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Long noncoding RNAs HAND2-AS1 ultrasound microbubbles suppress hepatocellular carcinoma progression by regulating the miR-873-5p/tissue inhibitor of matrix metalloproteinase-2 axis
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Abstract
BACKGROUND
Increasing data indicated that long noncoding RNAs (lncRNAs) were directly or indirectly involved in the occurrence and development of tumors, including hepatocellular carcinoma (HCC). Recent studies had found that the expression of lncRNA HAND2-AS1 was downregulated in HCC tissues, but its role in HCC progression is unclear. Ultrasound targeted microbubble destruction mediated gene transfection is a new method to overexpress genes.

AIM
To study the role of ultrasound microbubbles (UTMBs) mediated HAND2-AS1 in the progression of HCC, in order to provide a new reference for the treatment of HCC.

METHODS
In vitro, we transfected HAND2-AS1 siRNA into HepG2 cells by UTMBs, and detected cell proliferation, apoptosis, invasion and epithelial-mesenchymal transition (EMT) by cell counting kit-8 assay, flow cytometry, Transwell invasion assay and Western blotting, respectively. In addition, we transfected miR-837-5p mimic into UTMBs treated cells and observed the changes of cell behavior. Next, the UTMBs treated HepG2 cells were transfected together with miR-837-5p mimic and tissue inhibitor of matrix metalloproteinase-2 (TIMP2) overexpression vector, and we detected cell proliferation, apoptosis, invasion and EMT. In vivo, we established a mouse model of subcutaneous transplantation of HepG2 cells and observed the effect of HAND2-AS1 silencing on tumor formation ability.

RESULTS
We found that UTMBs carrying HAND2-AS1 restricted cell proliferation, invasion, and EMT, encouraged apoptosis, and HAND2-AS1 silencing eliminated the effect of UTMBs. Additionally, miR-873-5p targets the gene HAND2-AS1, which also targets the 3’UTR of TIMP2. And miR-873-5p mimic counteracted the impact of HAND2-AS1. Further, miR-873-5p mimic solely or in combination with pcDNA-TIMP2 had been transformed into HepG2 cells exposed to UTMBs. We discovered that TIMP2 reversed the effect of miR-873-5p mimic caused by the blocked signalling cascade for matrix metalloproteinase (MMP) 2/MMP9. In vivo results showed that HAND2-AS1 silencing significantly inhibited tumor formation in mice.

CONCLUSION
LncRNA HAND2-AS1 promotes TIMP2 expression by targeting miR-873-5p to inhibit HepG2 cell growth and delay HCC progression.
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Core Tip: In this study, we found that ultrasound microbubbles loaded with long noncoding RNA HAND2-AS1 inhibited the growth of hepatocellular carcinoma cells and tumor formation in mice in vivo and in vitro by downregulating miR-873-5p to promote tissue inhibitor of matrix metalloproteinase-2 expression.

INTRODUCTION
Hepatocellular carcinoma (HCC) is a malignant tumor with a high incidence. A previous study reported more than 40000 new patients with HCC in a year, accounting for 50% of the global number of new patients[1]. Since patients with early-stage HCC do not show indicative clinical symptoms, once diagnosed, patients are primarily at advanced stages, and the prognosis of HCC is often unsatisfactory due to high postoperative recurrence and intrahepatic or extrahepatic metastases.
Studies have confirmed that long noncoding RNAs (lncRNAs) play pivotal roles in biological activities such as epigenetic inheritance, cell cycle progression and cell differentiation[2,3]. In addition, several scholars have shown that lncRNAs are directly or indirectly involved in the tumorigenesis, development and regulation of numerous biological functions. A study showed that the lncRNA HAND2-AS1 inhibited HCC progression by regulating the Janus kinase-signal transducer and activator of transcription signaling pathway[4]. Moreover, it has been reported that HAND2-AS1 inhibits HCC cell viability[5,6]. MiRNAs represent a novel epigenetic mechanism for regulating gene expression in various cells and are regulatory transcripts approximately 19-22 nucleotides in length. Dysfunction of these proteins is associated with many diseases. miR-873-5p expression is upregulated in samples from patients with cholestasis and cirrhosis, and the miR-873-5p inhibitor suppressed hepatocyte apoptosis[7].
Recently, ultrasound-targeted microbubble destruction-mediated gene transfection has been found to be a promising new method. Studies have shown that the cavitating effect of ultrasound may be the primary mechanism by which it enhances gene transfection. Microbubbles are ruptured by vibration under ultrasound, releasing high energy to promote the formation of reversible micropores on the cell membrane, increasing cell membrane permeability and thus helping exogenous genes of interest to enter the cell. Several studies have confirmed that ultrasound-targeted microbubble destruction-mediated plasmid DNA transfection can improve gene transfection and the number of local tissues and cells, and this approach is expected to be a highly efficient, safe, and somewhat effective method for targeted gene transfection and gene therapy[8,9]. Liu et al transfected shCD133 into CD133+ cells isolated from HCC cell lines using both ultrasound microbubbles (UTMBs) and liposomes, and the results indicated that the transfection efficiency was significantly greater in the UTMB group than in the liposome group[10]. Another study revealed that after the transfection of shEZH2 with UTMBs or liposomes, the survival and proliferation of CD133–overexpressing Huh7 cells were inhibited[11]. As a result, in the present study, we investigated the role of UTMB-mediated HAND2-AS1 in HCC progression to provide an additional source for the treatment of HCC.

MATERIALS AND METHODS
Cell culture
HepG2, Huh-7, SMMC-7721, MHCC97 (Human HCC cell line), and L-02 cells were obtained from ATCC and cultured in RPMI 1640 medium supplemented with foetal bovine Sserum, penicillin and streptomycin in an incubator with 5% CO2. RiboBio Co., Ltd., provided the overexpression vectors for HAND2-AS1 and tissue inhibitor of matrix metalloproteinase-2 (TIMP2) and the negative control. Santa Cruz Biotechnology supplied the si-HAND2-AS1 and scrambled the RNA.

Animals
To establish HCC xenografts, a total of 12 BALB/c nude mice (4-6 wk; 18-22 g) were injected subcutaneously with 5 × 105 HepG2 cells suspended in 0.2 mL of 0.9% NaCl. The mice were housed in a clean and well-ventilated animal environment at 20 ± 2 °C, with a relative humidity of 60%-70% and a day/night cycle of 12/12 h. The mice were fed with free diet and water intake for more than 3 d. The mice were randomly divided into following groups (n = 6 per group): the control group (mice were given only 0.9% NaCl at 1 MHz) and the UTMB group (mice were injected with HAND2-AS1 microbubbles; 200 μg; 1 MHz). At days 35, we used the method of cervical dislocation to euthanize the mice in all experimental group. The Tianjin Medical University’s animal ethics committee approved this investigation.

Real-time reverse transcriptase-polymerase chain reaction
A PrimeScript Reagent Kit was used to create single-stranded cDNA after total RNA was extracted from the cells using the TRIzol method. Quantitative polymerase chain reaction (qPCR) was performed using the SYBR Premix Ex TaqTM Kit. The study primers used were created and dyed by Sangon Biotech. The 2-ΔΔCt method was used to standardize the relative expression levels.

Western blotting
Total protein was extracted from the RIPA lysis buffer and then transferred to polyvinylidene fluoride membranes. The membranes were incubated with primary antibodies for 12 hours after being blocked at room temperature for 2 h. Snail (1:1000, ab216347), Glyceraldehyde-3-phosphate dehydrogenase (1:1500, ab8245), E-cadherin (1:10000, ab40772), vimentin (1:2000, ab92547), TIMP2 (1:500, ab180630), matrix metalloproteinase (MMP) 2 (1:2500, ab92536), and MMP9 (1:3000, ab76003). The membranes were then incubated for 1 h with a secondary antibody (1:2500, ab6721). After that, liquid exposure was applied, and the visible protein bands were recorded.

Immunohistochemistry
Before exposure to H2O2, tissue from the tumor pieces was trypsinized for 10 min. The sections were then treated with the appropriate antibodies for 12 h at 4 °C. The slices were then treated with secondary antibodies following a phosphate buffered saline (PBS) rinse. The sections were washed once more before being exposed to diaminobenzidine substrate for two minutes.

Transwell assay
After adding the media to the bottom chamber, the cells were grown for 48 h at room temperature after being sown in the chamber on top coated with Matrigel. The cells in the top compartment of the chamber were then removed, 70% ethanol was added to the bottom compartment of the chamber, the cells were stained with 0.1% crystal violet, and cell invasion was examined using a microscope.

Cell counting kit-8 assay
After the cells were digested with 0.25% trypsin, the cell suspension (3 × 104/mL) was incubated with Dulbecco’s modified Eagle’s medium once more, seeded into 96-well plates (100 mL), and incubated for 4 h (37 °C; 5% CO2). A microplate reader (450 nm) was used to measure the absorbance.

Flow cytometry
PBS was used to prepare the cell suspension (100 mL, 1 × 105 cells/mL), which was subsequently added to the culture tube. The culture tube was then incubated in the dark for 20 min with annexin V-FITC and propidium iodide. Finally, flow cytometry was used to identify apoptotic cells.

RNA pull-down
In brief, probe-miR-873-5p, probe-NC, and the positive control (Input) were generated from the scratch and added to the HepG2 cells. Real-time qPCR (RT-qPCR) was used to identify the enriched RNA after the cells had been lysed at low temperatures for 10 minutes and rinsed with PBS after 48 h.

Statistical analysis
The SPSS program (version 21.0; SPSS, Chicago, IL) was used for all the statistical analyses. P < 0.05 was regarded as a statistically significant value, and the quantitative results collected from three independent experiments are expressed as the mean ± SD.

RESULTS
HAND2-AS1 expression in HCC progression
Prediction results from an online bioinformatics database revealed that HAND2-AS1 was strongly downregulated in HCC tissue samples (Figure 1A and B). Additionally, we obtained tumor and paracancerous tissue samples from 35 HCC patients and discovered that the expression of HAND2-AS1 was downregulated in tumor tissues compared to paracancerous tissues (Figure 1C). In addition, the HepG2, Huh-7, SMMC-7721, and MHCC97 human HCC cell lines presented decreased HAND2-AS1 expression (Figure 1D).

UTMBs harboring HAND2-AS1 inhibit HepG2 cell growth
The UTMBs were round-shaped microbubbles with a white powder shape, a smooth surface and good dispersibility. We found that UTMB treatment alone increased HAND2-AS1 expression, while si-HAND2-AS1 decreased HAND2-AS1 expression (Figure 2A). In addition, UTMB treatment alone inhibited cell growth, while si-HAND2-AS1 enhanced cell proliferation, inhibited apoptosis and promoted invasion (Figure 2B-D). Western blotting showed that cell epithelial-mesenchymal transition (EMT) was reduced after UTMB treatment alone, and si-HAND2-AS1 abolished the effects of UTMBs (Figure 2E).

HAND2-AS1 directly targets miR-873-5p
Figure 3A shows the binding site between HAND2-AS1 and miR-873-5p, and Figure 3B shows the altered bases of HAND2-AS1. Furthermore, the luciferase activity of the HAND2-AS1 wild-type reporter was decreased by the miR-873-5p mimic, whereas the HAND2-AS1 mutant reporter was unaffected (Figure 3C). Additionally, HAND2-AS1 was enriched on the miR-873-5p probe according to the results of the RNA pull-down method (Figure 3D). Furthermore, HAND2-AS1 silencing increased miR-873-5p expression, while HAND2-AS1 overexpression blocked this expression (Figure 3E). MiR-873-5p expression was downregulated in HCC tissues (Figure 3F) and cell populations (Figure 3G).

UTMBs containing HAND2-AS1 reduce the expression of miR-873-5p, which inhibits HepG2 cell proliferation
The effects of UTMBs were reversed by the miR-873-5p mimic. These compounds increased HAND2-AS1 expression while inhibiting miR-873-5p expression (Figure 4A). Furthermore, UTMB administration suppressed cell growth, whereas the miR-873-5p mimic increased cell proliferation, decreased apoptosis, and promoted cell invasion (Figure 4B-D). Furthermore, after UTMB treatment, the expression of EMT-related proteins was reduced, and the miR-873-5p mimic eliminated the impact of UTMBs (Figure 4E).

MiR-873-5p targets the 3'UTR of TIMP2
Furthermore, miR-873-5p targeted the 3’UTR of TIMP2 (Figure 5A), and the TIMP2 sequences are displayed in Figure 5B. Furthermore, luciferase reporter gene analysis validated the connection between miR-873-5p and TIMP2 (Figure 5C). Figure 5D shows the transfection efficiency of the miR-873-5p mimic and the miR-873-5p inhibitor. The miR-873-5p mimic reduced TIMP2 mRNA (Figure 5E) and protein expression (Figure 5F), and the miR-873-5p inhibitor increased TIMP2 expression.

UTMBs harboring HAND2-AS1 inhibit HepG2 cell growth by upregulating TIMP2 by suppressing miR-873-5p expression
Western blotting revealed that UTMB administration increased the expression of the TIMP2 protein. The miR-873-5p mimic reversed this effect, although the impact of the miR-873-5p mimic was again blocked by pcDNA-TIMP2 (Figure 6A). Furthermore, UTMBs inhibited MMP2 and MMP9 protein expression, and the miR-873-5p mimic promoted MMP2 and MMP9 protein expression, which was reversed by pcDNA-TIMP2 (Figure 6B). We also observed that the miR-873-5p mimic promoted proliferation (Figure 6C), inhibited apoptosis (Figure 6D), promoted invasion (Figure 6E) and accelerated EMT (Figure 6F) in UTMB-treated HepG2 cells, but these effects were reversed after transfection with pcDNA-TIMP2.

HAND2-AS1-expressing UTMBs reduce tumor development in vivo
A representative image of the tumor is shown in Figure 7A. We observed that, compared with those of the control mice, the tumor volume and weight (Figure 7B and C) of the nude mice injected with the UTMBs harboring HAND2-AS1 were significantly lower. RT-qPCR indicated that injection of UTMBs promoted HAND2-AS1 expression and inhibited miR-873-5p expression (Figure 7D). Immunohistochemistry revealed that UTMBs promoted TIMP2 expression and inhibited MMP2, MMP9 and Ki67 expression (Figure 7E). Furthermore, UTMBs increased E-cadherin expression while decreasing vimentin and snail expression (Figure 7F).

DISCUSSION
HCC is a malignant tumor characterized by invasion and metastasis with an extremely high mortality rate, and its malignant transformation behavior is orchestrated by multiple factors. Tumorigenesis occurs through disruption of the balance of various biochemical factor metabolites around cancerous tissue and in the microenvironment where cancer cells are located far from normal tissue; this process involves growth factors, tissue suppressors, tumor factors, endocrine factors, and proteolytic enzymes[12]. In recent years, the importance of MMPs in tumor progression has been recognized. Generally, cancerous tissues first release sufficient amounts of MMPs to degrade the basement membrane and matrix, after which the defect site and stromal gap that break through the basement membrane grow peripherally. At the same time cancer cells' degradation edge spreads, the vascular endothelial cells in the tissue also metastasize and reconstruct, at which point the new blood vessels provide nutrition for the growth and propagation of the tumor[13]. A considerable body of research suggests that there is a significant link between MMP expression and tumor differentiation degree, suggesting that MMP expression has the potential to be a biological marker for predicting tumor invasion and metastasis, as well as determining the risk of recurrence[14,15]. Wen et al[16] showed that citrus reticulate peel black tea could inhibit liver cancer progression by inhibiting the phosphorylation of the Phosphoinositide 3-kinase and protein kinase B proteins, upregulating the ratio of Bax/B cell lymphoma-2, and inhibiting the protein expression of MMP2, MMP9, N-cadherin, and vimentin. Additional studies have shown that alternative splice variants of CXCR3 that mediate CXCL9 caused significant changes in the phosphorylation levels of extracellular signal-regulated kinase 1/2 in the mitogen-activated protein kinases signaling pathway, thereby upregulating MMP2 and MMP9 expression and promoting CD133+ hepatoma cell invasion and metastasis[17].
TIMP2 is a specific inhibitor of MMP2 that inhibits the degradation of the extracellular matrix by the MMP-2 protein and antagonizes neovascularization to control the spread and metastasis of cancer cells[18]. At present, this pair of antagonistic factors plays an essential regulatory role in tethering Extracellular matrix synthesis and metabolic degradation, which has also been confirmed in studies on cancer, and when external factors disrupt this equilibrium relationship, tumor cells show an apparent tendency to invade and metastasize. One study showed that the expression of MMP2 mRNA was upregulated, while that of TIMP2 mRNA was downregulated in tumor tissues, and TIMP2 accelerated tumor cell invasion and metastasis[19]. Further research has shown that miR-425-5p can enhance the metastasis and invasion of HCC cells through SCAI signaling[20].
The EMT is a crucial factor for tumors to acquire the ability to metastasize and invade. After EMT occurs, the tumor cell's epithelial cell characteristics disappear while exhibiting the properties of mesenchymal cells; thus, the tumor cells have stronger invasive and metastatic abilities. The primary molecular mechanism involved is the reduced expression of the tumor epithelial marker E-cadherin[21,22]. E-cadherin acts as a suppressor of cancer cell metastasis, and its expression is correlated with the degree of differentiation, invasion, and malignant tumor metastasis. According to previous reports, overexpression of TIMP2 can upregulate E-cadherin expression, which helps to maintain cell‒cell adhesion and inhibit EMT progression induced by epithelial growth factor[23]. At present, additional studies have focused on systemic treatment of HCC; for example, patients with improved responses to tyrosine kinase inhibitors (TKIs), such as sorafenib, lenvatinib, regorafenib, cabozantinib and immune checkpoint inhibitors (ICIs), including anti-PD1, anti-PDL1 and anti-CTLA-4 drugs, have been found. A recent comprehensive evaluation showed that the efficacy of TKI-ICI combination therapy for HCC was more significant than that of other therapies[24]. In addition, studies have shown that HCC patients who fail first-line treatment with sorafenib also have good tolerance and safety of metronomic capecitabine[25,26]. The results of this study suggested that HAND2-AS1 may be used as a prognostic marker for HCC. Therefore, our subsequent studies will further explore the relationship between HAND2-AS1 and TKI or ICI therapy to determine the best systemic treatment for HCC.

CONCLUSION
In brief, in this study, we delivered HAND2-AS1 into HepG2 HCC cells via UTMBs. We found that UTMBs harboring HAND2-AS1 suppressed cell invasion, proliferation and EMT, and the mechanistic findings indicated that HAND2-AS1 suppressed the MMP2/MMP9 signaling pathway and subsequently suppressed tumor progression by upregulating TIMP2 by targeting miR-873-5p. Furthermore, in vivo results demonstrated that tumor formation was inhibited in xenograft mice injected with HAND2-AS1-bearing UTMBs.

ARTICLE HIGHLIGHTS
Research background
Hepatocellular carcinoma (HCC) is a malignant tumor with high incidence and poor prognosis. Studies have confirmed that long noncoding RNAs (lncRNAs) are directly or indirectly involved in the occurrence and development of tumors and the regulation of various biological functions, including HCC, in which the expression of lncRNA HAND2-AS1 is downregulated in HCC tissues, but the specific mechanism of its involvement in HCC progression still needs to be further explored. In addition, ultrasound targeted microbubble destruction mediated gene transfection is a promising new method in recent years. Therefore, studying the role of ultrasound microbubbles (UTMBs) mediated HAND2-AS1 in HCC progression can provide a new reference for the treatment of HCC.

Research motivation
lncRNA HAND2-AS1 expression was downregulated in HCC tissues and cells, which may be involved in tumor progression. We tried to transfect lncRNA HAND2-AS1 into HCC cell line HepG2 by ultrasound targeted microbubble destruction mediated gene transfection technology to detect the effect of HAND2-AS1 on the proliferation, invasion, epithelial mesenchymal transition and apoptosis of HepG2 cells, and further explore the specific regulatory mechanism. In addition, we established a subcutaneous tumor xenograft mouse model to observe the effect of lncRNA HAND2-AS1 on the tumor forming ability of mice. We aimed to clarify the role of lncRNA HAND2-AS1 in HCC progression through in vivo and in vitro studies, in order to provide new ideas for the treatment of HCC.

Research objectives
We transfected lncRNA HAND2-AS1 into HepG2 cells through ultrasound targeted microbubble destruction mediated gene transfection technology, and detected the effect of lncRNA HAND2-AS1 on the biological behavior of HepG2 cells through a series of experiments in vitro, and found the downstream target genes of lncRNA HAND2-AS1 through online bioinformatics data retrieval, and further clarified the specific mechanism of lncRNA HAND2-AS1 participating in HCC cell growth. In addition, we successfully established a subcutaneous tumor xenograft mouse model and verified the inhibitory effect of lncRNA HAND2-AS1 on tumor formation in vivo in mice. Our results clarify the feasibility of ultrasound targeted microbubble destruction mediated gene transfection technology, and provide a new idea for finding gene therapy for HCC.

Research methods
We detected the expression levels of lncRNA HAND2-AS1 and miR-873-5p in tumor cells and tumor tissues by real-time quantitative polymerase chain reaction. The proliferation, apoptosis and invasion of HepG2 cells were detected by cell counting kit-8 assay, flow cytometry and Transwell cell invasion assay, respectively. Western botting was used to detect the protein expression levels of tissue inhibitor of matrix metalloproteinase-2 (TIMP2), matrix metalloproteinase (MMP)-2, MMP9 and epithelial mesenchymal transition related proteins in tumor cells and tumor tissues. In addition, immunohistochemistry was used to detect the expression of TIMP2, MMP2, MMP9 and Ki67 in tumor tissues. Luciferase reporter gene analysis was used to verify the targeting relationship of lncRNA HAND2-AS1 and miR-873-5p, as well as miR-873-5p and TIMP2. The SPSS program (version 21.0; SPSS, Chicago, IL) was used for all statistical analyses.

Research results
UTMBs loaded with lncRNA HAND2-AS1 inhibited the proliferation, invasion, and epithelial mesenchymal transition of HepG2 cells, and promoted apoptosis. We found that miR-873-5p was a target gene of lncRNA HAND2-AS1, and overexpression of miR-873-5p abolished the inhibitory effect of lncRNA HAND2-AS1 on tumor cell growth. In addition, miR-873-5p targeted the 3'UTR of TIMP2, and TIMP2 again reversed the promoting effect of miR-873-5p on tumor cell growth, and the mechanism study showed that this was mediated by blocking the MMP2/MMP9 signaling pathway. In the subcutaneous tumor xenograft mouse model, we observed that UTMBs carrying lncRNA HAND2-AS1 inhibited tumor formation in mice. Our results provide a new idea for gene therapy of HCC. Considering that this study only uses HepG2 cells, we will verify the results of this study in a variety of HCC cell lines later.

Research conclusions
We delivered lncRNA HAND2-AS1 into HeGp2 cells by UTMBs, and found that UTMBs carrying lncRNA HAND2-AS1 suppressed the cell invasion, proliferation and epithelial-mesenchymal transition, and the mechanistic findings indicated that lncRNA HAND2-AS1 suppressed the MMP2/MMP9 signaling pathway and then suppressed tumor progression by upregulating TIMP2 via targeting miR-873-5p. Furthermore, in vivo results demonstrated that tumor formation was inhibited in xenograft mice injected with lncRNA HAND2-AS1-bearing UTMBs.

Research perspectives
We identified the regulatory role of lncRNA HAND2-AS1/miR-873-5p/TIMP2 axis in HCC progression, which is a classic ceRNA pattern. Subsequently, we will take lncRNA HAND2-AS1 as a starting point to explore whether it is involved in tumor immune evasion microenvironment, or its relationship with tyrosine kinase inhibitors and immune checkpoint inhibitors, which were mentioned in the discussion section of the manuscript.
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Figure 1 HAND2-AS1 expression in hepatocellular carcinoma development. A and B: HAND2-AS1 expression levels during hepatocellular carcinoma development were analyzed using bioinformatics techniques online (http://gepia.cancer-pku.cn/index.html; https://tnmplot.com/analysis/); C: HAND2-AS1 expression in tumor and surrounding tissues (35 pairings); D: The phrase represents HAND2-AS1. aP < 0.05.
[image: ] [image: ] [image: ] [image: ]
Figure 2 HepG2 cell response to ultrasound microbubbles. Two hundred microliters of ultrasound microbubbles was added to HepG2 cells alone or incubated with si-HAND2-AS1. A: HAND2-AS1 expression; B: The proliferation of cells; C: Apoptosis of cells; D: Invasion of the cell; E: Proteins linked to epithelial-mesenchymal transition are expressed. aP < 0.05. UTMBs: Ultrasound microbubbles.
[image: ] [image: ]
Figure 3 HAND2-AS1 directly targets the miRNA miR-873-5p. A: The target sites of HAND2-AS1 and miR-873-5p were identified (StarBase 3.0; https://starbase.sysu.edu.cn/); B: The HAND2-AS1 sequence; C: The relative luciferase activity value; D: RNA pull-down was employed to examine the strength of the binding; E: Cellular expression of miR-873-5p; F: Tissue expression of miR-873-5p (35 pairings); G: Expression of miR-873-5p. aP < 0.05.
[image: ] [image: ] [image: ] [image: ]
Figure 4 The impact of miR-873-5p on HepG2 cells. A: Expression of miR-873-5p; B: HAND2-AS1; C: Cell proliferation; D: Apoptosis of cells Cell invasion; E: Expression of the snail protein, vimentin, and E-cadherin. aP < 0.05. UTMBs: Ultrasound microbubbles.
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Figure 5 MiR-873-5p targets the 3'UTR of tissue inhibitor of matrix metalloproteinase-2. A: The 3’UTR of tissue inhibitor of matrix metalloproteinase-2 (TIMP2) targeted by miR-873-5p; B: The TIMP2 sequence; C: The relative luciferase activity value; D: Expression of miR-873-5p; E and F: TIMP2 mRNA and protein expression. aP < 0.05. TIMP2: Tissue inhibitor of matrix metalloproteinase-2.
[image: ] [image: ] [image: ] [image: ] [image: ] [image: ]
Figure 6 Ultrasound microbubbles affect HepG2 cells via the miR-873-5p/tissue inhibitor of matrix metalloproteinase-2 axis. A and B: The expression of the proteins tissue inhibitor of matrix metalloproteinase-2, matrix metalloproteinase (MMP)-2, and MMP9; C: The proliferation of cells; D: Apoptosis of cells; E: Cell invasion; F: The expression of proteins linked to epithelial-mesenchymal transition. aP < 0.05. UTMBs: Ultrasound microbubbles; TIMP2: Tissue inhibitor of matrix metalloproteinase-2.
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Figure 7 Ultrasound microbubbles inhibit tumor progression in vivo. The ultrasound microbubbles group (mice received injections of HAND2-AS1 microbubbles; 200 g; 1 MHz), and the control group (mice received injections of 0.9% NaCl alone; 1 MHz). A: Illustrations of tumors; B: Size of the tumor; C: Tumor mass; D: Expression of miR-873-5p and HAND2-AS1; E: Illustrations from immunohistochemistry analysis; F: Expression of proteins linked to epithelial-mesenchymal transition. aP < 0.05. UTMBs: Ultrasound microbubbles; TIMP2: Tissue inhibitor of matrix metalloproteinase-2; MMP:
Matrix metalloproteinase.

image4.png
Pl

c 40
a a
g T
0
T
0
0
> cJ @
S & &
& & S
< S P
S
&
1 $ «“9’
ControlPt utMasP1 UTMBSvscrambielPt UTMBS+sLHAND2-AS/PY
T 7T T T T T T 7T
T o] N oo [T o] N T
0 0 0 0
< < < <
bR g bR g
g g 2 g g
H] H] ERG H]
"
aie ae ane aie
o3 SHion SHoow 0
0 ot o' P 0 ot o' P o ot o' P o ot
BLAz FITCA BLAz FITCA BLAz FITCA BLAz FITCA

Annexin V-FITC




image5.png
UTMBs+scramble UTMBs+si-HAND2-AS1





image6.png
m

s
S

@
3

Cell invasion (%)
O
3 8

°

9'\
e
6@ ?\s E@ Control [ UTMBs
r o I UTMBs+scramble
&F & & 4 UTMBs+si-HAND2-AS1
& < 2
N N\ 5
2
E-cadherin o
5
°
)
Vimentin 5
£
§
b
Snail 4
E-cadherin  Vimentin Snail
GAPDH

104251 DOL 104251 /000000 Copyight © The Author() 2024




image7.png
Target: 5' gacAUACUUUUCAGGUUCCUGa 3
[T ERTRTIT
DIRNA : 3' uCODCUG-AGUGUUCAAGGACG 5'

IncRNA HAND2-AS1-WT 5’ gacAUACUUUUCAGGUUCCUGa 3’

Lol LT
miR-873-5p uccUCUG-AGUGUUCAAGGACg

IncRNA HAND2-AS1-MUT &’ gacAUACUUUUCAGAAAAAAAE 3

° o

b
o

elative luciferase activity

00

HAND2-AS1-WT
HAND2-AS1-MUT
NC mimic
miR-873-5p mimic




image8.png
10,4251 DOL: 104251 /vjgo v0:0.0000 Copyright © The Authorls) 2024

¥ 6 & + o
¥ 6 & < o dg-g/gu
deggiw 10 uoissaidxa aAyelaY
10 uoissaldxa aeaY
o
w
O O o]
H .
© =
5
=" a = £
- 2
a
©
© o o
€
_v 3 m
H
& & & & o
g 8 & ¢®
1SV-ZANVH Jo Juewyonug & 3 P
dg-g/gu
w 10 UoIssaldxe oAREleY
o O O




image9.png
Relative expression

E&A Control [ UTMBs
3 UTMBs+NC mimic
UTMBs+miR-873-5p mimic

_a
;
a a
= §
HAND2-AS1 miR-873-5p mimic

Absorbance (ODgg0nm)

o

o

b
o

e
°

-
-
-
-

Control

UT™MBs

UTMBs+NC mimic
UTMBs+miR-873-5p mimic

B





image10.png
Pl

BLzATPEA

s
S

c a a
=
g
< 30
2
]
2
5
520
2
= T
F10{ ——
o
o
>
&
&
ControliP1 UTMBSIP1 > UTMBS+NC mimic/P1 UTMBs+miR-873.5p mimiciP1
) E3 ) a7z T a7z o a7z
o5z Voo o7 S oo S foses Va7
o o 0 0
< < <
10° w w o w oo
> , P4
< < A <
] $ LR 5
o o §
ars as loi a5 as Bes ars
i S 2 i S b - 20 a7yl
0 ot 1! i« 0 ot 1! i« 0 ot o' 3 0 ot
BLIALFTCA BLIALFTCA

BLIA:FITCA

BLIAZFITCA

Annexin V-FITC




image11.png
Control UTMBs+miR-873-5p mi





image12.png
Cell invasion (%)
N o
88

3>

o

N
'\6(“' 1‘5""‘?\‘\
‘\06‘ &
N X A
«© @° N y
o (W7 (W < E@ Control [ UTMBs
T — N N N =1 UTMBS*NC mimic
=+
4 UTMBs+miR-873-5p mimic
~=~ @WEN @uen ewes E-cadherin 2
s
g
W s s e Vimentin s
g
N G e ; 5
& - — Snail -
o 3
9 I
— — —— ool E-cadherin  Vimentin Snail

10,251 DOL 10.4251 /ovjgo +010.0000 Copyright © The Auther(s) 2024




image13.png
Target: 5' ccaccccuguucgeUUCCUGa 3'
i
MRNA : 3' ucCUCUgAgUQUUCAAGGACG 5'

TIMP2WT &' ccaccecuguucgeUUCCUGU 3
11
miR-873-5p  uccucugaguguucAAGGACY

TIMP2-MUT &’ ccaccccuguucgcUUCCUGuU 3°

> o

°
o

Relative luciferase activity

He

0.0
TIMP2-WT

TIMP2-MUT
NC mimic

miR-873-5p mimic





image14.png
o

'S

o

Relative expression of
miR8735p
- N

TIMP2

GAPDH

5 4
g a
£ 3

£p

<=

3

ES a

2 4

5

3

['4

Fold change of TIMP2 protein
o

10,4251 DOT: 10,4251 /1wjgo ¥0.0.0000 Copyright & The Author(s) 2024




image15.png
&= Control
1 UTMBs+NC mimicsvector
3 UTMBS*iR-873-5p mimic
UTMBs+miR 873.5p mimic+pcDNA-TIMP2

Fold change of TIMP2 protein





image16.png
& Control
1 UTMBS+NC mimicsvector
3 UTMBS+*iR-873-5p mimic
UTMBS+miR 873.5p mimicspcDNA-TIMP2

S
& B
K] a
H ~a a
— . — e MMP2 210 E .
El
_— Sos.
—— — e MMPY s ’J-‘ g ﬂ N
“ o0

W w— v w— GAPDH MMP2 MMP9




image17.png
- Control
= UTMBS+NC mimicsvector
& UTMBs+miR-873.5p mimic
-+ UTMBS+miR 873.5p mimic+pcDNA-TIMP2

v

15

Absorbance (ODzsonr)

24n 4sh 72n




image18.png
Pl

contrlPt

== Control

T3 UTMBS+NC mimicsvector
3 UTMBS+miR-873-5p mimic
UTMBs+miR 873.5p mimic +pcDNA-TIMP2

0 a

a
N a
21
H
§ 20-
i -
§ 10- —
o
[ —— S T —————

Annexin V-FITC





image19.png
&= Control
T3 UTMBS+NC mimicsvector
3 UTMBS+miR-873-5p mimic
UTMBs+miR 873.5p mimic+pcDNA-TIMP2

E a0 a

Cellinvasion (%)

o

UTMBS+miR-873-5p mimic.

control UTMBS+NG mimic+vector UTMBS+miR-873-5p mimic  +pcDNA-TIMP2





image20.png
& Control

) UTMBS+NC mimicevector

) UTMBS+miR 873.5p mimic:

UTMBS +miR 873-5p mimic+pcDNA-TIMP2

Fold change of proteins

Ecadherin  Vimentin  Snail

T e e E-cadherin S e e Vimentin -— —_ snail

— w— w— v CAPDH S G @ e GAPDH S w——— CAPDH

10405 DO 1005 s L0000 Coprgh® e s B




image21.png
day 35 postinjecion

- B4 =
e S i,

EOEaED
ontifocton

g W- I





image22.png




image23.png




image24.png
S
&
Tl
we s  E-cadherin
— Vimentin

— - = snail

— e GAPDH

W Control 3 UTMBs

4

g a

S3 =

5

5

o2

&

5

§1 .

T

2 a

S

<o | . ol
E-cadherin  Vimentn  Snail

10,4251 DO 10,4351 /vige 00000 Copyrisht © The Authers) 034




image1.png
2.55e-31

P=

o00;

=) o o =}
=] =] =} =]
< @ 39 -

uoissaidxa auab | SY-ZANVH

Tumor

Normal

S v € z '
uoissaidxs ausb LSY-ZANVH

LIHC
-369; num(N)

160)

(num(T)




image2.png
Relative expression of
HAND2-AS1

Relative expression of
HAND2-AS1

T
Adjacent

Tumor

10,4251 DOE 104251 /34jgo ¥010.0000 Copyright © The Author(s) 2024




image3.png
Relative expression of
HAND2-AS1

Absorbance (OD49onm)

o

>

b
o

°
°

Control

UTMBs
UTMBs+scramble
UTMBs+si-HAND2-AS1

i




