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Long Noncoding RNA Metastasis-Associated Lung Adenocarcinoma Transcript 1 in Extracellular Vesicles Promotes Hepatic Stellate Cell Activation, Liver Fibrosis and β-Catenin Signaling Pathway
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Evidence shows that the long noncoding RNA metastasis-associated lung adenocarcinoma transcript 1 (Lnc-MALAT1) is associated with activation of hepatic stellate cells (HSCs) and liver fibrosis in animal and in vitro studies. However, its roles in human liver fibrosis and the underlying mechanism in HSC activation are not yet defined. In our current study, the expression of Lnc-MALAT1 in the fibrotic liver tissues and in the plasma extracelllar vesicles (EVs) of liver fibrosis patients was detected by FISH and qRT-PCR. The results revealed that enhanced expression of Lnc-MALAT1 was co-localized with increased expression of the fibrotic markers (collagen I and α-SMA) and the Wnt/β-catenin signaling proteins (β-catenin, cyclinD1 and c-myc) in the fibrotic liver tissues. The level of Lnc-MALAT1 in the plasma EVs isolated from 60 liver fibrosis patients was significantly increased compared with that of the 46 control patients, and area under receiver operating curve (AUROC) analysis showed that plasma EVs-Lnc-MALAT1 was a potential diagnostic marker for liver fibrosis, especially for high liver fibrosis. Plasma EVs with highly expressed Lnc-MALAT1 derived from high liver fibrosis patients up-regulated the expression of the fibrotic markers and enhanced the Wnt/β-catenin signaling in human hepatic stellate cells LX-2, and the fibrogenic effects in LX-2 were inhibited by Lnc-MALAT1 knock-down. Interestingly, TGF-β1, a potent pro-fibrotic cytokine, promoted the expression of Lnc-MALAT1 in LX-2 and its pro-fibrotic effects were also abolished by siRNA for Lnc-MALAT1, suggesting that Lnc-MALAT1 probably functions as a common mediator in the activation and fibrogenesis of HSCs. Our results indicate that enhanced expression of Lnc-MALAT1 in the fibrotic liver stimulate the activation of HSCs and thus promote their fibrogenic activity. These results also provide evidences that Lnc-MALAT1 is a potential therapeutic target and plasma EVs-Lnc-MALAT1 is a potential diagnostic biomarker for liver fibrosis.
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INTRODUCTION

Liver fibrosis is a long-term pathological process characterized by increased extracellular matrix (ECM) around the liver parenchyma (Ellis and Mann, 2012). It often occurs in response to a variety of hepatic insults such as metabolic abnormalities, hepatitis B/C virus infections, toxins, drugs, and etc., (Pu et al., 2021). When an insult induces a liver injury, the parenchymal cells regenerate to replace the injured hepatic cells. Persistent insults will result in regeneration failure of the parenchymal cells, eventually leading to increased hepatocyte apoptosis, hepatic stellate cell (HSC) activation and fibrogenesis (Zhang et al., 2017).

The mechanism of hepatic fibrogenesis is complex and HSC activation is one of the most important contributors (Lee and Friedman, 2011; Gandhi, 2017; Dewidar et al., 2019). HSCs become rapidly activated by reactive oxygen species (ROS), cytokines, growth factors and microRNAs produced during liver injury (Puche et al., 2013). Once activated, HSCs produce and deposit increasing amounts of type I and III collagen, a-smooth muscle actin (a-SMA) and fibronectin in the ECM, companied by imbalanced expression of matrix metalloproteinases and tissue inhibitor of metalloproteinases (Duarte et al., 2015). TGF-β, the most potent fibrogenic cytokine produced by several cells including activated HSCs, binds to its receptors and induce the Smad signaling pathway to promote procollagen mRNA expression (Mann and Mann, 2009). Other factors such as β-catenin, INF-g and CTGF also contribute to activation and ECM synthesis of HSCs via different signaling pathways (Rachfal and Brigstock, 2003; Chen et al., 2005; Monga, 2015).

Recently, emerging evidence has shown that long noncoding RNAs (lncRNAs), RNA transcripts longer than 200 nucleotides with regulatory roles in many biological processes, participate in activation and fibrogenesis of HSCs. Zhang et al. (2017) identified a lncRNA, lnc-LFAR1, in CCl4- and bile duct ligation-induced liver fibrosis mouse models. Lnc-LFAR1 promoted HSC activation and liver fibrosis through TGF-β and Notch pathways. Other lncRNAs including nuclear paraspeckle assembly transcript-1 (NEAT-1), Hox A distal transcript (HOTTIP), metastasis-associated lung adenocarcinoma transcript 1 (Lnc-MALAT1), highly upregulated in liver cancer (HULC), small cajal body specific RNA 10 (SCARNA10), small nuclear RNA host gene 7 (SNHG7) and plasmocytoma variant translocation 1 (PVT1) have been found to be up-regulated in fibrotic liver tissues to induce HSC activation and enhance accumulation of ECM through various mechanisms (Ganguly and Chakrabarti, 2021). Among these lncRNAs, our special interest is Lnc-MALAT1. Besides its controversial roles in liver fibrogenesis, Lnc-MALAT1 is found to be packed into EVs, suggesting that it may be used as an indicator of liver fibrosis (Dai et al., 2019).

In our current study, EVs-Lnc-MALAT1 in the plasma of liver fibrosis patients was detected to evaluate whether it had diagnostic values for liver fibrosis. Simultaneously, the role of EVs-Lnc-MALAT1 in liver fibrosis and the associated fibrogenic mechanism were investigated in the human hepatic stellate cells LX-2 in vitro and in human fibrotic liver tissues.



MATERIALS AND METHODS


Patients

Plasma and tissue samples from 60 informed patients with liver fibrosis and 46 informed controls were collected from the First Affiliated Hospital of Anhui Medical University (Hefei, China) between August 2019 and June 2021 and accordance with the declaration of Helsinki. Inclusion criteria: patients in normal group are hepatitis B virus infected, diagnosed to be normal by liver biopsy and do not received treatment, while patients in fibrosis group are hepatitis B virus infected, diagnosed to be liver fibrosis by liver biopsy and do not received treatment. Exclusion criteria: alcoholic liver, non-alcoholic fatty liver disease, autoimmune hepatitis, other types of hepatitis, cirrhotic decompensation, liver cancer and other systemic fibrotic diseases. Liver fibrosis tissues were obtained from patients with liver fibrosis who undertook biopsy and hepatectomy, while the control liver tissues were collected from patients with hepatic hemangiomas or hepatic cysts who received hepatectomy. Signed informed consent was obtained from all patients before the specimen collection. Characteristics of all the patients are shown in Supplementary Table 2. Ethical approval for this study was granted by the Ethics Committee of the Faculty of Science, First Affiliated Hospital of Anhui Medical University.



Extracelllar Vesicles Extraction and Characterization

In total samples, 4 ml of plasma were centrifuged at 3000 × g for 30 min to remove cellular debris and then centrifuged at 4°C, 100,000 × g for 90 min. The EVs pellet was resuspended in 4 ml PBS and filtered with 0.22 μm filter (Millpore, Massachusetts) centrifuged at 4°C, 100,000 × g for 90 min. The EVs pellet was resuspended in 50 ul PBS and stored at −80°C for later use. For observation of EVs structure, the EVs solution was loaded on a carbon-coated copper grid, washed and negatively stained with uranyl acetate, and then observed under Transmission Electron Microscopy (TEM, JEM 1,400, Japan). For analysis of the components of the isolated EVs, TSG101 and CD81 were detected by western blotting. For analysis of the size distribution, the EVs solution was diluted 1:20 in PBS and analysized using particle size analysis System (Zetasizer Nano, Malvern, United Kingdom). The protein concentration of the EVs was detected using Bicinchoninic Acid Assay (BCA, Beyotime, Shanghai).



Cell Culture and Treatment

The immortalized human hepatic stellate cell line LX-2 was provided by Dr. Scott Friedman (Mount Sinai School of Medicine, United States) and was detected to be free of mycoplasma. LX-2 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, New York) supplemented with 10% fetal bovine serum (FBS, Gibco, New York), 100 U/mL penicillin and 100 U/mL streptomycin, and maintained at 37°C in a humidified environment containing 5% CO2. For EVs related experiments, Exosome-Free FBS (Absin Bioscience, Shanghai) was used to exclude the EVs contamination from fetal bovine. The culture medium was changed every 1–2 days.

For assessment of the effect of EVs isolated from the plasma of the liver fibrosis patients on LX-2 fibrogenesis, 1 × 106 LX-2 cells on a 6-well plate were transfected with 0.8ug/ml of Lnc-MALAT1-specific small interference RNA (siRNA-Lnc-MALAT1, GenePharma, Shanghai) or irrelevant small RNA (as a negative control, siRNA-NC, GenePharma, Shanghai) by lipo3000 (Invitrogen, CA, United States) for 4 h. After replacement of the culture medium with fresh medium, the cells were treated with 100 ug plasma EVs from liver fibrosis patients or from the control subjects and continued to culture for another 44 h. The cells were collected for quantitative real-time-PCR (qRT-PCR) and western blot analysis. Treatment with TGF-β1 (10 ng/ml in PBS) was used as a positive control and with equivalent PBS as a negative control.

For assessment of the effect of endogenous Lnc-MALAT1 on TGF-β1-induced fibrogenesis, 1 × 106 LX-2 cells on a 6-well plate were transfected with 0.8ug/ml of siRNA- Lnc-MALAT1) or siRNA-NC by lipo3000 (Invitrogen, CA, United States) for 4 h. After replacement of the culture medium with fresh medium, the cells were treated with PBS or 10ng/ml TGF-β1 for another 44 h. The cells were collected for qRT-PCR and western blot analyses.



Western Blot

Tissues, cells and EVs were lysed with RIPA buffer (Beyotime, Shanghai) and centrifuged at 4°C, 12,000 × g for 30 min. The supernatants were collected and the protein concentration was determined by BCA protein assay kit. Total 20 mg proteins in the samples were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Millipore Corp, Billerica, MA, United States). After blocking in 5% skim milk, the membranes were washed with Tween 20-buffered saline (TBS) and incubated overnight with the specific primary antibodies at 4°C. Rabbit polyclonal antibodies against α-SMA (1:1000, 14395-1-AP, Proteintech, Chicago), Collagen I (1:1000, ab270993, Abcam, United States), β-catenin (1:5000, 51067-2-AP, Proteintech, Chicago), β-actin (1:5000, 20536-1-AP, Proteintech, Chicago), c-myc (1:1000, sc-40, Santa Cruz Biotechnology, Dallas), Cyclin-D1 (1:5000, ab40754, Abcam, United Kingdom), TSG101 (1:5000, ab125011, Abcam, United Kingdom), CD81 (1:5000, ab109201, Abcam, United Kingdom), and Calnexin (1:1000, ab75801, Abcam, United Kingdom) were used, respectively. The membranes were incubated with the corresponding horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. After washing with TBS, protein bands were visualized with an ECL chemiluminescence kit (ECL-plus, Thermo Fisher, MA, United States) by a chemiluminescent western blotting detection system (chemidoc, BioRad, CA, United States). The intensity of the bands was analyzed with Image J software.



Quantitative Real-Time PCR

Total RNA was isolated in cell, tissue and EVs samples using Trizol reagent (Invitrogen, CA, United States) according to the manufacturer’s instructions. Extracted total RNA was resuspended with RNase-free water and the concentration was measured and using Nano Drop 2,000 (Thermo Fisher, MA, United States). In total RNAs, 500 ng was reverse transcribed and then quantitively analyzed using RT reagent Kit and SYBR-Green Master Mix (Takara, Japan). Relative primer sequences are listed in Supplementary Table 1. Duplicate of each sample were determined. GAPDH was used as an internal reference.



Fluorescence in situ Hybridization

Fluorescence in situ hybridization (FISH) was performed using a probe specifically targeting Lnc-MALAT1 (GenePharma, Shanghai) according to the manufacturer’s instructions. Briefly, paraffin sections were dewaxed with xylene and proteins were removed by proteinase K. After heat denaturation, the sections were incubated overnight at 37°C with the probe (gacggttgagaagtggcaaaatatagcgtgtggaaagatttgagtgagggaggcaaaaagtagttc, 1 μmol/L) target Lnc-MALAT1, then subjected to DAPI staining for the nucleus and finally observed under a fluorescent microscope (BX60, Olympus, Japan).



Hematoxylin-Eosin Staining, Masson Staining, and Immunohistochemistry

Liver tissues from liver fibrosis patients and the control were formalin-fixed and paraffin-embedded. Hematoxylin-eosin (HE) staining and Masson staining were performed according to a standard procedure and used to evaluate the changes in liver pathology and collagen deposition, respectively. Liver fibrosis patients were divided into high fibrosis score group (s = 3–4) and low fibrosis scores group (s = 1–2) by two pathologists independently according to the Ishak scoring (kappa = 0.8453)(Ishak et al., 1995).

For immunohistochemistry (IHC), the slides were treated with 0.3% hydrogen peroxide, blocked in 2% bovine serum albumin. Primary antibodies against α-SMA (1:100, 14395-1-AP, Proteintech, Chicago, IL, United States), Collagen I (1:250, ab270993, Abcam, United Kingdom), β-catenin (1:100, 51067-2-AP, Proteintech, Chicago, IL, United States), c-myc (1:100, sc-40, Santa Cruz Biotechnology, Dallas, TX, United States) and Cyclin-D1 (1:250, ab40754, Abcam, United Kingdom) were used for incubation overnight at 4°C. The sections were then incubated with biotinylated secondary antibody at room temperature for 1 h. All the slides were observed under a light microscope (DM6B, Leica, Germany) and assessed by using the software of Image-pro plus 6.0.



Statistical Analysis

Area under curve (AUC) and 95% confidence interval were used to assess the diagnostic efficiency of plasma EVs-Lnc-MALAT1 for detecting liver fibrosis. The Youden indices were used to confirm the optimal cutoff values and their best sensitivity and specificity combination in the training set. The level of Lnc-MALAT1 in EVs were expressed as medians with interquartile ranges, and the remaining data are expressed as mean ± SD (standard deviation). The student’s t-test was used to compare differences between groups. When the data were not normally distributed, we used the Mann-Whitney U-test for data analysis. Associations between gender were analyzed using 2-tailed χ2 testing. P-values less than 0.05 were considered to be significantly different. All statistical analyses were performed with Graph pad Prism 8.0.




RESULTS


Long Noncoding RNA Metastasis-Associated Lung Adenocarcinoma Transcript 1 Correlates With Liver Fibrosis

The liver tissues from 60 liver fibrosis patients, together with 46 patients with hepatic hemangiomas or hepatic cysts as the control liver tissues, were first subjected for HE staining and IHC analysis. Obvious fibrotic liver tissues were observed in the liver fibrosis patients (Supplementary Figure 1A). Also, enhanced expression of the typical markers Collagen I and a-smooth muscle actin (a-SMA) was detected by IHC (Supplementary Figure 1B), and relative integral optical density (IOD) of collagen I and a-SMA staining was significantly increased, compared with those in the control liver tissues (Supplementary Figure 1C). Similarly, western blotting and qPCR analyses indicated that the protein and mRNA expression of Collagen I and a-SMA was up-regulated in the fibrotic liver tissues (Supplementary Figures 1D–E). Other clinical characteristics of the 106 patients were summarized in the Supplementary Table 2.

For observation of Lnc-MALAT1 expression in the fibrotic liver tissues, the consecutive sections of the liver tissues were used for FISH and Masson staining. Lnc-MALAT1 was found to be enriched in the liver tissues of the liver fibrosis patients compared to in the liver tissues of the control patients, and mostly located within and surrounding the fibrotic lesions (Figures 1A,B). Quantitive analysis of the FISH-stained sections revealed that IOD in the liver tissues of liver fibrosis patients was much higher than those of the controls (Figure 1C). Similar results were obtained by qPCR detection of Lnc-MALAT1 expression in the liver tissues (Figure 1D). These results suggest that Lnc-MALAT1 expression is associated with liver fibrogenesis.
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FIGURE 1. Expression of Lnc-MALAT1 in the fibrotic liver tissues and plasma EVs-Lnc-MALAT1 as a potential diagnostic marker. (A) Representative image of fluorescence in situ hybridization (FISH) targeting Lnc-MALAT1 in the liver specimens from the high fibrosis group and the control group; (B) Representative image of Masson staining in the consecutive tissue slides. (C) Relative integral optical density (IOD) value of Lnc-MALAT1 measured by Image-pro plus (n = 6 in each group. (D) Levels of Lnc-MALAT1 in the liver tissues determined by qRT-PCR (n = 6 in each group). (E) Scatter plot of the Lnc-MALAT1 expression in plasma EVs derived from the high fibrosis group (n = 21), low fibrosis group (n = 39) and control group (n = 46). (F) ROC analysis of the EVs-Lnc-MALAT1 level as a diagnostic marker for liver fibrosis. (G) ROC analysis of the EVs-Lnc-MALAT1 level for discrimination of high fibrosis from low fibrosis. *, **, and *** represent p-values less than 0.05, 0.01, and 0.001, respectively.




Long Noncoding RNA Metastasis-Associated Lung Adenocarcinoma Transcript 1 in Plasma Extracelllar Vesicles Was a Potential Indicator of Liver Fibrosis

To find out whether Lnc-MALAT1 exists in EVs, we first isolated the EVs from the plasma samples of the patients and then determined Lnc-MALAT1 by qRT-PCR. The level of lnc-MALAT1 is 0.8589 (± 2.3145) in fibrosis group and 0.0887 (± 0.1299). Characterization of the isolated EVs, including TEM observation of shape and structure, western blotting identification of EVs-components, and Nanoparticle tracking Analysis (NTA) size distribution, was presented in Supplementary Figure 2. TSG101 and CD81 were highly enriched in plasma EVs but were barely detectable in the whole-cell lysates (Supplementary Figure 2C).

For analysis of correlation of the plasma EVs-Lnc-MALAT1 with liver fibrogenesis, the 60 liver fibrosis patients were further divided into a high fibrosis group (21 patients, scoring = 3–4) and a low fibrosis group (39 patients, scoring = 1–2) according to the pathological Ishak scoring. Detection by qRT-PCR showed that relative expression of plasma EVs-Lnc-MALAT1 was 0.089, 0.208, and 2.068 in the control, the low fibrosis and the high fibrosis patients, respectively, showing that relative expression of plasma EVs-Lnc-MALAT1 was correlated with liver fibrogenesis (Figure 1E). Therefore, the diagnostic value of the plasma EVs-Lnc-MALAT1 in liver fibrosis was evaluated by ROC analysis. AUCs in the whole fibrosis patients, high fibrosis patients and low fibrosis group were 0.656, 0.759, and 0.601 (Figure 1F). The high fibrosis group had the highest AUC, with the sensitivity and specificity of 0.571 and 0.957, respectively. In addition, the AUC in discriminating the high fibrosis group from the low fibrosis group was 0.712 (Figure 1G). More detailed results of the ROC analysis including p-values and critical values were shown in Table 1. These data suggest that plasma EVs-Lnc-MALAT1 is a potential indicator of liver fibrosis, although further investigations are required.


TABLE 1. Diagnostic values of Lnc-MALAT1 for liver fibrosis.
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The β-Catenin Signaling Pathway Is Enhanced in the Fibrotic Liver Tissues and Activated Hepatic Stellate Cells

Due to its etiological diversity, liver fibrogenesis has been reported to involve several signaling pathways (Ge et al., 2014; Dropmann et al., 2016). In the current study, the β-catenin signaling pathway is studied in liver fibrosis. IHC Detection revealed that the expression of β-catenin, Cyclin-D1 and c-myc, representative molecules in the β-catenin signaling pathway, was elevated in the fibrotic liver tissues, compared with those of the control liver tissues (Figures 2A,C). Lnc-MALAT1 detected by FISH in the consecutive slides was located at the same area positive for the β-catenin signaling molecules (Figure 2B). Consistent with the IHC results, qRT-PCR and western blot analyses showed that the mRNA and protein expression of β-catenin, Cyclin-D1 and c-myc was significantly higher in the fibrotic liver tissues than those in the control liver tissues (Figures 2D,E).
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FIGURE 2. Correlation of enhanced β-catenin signaling with up-regulated Lnc-MALAT1 expression in the fibrotic liver tissues. The liver tissue specimens from the high fibrosis group and control group (n = 6 in each group) were used for IHC, FISH and qRT-PCR analyses. (A) Representative images of IHC detection of the expression of β-catenin, cyclin-D1, and c-myc. (B) Representative image of FISH for Lnc-MALAT1 in the consecutive tissue slides. (C) IOD values of the expression of β-catenin, cyclin-D1, and c-myc measured by the software of Image-pro plus 6.0. (D) The mRNA expression of β-catenin, Cyclin-D1 and c-myc detected by qRT-PCR. (E) Western blot analysis of the protein expression of β-catenin, Cyclin-D1, and c-myc (three specimens from each group were detected, and relative expression intensities were expressed on the right). *, **, and *** represent p-values less than 0.05, 0.01, and 0.001, respectively.


Activation of HSCs is an important contributor in liver fibrosis (Lang and Brenner, 1999; Zhou et al., 2008). For understanding the β-catenin signaling in activation and fibrogenesis of HSCs, LX-2 cells, a human hepatic stellate cell line, were treated with TGF-β1 to induce activation of the cells. As expected, treatment with TGF-β1 induced the expressions of α-SMA and Collagen I at both mRNA and protein levels examined by western blotting and qRT-PCR (Supplementary Figures 3A,B). The β-catenin signaling molecules β-catenin, cyclin-D1 and c-myc were also up-regulated by TGF-β1 (Supplementary Figures 3A,B). Interestingly, enhanced expression of Lnc-MALAT1 was detected in the TGF-β1-treated LX-2 cells (Supplementary Figure 3C). These results indicate that TGF-β1 activates HSCs, enhances their fibrogenic ability and increases β-catenin signaling, and also suggest that up-regulated Lnc-MALAT1 may participate in the fibrogenesis of HSCs.



Extracelllar Vesicles Isolated From Liver Fibrosis Patients Enhanced Fibrogenesis in vitro in a Long Noncoding RNA Metastasis-Associated Lung Adenocarcinoma Transcript 1-Dependent Manner

For elucidation of the role of EVs-Lnc-MALAT1 in liver fibrosis, LX-2 cells were incubated with the EVs isolated from the plasma of patients in the high fibrosis group or from the control plasma, with TGF-β1 as a positive control. Similar to TGF-β1 (Lane 2, Figures 3A,B), the plasma EVs isolated from the high liver fibrosis patients induced increased expressions of α-SMA, Collagen I, β-catenin, cyclin-D1 and c-myc at both mRNA and protein levels in LX-2 cells (Lane 4, Figures 3A,B), as compared with those of the plasma EVs isolated from the control patients (Lane 3, Figures 3A,B). Notably, pre-transfection of siRNA specific for Lnc-MALAT1 into the cells inhibited the fibrosis plasma EVs-induced expressions of these molecules (Lane 6, Figures 3A,B), demonstrating that the enhanced effects by the plasma EVs from the liver fibrosis patients were Lnc-MALAT1-depentent. Lnc-MALAT1 expressions in the LX-2 cells with the different treatments were correlated with the enhanced effects (Figure 3C), further confirming that Lnc-MALAT1 played a pivotal role in the activation and fibrogenesis in HSCs.
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FIGURE 3. Enhanced LX-2 activation and β-catenin signaling by EVs with highly expressed Lnc-MALAT1. LX-2 cells were transfected with Lnc-MALAT1-specific siRNA or irrelevant small RNA and then treated with plasma EVs from high liver fibrosis patients or from the control subjects and continued to culture for another 44 h. The cells were collected qRT-PCR and western blot analyses. Treatment with TGF-β1 (10 ng/ml in PBS) was used as the positive control. (A) Western blot analysis of collagen I, α-SMA, β-Catenin, Cyclin-D1, and c-myc. The numbers indicate different treatment. Relative intensity of the bands was expressed in the middle and right panels (n = 6). (B) qRT-PCR analysis of the mRNA expression of collagen I, α-SMA, β-Catenin, Cyclin-D1 and c-myc (n = 6). (C) qRT-PCR analysis of the expression of Lnc-MALAT1 (n = 6). *, **, and *** represent p-values less than 0.05, 0.01 and 0.001, respectively.




Knock-Down of Endogenous Long Noncoding RNA Metastasis-Associated Lung Adenocarcinoma Transcript 1 Inhibited TGF-β1-Induced Fibrogenesis and the β-Catenin Signaling Pathway in vitro

The results describe above indicated that TGF-β1 induced the activation and fibrogenesis and unexpectedly, up-regulation of Lnc-MALAT1 expression in LX-2 cells. For further understanding whether the TGF-β1-induced activation and fibrogenesis depend on increased Lnc-MALAT1 expressions, we first transfected the si-RNA specific for Lnc-MALAT1 (si-Lnc-MALAT1) into LX-2 cells and then observed the fibrogenic effects of treatment with TGF-β1. Similar to the results of Supplementary Figure 3, TGF-β1 treatment enhanced the mRNA and protein expressions of α-SMA, collagen I, cyclin-D1 and c-myc into LX-2 cells (Figures 4A,B). Pre-transfection of si-Lnc-MALAT1, but not irrelevant RNA (si-NC), suppressed the TGF-β1-induced fibrogenic effects (Figures 4A,B). Consistent with these results were the expression levels of Lnc-MALAT1 as detected by qRT-PCR (Figure 4C). These observations indicate that TGF-β1-induced activation and fibrogenesis of LX-2 cells are via up-regulation of endogenous Lnc-MALAT1 expression.
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FIGURE 4. Inhibition of TGF-β1-induced fibrogenesis and β-catenin signaling in LX-2 cells by Lnc-MALAT1 knock-down. LX-2 cells were transfected with Lnc-MALAT1-specific siRNA or irrelevant small RNA, then treated with PBS or 10ng/ml TGF-β1 and continued to culture for another 44 h. (A) Western blot analysis of collagen I, α-SMA, β-Catenin, Cyclin-D1, and c-myc. The numbers indicate different treatment. Relative intensity of the bands was expressed in the middle and right panels (n = 6). (B) qRT-PCR analysis of the mRNA expression of collagen I, α-SMA, β-Catenin, Cyclin-D1 and c-myc (n = 6). (C) qRT-PCR analysis of the expression of Lnc-MALAT1 (n = 6). *, **, and *** represent p-values less than 0.05, 0.01 and 0.001, respectively.





DISCUSSION

Liver fibrosis is a continuous wound-healing process, triggered and sustained by pro-fibrotic cytokines such as TGF-β1 and associated with increasing in Collagen I and α-SMA expression (Zhang et al., 2017; Brandon-Warner et al., 2018). HSCs are primary targets in liver fibrosis. In response to injury and inflammation, activated HSCs secrete the extracellular matrix proteins that form fibrous scar (Popov and Schuppan, 2009; Kisseleva, 2017).

Growing number of studies have shown that Lnc-MALAT1 is associated with different kind of organ fibrosis (Leti et al., 2017; Liu et al., 2019; Huang et al., 2021). Choi et al. (2010) have reported that downregulation of Lnc-MALAT1 can decrease the level of Rac1 and thus inhibit HSC activation, while other reports indicate that Lnc-MALAT1 is an HSC activator in several animal and in vitro studies (Dai et al., 2019). However, the association of Lnc-MALAT1 with liver fibrosis in humans have not yet been understood. In our current research, a significantly increased expression of Lnc-MALAT1 was found in the fibrotic liver tissues and plasma EVs of liver fibrosis patients by qRT-PCR. Meanwhile, the location of Lnc-MALAT1 and Collagen I and α-SMA were detected by FISH and IHC analysis, respectively, which indicated that Lnc-MALAT1 was mainly localized in/surrounding the fibrotic tissues, suggesting a close relationship between liver fibrosis and Lnc-MALAT1. EVs isolated from the plasma of patients with high liver fibrosis promoted fibrogenic activity of the human hepatic stellate cells LX-2, as manifested by increased expression of collagen I and α-SMA. Since EVs derived from control group have stronger activated effect on the LX-2 than TGF-β1, the fibrosis process could be attributed not only to EVs-Lnc-MALAT, but also to HBV or other molecules in EVs such as mRNAs, non-coding RNAs and proteins, which need further investigation (Grant et al., 2011). The promotion effect of the isolated EVs on LX-2 was inhibited by pre-transfection of Lnc-MALAT1-specific siRNA, indicating that Lnc-MALAT1 mediated the fibrogenic activity of LX-2 cells. Our results is consistent with the finding by Dai et al. (2019) who reported that EVs with highly expressed Lnc-MALAT1 stimulated LX-2 activation. It is interesting that TGF-β1, a potent pro-fibrotic cytokine, induced Lnc-MALAT1 expression in LX-2 cells and the pro-fibrotic effect of TGF-β1 was abolished by Lnc-MALAT1-specific siRNA. It is likely that Lnc-MALAT1 is a common mediator in the fibrogenesis of hepatic stellate cells, although the underlying molecular mechanisms is still elusive.

Wnt/β-catenin signaling has been widely reported to be implicated in the pathogenesis of several liver diseases (Kikuchi and Yamamoto, 2008; Zhang et al., 2013). Our previous study demonstrated that octreotide, an analog of somatostatin, significantly inhibited CCl4-induced hepatic fibrosis and TGF-β1-induced activation of LX-2 cells through suppression of the Wnt/β-catenin signaling pathway (Zhang et al., 2018). In our present study, the expression of the Wnt/β-catenin signaling proteins β-catenin, cyclinD1 and c-myc, as detected by IHC staining, was up-regulated, and co-localized with Lnc-MALAT1 as detected by FISH in the fibrotic liver tissues. The expression of Wnt/β-catenin signaling molecules was enhanced in the EVs- or TGF-β1-activated LX-2 cells, which was inhibited by Lnc-MALAT1-specific siRNA. These results demonstrate that Lnc-MALAT1 has an enhancing role in the Wnt/β-catenin signaling, although the molecular mechanism needs further study.

Currently, liver biopsy and histological examination is still a main diagnostic method for liver fibrosis. Due to invasiveness of liver biopsy, non-invasive methods such as transient elastography (Lai and Afdhal, 2019) and serological determination of biomarkers including hyaluronic acid, collagen IV, procollagen type III and laminin (Liu et al., 2016) become prospective in recent years. ROC analysis of the plasma EVs-Lnc-MALAT1 levels in 60 cases of liver fibrosis patients and 46 control subjects in our current study revealed 65.6% of AUC, with 51.7% of sensitivity and 78.3% of specificity. When only patients with high fibrosis scoring were included, the diagnostic value was improved, with 75.9, 57.1, and 95.7% of the AUC, sensitivity and specificity, respectively. Interestingly, the AUC of high fibrosis group was higher than PCIII (AUC = 0.752) and the other three serological fibrosis indicators, according to the data researched by Liu et al. (Liu et al., 2016). These results indicate that plasma EVs-Lnc-MALAT1 is a potential biomarker for liver fibrosis, especially for high liver fibrosis, although the sample size was small and plasma Lnc-MALAT1 and other biomarkers were not included in the current study.



CONCLUSION

Our current study revealed that enhanced expression of Lnc-MALAT1 was co-localized with increased expression of the fibrotic markers (collagen I and α-SMA) as well as the Wnt/β-catenin signaling proteins (β-catenin, cyclinD1 and c-myc) in the fibrotic liver tissues. Similar to TGF-β1, EVs with highly expressed Lnc-MALAT1 that were derived from the plasma of liver fibrosis patients up-regulated the expression of the fibrotic markers and enhanced the Wnt/β-catenin signaling in HSCs, and blocking of Lnc-MALAT1 expression by Lnc-MALAT1-specific siRNA abolished these effects in both the EVs-treated and TGF-β1-treated HSCs. As TGF-β1 stimulated the expression of Lnc-MALAT1 in HSCs, Lnc-MALAT1 probably contributes to the activation of HSCs. These results suggested that Lnc-MALAT1 is a potential therapeutic target for liver fibrosis. Another finding in our present study is that plasma EVs-Lnc-MALAT1 may be used as a diagnostic biomarker for liver fibrosis.
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