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Circular RNA hsa_circ_0004277 Stimulates Malignant Phenotype of Hepatocellular Carcinoma and Epithelial-Mesenchymal Transition of Peripheral Cells
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Accumulating evidence shows that exosomal circRNAs reflect the physiological status of donor cells, and various cell reactions are induced after exosomal circRNAs are captured by recipient cells. In this study, qRT-PCR was performed to detect circ-0004277 expression in hepatocellular carcinoma (HCC) cell lines, tissues, and plasma exosomes. The effects of circ-0004277 on the proliferation and migration of HCC cells were assessed by cell counting, 5-ethynyl-2′-deoxyuridine assays, Transwell migration assays, and tumor formation in nude mice. We found that circ-0004277 was significantly upregulated in HCC cells, tissues, and plasma exosomes compared to that in normal controls. Overexpression of circ-0004277 enhanced the proliferation, migration, and epithelial-mesenchymal transition (EMT) of HCC cells in vivo and in vitro. Furthermore, exosomes from HCC cells enhanced circ-0004277 expression in surrounding normal cells and stimulated EMT progression. ZO-1, a tight junction adapter protein, was downregulated in HCC tissues. In conclusion, our findings suggest that circ-0004277 promotes the malignant phenotype of HCC cells via inhibition of ZO-1 and promotion of EMT progression. In addition, exosomal circ-0004277 from HCC cells stimulates EMT of peripheral cells through cellular communication to further promote the invasion of HCC into normal surrounding tissues.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most prevalent primary liver cancer (Kim et al., 2017) and the second most common cause of cancer-related deaths. It is the sixth most prevalent cancer worldwide, with poor prognosis and high malignancy (Bosetti et al., 2009; Forner et al., 2012; Niendorf et al., 2015). Factors associated with HCC development include viruses, chemical substances, and congenital and acquired metabolic diseases (Carr and Guerra, 2017). Although there are multiple therapeutic options for HCC, the prognosis of HCC remains poor, with a 5-year survival rate of <20% as a result of high metastasis and recurrence rates (Bruix et al., 2011). Therefore, further studies on the pathogenesis of HCC are important.

Circular RNA (circRNA) was first discovered in 1976 (Eger et al., 2018). However, owing to limited research techniques, it was considered meaningless until it became a significant research topic in recent years. CircRNAs are covalently closed single-stranded RNA molecules from exons via alternative mRNA splicing (Jin et al., 2016). CircRNAs, as conserved and stable non-coding RNAs in mammalian cells, are known to be involved in various cancer-related processes (Zhao et al., 2017), particularly in colon (Hsiao et al., 2017), bladder (Zhong et al., 2017), gastric (Tian et al., 2018), and non-small cell lung cancers (Yao et al., 2017). Many studies have demonstrated that circRNAs are closely associated with HCC. A study by Han et al. has shown that circular RNA circMTO1 serves as a sponge of microRNA-9 to inhibit the progression of hepatocellular carcinoma (Han et al., 2017). It has also been proven that circRNAs may participate in the pathogenesis of HCC, such as circRNA-100338 (Huang X. Y. et al., 2017), circ_0005075 (Shang et al., 2016), circular RNA ciRS-7 (Cdr1as) (Xu et al., 2017; Su et al., 2019), and circ-ZEB1.33 (Gong et al., 2018). Therefore, it is important to explore the function of circRNAs in the occurrence and progression of HCC.

Exosomes are small vesicular bodies present in various cells and contain mRNAs, miRNAs, and proteins that may regulate signaling pathways in recipient cells (Zhu et al., 2017). In addition, proteins and nucleic acids are delivered by exosomes to regulate intercellular communication between stromal cells and cancer cells (Pan et al., 2017). According to Steinbichler et al., metastasis is a complex multi-stage process, including the migration of cancer cells, survival in blood vessels, and adhesion to and colonization of host organs. As exosomes can be targeted by oncological therapy and affect each stage of this cascade (Steinbichler et al., 2017), there is reason to believe that exosomes may be involved in the occurrence and development of HCC.

Recent research shows that Circular RNA IARS secreted by pancreatic cancer cells and located within exosomes regulates endothelial monolayer permeability to promote tumor metastasis (Li J. et al., 2018). Tight junctions are important for maintaining the mechanical strength and permeability of the mucosal epithelium (Basler et al., 2016), which regulates the movement of ions and macromolecules between endothelial and epithelial cells (Lochhead et al., 2020). The tight junction protein ZO-1 is one important component that not only regulates cell material transport and maintains epithelial polarity, but also plays an important role in cell proliferation and differentiation and tumor cell invasion (Hsu et al., 2017; Haas et al., 2020).

Here, we hypotheses that circ-0004277 promotes the malignant phenotype of HCC cells via inhibition of ZO-1 and promotion of EMT progression. In addition, exosomal circ-0004277 from HCC cells stimulates EMT of peripheral cells through cellular communication to further promote the invasion of HCC into normal surrounding tissues. In this study, qRT-PCR was utilized to detect the expression of six well-known tumor-related circRNAs in the human-derived liver cell line HL-7702 and HCC cell lines. The results showed that only circ-0004277 expression was increased in HCC cell lines. We verified this result in a population-based study. Subsequently, in vitro and in vivo assays were conducted to detect the role of circ-0004277 in cell proliferation and migration, and the results showed that circ-0004277 promoted the malignant phenotype of HCC. However, there are no data on the biological role of circ-0004277 in HCC. The present study was performed to investigate whether circ-0004277 contributed to the progression of HCC and to elucidate the underlying mechanisms.



MATERIALS AND METHODS


Study Subjects and Design

All the subjects provided written informed consent, and the study protocol was approved by the Ethics Committee of the Affiliated Huaian No.1 People's Hospital of Nanjing Medical University. Plasma specimens from 60 HCC patients and 60 negative controls were analyzed, along with 60 matched tumor and paired adjacent normal tissues from HCC patients from The Affiliated Huaian No.1 People's Hospital of Nanjing Medical University.



Cell Transfection and Cultures

The Shanghai Cell Bank of the Chinese Academy of Sciences provided normal human hepatic cells (HL-7702 cells) and the human HCC cell lines HepG2, Bel-7402, MHCC97, Huh-7, and SMMC-7721. Cell culture was performed using RPMI 1640 culture medium containing 10% inactivated newborn bovine serum, 100 U/mL streptomycin, and 100 U/mL penicillin at 37°C under 5% CO2. The medium was replaced at an interval of 2–3 d. Passage was performed when the cell confluency reached 90% to maintain logarithmic cell growth. The assays were conducted using cells in the logarithmic growth phase. Lentiviruses containing overexpressing sequences or small hairpin RNA (shRNA) were obtained from GenePharma (Shanghai, China). All transfection experiments were performed by following the manufacturer's instructions using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). One shRNA targeting the backsplice sequence of circ-0004277 was designed. In brief, shRNA or scrambled sequences were cloned into the GenePharma Supersilencing Vector. For Lentivirus shRNA vector production, vectors were cotransfected with the Helper vector-I in the 293T packaging cell line. To recapitulate circRNA, the genomic sequence for circ-0004277 was amplified, and then the sequence was inserted into pcDNA3.0 vector. Stably transfected cells were selected via treatment with 2 μg/mL puromycin for 2 weeks. Detailed sequences were depicted in Table 1.


Table 1. Sequences of primers for qRT-PCR.
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RNA Isolation and qRT-PCR

TRIzol reagent (Life Technologies, Carlsbad, CA, USA) was used to extract cellular RNA. We measured the RNA concentration before storage at −80°C for future analysis using an ABI 7900 Fast Real-Time PCR System (Applied Biosystems). Powerup SYBR Green qPCR master mix was used for real-time PCR, which was performed in triplicate. The polymerase chain reaction was conducted as follows: an initial denaturation for 10 min at 95°C followed by 40 cycles at 95°C for 15 s and 1 min of annealing/extension at 60°C. A previously described method was used to determine and normalize the RNA expression levels to GAPDH. The PCR primers used are listed in Table 1.



Sanger Sequence

To confirm that circ-0004277 sequence amplified by primers was identical to that in circbase and encompassed the circular 3′/5′-end, we performed Sanger sequence. Sanger sequencing was performed by inserting amplified products into the T vector. After determining the length, the back-splice joint of circ-0004277 was analyzed by constructing different primers. We authorized Invitrogen (Shanghai, China) to construct the primers and Realgene (Nanjing, China) to perform Sanger sequencing.



RNase R Digestion

To verify the circRNA nature of circ-0004277, we performed RNase R digestion assay. Total RNA (5 μg) was cultured with 3U/μg of RNase R (Epicenter Biotechnologies, Shanghai, China) for 15 min at 37°C. The RNase R digestion was performed in triplicate.



Cell Migration Assay

Cell migration assay was performed as previously described (Ma et al., 2016). In brief, 5 × 104-105 cells in serum-free media were seeded into the upper layer of a Transwell membrane insert (pore size: 8 μm) in a 24-well plate (Corning). Subsequently, medium containing 10% fetal bovine serum was used as an attractant and added to the bottom chamber. HCC cells were fixed in methanol and stained with crystal violet 36 h later. HL-7702 cells were subjected to fixation in methanol and to crystal violet staining 96 h later. Image-Pro Plus 6.0 was used for cell counting.

A wound healing assay was performed to measure cell migration. The cells were seeded in 6-well plates and scratched with a 10 μL pipette tip. After washing three times, the non-adherent cells were removed. Cell migration toward the wound 12 h post-scratching was photographed using an inverted microscope (Olympus, Tokyo, Japan). The wound areas were analyzed using Image J2x (Rawak Software Inc., Stuttgart, Germany) to assess cell migration capacity.



Cell Proliferation Assay

The Cell Counting Kit-8 (CCK-8) (Beyotime Institute of Biotechnology, Nantong, China) was used to detect HCC cell proliferation. Briefly, before adding CCK-8, cells were added to a 96-well plate at 1,000 cells per well. The absorbance was measured at 450 nm. Cells in each group were tested five times, while the experiments were conducted in triplicate.

The 5-Ethynyl-2′-deoxyuridine (EDU) incorporation assay was conducted as per the manufacturer's instructions using an EDU detection kit (Keygen, Nanjing, China).



Tumorigenicity Assay

Nude mice, aged 4–5 weeks, were obtained from the Shanghai Institute for Biological Sciences and maintained under sterile specific pathogen-free conditions. The nude mice were injected subcutaneously with 1 × 106 SMMC-7721 cells containing stably overexpressed circ-0004277 or corresponding blank vectors to determine tumor growth and metastasis. The size of the bearing tumor was measured every week and harvested by sacrifice of mice 4 weeks after seeding. The subcutaneous formatted tumor nodes were collected for subsequent detection. The study was approved by the Institute Research Medical Ethics Committee of The Affiliated Huaian No.1 People's Hospital of Nanjing Medical University and conducted under the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.



Metastasis Assays

The treated SMMC-7721 cells were injected into nude mice via the tail vein. The mice were evaluated after 28 days. Lung metastatic nodules were counted to determine the metastasis of cells subjected to different treatments. Hematoxylin and eosin (HE) staining was used to confirm the metastatic tumors.



Immunohistochemical Staining

As previously indicated, immunohistochemistry analysis was performed by immunohistochemical staining (Henri et al., 2016). Primary antibodies against Ki-67, N-cadherin, and ZO-1 were obtained from Abcam (Cambridge, MA, USA). A fluorescence microscope (DP80, Olympus) was used for staining analysis.



HE Staining

Tissues were fixed in 10% formalin, processed, and embedded in paraffin. For morphological analysis, multiple 10-μm-thick sections were prepared and stained with hematoxylin and eosin.



Exosome Isolation

To remove cells and cell debris, the culture medium was collected and centrifuged for 15 min at 3,000 × g. A 0.22 μm polyvinylidene difluoride (PVDF) filter (Millipore) was used to filter the supernatant. Subsequently, a moderate ExoQuick exosome precipitation solution (System Biosciences) was added to the filtered culture media. After 24 h of refrigeration, the ExoQuick/biofluid mixture was centrifuged for 30 min at 1,500 × g, and the supernatant was removed. The exosomes appeared as beige or white pellets at the bottom of the vessel.



Transmission Electron Microscopy (TEM)

Before TEM analysis, exosomes were suspended in 100 μL phosphate buffered saline (PBS), fixed in 5% glutaraldehyde at incubation temperature, and then kept at 4°C. Based on the TEM sample preparation procedures, a drop of exosome was added to a carbon-coated copper grid and immersed in 2% phosphotungstic acid solution (pH 7.0) for 30 s. A TEM (Tecnai G2 Spirit Bio TWIN, FEI, USA) was used to observe the preparations.



Exosome Labeling

Exosomes were isolated from 1.5 × 106 HCC cells and suspended in 100 μL PBS containing 1 mL of mixed PKH67 (Sigma, St. Louis, MO, USA, in Diluent C). After incubation for 4 min at ambient temperature, exosome labeling was terminated by adding 2 mL of 0.5% BSA, and Exoquick exosome precipitation solution was added to isolate the dyed exosomes. After suspending the exosomes into 9.6 mL basal medium, 250 μL medium was added to the sub-confluent layer of HL-7702 cells. Cells were washed and fixed at room temperature after 3 h of incubation at 37°C. For nuclei staining, 4,6-diamidino-2-phenylindole (DAPI, Sigma) was added for 10 min. The stained cells were observed under a fluorescence microscope (Zeiss, LSM700B, Germany).



Nanoparticle Tracking Analysis (NTA)

We measured the exosome particle size and concentration using NTA with ZetaView PMX 110 (Particle Metrix, Meerbusch, Germany) and corresponding software ZetaView 8.04.02. Isolated exosome samples were appropriately diluted using 1X PBS buffer (Biological Industries, Israel) to measure the particle size and concentration. NTA measurement was recorded and analyzed at 11 positions. The ZetaView system was calibrated using 110 nm polystyrene particles. Temperature was maintained around 23°C and 37°C.



RNA Binding Protein Immunoprecipitation (RIP) Assay

This assay was performed in strict accordance with the procedures of the Magna RIPTM RIP Kit (Millipore, Billerica, MA, USA). After cell lysis, antibodies to be detected were added at a working concentration of 8 μg per reaction system. After incubation overnight in a shaker at 4°C, it was reheated to room temperature for 1 h. Then, protein G magnetic beads were added to capture the complexes. After rinsing with buffer, the RNA was extracted. Relative expression of circ-0004277 and ZO-1 were quantified by qRT-PCR.



Western Blot

The isolation and qualification of total proteins was performed using radio immunoprecipitation assay lysis buffer (Sigma) and a BCA detection kit (Keygen, Nanjing, China), respectively, as instructed by the manufacturer. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was used to separate equivalent amounts of protein before being transferred to a PVDF membrane. Primary antibodies were applied as follows: rabbit anti-human IgG antibodies against ZEB-1(1:500, #3396) (Cell Signaling Technology, Beverly, MA, USA), β-actin (1:500, ab8227), TSG101 (1:1000, ab125011), CD63 (1:1000, ab217345), N-cadherin (1:500, ab18203), ZO-1 (1:500, ab96587), and E-cadherin (1:500, ab11512) (Abcam). Image J software (Rawak Software Inc., Stuttgart, Germany) was used for data analysis. All experiments were repeated independently in triplicate.



Immunofluorescence (IF)

Cells were fixed in 4% paraformaldehyde, sealed with Immnol Fluorence Staining Secondary Antibody Dilution Buffer (Beyotime), and then incubated with a 1:200 dilution of ZO-1 antibody (ab96587, Abcam) at 4°C for 24 h. After washing, cells were incubated in a 1:200 dilution of FITC-labeled goat anti-rabbit IgG (H+L) (Beyotime) for 30 min at 37°C. DAPI was prepared for nuclei staining at a 1:1000 dilution for 5 min. Images were captured with confocal laser scanning microscope (Carl Zeiss, Jena, Germany). Cell fluorescence was analyzed by Image J software (Rawak Software, Inc. Germany).



Statistical Analysis

The characteristic differences between HCC patients and negative controls were assessed using a two-sided χ2-test. The paired t-test was performed to detect the differential expression of circ-0004277 and ZO-1 in cancer tissues compared with adjacent non-malignant tissues. The unpaired Student's t-test was performed to assess the significance of other between-group differences. The AUC values for plasma exosomal circ-0004277 were reflected in the receiver operating characteristic (ROC) curve. The optimal cutoff value of circ-0004277 was determined by the maximal Youden index. All statistical analyses were conducted using SPSS 22.0 (IBM, SPSS, Chicago, IL, USA) and GraphPad Prism V5.0 (GraphPad Software, Inc., La Jolla, CA, USA). A two-sided P < 0.05 indicated statistical differences.




RESULTS


Characteristics and Expression of Circ-0004277 in HCC

qRT-PCR was carried out to detect differences in the expression of six well-known circRNAs in cancer. The results showed that only circ-0004277 was stably increased in the six HCC cell lines compared to that in HL-7702 cells, indicating that circ-0004277 may be involved in the occurrence of HCC (Figure 1A). Furthermore, analysis of circ-0004277 levels in HCC tumors and paired adjacent normal tissues showed significantly higher circ-0004277 expression in HCC tissues (Figure 1B). The characteristics of HCC patients and negative controls are shown in Supplementary Table 1. As shown in the Figure 1C, we performed Sanger sequence to confirm that circ-0004277 sequence amplified by primers was identical to that in circbase and encompassed the circular 3′/5′-end. RNaseR has no influence on circRNA and dissolves linear RNA characterized by a free 3′end (Wang et al., 2019). RNaseR was added to total RNA to further confirm the nature of circ-0004277. The assay demonstrated that circ-0004277 was indeed a circRNA and resistant to RNase R digestion (Figure 1D). These results showed that our primers are specific and the production of the qRT-PCR is indeed circ-0004277.
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FIGURE 1. Characteristics and expression of circ-0004277 in HCC. (A) The expression level of six well-known circRNAs was detected in the normal human hepatic cell line HL-7702 and HCC cell lines through qRT-PCR. (B) qRT-PCR detection of the relative expression of circ-0004277 in paired HCC tumor and normal tissues (n = 60). (C) The sequence of circ-0004277 in circBase (upper panel) showed consistent results with Sanger sequencing (lower panel). (D) Circ-0004277 was resistant to RNaseR digestion in HCC cell lines. (E) Micrographs of plasma-derived exosomes in negative controls (left) and HCC patients (right, bars = 200 nm). (F) Western blots of CD63 and TSG101 in circulating exosomes. (G) qRT-PCR of circ-0004277 in plasma-derived exosomes. (H) ROC curve of exosomal circ-0004277 signature. Results are reported as mean ± SD. *P < 0.05, ***P < 0.001. All experiments were performed in triplicate.


Exosomal RNAs were extracted from plasma. Plasma-derived exosomes from HCC patients and controls were both isolated and characterized. The size of exosomes from HCC patients was similar to that of the controls, as indicated by TEM (Figure 1E). Western blot analysis showed the presence of TSG101 and CD63 as exosome biomarkers (Figure 1F). Circ-0004277 expression was then detected in exosomes from plasma. HCC patients showed significantly higher circ-0004277 expression in exosomes than negative controls (P < 0.05, Figure 1G). Moreover, ROC curves were used to evaluate the potential role of exosomal circ-0004277 as a biomarker. The effect of exosomal circ-0004277 on diagnosing HCC is presented in Figure 1H. The under area of ROC curve was 0.816 (95% CI: 0.741 – 0.891). The Youden index was 0.550 and the sensitivity and specificity were 58.3 and 96.7% respectively. These results suggest that exosomal circ-0004277 might be a useful marker for distinguishing HCC patients.



Circ-0004277 Promotes HCC Cell Proliferation

To explore the biological role of circ-0004277 in HCC, circ-0004277 expression was silenced by transfection with a circ-0004277 shRNA lentiviral vector. In addition, circ-0004277 expression was also increased by transfection with a circ-0004277 lentiviral vector. The results showed that transfection with circ-0004277 shRNA inhibited circ-0004277 expression in HCC cells, whereas transfection with the circ-0004277 lentiviral vector upregulated circ-0004277 levels in HCC cells (Figure 2A). As our primers are specific and the production of the qRT-PCR is indeed circ-0004277. Thus, we believe that the overexpression of circ-0004277 generates the circRNA circ-0004277. Meanwhile, we found that circ-0004277 overexpression or downregulation didn't modulate the expression its host gene WDR37 (Supplementary Figure 1). To explore the influence of circ-0004277 on cell proliferation, CCK-8 and EdU experiments were conducted. The results of the CCK-8 experiment revealed that downregulated circ-0004277 significantly reduced the proliferation of HCC cells. In contrast, circ-0004277 overexpression promoted HCC cell proliferation (Figure 2B). The results of the EdU experiment was identical to those of CCK-8 (Figures 2C,D). In conclusion, these results indicate that circ-0004277 positively regulates HCC cell proliferation.


[image: Figure 2]
FIGURE 2. Overexpressed circ-0004277 promotes HCC cell proliferation. Circ-0004277/NC shRNA lentiviral vector was transfected into HCC cells, named sh-circ-0004277 and sh-NC, respectively. Circ-0004277/NC lentiviral vector was transfected into HCC cells, named circ-0004277 and vector, respectively. (A) After transfection, RNA levels of circ-0004277 were detected by qRT-PCR. (B) Influence of circ-0004277 lentiviral and shRNA lentiviral transfection on the proliferation of human HCC cells through CCK8 assay. (C) Influence of circ-0004277 lentiviral and shRNA lentiviral transfection on the proliferation of human HepG2 cells through EdU assay. (D) Influence of circ-0004277 lentiviral and shRNA lentiviral transfection on the proliferation of human SMMC-7721 cells through EdU assay. Results are reported as mean ± SD. *P < 0.05, **P < 0.01. All experiments were performed in triplicate.




Circ-0004277 Promotes HCC Cell Migration

To explore the influence of circ-0004277 on cell migration, a Transwell migration assay was conducted and showed that downregulated circ-0004277 significantly decreased the migration of HCC cells. Conversely, overexpression of circ-0004277 significantly promoted HCC cell migration (Figures 3A,B). The wound healing assay showed similar results (Figures 3C,D). These results indicate that circ-0004277 has a positive regulatory effect on HCC cell migration.


[image: Figure 3]
FIGURE 3. Overexpressed circ-0004277 promotes HCC cell migration. Circ-0004277/NC shRNA lentiviral vector was transfected into HCC cells, named sh-circ-0004277 and sh-NC, respectively. Circ-0004277/ NC lentiviral vector was transfected into HCC cells, named circ-0004277 and vector, respectively. (A) Influence of circ-0004277 lentiviral and shRNA lentiviral transfection on the migration of human HepG2 cells through Transwell migration assay. (B) Influence of circ-0004277 lentiviral and shRNA lentiviral transfection on the migration of human SMMC-7721 cells through Transwell migration assay. (C) Influence of circ-0004277 lentiviral and shRNA lentiviral transfection on the migration of human HepG2 cells through wound healing assay. (D) Influence of circ-0004277 lentiviral and shRNA lentiviral transfection on the migration of human SMMC-7721 cells through wound healing assay. Results are reported as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. All experiments were performed in triplicate.




Circ-0004277 Promotes EMT Progression and Inhibits ZO-1

As EMT has a vital role in HCC cell migration, we further explored the effect of circ-0004277 on EMT. Expression of the epithelial marker E-cadherin and the mesenchymal marker N-cadherin were determined. As shown in Figure 4A, circ-0004277 overexpression significantly induced the expression of N-cadherin and ZEB-1, and reduced E-cadherin expression at the protein and RNA levels. Consistently, expression of the EMT-related transcription factor ZEB-1 was upregulated upon overexpression of circ-0004277. It is known that ZO-1 contributes to EMT progression. We wondered whether ZO-1 contributes to the progression of HCC. The results showed significantly lower ZO-1 expression in HCC tumor tissues than in paired adjacent normal tissues (Figure 4B). Interestingly, we found that ZO-1 expression was inversely correlated with circ-0004277 expression (Figure 4C). CircRNAs mostly act by competing against miRNAs and RNA binding proteins (RBPs) to regulate their target genes (Holdt et al., 2016; Wang Y. et al., 2017; Zeng et al., 2017; Wang et al., 2019). We performed bioinformatics analysis with circInteractome (https://circinteractome.nia.nih.gov/) and identified that HuR could compete against circ-0004277 (Panda et al., 2018). RIP assay verified that circ-0004277 was enriched in HuR-binding RNAs than in the igG (Figure 4D). Meanwhile, we performed bioinformatics analysis with RPISeq (http://pridb.gdcb.iastate.edu/RPISeq/) and identified that HuR also could compete against ZO-1 mRNA (≥0.9). RIP assay also showed that ZO-1 was also enriched in HuR binding RNAs than in the igG (Figure 4E). Furthermore, western blot assays showed that circ-0004277 inhibited ZO-1 expression (Figure 4F). These results suggested that circ-0004277 might exert its inhibitive role by competitively binding HuR, therefore, block the binding between HuR and ZO-1 mRNA, and subsequently inhibits ZO-1 and stimulates EMT progression.


[image: Figure 4]
FIGURE 4. Circ-0004277 promotes EMT progression and inhibits ZO-1. Circ-0004277/NC shRNA lentiviral vector was transfected into HCC cells, namely sh-circ-0004277 and sh-NC, respectively. Circ-0004277/ NC lentiviral vector was transfected into HCC cells, named circ-0004277 and vector, respectively. (A) The protein and mRNA levels of epithelial marker, mesenchymal marker and EMT-related transcriptional active factor in HCC cells after transfections. (B) qRT-PCR detection of the relative expression of ZO-1 in paired HCC tumor and normal tissues (n = 60). (C) Correlation between circ-0004277 and ZO-1 in HCC samples. (D) circ-0004277 was enriched in HuR-binding RNAs compared to the control. (E) ZO-1 mRNA was enriched in HuR-binding RNAs compared to the control. (F) The protein and mRNA levels of ZO-1 in HCC cells after transfection. Results are reported as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group, #P < 0.05, ##P < 0.01 vs. sh-NC group. All experiments were performed in triplicate.




Circ-0004277 Stimulates HCC Growth in vivo

To study the effect of circ-0004277 on tumor growth in vivo, SMMC-7721 cells transfected with circ-0004277-expression or scrambled vectors were subcutaneously injected into nude mice. The results showed that 4 weeks after subcutaneous injection, overexpression of circ-0004277 promoted the formation of nude mice bearing tumors (Figures 5A,B). Immunohistochemical analysis of nude mice bearing tumors showed that overexpression of circ-0004277 inhibited the expression of epithelial marker ZO-1 and promoted the expression of proliferation-specific gene Ki-67 and mesenchymal marker N-cadherin (Figure 5C). Moreover, the results of lung metastasis assays showed that there were significantly more pulmonary metastatic nodules in the mice subcutaneously injected with SMMC-7721 cells transfected with the circ-0004277 overexpression vector than in the control group (Figure 5D). The above results were identical to those of the in vitro experiments.


[image: Figure 5]
FIGURE 5. Circ-0004277 stimulates HCC growth in vivo. Circ-0004277/ NC lentiviral vector was transfected into SMMC-7721 cells, named circ-0004277 and vector, respectively. (A) Representative image of xenografts tumors (n = 3 in each group) in nude mice. (B) Xenograft tumor volume. (C) Immunohistochemical staining of Xenograft tumor in Ki-67, N-cadherin and ZO-1 expression. (D) Upregulation of circ-0004277 promotes tumor metastasis in vivo. (Left) Representative bright field images of lungs. (Right) Hematoxylin and eosin (HE) staining of lung serial sections. (Bottom) The number of metastatic nodules. Results were reported as mean ± SD. *P < 0.05. All experiments were performed in triplicate.




Exosomal Circ-0004277 Mediates Intercellular Transfer

We extracted exosomes from HL-7702 and HCC cells, confirmed their size using TEM and NTA (Figure 6A), and conducted western blotting analysis to determine the existence of CD63 and TSG101 (Figure 6B). As expected, HL-7702 cells showed significantly decreased exosomal circ-0004277 levels compared to the levels in HepG2 and SMMC-7721 cells (Figure 6C). Moreover, circ-0004277 levels in exosomes were enriched four times relative to producer cells (Figure 6D). Therefore, exosomes from SMMC-7721 and HepG2 cells contained more circ-0004277 than those from HL-7702 cells. The green fluorescent marker PKH67 was then used to label the exosomes from SMMC-7721 and HepG2 cells. Surprisingly, PKH67 was located in the cytoplasm of recipient cells 3 h after incubation of recipient cells (HL-7702 cells) and labeled exosomes from HepG2 and SMMC-7721 cells (Figure 6E). This indicates that HepG2 and SMMC-7721 cells delivered circ-0004277 into peripheral cells via exosome secretion.


[image: Figure 6]
FIGURE 6. Exosomal circ-0004277 mediates intercellular transfer. Exosomes (Exos) isolated from the medium of HL-7702, SMMC-7721, and HepG2 cells. (A) Micrographs of exosomes isolated from HL-7702 (left), HepG2 (middle), and SMMC-7721 cells (right) were detected by TEM (bars = 200 nm) and their size distribution were measured using NTA. (B) Western blot analysis of TSG101 and CD63 in exosomes of cell lines. (C) The levels of exosomal circ-0004277 in SMMC-7721, HepG2, and HL-7702 cells. (D) qRT-PCR detection of the fold change of circ-0004277 between exos of SMMC-7721, HepG2 and HL-7702 and their producer cells. (E) Exos of SMMC-7721 and HepG2 cells were labeled with PKH67; green represents PKH67, and blue represents nuclear DNA staining by DAPI. HL-7702 cells were incubated with exosomes derived from SMMC-7721 and HepG2 cells for 3 h. Results are reported as mean ± SD. **P < 0.01, ***P < 0.001. All experiments were performed in triplicate.




Effect of Exosomal Circ-0004277 on Normal Cells

Exosomes are important in intercellular communication (Wesolowska and Piwocka, 2017). As described in this study, circ-0004277 was transferred from HepG2 and SMMC-7721 cells into HL-7702 cells in the form of exosomes. Thus, we assumed that exosomal circ-0004277 from SMMC-7721 and HepG2 cells changed the biological function of HL-7702 cells. To determine the function of exosomal circ-0004277, exosomes isolated from HCC cells after transfection with circ-0004277/NC shRNA lentiviral vectors were named sh-circ-0004277-Exos or sh-NC-Exos respectively. Meanwhile, exosomes isolated from HCC cells after transfection with circ-0004277-expression/NC lentiviral vectors were named circ-0004277-Exos or vector-Exos respectively. 100 μg/ml exosomes were added into HL-7702 cells for 24 h. The results indicated that circ-0004277 levels were considerably increased in HL-7702 cells transfected with circ-0004277-Exos and reduced in cells transfected with sh-circ-0004277-Exos (Figure 7A). In addition, sh-circ-0004277-Exos significantly reduced the migration of HL-7702 cells (Figures 7B,C). As expected, circ-0004277-Exos stimulated the migration of HL-7702 cells (Figures 7B,C). Since EMT is crucial in the migration of HCC cells, the effect of circ-0004277-Exos on epithelial features was further explored after 2 weeks cocultivation. We detected the expression of the mesenchymal marker N-cadherin and the epithelial marker E-cadherin. N-cadherin expression was significantly induced, and E-cadherin expression was reduced at the protein and mRNA levels in HL-7702 cells transfected with circ-0004277-Exos. The expression of EMT-related transcription factor ZEB-1 was consistently upregulated during transfection with circ-0004277-Exos (Figures 7D,E). Meanwhile, it was found that sh-circ-0004277-Exos had the opposite effect (Figures 7D,E). Therefore, we wondered whether exosomal circ-0004277 affects the expression of ZO-1 in normal cells. As expected, the results showed that circ-0004277-Exos inhibited the expression of ZO-1 and sh-circ-0004277-Exos had the opposite function (Figures 8A,B). In conclusion, upregulated circ-0004277 stimulated the malignant phenotype of HCC cell lines. In addition, circ-0004277 delivered by exosomes stimulated the EMT process of normal surrounding cells to further promote the progression of HCC into normal surrounding tissues.


[image: Figure 7]
FIGURE 7. Effect of exosomal circ-0004277 on normal cells. Exosomes (Exos) were isolated from HCC cells transfected with circ-0004277-expressing lentiviral vector, NC lentiviral vector, circ-0004277 shRNA lentiviral vector or NC shRNA lentiviral vector named circ-0004277-Exos, vector-Exos, sh-circ-0004277-Exos and sh-NC-Exos, respectively. Their exosomes were extracted and added to HL-7702 cells for 24 h. (A) After transfection with exosomes, qRT-PCR detection of the circ-0004277 levels in HL-7702 cells. (B) Representative images of cell migration assays of HL-7702 cells after transfection with exosomes from HepG2. The number of cells were counted. (C) Representative images of cell migration assays of HL-7702 cells after transfection with exosomes from SMMC-7721. The number of cells were counted. (D,E) The protein (D) and mRNA (E) levels of epithelial marker, mesenchymal marker and EMT-related transcriptional active factor in HL-7702 cells after cocultivation of HL-7702 cells and Exos form HepG2 or SMMC-7721 cells for 2 weeks. Results are presented as mean ± SD. **P < 0.01, ***P < 0.001 vs. control group, #P < 0.05, ##P < 0.01 vs. sh-NC-Exos group. All of the experiments were performed in triplicate.
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FIGURE 8. Effect of exosomal circ-0004277 on the expression of ZO-1 in normal cells. Exosomes (Exos) were isolated from HCC cells transfected with circ-0004277-expressing lentiviral vector, NC lentiviral vector, circ-0004277 shRNA lentiviral vector or NC shRNA lentiviral vector namely circ-0004277-Exos, vector-Exos, sh-circ-0004277-Exos and sh-NC-Exos, respectively. Their exosomes were extracted and added to the HL-7702 cells for 24 h. (A) Representative images of cell immunofluorescence of ZO-1 in HL-7702 cells after transfection with exosomes from HepG2. The fluorescence of cells was analyses by Image J. (B) Representative images of cell immunofluorescence of ZO-1 in HL-7702 cells after transfection with exosomes from SMMC-7721. The fluorescence of cells was analyses by Image J. Results are reported as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. All experiments were performed in triplicate.





DISCUSSION

As a major etiological factor of cancer-related deaths worldwide, the survival rate of patients with hepatocellular carcinoma remains unsatisfactory, although many efforts have been made to provide better treatment (Asai et al., 2017; Wang T. et al., 2017). With the increase in HCC incidence yearly, seeking a method to facilitate early diagnosis and inhibition or blockage of the migration of HCC cells has become an important task. Recent studies found that circRNA regulated and controlled gene transcription as a target for disease diagnosis. For instance, Shang X et al. found that hsa_circ_0005075 may act as a biomarker for HCC (Shang et al., 2016). Thus, circRNA is closely associated with the occurrence of HCC.

Six well-known circRNAs (circ-0000284, circ-0004277, circ-Cdr1as, circ-Foxo3, circ-SHPRH, and circ-ITCH) were selected in this study to detect their expression in HCC cells through qRT-PCR. These circRNAs are all tumor-related. For example, circ-Cdr1as is related to osteosarcoma (Xu et al., 2018), laryngeal squamous cell carcinoma (Zhang J. et al., 2018) lung cancer (Zhang X. et al., 2018), and hepatocellular carcinoma (Yang et al., 2017). The results showed significantly higher circ-0004277 expression in HCC cell lines relative to normal HL-7702 cells. Circ-0004277 also showed higher expression in HCC tumors and plasma exosomes. Subsequent ROC analysis verified that circ-0004277 is a diagnostic biomarker for HCC detection in clinical practice. In vitro and in vivo experiments showed that upregulated expression of circ-0004277 significantly promoted cell proliferation and migration, indicating that circ-0004277 is an important positive regulator of HCC cell growth and acts as an oncogene. Therefore, an in-depth study of the mechanisms of circ-0004277 promoting HCC cell growth is very important for understanding the occurrence and development of HCC. CircRNAs can act by competing against RNA binding proteins (RBPs) to regulate their target genes (Holdt et al., 2016; Zeng et al., 2017). Our results showed that circ-0004277 and ZO-1 mRNA could absorb the same RBP HuR. Further assays suggested that circ-0004277 might exert its inhibitive role by competitively binding HuR, therefore, block the binding between HuR and ZO-1 mRNA, and subsequently inhibits ZO-1 and stimulates EMT progression. Nevertheless, the molecular hypotheses still need more evidence to prove it. We would further verify it in our subsequent study.

The level of steady-state circRNA expression in cells can be regulated at three levels (Li X. et al., 2018). First, regulation of circRNA biogenesis is initiated by and coupled with the transcription of circRNA-producing pre-mRNA by Pol II. Second, cis and trans regulatory factors can further influence the efficiency of back-splicing, which is catalyzed by spliceosomal machineries. These factors include ICSs flanking circle formation exons, core spliceosomal components, and other regulatory RBPs. Third, circRNA turnover also plays a role in their expression levels. We will further explore whether circ-0004227 is regulated at these three levels in future studies.

In the present study, circ-0004277 levels were found to be increased in HCC cells and corresponding exosomes and that circ-0004277 expression was approximately four times higher in exosomes than in producer cells. These results indicated that circ-0004277 was mainly located in exosomes. Many studies to date have indicated that exosomal circRNAs reflect the physiological status of donor cells and induce a series of cell reactions after they are captured by recipient cells (O'leary et al., 2017; Zhang et al., 2018a,b). TEM analysis revealed the shape and size of exosomes from HCC and the normal control cell line HL-7702. We further verified exosomes by detecting the exosome markers TSG101 and CD63 (Ha et al., 2016; Khushman et al., 2017). Similar to other reports (Huang A. et al., 2017; Koh et al., 2018), fluorescence microscopy revealed that PKH67 labeled exosomes from HCC cells may migrate into HL-7702 cells. These findings support the possibility that HCC cells may deliver circ-0004277 to HL-7702 cells via exosome secretion. Our study results indicated that circ-0004277-Exos from HCC cells enhanced circ-0004277 expression in HL-7702 cells, stimulated the proliferation and migration of HL-7702 cells and promoted the EMT process. Furthermore, circ-0004277-Exos from HCC cells reduced the level of ZO-1. Nevertheless, more mechanistic studies need be performed to further verified our conclusion. In conclusion, our study indicated that circ-0004277 may be transferred into normal surrounding cells directly from HCC cells via exosomes and regulated the biological function of normal surrounding cells via inhibition of ZO-1 and promotion of EMT progression. Understanding the mechanisms by which circ-0004277 promotes the proliferation and migration of HCC cells via inhibition of ZO-1 and promotes EMT progression will be essential to developing novel clinical therapies to prevent and control HCC.
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