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Abstract
BACKGROUND
Mesenchymal stem cells (MSCs) exert anti-oncogenic effects via exosomes containing non-coding RNA (ncRNA), which play important roles in tumor biology. Our preliminary study identified the interaction of the ncRNA hsa_circ_0000563 (circ563) and the circ563-associated miR-148a-3p in exosomes, as miR-148a-3p and its target metal-regulatory transcription factor-1 (MTF-1) are implicated in hepatocellular carcinoma (HCC) progression.

AIM
To identify the clinical significance, functional implications, and mechanisms of circ563 in HCC.

METHODS
The expression levels of miR-148a-3p and MTF-1 in exosomes derived from MSC and HCC cells were compared, and their effects on HCC cells were assessed. Using a dual-luciferase reporter assay, miR-148a-3p was identified as an associated microRNA of circ563, whose role in HCC regulation was assessed in vitro and in vivo.

RESULTS
The silencing of circ563 blocked the HCC cell proliferation and invasion and induced apoptosis. Co-culturing of HCC cells with MSC-derived exosomes following circ563 overexpression promoted cell proliferation and metastasis and elicited changes in miR-148a-3p and MTF-1 expression. The tumor-promoting effects of circ563 were partially suppressed by miR-148a-3p overexpression or MTF-1 depletion. Xenograft experiments performed in nude mice confirmed that circ563-enriched exosomes facilitated tumor growth by upregulating the expression of MTF-1. In HCC tissues, circ563 expression was negatively correlated with miR-148a-3p expression but positively correlated with MTF-1 levels.

CONCLUSION
MSCs may exhibit anti-HCC activity through the exosomal circ563/miR-148a-3p/MTF-1 pathway, while exosomes can transmit circ563 to promote oncogenic behavior by competitively binding to miR-148a-3p to activate MTF-1.
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[bookmark: _Hlk150693642]Core Tip: We identified the functional implications and mechanisms of exosomal hsa_circ_0000563 (circ563) in hepatocellular carcinoma (HCC). Mesenchymal stem cells suppressed HCC proliferation and invasion via their exosomes. The circ563 interacts with miR-148a-3p, a molecule involved in HCC progression, and both are identified at different levels in exosomes. The tumor-promoting effects of circ563 were partially suppressed by miR-148a-3p overexpression or depletion of metal-regulatory transcription factor-1 (MTF-1). Xenograft experiments performed in nude mice confirmed that circ563-enriched exosomes facilitated tumor growth via MTF-1 upregulation. Our findings provide new insights into circ563/miR-148a-3p/MTF-1 signaling as a potential therapeutic target for HCC.
INTRODUCTION
Hepatocellular carcinoma (HCC) is a fatal disease and the most common form of primary liver cancer. Although novel chemotherapeutic agents and treatment modalities have been clinically implemented, the survival rate of patients with HCC has not yet improved[1]. Therefore, a deeper understanding of the mechanisms facilitating HCC progression is paramount for the development of more effective therapeutic strategies.
The tumor microenvironment (TME) has been an important aspect of tumor research. Recent studies indicate that mesenchymal stem cells (MSCs) are essential stromal cells in the TME and exert their effects via exosomes, as demonstrated by multiple studies[2,3]. Furthermore, the efficacy of therapeutic MSC transplantation has been reported in both experimental and clinical research[4-6]. As a result, MSC-derived exosomes have attracted significant attention due to their implications in intercellular communication.
[bookmark: _Hlk150693348]Exosomes are small extracellular vesicles approximately 30-150 nm in diameter that are formed by cells through a series of regulatory processes. These vesicles are enriched in bioactive molecules like non-coding RNA (ncRNA) with crucial biological functions, whose delivery to recipient cells is involved in various physiological and pathological processes, including carcinogenesis and metastasis[7,8]. Circular RNA (circRNA) is a new class of endogenous ncRNA, which has selectively conserved microRNA (miRNA) target sites and exerts regulatory effects in cancer biology by regulating miRNA gene expression[9,10]. Such interactions between circRNA and miRNA are known as the competitive endogenous RNA theory[11]. miRNAs represent the ncRNA of 20-25 nucleotides, which mediate post-transcriptional gene silencing by binding to the 3’-untranslated regions of target mRNAs. Exosomal circRNA and miRNA are involved in tumor initiation and progression[7,8,12,13]; however, their expression profiles, functions, and dysregulation in HCC require further clarification.
This study found that MSCs suppressed HCC proliferation and invasion via their exosomes. The ncRNA circ563 interacts with miR-148a-3p, and both are identified at different levels in exosomes. Metal-regulatory transcription factor-1 (MTF-1) as the direct target of miR-148a-3p is implicated in HCC progression. Therefore, further studies should be performed to determine the possible role and significance of circ563/miR-148a-3p/MTF-1 axis in the development of HCC.

MATERIALS AND METHODS
Cell lines and culture
The human HCC cell lines Hep3B (RRID: CVCL_0326, iCell Bioscience, Shanghai, China) and SNU387 (RRID: CVCL_0250, Procell, Wuhan, China), MSC (Procell, Wuhan, China), and the human embryonic kidney cell line HEK 293T (RRID: CVCL_0045, Cell Research, Shanghai, China) were cultured according to the manufacturer’s instructions. The cell lines used in this study were authenticated, and no cellular cross-contamination or mycoplasma infection was detected.

Isolation and characterization of exosomes
The exosomes were isolated as previously described[14], and their morphology was observed under a transmission electron microscope. The size distribution of exosomes was analyzed using the NanoSight LM10 system (NanoSight, Amesbury, United Kingdom) equipped with fast video capture and particle-tracking software.

Exosome internalization assay
MSCs were modified to express fused CD63-eGFP via lentiviral transduction following the manufacturer’s instructions. The HCC cells were seeded on glass coverslips coated with poly-L-lysine (Sigma, Shanghai, China). MSC-derived exosomes were co-cultured with HCC cells for 24 h at 37 °C before washing and fixation at room temperature. The uptake of labeled exosomes by recipient cells was observed under a fluorescence microscope (Leica TCS SP8 X, Leica, Shanghai, China).

Western blotting
Exosomes were harvested for protein extraction. Equal amounts of protein were subjected to sodium dodecyl-sulfate polyacrylamide gel electrophoresis and then electroblotted onto a polyvinylidene difluoride membrane (Merck, Nantong, Jiangsu, China) followed by western immunoblotting. Membranes were incubated with primary antibodies overnight at 4 °C, followed by incubation with horseradish peroxidase-conjugated secondary antibody (ZSGB-BIO, Beijing, China). The bands were visualized using a Tanon 5200 Chemiluminescent imaging system (Molecular Devices, Beijing, China) and analyzed using ImageJ software (version 1.52, National Institutes of Health, Bethesda, United States). The following primary antibodies were used: Anti-TSG101, anti-CD9, and anti-CD81 (Abcam, Shanghai, China).

Real-time polymerase chain reaction
Total RNA was extracted using the Ultrapure RNA Kit (CoWin Biotech, Beijing, China) according to the manufacturer’s protocol. Equal amounts of the samples were amplified, and real-time polymerase chain reaction (RT-PCR) was performed as previously described[14]. The following primer pairs were used: MiR-148a-3p, forward: 5’-CTCAGTGCACTACAGAACTTTGT-3’, reverse: 5’-ATCCAGTGCAGGGTCCGAGG-3’; MTF-1, forward: 5’-GAAAAGCCATTTCGGTGCGA-3’, reverse: 5’-CAGCCATTACTGGGGCAGAA-3’ (DingGuo Biotechnology, Beijing, China); hsa_circRNA_0000562 (circ562), forward: 5’-TTTAGTACACAGCATGGCTCA-3’, reverse: 5’-ATTAGCACCCATTTTCTTCAGT-3’; hsa_circRNA_0000563 (circ563), forward: 5’-TTGGAATTTAACATGCTTGC-3’, reverse: 5’-GCATTAGCACCCATTTTCTT-3’; hsa_circRNA_00001110 (circ1110), forward: 5’-TCACTTGGGTTCATTCTATTCA-3’, reverse: 5’-GCTTGTCTTTTCTTCTGTTTCC-3’; U6, forward: 5’-GCTCGCTTCGGCAGCACA-3’, reverse: 5’-GAACGCTTCACGAATTTGCGTG-3’; glyceraldehyde-3-phosphate dehydrogenase (GAPDH), forward: 5’-AGAAGGCTGGGGCTCATTTG-3’, reverse: 5’-AGGGGCCATCCACAGTCTTC-3’; and actin, forward: 5’-CCCTATAAAACCCAGCGGCG-3’, reverse: 5’-TCGTCGCCCACATAGGAATC-3’ (Tsingke Biotechnology, Qingdao, China). Data were analyzed using the comparative CT method, and the 2-ΔΔCt method showed the difference between treatment and control conditions.

Transfection assay
Overexpression plasmids of miR-148a-3p, knockdown plasmids of MTF-1, and control empty vectors were obtained from GenePharma (Shanghai, China). Small interfering RNA targeting circ562 (sense: 5’-GGCUCAGCAAAAUGGAUGAAAdTdT-3’; antisense: 5’-UUUCAUCCAUUUUGCUGAGCCdTdT-3’), circ563 (sense: 5’-GCUUGCACAAGAAAUGGAUGAdTdT-3’; antisense: 5’-UCAUCCAUUUCUUGUGCAAGCdTdT-3’), and circ1110 (sense: 5’-GGUUCAUUCUAUUCAGUGACUdTdT-3’; antisense: 5’-AGUCACUGAAUAGAAUGAACCdTdT-3’) were synthesized by Hippobio (Zhejiang, China). The cells with stable overexpression of miR-148a-3p (5’-UCAGUGCACUACAGAACUUUGU-3’) or circ563 or with stable knockdown of MTF-1 (5’-GCGGTACCAATGTACCTTTGA-3’) were transfected with lentiviral vectors for in vitro and in vivo studies. The cells in 6-well plates were transfected using Lipofectamine 2000 (Invitrogen, Shanghai, China), according to the manufacturer’s instructions.

Cell viability assay
Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The cells were seeded into 96-well plates (approximately 1500 cells/well) before treatment. At the end of each treatment, the MTT reagent was added to the medium. The cells were incubated for an additional 4 h, and the absorbance of the samples was measured at 490 nm using a plate reader (Thermo Fisher Scientific, MA, United States). Experiments were performed in triplicate, and data were expressed as the mean optical density ± SD.

Colony formation assay
The cells (approximately 1000 cells/well) were seeded into six-well plates with different treatments, either simultaneously or subsequently. After 14 d, the cells were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet, and the individual clones (> 50 cells/clone) were counted. Each treatment was performed in triplicate. Data were expressed as the mean ± SD.

Transwell assays
Transwell assays were performed to assess cell invasion and migration abilities in 24-well plates with BD chambers (8-mm pores; BD Biosciences, Shanghai, China). Approximately 1 × 105 cells/well were seeded into the upper chambers and cultured in a serum-free medium. The medium containing 30% serum was placed in the lower chambers. After migration through the Transwell membrane, the cells were fixed with 4% paraformaldehyde and stained with crystal violet (Solarbio, Beijing, China). Compared with the invasion assay, the Transwell chambers for the migration assay were not coated with Matrigel. All Transwell treatments were conducted in triplicate.

Flow cytometry
Following different treatments, cell apoptosis was detected using the phycoerythrin (PE) Annexin V Apoptosis Detection Kit I (BD Pharmingen, China) according to the manufacturer’s instructions. The cells were harvested after trypsin digestion, centrifuged, and washed with annexin V binding buffer three times. The cells were then stained with PE annexin V and 7-amino-actinomycin D at room temperature for 15 min and analyzed using flow cytometry (BD FACSAria II, Shanghai, China), and the results were analyzed using FlowJo software (version 10; Ashland, OR, United States).

Luciferase reporter assay
A wild-type (wt) or mutant circ563 fragment was constructed and cloned into plasmids containing luciferase. The recombinant circ563-wt/mt plasmids were co-transfected into HEK 293T cells with either a negative control or a miR-148a-3p mimic using Lipofectamine 2000 (Invitrogen Inc., CA, United States). After 48 h, the luciferase activity was measured using the Dual-Luciferase Reporter 1000 Assay System (Promega, Madison, WI, United States). The firefly luciferase enzyme activity was normalized to the Renilla luciferase activity, and the ratio of firefly to Renilla luciferase activity was evaluated. The experiments were independently performed in triplicate.

Patients and specimens
Human HCC tissues and paired tumor-adjacent noncancerous liver tissues were obtained from 14 patients with HCC who underwent tumor resection at the Shandong Provincial Hospital, China. None of the patients had undergone radio- or chemotherapy before surgery. Informed consent was obtained from each participant and approved by the Institutional Review Board. The study was approved by the Institutional Medical Ethics Committee of Shandong Provincial Hospital. Patients aged ≥ 18 years and diagnosed with HCC without any local or systemic treatment were included in the study. By contrast, patients with other types of cancers, liver failure, and taking medications that affect liver function were excluded.

HCC tumor-xenograft mouse model
[bookmark: _Hlk106196928]The animal study was approved by the Animal Ethics Committee of Shandong Provincial Hospital. The animal protocol was designed to minimize pain or discomfort during the experiments. The animals were acclimatized to laboratory conditions (23 °C, 12 h/12 h light/dark, 50% humidity, ad libitum access to food and water) for 2 wk before experimentation. Five-week-old BALB/c nude mice (Provincial Laboratory Animal Center, Jinan, China) were used for this study. Following different treatments, the Hep3B cells were prepared at 3 × 106 cells/100 μL. Initially, the HCC-bearing nude mice were prepared to develop subcutaneous tumors. After four weeks, circ563-enriched exosomes (approximately 106) were injected intratumorally into the tumor mass twice a week for two weeks. The tumor size was measured weekly, and the tumor volume was calculated using the following formula: Volume (mm3) = tumor length × width2/2. After six weeks, all mice were sacrificed to compare the tumor volumes and weights. The tumors were fixed in 10% formalin and embedded in paraffin for subsequent immunohistochemical examination.

Immunohistochemistry and scoring
The sections were stained with an anti-MTF-1 sary antibody (Zhongshan Biotechnology Co., Beijing, China). The slides were imaged and analyzed using Aipathwell software (Servicebio, Wuhan, China). The staining intensity was characterized as not present (0), weak but detectable above control (1), moderate (2), and very strong (3). The H-scores were calculated as follows: H-score = ∑(pi × i) = (percentage of weak intensity cells × 1) + (percentage of moderate intensity cells × 2) + (percentage of strong intensity cells × 3). Data were presented as the mean ± SD.

Statistical analysis
Statistical analyses were performed using SPSS 21.0 software. Data were presented in bar plots as the mean ± SD of at least three independent experiments. A P value of < 0.05 (two-tailed) was considered significant. Student’s t-test was performed to determine whether the two groups were significantly different. Pearson’s correlation analysis was used to assess the correlations between circ563, miR-148a-3p, and MTF-1.

RESULTS
MSCs and MSC-derived exosomes exhibiting tumor-suppressive effects on HCC with corresponding changes in miR-148a-3p and MTF-1 levels
HCC cell proliferation was inhibited by co-culturing with MSCs, which was consistent with the reduced cell viability, migration, and invasion observed under these conditions (Figures 1A-G and Supplementary Figures 1A-G). However, as shown in Figure 1H and Supplementary Figure 1H, apoptosis was induced in HCC cells. To further verify the regulatory role of MSC-derived exosomes in HCC, the exosomes were isolated and characterized by specific marker expression (Figure 1I) and particle size analysis (Figure 1J). In addition, we observed and verified the uptake of labeled exosomes in HCC cells (Figure 1K and Supplementary Figure 1I). MSC-derived exosomes also exerted substantial anti-oncogenic effects in HCC cells by blocking cell proliferation, migration, and invasion while inducing apoptosis (Figures 1L-S and Supplementary Figures 1J-Q). Therefore, MSCs inhibit HCC proliferation and metastasis via their exosomes.
A previous study from our laboratory demonstrated that exosomal miR-148a-3p functions as a tumor suppressor in HCC progression, with MTF-1 being its direct target[14]. In the present study, MSC-derived exosomes displayed increased miR-148a-3p and decreased MTF-1 expression levels compared with HCC-derived exosomes (Figure 1T and Supplementary Figure 1R). Co-culturing HCC cells with either MSCs or MSC-derived exosomes led to the corresponding changes in miR-148a-3p and MTF-1 expression levels (Figure 1U and Supplementary Figure 1S). This finding indicates that exosomes contain bioactive materials involved in the regulation of miR-148a-3p and MTF-1 expression in HCC cells.

Characterization of circ563 and its expression in clinical HCC
A search of the CircInteractome databases (https://circinteractome.nia.nih.gov/) yielded three potential circRNAs [circ563, hsa_circRNA_0000562 (circ562), and hsa_circRNA_00001110 (circ1110)] that are most likely to bind to miR-148a-3p based on potential complementary sequences. Further analysis was performed using dual-luciferase reporter assays and RT-PCR. The RT-PCR analyses showed that circRNA was positively correlated with MTF-1 but negatively correlated with miR-148a-3p (Figure 2A). The overexpression of miR-148a-3p considerably inhibited the luciferase activity of circ563-wt. However, the luciferase activity of circ563-mutant-type (mt) cells transfected with miR-148a-3p mimics remained unaffected, thus indicating that miR-148a-3p is a target miRNA of circ563 (Figure 2B). Subsequently, knockdown experiments were performed to investigate whether circ563 affects the biological processes of HCC cells. si-circ563 was transfected into Hep3B and SNU387 cells, both strongly expressing circ563, and the knockdown efficiency was determined by RT-PCR (Figure 2C and Supplementary Figure 2A). Exosomal circ563 (exo-circ563) expression levels were also compared with those of MSCs (Figure 2D and Supplementary Figure 2B). Silencing of circ563 expression blocked the proliferation and invasion of HCC cells and increased their apoptosis rate (Figures 2E-I and Supplementary Figures 2C-G).
Next, circ563 expression was analyzed in human HCC tissues, which showed higher circ563 levels with downregulated miR-148a-3p and upregulated MTF-1 expression levels compared with tumor-adjacent tissues (Figures 3A-C). Correlation analyses further revealed the relationships between circ563, miR-148a-3p, and MTF-1 levels in HCC (Figures 3D-F). These findings suggest that circ563 may be involved in potentiating HCC cell growth and metastasis, considering the observed correlation with miR-148a-3p and MTF-1.

Exo-circ563 potentiating HCC progression by sequestering miR-148a-3p that regulates MTF-1
To further explore whether exo-circ563 exerts an oncogenic role, we suppressed the expression of circ563 in HCC cells and detected a reduction in exo-circ563 levels using RT-PCR (Figure 4A). The HCC cells co-treated with exosomes containing downregulated circ563 levels led to a marked reduction in cell proliferation and invasion and enhanced apoptosis (Figures 4B-I and Supplementary Figures 3A-H).
Consistent with previous results, exo-circ563 overexpression facilitated HCC cell progression. The exo-circ563 overexpression efficiency and upregulation were ascertained through RT-PCR (Figures 4J and K). We co-cultured HCC cells with MSC-derived exosomes following the circ563 overexpression and observed an increase in HCC cell proliferation and metastasis and a suppression of apoptosis (Figures 4L-S and Supplementary Figures 3I-P). These effects were partially prevented by the overexpression of miR-148a-3p or depletion of MTF-1 (Figure 5 and Supplementary Figure 4). These data indicate the involvement of a circ563-dependent mechanism in regulating miR-148a-3p expression as described by the competitive endogenous RNA theory.

circ563 accelerating HCC tumorigenesis in vivo
To further confirm the significance of exo-circ563 in HCC tumorigenesis and progression, in vivo experiments were performed. The upregulation of circ563 dramatically accelerated tumor growth in nude mice as evidenced by the detection of larger tumors. This effect could be reversed by miR-148a-3p overexpression or MTF-1 depletion (Figures 6A-C). Therefore, the effects of circ563, by facilitating HCC progression via miR-148a-3p and MTF-1 regulation, were also present in vivo. Correspondingly, the expression of MTF-1 in murine tumor tissues had changed similarly to tumor growth (Figures 6D and E). All these results show that circ563 accelerates HCC progression by sponging miR-148a-3p to elicit MTF-1-dependent oncogenic effects via the circ563/miR-148a-3p/MTF-1 axis (Figure 7).

DISCUSSION
Liver cancer remains a global health challenge, and its incidence is expected to reach over 1 million cases by 2025[15]. HCC is the most common primary liver cancer. It is characterized by aggressive progression, broad metastasis, frequent recurrence, and high mortality. Therefore, a better understanding of the processes involved in HCC tumorigenesis and metastasis is urgently needed to discover new treatment strategies and improve patient prognosis.
Recent studies have established a comprehensive role of TME in disease development, making it one of the most promising areas of oncological research[16,17]. Moreover, HCC cells can alter their surrounding microenvironment to promote their growth and metastasis[18,19]. The crosstalk between tumor cells and their microenvironment is important for MSC recruitment to HCC tissues, which has also been observed in HCC animal models[19,20]. Although MSCs were initially considered as oncological delivery vehicles due to their migratory and homing capacity toward tumors[21], increasing evidence suggests that they can modulate tumorigenesis via the exosomes[2,3]. In the present study, co-incubation with MSCs inhibited the proliferation and invasion of HCC cells but enhanced their apoptotic capabilities. Further investigation on the mediating role of MSC-derived exosomes in the regulation of HCC cells also led to the discovery of their anti-oncogenic potential by blocking the development of HCC cells. Based on our findings, an exosome-based adjuvant intervention could offer a novel therapeutic approach to HCC by delivering the protected “cargo” directly to the tumor site.
In addition, the exosomes from MSCs have shown tumor-homing capabilities in xenograft mouse models[22]. The uptake of labeled exosomes from MSCs into HCC cells was also reported in the present study. Interestingly, the exosome function most likely depends on the biological materials they encapsulate[23,24]. Mounting evidence suggests that exosomal ncRNAs (miRNA, lncRNA, and circRNA) are actively involved in the initiation and progression of various diseases by regulating cellular proliferation, differentiation, angiogenesis, and immune response[25-27].
circRNAs, a subset of ncRNA that is enriched and more stable in exosomes[28], were differentially expressed in tumor tissues than in normal tissues, suggesting their involvement in tumorigenesis and disease development[29]. In vitro and in vivo experiments revealed that circRNA commonly sponges miRNA, a major class of small ncRNA closely associated with HCC[30,31], and mediates post-transcriptional gene silencing by binding to the 3’-untranslated region or open reading frames of target mRNA. Previously, our data revealed that exosomal miR-148a-3p functions as a tumor suppressor in HCC with MTF-1 as its direct target. MTF-1 maintains metal homeostasis to protect cells against injury by excess metals and exerts oncogenic potential by manipulating metal or redox homeostasis, enhancing angiogenesis, and inducing tumor development in HCC. The current findings confirmed an increase in miR-148a-3p and a decrease in MTF-1 expression levels in MSC-derived exosomes compared with HCC-derived exosomes. Following HCC cell co-culture with MSC or MSC-derived exosomes, consistent changes were observed in the miR-148a-3p and MTF-1 expression levels. This finding indicates that exosomes may contain specific bioactive materials involved in regulating the expression of miR-148a-3p and MTF-1.
Considering this, we searched the CircInteractome databases and identified hsa_circ_0000563 (circ563) as the specific target that competitively binds to or sponges miR-148a-3p. Circ563 has been implicated in the changes in the pathogenesis of atherosclerosis with significantly lower expression in patients with coronary artery disease than in those assigned as controls. However, the significance and mechanistic function of circ563 in carcinoma, especially in HCC, are yet to be studied[32]. In the current study, the loss-of-function of circ563 in HCC alters cell proliferation, invasion, and apoptosis, as well as miR-148a-3p and MTF-1 expression. Elevated levels of circ563 were correlated with more aggressive tumor behavior, highlighting its oncogenic role in HCC, leading to the conclusion that circ563 activation might be a global event during hepatocarcinogenesis. Intracellularly, circ563 competitively binds to miR-148a-3p, resulting in the activation of MTF-1 in a pattern opposite to that of miR-148a-3p alone. In addition, circ563 enrichment was identified in HCC-derived exosomes with the corresponding changes in the levels of miR-148a-3p and MTF-1. This observation suggests that: (1) Circ563 originating from cells can be delivered by exosomes into the peripheral circulation and recipient cells; and (2) Circ563 affects cell function and accelerates HCC development, given its possible correlation with miR-148a-3p and MTF-1 expression.
Furthermore, rescue experiments demonstrated that the potentiating effects of exo-circ563 could be partially blocked by miR-148a-3p upregulation or MTF-1 knockdown. The oncogenic role of circ563 was verified in vivo, as exosomes enriched with circ563 facilitated HCC cell growth in nude mice. Additionally, we assessed the expression patterns of circ563, miR-148a-3p, and MTF-1 in HCC tissues and compared them with those in tumor-adjacent tissues; the trends were consistent with those in HCC cells and exosomes. Collectively, the relative stability, high abundance, and conserved nature of exosomal circRNA across species make them promising candidates as oncogenic biomarkers; a better understanding of the exo-circ563-mediated intercellular network could facilitate the development of therapeutic strategies for patients with HCC.

CONCLUSION
We clarified the regulatory mechanisms of circ563, which can sponge miR-148a-3p to elicit MTF-1-dependent oncogenic effects, eventually acting as a tumor-potentiating factor in HCC. Thus, the ncRNA circ563 could be a promising therapeutic target, and liquid biopsy of serum exosomes targeting circ563 can help diagnose HCC and predict the prognosis of affected patients.

ARTICLE HIGHLIGHTS
Research background
Mesenchymal stem cells (MSCs) exert anti-oncogenic effects via exosomes containing non-coding RNA (ncRNA), and the efficacy of MSC-derived exosome therapies has been demonstrated. Our preliminary study identified the interaction of the ncRNA hsa_circ_0000563 (circ563) and the circ563-associated miR-148a-3p which are both enclosed in exosomes, as miR-148a-3p and its target metal-regulatory transcription factor-1 (MTF-1) are implicated in hepatocellular carcinoma (HCC) progression.

Research motivation
This study is to identify the clinical significance, functional implications, and mechanisms of circ563 in HCC.

Research objectives
This study aims to investigate the role of circ563 in modulating HCC functions.

Research methods
The expression levels of miR-148a-3p and MTF-1 in exosomes derived from MSC and HCC cells were compared, and their effects on HCC cells were assessed. Using a dual-luciferase reporter assay, miR-148a-3p was identified as an associated miRNA of circ563, whose role in HCC regulation was assessed in vitro and in vivo.

Research results
Circ563 silencing blocked the HCC cell proliferation and invasion and induced apoptosis. Co-culturing of HCC cells with MSC-derived exosomes following circ563 overexpression contributed to cell proliferation and metastasis and elicited changes in miR-148a-3p and MTF-1 expression. The tumor-promoting effects of circ563 were partially suppressed by miR-148a-3p overexpression or MTF-1 depletion. Xenograft experiments confirmed that circ563-enriched exosomes facilitated tumor growth by upregulating the expression of MTF-1. In HCC tissues, circ563 expression was negatively correlated with miR-148a-3p expression but positively correlated with MTF-1 levels.

Research conclusions
Our findings suggested MSCs may exhibit anti-HCC activity through the exosomal circ563/miR-148a-3p/MTF-1 pathway.

Research perspectives
The study presents a new dataset related to HCC. We clarified the regulatory mechanisms of circ563, which can sponge miR-148a-3p to elicit MTF-1-dependent oncogenic effects in HCC. Thus, the ncRNA circ563 could be a potential therapeutic target, and liquid biopsy of serum exosomes targeting circ563 may help predict the prognosis of patients with HCC.
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[bookmark: _Hlk139096840]Figure 1 Effects of mesenchymal stem cells or mesenchymal stem cell-derived exosome co-incubation on Hep3B cells. A-C: The proliferation of Hep3B cells was measured using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide and colony formation assays; D-G: Invasion and metastasis were determined using the Transwell assay. Scale bar = 500 μm; H: Cell apoptotic rates were detected after co-incubation using flow cytometry; I: Exosomes were isolated, and specific exosome markers were identified using western blotting; J: The particle size analyzer showed that the average diameter of the vesicles was within the diameter range of exosomes; K: The uptake of labeled exosomes was observed and verified; L-S: Hep3B cell viability and metastasis were both suppressed after exposure to mesenchymal stem cell (MSC)-derived exosomes, and apoptosis was enhanced; T: Comparison of miR-148a-3p and metal-regulatory transcription factor-1 (MTF-1) expression levels in MSC- and hepatocellular carcinoma (HCC)-derived exosomes; U: Assessment of miR-148a-3p and MTF-1 expression by real-time polymerase chain reaction in HCC cells co-cultured with MSC and MSC-derived exosomes. Quantitative data from three independent experiments are shown as the mean ± SD (error bars). aP < 0.05, bP < 0.01, cP < 0.001. HCC: Hepatocellular carcinoma; miRNA: MicroRNA; MSC: Mesenchymal stem cell; MTF-1: Metal-regulatory transcription factor-1; PBS: Phosphate buffered saline.
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[bookmark: _Hlk150696532]Figure 2 Identification of hsa_circRNA_0000563. A: Three circular RNAs (circRNAs) (circ562, circ563, and circ1110) were predicted to most likely bind to miR-148a-3p, and the miR-148a-3p and metal-regulatory transcription factor-1 (MTF-1) levels in hepatocellular carcinoma (HCC) cells transfected with the predicted circRNA were detected by quantitative real-time polymerase chain reaction (RT-PCR); B: A dual-luciferase reporter assay was performed to confirm the direct binding between circ563 and miR-148a-3p based on their complementary sequences; C: The knockdown efficiency was verified by RT-PCR; D: The expression levels of circ563 in exosomes were assessed by RT-PCR; E and F: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide and colony-forming assay results showed that circ563 silencing suppressed cell proliferation and reduced the number of colonies; G: Knockdown of circ563 enhanced Hep3B cell apoptosis as determined by flow cytometry; H and I: Transwell assays revealed that reducing the levels of circ563 impaired the migratory potential and invasiveness of HCC cells. aP < 0.05, bP < 0.01, cP < 0.001. circRNA: Circular RNA; HCC: Hepatocellular carcinoma; Exo: Exosome.
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Figure 3 Clinical relevance of circ563 in hepatocellular carcinoma. To further delineate the role of circ563, hepatocellular carcinoma and paired tumor-adjacent tissues were subjected to real-time polymerase chain reaction. A-C: Enhanced circ563 expression in hepatocellular carcinoma (HCC) tissue was detected compared with that in tumor-adjacent tissues, in line with miR-148a-3p downregulation and metal-regulatory transcription factor-1 (MTF-1) upregulation; D-F: Correlation analyses indicated the relationships between circ563, miR-148a-3p, and MTF-1 expression in HCC. cP < 0.001. circRNA: Circular RNA; HCC: Hepatocellular carcinoma; MTF-1: Metal-regulatory transcription factor-1.
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[bookmark: _Hlk150695051]Figure 4 Exosomal circ563 facilitating hepatocellular carcinoma progression. A: First, a knockdown experiment was conducted in Hep3B cells, and the circ563 levels in Hep3B-derived exosomes were quantified by polymerase chain reaction. Hep3B cell function was assessed after co-treatment with exosomes isolated from the culture medium of circ563-knockdown Hep3B cells; B-D: Downregulation of exosomal circ563 (exo-circ563) reduced Hep3B cell proliferation and the number of colonies formed; E-H: Decreased exo-circ563 levels suppressed the migratory activity and invasiveness of the Hep3B cells; I: The downregulation of exo-circ563 was correlated with apoptosis induction; J: The efficiency of circ563 overexpression in the mesenchymal stem cells (MSCs) was determined by quantitative real-time polymerase chain reaction; K: The upregulation of circ563 in MSC-derived exosomes was confirmed; L-R: The hepatocellular carcinoma (HCC) cell proliferation, metastasis, and apoptosis rates were assessed following exosome treatment. Exo-circ563 significantly induced HCC cell proliferation, migration, and invasion; S: Flow cytometry analysis showed that the percentage of apoptotic cells was significantly decreased. aP < 0.05, bP < 0.01, cP < 0.001. exo-circ563: Exosomal circ563; HCC: Hepatocellular carcinoma; MSC: Mesenchymal stem cell; Exo: Exosome.
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Figure 5 Oncogenic effect of exosomal circ563 prevented by either miR-148a-3p upregulation or metal-regulatory transcription factor-1 knockdown. A-P: Exosomal circ563 promoted Hep3B cell proliferation and invasion, which were reversed by miR-148a-3p overexpression or metal-regulatory transcription factor-1 depletion. Group 1: Co-culturing Hep3B cells with mesenchymal stem cell (MSC)-derived exosomes; Group 2: Co-culturing Hep3B cells with exosomes derived from circ563-overexpressing MSCs; Group 3: Co-culturing Hep3B cells after miR-148a-3p upregulation with exosomes derived from circ563-overexpressing MSCs; and Group 4: Co-culturing Hep3B cells after metal-regulatory transcription factor-1 knockdown with exosomes derived from circ563-overexpressing MSCs. aP < 0.05, bP < 0.01, cP < 0.001.

[bookmark: _GoBack][image: ]
Figure 6 Circ563 promoting hepatocellular carcinoma tumor growth in vivo. Mouse xenografts were generated to verify the role of circ563 in vivo. Hepatocellular carcinoma cells stably transfected with miR-148a-3p overexpression, metal-regulatory transcription factor-1 knockdown, or control vectors were implanted into the subcutaneous tumors of mice. The xenografts were treated with exosomes after four weeks. A-C: Accelerated growth of circ563-overexpressing Hep3B-derived xenografts is shown with increased tumor volume and weight compared with the control group. Both miR-148a-3p overexpression and metal-regulatory transcription factor-1 (MTF-1) depletion partially reversed the increase in tumor volume and weight; D and E: MTF-1 staining reveals a similar trend with cell growth. aP < 0.05, bP < 0.01, cP < 0.001. exo-circ563: Exosomal circ563; HCC: Hepatocellular carcinoma; MSC: Mesenchymal stem cell; Exo: Exosome; MTF-1: Metal-regulatory transcription factor-1.
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Figure 7 The schematic model of circ 563/miR-148a-3p/metal-regulatory transcription factor-1 in hepatocellular carcinoma. MTF-1: Metal-regulatory transcription factor-1; HCC: Hepatocellular carcinoma; MSCs: Mesenchymal stem cells.
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