC cell proliferation, cell cycle arrest, glycolysis and stemness. 

Table 3 
Correlation between miR-217 expression and the clinical pathological features of 54 HCC patients.  

Characteristic All cases miR-217 expression p-value 

High (n = 27) Low (n = 27) 

Gender    0.056 
male 29 11 18  
female 25 16 9  
Age (years)    0.413 
<60 29 16 13  
≥60 25 11 14  
Tumor size (cm)    0.413 
≥5 25 13 16  
<5 29 14 11  
Tumor metastasis    0.029* 
Absent 26 17 9  
Present 28 10 18  
Microvascular invasion    0.278 
Absent 26 11 15  
Present 28 16 12  
TNM Stages    0.054 
I/II 23 15 8  
III/IV 31 12 19  

*p < 0.05. 
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3.6. CircBNC2 knockdown inhibited HCC cell growth in vivo 

There was a significant reduction of tumor volume and weight in sh-circBNC2 group compared with that in sh-NC group (p < 0.01; 
Fig. 7A and C), but no significant difference in mice weight between sh-circBNC2 group and sh-NC group was observed (p > 0.05; 
Fig. 7B). The level of circBNC2 was declined, whereas that of miR-217 was elevated in sh-circBNC2 group (p < 0.001; Fig. 7D). 
However, there was no significant differences in serum levels of ALT and AST between sh-circBNC2 group and sh-NC group (p > 0.05; 
Fig. 7E and F). Besides, H&E staining showed improvement of liver damage in sh-circBNC2 group (Fig. 7G), and the IHC staining rates 
of HMGA2, PCNA, HK2 and OCT4 were reduced in sh-circBNC2 group (p < 0.001; Fig. 7G). Therefore, these results indicated that 
circBNC2 knockdown inhibited HCC cell growth in vivo. 

Table 4 
Correlation between HMGA2 expression and the clinical pathological features of 54 HCC patients.  

Characteristic All cases HMGA2 expression p-value 

High (n = 27) Low (n = 27) 

Gender    0.172 
male 29 12 17  
female 25 15 10  
Age (years)    0.413 
<60 29 13 16  
≥60 25 14 11  
Tumor size (cm)    0.413 
≥5 25 11 14  
<5 29 16 13  
Tumor metastasis    0.006* 
Absent 26 8 18  
Present 28 19 9  
Microvascular invasion    0.586 
Absent 26 14 12  
Present 28 13 15  
TNM Stages    0.054 
I/II 23 8 15  
III/IV 31 19 12  

*p < 0.05. 

Fig. 5. CircBNC2/miR-217/HMGA2 regulated HCC cell proliferation and glycolysis . (A) After transfection with the empty vector or HMGA2 
vector, HMGA2 protein expression was detected by Western blot. The original images of gels can be found in Supplementary material 2. ***p <
0.001 vs. vector. After Huh7 cells transfected with si-NC, si-circBNC2, si-circBNC2+miR-217, or si-circBNC2+HMGA2, the proliferation, relative 
glucose uptake, relative lactate production, relative ATP level, sphere formation, and levels of PCNA, HK2 and OCT4 protein were assessed by CCK-8 
assay (B), EdU assay (C and D), Glucose Assay Kit (E), Lactate Assay Kit (F), ATP Assay Kit (G), respectively. *p < 0.05, **p < 0.01, ***p < 0.001. 
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4. Discussion 

Currently, glycolysis has been implicated with the progression of malignant tumors, including HCC, and the abnormal glucose 
metabolism may contribute to tumor growth and malignant behavior of HCC [22]. In this study, we identified a glycolysis-associated 
circRNA, circ-BNC2, with a significant upregulation in HCC tissues and cell lines, which was closely related to aggressive clinical 
pathological features as well as poor prognosis. Functional assays indicated that circBNC2 was a driver of HCC cell viability and 
glycolysis both in vitro and in vivo. Notably, circBNC2 could elevate the HMGA2 expression by sponging miR-217. Our findings reveal 
the essential biological effect of circBNC2 in HCC and suggest that deregulation of circBNC2 may be responsible for the malignant 
progression of HCC. 

Accumulating evidences have supported that circRNAs act as the important regulators in glycolysis and progression of HCC. For 
instance, exosome circFBLIM1 promoted HCC progression and glycolysis via regulating the miR-338/LRP6 axis [23]. Circ_0004913 
could inhibit cell growth, metastasis, and glycolysis in HCC via regulating the miR-184/HAMP axis [24]. Fang et al. [25] demonstrated 
that circ_0046599 knockdown suppressed HCC cell viability, motion and glycolysis by absorbing miR-1258 to regulate RPN2. 
Circ-PRMT5 silence could repress viability and glycolysis of HCC cells by modulating the miR-18-5p and HK2 axis [26]. These findings 
indicate that circRNAs play the critical roles in tumor growth and glycolysis in HCC. 

The previous study found that circBNC2 was significantly downregulated in the epithelial ovarian cancer and could be a potential 
diagnostic biomarker for epithelial ovarian cancer [11,12]. Herein, we confirmed that the level of circBNC2 was elevated in HCC, and 
high level of circBNC2 was associated with poor prognosis and advanced-stage, indicating that circBNC2 might function as a prog
nostic biomarker for HCC. ERK1 and ERK2 are the downstream components of a phosphorelay pathway that conveys growth and 
mitogenic signals largely channelled by the small RAS GTPases [27]. PCNA is one of the key viability-related proteins in cancers [28]. 
In this study, we demonstrated an inhibitory effect of circBNC2 silence on cell viability and tumor growth. As an important feature of 
cancers, glycolysis contributes to the development of HCC. Glucose uptake, lactate production and ATP level are the three indicators of 
glycolysis, and HK2 is an important enzyme in the glycolysis pathway [29]. In this study, circBNC2 knockdown retarded glycolysis by 
downregulating the levels of glucose uptake, lactate production and ATP. Besides, OCT4 is one of the stemness-associated transcription 
factors in cancers [30]. Through detecting sphere-forming ability and the OCT4 expression, the current findings revealed that 

Fig. 6. CircBNC2/miR-217/HMGA2 regulated HCC cell stemness and cycle. (A) After Huh7 cells transfected with si-NC, si-circBNC2, si- 
circBNC2+miR-217, or si-circBNC2+HMGA2, the sphere formation, and levels of PCNA, HK2 and OCT4 protein were assessed by sphere-forming 
assay(A) and Western blot assay (B), respectively. The original images of gels can be found in Supplementary material 2. (C) The cell cycle was 
determined by the flow cytometry. *p < 0.05, **p < 0.01, ***p < 0.001. 
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circBNC2 down-regulation restrained the HCC stemness. In addition, knockdown of circBNC2 induced HCC cell cycle arrest and 
apoptosis. More importantly, a significant reduction of tumor volume and weight was observed in sh-circBNC2 mice. Collectively, 
circBNC2 knockdown served as an anti-cancer role in HCC in vitro and in vivo, and this was the first report of carcinogenicity of 
circBNC2 in HCC. 

Emerging evidences have confirmed that circRNAs can regulate cell function and pathological responses by acting as the miRNA 
sponges to regulate the gene expression. For instance, circRNA-5692 could inhibit the progression of HCC by modulating the miR-328- 
5p/DAB2IP axis [31]. CircMTO1 weakened HCC cell proliferation, invasion and tumor growth by sponging miR-9 to promote p21 
expression [32]. CircSETD3 acted as a sponge for micR-421 and negatively modulated miR-421 to alleviate the HCC growth [33]. 
Herein, we demonstrated that circBNC2 up-regulated the HMGA2 expression via sponging miR-217. MiR-217 has been validated to 
poorly express in many cancers and plays an anti-cancer role in the progression of cancers [34]. For example, a previous study 
confirmed that miR-217 weakened thyroid cancer cell proliferation and motility via inhibiting AKT3 expression [35]. Furthermore, 
miR-217 overexpression inhibited cell viability, motion and increased cell apoptosis in glioma [34]. More importantly, miR-217 was 
downregulated in HCC, and its upregulation could inhibit invasion of HCC cells [36]. Therefore, there is a reason to believe that 
miR-217 may function an anti-cancer role in the process of HCC. Similar with the previous study [17,18], this study demonstrated a 
low expression of miR-217 in HCC. Importantly, miR-217 expression was negatively regulated by circBNC2 in vitro and in vivo in HCC. 
Moreover, overexpression of miR-217 reversed the inhibitory effects of circBNC2 silence on HCC cell growth, glycolysis, stemness and 
levels of PCNA, HK2 and OCT4, implying that circBNC2 regulated the HCC development by sponging miR-217. 

HMGA2 is a member of HMGA family that binds to AT-rich regions in DNA, altering the chromatin architecture [37]. HMGA2 is 
usually highly expressed and associated with the malignant progression of cancers. For example, HMGA2 expression was increased in 
lung cancer, indicating a promising molecular marker for lung cancer [38]. For research in cervical cancer, HMGA2 silencing sup
pressed the epithelial-mesenchymal transition and lymph node metastasis [39]. Overexpression of HMGA2 was closely related to 
occurrence of epithelial-mesenchymal transition in bladder cancer [40]. Moreover, induction of the HMGA2 expression by circSHKBP1 
facilitated the cell proliferation, invasion, angiogenesis and stem cell-like properties in laryngeal squamous cell carcinoma [41]. 

Fig. 7. CircBNC2 inhibition reduced HCC growth in vivo. (A) The growth curve of xenograft tumor in the sh-circBNC2 and sh-NC groups. Mice 
weight (B) and tumor weight (C) were evaluated in the sh-circBNC2 and sh-NC groups. (D) The expression of circBNC2 and miR-217 in the sh- 
circBNC2 and sh-NC groups were examined by qRT-PCR. The serum levels of ALT (E) and AST (F) in the sh-circBNC2 and sh-NC groups were 
examined by ELISA. (G) Representative H&E stain images of tumor foci of liver sample and positive staining rates of HMGA2, PCNA, HK2 and OCT4 
in the sh-circBNC2 and sh-NC groups were examined by immunohistochemistry. N = 6 per group. **p < 0.01, ***p < 0.001 vs. sh-NC. 
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Notably, Xu et al. [42] demonstrated that HMGA2 was up-regulated in HCC, and it could be involved in the inhibition of cell pro
liferation, glycolysis and tumor growth regulated by the circZFR/miR-375 axis. Therefore, HMGA2 always served as an oncogenic 
factor to promote the tumor progression. Our study presented that HMGA2 was upregulated in HCC, which analogously with a pre
vious report [42]. Importantly, HMGA2 was predicted and confirmed to be a target of miR-217. Overexpression of HMGA2 overturned 
the inhibitory effect of circBNC2 knockdown on the HCC development and levels of PCNA, HK2 and OCT4. These findings suggested 
that circBNC2 could promote the HMGA2 expression via sponging miR-217. 

5. Conclusions 

Together, we first identified circBNC2 as an oncogene in HCC. Importantly, circBNC2 could sponge miR-217 to up-regulate the 
HMGA2 expression, thereby driving the HCC stemness, malignancy and glycolysis. This study indicates that circBNC2 may become a 
promising prognostic biomarker and therapeutic target for HCC. Notably, the characterization of the circBNC2/miR-217/HMGA2 axis 
provides an important insight for the HCC stemness and tumorigenesis. However, the effect of circBNC2 on other cellular functions 
need to be investigated, such as cell motility, oxidative stress, ferroptosis or immune response. Besides, this study only explored the 
effect of circBNC2 knockdown on HCC in animal experiments, the role of circBNC2/miR-217/HMGA2 axis in HCC development need 
to be further addressed in vivo. 
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