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It is difficult to treat malignant melanoma because of its high malignancy. New and effective therapies for treating malignant melanoma are urgently needed. Ergosterols are known for specific biological activities and have received widespread attention in cancer therapy. Here, LH-1, a kind of ergosterol from the secondary metabolites of the marine fungus Pestalotiopsis sp., was extracted, isolated, purified, and further investigated the biological activities against melanoma. In vitro experiments, the anti-proliferation effect on tumor cells was detected by MTT and colony formation assay, and the anti-metastatic effect on tumor cells was investigated by wound healing assay and transwell assay. Subcutaneous xenograft models, histopathology, and immunohistochemistry have been used to verify the anti-tumor, toxic, and side effect in vivo. Besides, the anti-tumor mechanism of LH-1 was studied by mRNA sequencing. In vitro, LH-1 could inhibit the proliferation and migration of melanoma cells A375 and B16-F10 in a dose-dependent manner and promote tumor cell apoptosis through the mitochondrial apoptosis pathway. In vivo assays confirmed that LH-1 could suppress melanoma growth by inducing cell apoptosis and reducing cell proliferation, and it did not have any notable toxic effects on normal tissues. LH-1 may play an anti-melanoma role by upregulating OBSCN gene expression. These findings suggest that LH-1 may be a potential for the treatment of melanoma.
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Introduction

Malignant melanoma is a kind of cancer with a high incidence, high degree of malignancy, and poor prognosis. It is one of the most difficult to cure malignant tumors in the world. Although it accounts for only 4% of skin cancer cases, it accounts for 75% of skin cancer deaths. The 5-year survival rate is less than 10% (Garbe et al., 2016; Dimitriou et al., 2018; Davis et al., 2019; Suhonen et al., 2021). In China, there are about 20,000 cases of melanoma every year. Compared with Europe and the United States, the incidence rate is slightly lower and has not attracted people’s attention. Most of the newly diagnosed patients have reached the middle and late stages. Subsequently, cancer cells have spread to important organs such as the liver, lung, and brain through blood vessels or lymphatic vessels, of which lung metastasis is the most common site of metastasis (Whiteman et al., 2016; Gershenwald et al., 2017). The treatment for advanced melanoma is limited, in addition to traditional surgical treatment, radiotherapy, and chemotherapy, it also includes targeted therapy and immunotherapy. Although these drugs are still used extensively in clinical treatment, their effect is not satisfactory due to drug resistance and toxic side effects (Ouellet et al., 2016; Grimaldi et al., 2017; Rozeman et al., 2018; Ny et al., 2020; Ziogas et al., 2021). Hence, innovative agents against melanoma are urgently needed. Therefore, the exploration of new drugs for tumor cells that have little effect on normal cells will be beneficial to the treatment of melanoma in the future.

In the last few years, a growing interest in microbial secondary metabolites reflects the importance of microbial secondary metabolites in the discovery and development of new drugs which might be associated with their rich chemical structure (Shen and Thorson, 2012; Wright, 2019; Maglangit et al., 2021). At present, a large number of natural products have been isolated from microbial secondary metabolites and have shown significant biological activities (Yi et al., 2020; Ramirez-Rendon et al., 2022). Among them, marine microorganisms play a major role in the research of natural products, inhabiting environments with extremely high salinity, high pressure, low temperature, and low oxygen for a long time, resulting in a wide variety of secondary metabolites and novel structures. For instance, aspulvinone H isolated from a marine-derived Aspergillus terreus showed strong anti-tumor activity in an SW1990-cell-induced xenograft model. Asperphenin A, a lipopeptidyl benzophenone from marine-derived Aspergillus sp., has an anti-tumor effect on colon cancer (Cruz et al., 2006; Liu et al., 2016; Bae et al., 2020; Shams Ul Hassan et al., 2021; Yan et al., 2021). As one of the secondary metabolites of fungi, ergosterol analogs have been shown to have anti-tumor, antioxidant, and anti-bacterial properties, and can promote the apoptosis of tumor cells, such as gastric cancer, lung cancer, liver cancer, and breast cancer cells (Shimizu et al., 2016; Tan et al., 2017; Wu et al., 2018; Bu et al., 2019; Zhou et al., 2019). However, the application of ergosterol analogs in anti-melanoma has not been reported in the literature.

OBSCN is primarily a gene necessary for the assembly and organization of sarcomere and sarcoplasmic reticulum in the myocardium and skeletal muscle (Young et al., 2001). Obscurins are giant cytoskeletal proteins with structural and regulatory roles which are encoded by the OBSCN gene that spans ∼170 kb on human chromosome 1q42 (Young et al., 2001; Ackermann et al., 2014). Although obscurins were originally discovered in striated muscle cells, it is now thought that they are also expressed in non-muscle tissues and play a key role in maintaining cellular homeostasis. A pioneering study that sequenced 13,023 genes in breast and colorectal cancer identified OBSCN as one of 189 candidate genes for displaying high-frequency somatic mutations (Sjoblom et al., 2006). Further analysis of the OBSCN Gene Mutation Atlas revealed the presence of missense OBSCN mutations in melanoma (Balakrishnan et al., 2007). It has been reported that the deletion of the OBSCN gene can promote the proliferation and migration of tumor cells in pancreatic cancer and breast cancer (Shriver et al., 2015; Tuntithavornwat et al., 2022).

In this study, our investigations on the ethyl acetate (EtOAc) extract of the sponge-derived fungus Pestalotiopsis sp. XWS03F09 resulted in the isolation of one compound 4,4-dimethyl-5α-ergosta-8,24(28)-dien-3β-ol (1) (named LH-1) (Figure 1A), which was consistent with the compound previously extracted in Marasmius oreades (Fattorusso et al., 1992) and Phycomyces blakesleeanus (Barrero et al., 1998). However, they only separated, extracted, and identified the compounds, and did not further study the activity and mechanism of the compounds.
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FIGURE 1
The structure of LH-1 and the Key HMBC correlations of LH-1.


LH-1 was screened for the in vitro anticancer activity against various cancer cell lines by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay method. We found that melanoma cells were more sensitive to LH-1 (The IC50 value of LH-1 on B16-F10 melanoma cells was 16.57 μM at 72 h) than other cancer cell lines (IC50 values > 60 μM at 72 h). Therefore, we further investigated the biological activities against melanoma in vitro and in vivo. Our data provided that LH-1 could inhibit proliferation and migration, induce apoptosis via the mitochondria apoptotic pathway, and upregulate OBSCN gene expression in melanoma cells. In addition, we also evaluated the anti-tumor activity of LH-1 in the B16-F10 tumor-bearing xenograft mice model. These results indicate that LH-1 could be a promising new anti-melanoma drug that is worth further investigation.



Materials and methods


Reagents and instruments

AV400MHZ nuclear magnetic resonance spectrometer (Bruker, Germany); BSZ-100 collector (Shanghai Jiapeng Technology Co., Ltd., Shanghai, China); Nmur1300 rotary evaporation instrument (Shanghai Ailang Instrument Co., Ltd., Shanghai, China); ZF-20D dark box ultraviolet spectrometer (Shanghai Baoshan Gucun Electro-Optic Instrument Factory, Shanghai, China); DLSB-5/20 cryogenic coolant circulation instrument (Zhengzhou Science and Technology Industry and Trade Co., Ltd., Zhengzhou, China.); Sephadex-LH-20 (GE Healthcare Bio-sciences AB, Uppsala, Sweden); SW-CJ-2D double purification table (Zhejiang Sujing purification equipment Co., Ltd., Zhejiang, China). Silicone (Anhui Liangchen Silicon Source material Co., Ltd., Anhui, China). 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT, Shanghai Yuan Ye Bio-Technology Co., Ltd., Shanghai, China). Hoechst 33342 solutions (Shanghai Yuanye Technology Co., Ltd.). PI solutions (Beyotime Biotechnology, Shanghai, China). The fluorescence images of cells were obtained by the Nikon Ts2R-FL fluorescence microscope (Tokyo, Japan). The absorbance was determined by SpectraMAX M5 microplate spectrophotometer (Molecular device); Western blot analyses and immunohistochemistry were performed using primary antibodies against Cleaved Caspase 3 antibody, β-actin antibody, and Bcl-2 antibody (Chengdu Zhengneng Biotechnology Co., Ltd., Chengdu, China); Ki-67 antibody, Bax antibody (Cell Signaling Technology, Boston, USA); Cleaved Caspase 9 antibody (Abcam, Shanghai, China).



Fungal material

The strain was provided by the Yonghong Liu Research Group of the South China Sea Institute of Oceanography, Chinese Academy of Sciences and the preservation number is XWS03F09. The strain was isolated from the sponge Phakellia fusca in Xisha Islands and identified as Pestalotiopsis sp. by morphological and Internally Transcribed Spacer (ITS) sequence systematic analysis. The strain was preserved in the School of Pharmacy of Southwest Medical University and stored in an MB slant medium at 4°C (Supplementary Table 2).



Fermentation and isolation

After the strain Pestalotiopsis sp. XWS03F09 was activated, and it was inoculated into the plate medium, cultured at 28°C for 5–7 days, inoculated to the liquid medium, and cultured on the 180RPM shaker at 28°C for 2 days, and the seed solution was obtained. A total of 10% concentration was inoculated into the rice solid medium containing 1% crude sea salt and cultured at 28°C for 36 days. The solid strain at the end of fermentation was soaked in acetone, mashed and soaked overnight, filtered with gauze, then extracted with ethyl acetate, concentrated, and the crude substance was obtained. The crude extract of ethyl acetate was eluted by silica gel column chromatography (CH2Cl2-MeOH) (50:1, 10:1, 5:1, 1:1) to obtain five components of Fr.1∼Fr.5. Three components of Fr.2 were eluted by dextran gel chromatography (Sephadex LH-20 C.C) and eluted with MeOH. The Fr.2.1∼Fr.2.3; Fr.2.2 was eluted by silica gel column chromatography P.E.-EtOAc (Fr.2.1∼Fr.2.3; Fr.2.2 E) (20:1), and the target compound was obtained and named LH-1. (220.0 mg).

4,4-dimethyl-5α-ergosta-8,24(28)-dien-3β-ol (LH-1), White solid; [image: image] 15.9 (c 0.1, MeOH); HRESIMS m/z 449.3849 [M+Na]+ (Supplementary Figure 1). 1H NMR (400 MHz, CDCl3) and 13C NMR data, see Supplementary Table 3.



Cell culture

A375, B16-F10, and 293T cells were purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). They were cultured in DMEM supplemented with 10% heat-inactivated FBS (Gibco, Auckland, New Zealand) and 1% penicillin/streptomycin solution at 37°C in a water-saturated 5% CO2 incubator.



Cell viability assay

Cell viability assay was determined by MTT assay. A375 and B16-F10 cells were seeded overnight in 96-well plates. The cells were treated with different concentrations of LH-1 (60, 50, 40, 30, 20, 10, 5, 2.5, and 1.25 μM) for 24, 48, and 72 h, respectively. After treatments, 20 μL of 5 mg/mL MTT was added to each well and incubated for 2–4 h. MTT formazan crystals were dissolved in 100 μL DMSO and incubated for 15–20 min. The absorbance at 570 nm was measured by SpectraMAX M5 microplate spectrophotometer (Molecular Devices) and the cell growth survival rate was calculated. Each experiment was performed at least three times.



Colony formation assay

The A375 and B16-F10 cells were seeded in 6-well plates at 200–500 cells/well and treated with various concentrations of LH-1 (40, 20, 10, and 2 μM) after 24 h. The cells were incubated for 10 days, and the medicated medium was changed every 3 days. Finally, the cells were fixed with methanol and stained with 0.5% crystal violet for 20 min, and the colonies containing >50 cells were counted. The colony formation numbers were analyzed using Image J software. Each experiment was performed at least three times.



Wound healing assay

The A375 and B16-F10 cells were seeded in 6-well plates at 3 × 105 cells/well overnight. And the cells were scratched by micro-pipette tips and then washed with PBS twice. And cells were treated with various concentrations of LH-1 (20, 10, and 2 μM) after 24 h. Then the cells were washed with PBS to remove non-adherent cells and cell debris in the medium. And the migration distance was taken by the microscope and analyzed using Image J software. Each experiment was performed at least three times.



Transwell migration assay

The migration ability of B16-F10 cells was measured using transwell chambers. Cells in 200 μL serum-free medium with various concentrations of LH-1 (20 and 2 μM) were added to the upper chamber at a density of 5 × 105/mL, while the lower chamber was filled with 500 μL medium containing 10% FBS. After being treated for 24 h at 37°C, the B16-F10 cells were fixed with methanol for 20 min and stained with crystal violet for 20 min. Finally, cells were viewed by the microscope and analyzed using Image J software. Each experiment was performed at least three times.



Propidium iodide staining

Propidium iodide (PI) staining was used to observe cell death. The B16-F10 cells (2 × 105 cells/well) were seeded in 6-well plates overnight. After being treated with different concentrations of LH-1 for 24 h, the B16-F10 cells were washed with PBS and stained with PI solutions. After incubation, the staining effect was observed under the fluorescence microscope.



Morphological analysis by Hoechst staining

The morphological changes related to apoptosis were observed by Hoechst 33342 staining, and the apoptosis-inducing effect of LH-1 was detected. After incubating with LH-1 (40, 20, 10, and 2 μM) for 24 h, the A375 and B16-F10 cells were washed with PBS and stained with Hoechst 33342 solutions (2 μg/mL). Then, the nuclear morphology of cells was observed by fluorescence microscopy.



Western blot analysis

Collection, lysis, and quantification of B16-F10 cells (BCA Protein Assay Kit; Beyotime, China). Western blot analysis was performed with the indicated antibody. Protein density was analyzed by ImageJ software. The monoclonal antibody against β-actin was used as a control. Data were described as multiple differences from untreated controls.



Subcutaneous xenograft models

All animal experiments were approved by the Southwest Medical University in China (Permit Number: 201903-38) (Supplementary Table 4), and all protocols were carried out following approved guidelines. Female C57BL/6 mice 4–6 weeks of age were obtained. 5 × 105 cells (100 μL cell suspension) were subcutaneously implanted into the lumbosacral region of C57BL/6 mice to prepare the B16-F10 tumor xenograft model. When the tumors reached an average volume of 100 mm3, the mice were randomly divided into three groups (n = 6). LH-1 (10 and 40 mg/kg) or vehicle was administered intraperitoneally once every 2 days for 15 days, and the tumor and body weights were measured every 2 days. The tumor volume was calculated as follows: volume = 0.5 × a × b2, among them a (mm) is the length of the tumor, and b (mm) is the width of the tumor. Tumor inhibition rate = (average volume of the control group–average volume of the experimental group)/average volume of the control group ×100%.



Histopathology and immunohistochemistry

Tumor tissues fixed in formalin were subjected to hematoxylin and eosin (H&E) to detect whether there are any toxic and side effects on normal organs and immunohistochemistry analysis to detect anti-Ki67 and cleaved caspase-3 (Liu et al., 2022).



mRNA sequencing and bioinformatics analysis

B16-F10 cells treated with LH-1 for 24 h were sequenced by Shenzhen Huada Genome Co., Ltd., Shenzhen, China. The concentration of LH-1 was 20 μM. Total RNA was extracted from the cells using Trizol (Invitrogen, Carlsbad, CA, USA) according to manual instruction, qualified and quantified using a NanoDrop and Agilent 2100 bioanalyzer (Thermo Fisher Scientific, Waltham, MA, USA). The sequencing data was filtered with SOAPnuke (v1.5.2) (Li et al., 2008). The heatmap was drawn by heatmap (v1.0.8) according to the gene expression in different samples. Differential expressed genes (DEGs) was identified using DESeq2 package (v1.4.5) (Love et al., 2014) under the criterion of the adjusted P < 0.05 and | log2FC| > 1. The clusterProfiler Bioconductor software was used to enrich gene ontologies (GO) and the Kyoto encyclopedia of genes and genomes (KEGG) (v4.2.2).



Quantitative real-time polymerase chain reaction

Cells were lysed with 1 mL of RNA-easy Isolation Reagent (Nanjing Novozan Biotechnology Co., Ltd., Nanjing, China), and cDNA was synthesized with the HiScript® III RT SuperMix for qPCR (+gDNA wiper) (Nanjing Nuowizan Biotechnology Co., Ltd.). QRT-PCR was performed by using Taq Pro Universal SYBR qPCR Master Mix (Nanjing Novozan Biotechnology Co., Ltd.). The Primers used are listed in Supplementary Table 1 of the Supplementary material. Sequence data were submitted to the NCBI Sequence Read Archive under BioProject ID PRJNA866290.



Statistical analyses

All the results are shown as the mean ± standard deviation (SD), which were determined using GraphPad Prism 8.0 software (GraphPad, Inc., La Jolla, CA, USA). Comparisons between the treatment and negative control groups were conducted by the independent sample t-test. Statistically significant P-values were labeled as following: *P < 0.05, **P < 0.01, ***P < 0.001.




Results


Identification of 4,4-dimethyl-5α-ergosta-8,24(28)-dien-3β-ol (LH-1)

LH-1 was isolated as a white solid. The 1H NMR (Supplementary Figure 2) data of LH-1 displayed seven methyl signals at δH 0.61 (3H, s, H-18), δH 1.00 (3H, s, H-19), δH 0.96 (3H, d, J = 6.5 Hz, H-21), δH 0.99 (3H, d, J = 6.5 Hz, H-26), δH 0.95 (3H, d, J = 6.5 Hz, H-27), δH 0.81 (3H, s, H-29), δH 1.02 (3H, s, H-30). The 13C NMR (Supplementary Figure 3), DEPT (Supplementary Figure 4), and HSQC (Supplementary Figure 5) data showed 30 carbon signals corresponding to seven methyls, 10 methylenes, 6 methines carbons, and 6 oxygenated carbons. A detailed analysis of the NMR data of LH-1 revealed that it was a known compound, 4,4-dimethyl-5α-ergosta-8,24(28)-dien-3β-ol (LH-1), which was previously reported from P. blakesleeanus. This was proved by the HMBC (Supplementary Figure 6) correlation from 3-OH (δH 3.24) to C-29 (δC 15.4), C-2 (δC 28.5), C-4 (δC 39.0), and C-3 (δC 79.0), from Me-29 (δH 0.81) to C-30 (δC 27.9), C-5 (δC 50.2), C-4 (δC 39.0), and C-3 (δC 79.0), from H-25 (δH 2.21) to C-24 (δC 156.9), C-28 (δC 105.9), C-27 (δC 21.9), and C-26 (δC 19.9), from H-28 (δH 4.71) to C-24 (δC 156.9), C-23 (δC 31.1), and C-25 (δC 33.8) (Figure 1B). The planar structure of LH-1 was determined by HSQC, HMBC, and COSY experiments (Supplementary Figure 7). The NOESY (Supplementary Figures 8, 9) correlations observed between H-3/H-2α; H-1β/H3-18; H3-18/H-11β; H-H3-19 and H-11β; and H-16α/H17α suggested that the hydroxy group on C-3 and the methyl on C-10 had a cis-relationship, and the hydroxy at C-3 was in the β-orientation (Supplementary Figure 12). According to the literature and comparison of the NMR data (Barrero et al., 1998), LH-1 was identified as 4,4-dimethyl-5α-ergosta-8,24(28)-dien-3β-ol.



LH-1 inhibited the proliferation of melanoma cells

The MTT method was used to detect the anti-proliferative activity of LH-1 on different tumor cells. It was found that LH-1 had a selective inhibitory effect on melanoma cells and had no significant toxicity to human breast cancer cell MDA-MB-231 (IC50 > 60 μM at 72 h), human carcinoma cell A549 (IC50 > 60 μM at 72 h) and human renal epithelial cell HEK-293T (IC50 > 50 μM at 72 h) (Figure 2A and Supplementary Figure 10). The A375 and B16-F10 cells were treated with LH-1 at different concentrations for 24, 48, and 72 h. As shown in Figure 2B, the inhibitory effect of LH-1 on the proliferation of melanoma cells in a concentration and time-dependent manner. The IC50 values of LH-1 on A375 and B16-F10 cells melanoma cells were 13.42 and 16.57 μM at 72 h, respectively. Furthermore, we did colony-forming assays to further investigate the effect of LH-1 on the A375 and B16-F10 cells. After treatment with different concentrations of LH-1, the colony formation numbers of A375 and B16-F10 in the 10 μM group were 15.92 and 66.9% of those in the control group, and 0.55 and 7.46% in the 40 μM group, respectively (Figure 2C).


[image: image]

FIGURE 2
LH-1 inhibited melanoma cell viability. (A) IC50 of LH-1 in melanoma cells A375, B16-F10, human breast cancer cells MDA-MB-231, human lung adenocarcinoma cells A549, and human renal epithelial cells HEK-293T for 72 h. (B) Melanoma cell lines A375 and B16-F10 were treated with different concentrations of LH-1 for 24, 48, or 72 h, respectively. And the viability was measured by the MTT assay. (C) The effects of LH-1 on colony formation in two melanoma cell lines for 10 days and the statistical data were shown on the right. All experiments were repeated at least three times. **P < 0.01, ***P < 0.001 vs. control(C).




LH-1 inhibited the migration of melanoma cells

The colony formation results agree with the MTT data and indicated that LH-1 selectively inhibited the growth of melanoma cells. In addition, the cell wound-healing, transwell assay, and western blot assay were performed to evaluate the anti-metastatic effect of LH-1. As shown in Figure 3A, the inhibitory effect increased with the increase in concentration. The migration capacity of A375 and B16-F10 in the 10 μM group was 74.79 and 88.76% of that in the control group, and 60.52 and 69.04% in the 20 μM group, respectively. The transwell assay results showed that the number of cells passing through the transwell chamber in the LH-1 group was lower than that in the control group. LH-1 significantly inhibited transwell migration in A375 and B16-F10 melanoma cells in a dose-dependent manner (Figure 3B). And the MMP-9 showed an apparent decrease after treatment of LH-1 (Figure 3C). To sum up, this finding suggested that LH-1 could inhibit the proliferation and migration of melanoma cells.
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FIGURE 3
LH-1 inhibited melanoma cells A375 and B16-F10 migration. (A) A single scratch was created in the confluent monolayer of A375 and B16-F10 cells. The scratch was photographed at 24 h after LH-1 treatment (left) and migrated cell numbers (right) were analyzed by Image J software. (B) Cells were allowed to migrate through the transwell chamber in the presence of an indicated concentration of LH-1. Representative photographs of migrated cells (left) and quantification of these cells (right) were shown. (C) Cells were treated with the indicated concentration of LH-1 for 24 h, expression levels of MMP-9 were determined by the Western blot analysis (left), and relative expression levels were analyzed by Image J software (right). All experiments were repeated at least three times. **P < 0.01, ***P < 0.001 vs. control.




LH-1 induced apoptosis by the mitochondrial apoptotic pathway in melanoma cells

Avoiding apoptosis is one of the signs of cancer (Hanahan and Weinberg, 2011). Mitochondrial apoptosis is one of the main pathways of cancer cell death. Apoptosis is characterized by cell shrinkage, chromatin condensation, and nuclear and cell fragmentation. These characteristics lead to the formation of apoptotic bodies (Cotter, 2009). As shown in Figure 4A, with the increase in LH-1 concentration, the number of remaining cells gradually decreased and the morphology changed significantly. At the same time, the number of PI-positive cells gradually increased. To evaluate whether LH-1 can induce apoptosis, Hoechst 33342 staining was performed to visualize the formation of apoptotic bodies. As shown in Figure 4B and Supplementary Figure 11, apoptotic bodies and chromatin agglutination are significantly increased compared with control. Besides, these changes were concentration-dependent. Anti-apoptotic members of the Bcl-2 family such as pro-apoptotic proteins Bax and anti-apoptotic proteins Bcl-2 are representative markers of apoptosis (Cory et al., 2003). To further confirm the apoptosis-promoting effect of LH-1, the expression of apoptosis-related proteins was detected by western blot assay. We examined Bax, Bcl-2, Cleaved Caspase-3, and Cleaved Caspase-9 expression levels in B16-F10 cells after treatment with LH-1 for 24 h. As shown in Figure 4C, the expression level of Bcl-2 was significantly decreased, whereas Bax, Cleaved Caspase-3, and Cleaved Caspase-9 were increased in a dose-dependent manner. These results suggested that the inhibitory effect of LH-1 on melanoma cells is achieved by inducing the mitochondrial apoptotic pathway.


[image: image]

FIGURE 4
LH-1 induced cell apoptosis via mitochondria-mediated apoptosis. (A) B16-F10 cells were treated with the indicated concentration of LH-1 for 24 h, and the morphology of cells and the cell with positive propidium iodide (PI) staining were under a fluorescence microscope. (B) Hoechst staining was used to stain apoptotic cells after treatment with LH-1. (C) Cells were treated with the indicated concentration of LH-1 for 24 h, and the expression levels of Bax, Bcl-2, Cleaved Caspase-3, and Cleaved Caspase-9 were determined by the Western blot analysis (left), and relative expression levels were analyzed by Image J software (right). All experiments were repeated at least three times. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control.




LH-1 inhibited melanoma tumor growth in vivo

To test the anti-tumor effect of LH-1 in vivo, the xenograft model of B16-F10 cells in mice was established and the mice were injected intraperitoneally with 10 and 40 mg/kg every other day for 15 days. As shown in Figures 5A–D, compared with the vehicle group, LH-1 treatment could inhibit tumor growth and tumor weight, and the inhibitory effect of the 40 mg/kg dose group was stronger than that of the 10 mg/kg dose group. The tumor inhibition rate of the low-dose group is 75.44%, and the high-dose group is 92.56%. Notably, during treatment, there was no significant change in the body weight of mice during the treatment (Figure 5E). The above data indicated that LH-1 inhibited melanoma tumor growth in vivo and has no significant effect on the body weight of mice. To validate whether LH-1 is toxic to normal organs of mice, the main organs were stained with hematoxylin and eosin (H&E) staining and observed under a light microscope. No histopathological abnormality was found in the treatment group (Figure 5F), these results indicated that LH-1 had no significant toxic or side effects on the main organs of mice. To further understand the anti-tumor mechanism of LH-1 in vivo, immunohistochemistry analysis was performed. As is shown in Figure 5G, after LH-1 treatment, cell proliferation (Ki-67 positive) significantly decreased and apoptosis significantly increased (Cleaved Caspase-3 positive). Consequently, the LH-1 inhibited tumor growth in the B16-F10 xenograft tumor model by inhibiting cell proliferation and inducing cell apoptosis.
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FIGURE 5
LH-1 inhibited tumor growth in vivo. In the B16-F10 xenograft model, the mice were treated with LH-1 (10 and 40 mg/kg) or vehicle. (A) Tumors from mice treated with LH-1 or vehicle on the final day. (B) Tumor volumes were measured every 2 days and were represented as the mean ± SD (n = 6, *P < 0.05, **P < 0.01 versus vehicle group). (C) Quantitative analysis of tumor volume changes on the final day (Day 15). (D) Represented the weight of tumors from mice in different groups when the mice were sacrificed at the endpoint. P-values for comparing two groups were determined using a two-tailed Student’s t-test. (E) Body weights were measured every 2 days and were represented as the mean ± SD (n = 3, The difference was not statistically significant). (F) Histological observation of LH-1 treated mice. Microscopic pathology of the heart, liver, spleen, lung, and kidney shows no evidence of adverse systemic toxicity following LH-1 treatment in the mice. Slides were observed under a microscope (×200). (G) Tumor cell proliferation was evaluated through immunohistochemical analysis staining with Ki-67 and cleaved caspase-3, and the statistical data of positive staining were shown on the right. *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle.




LH-1 induces OBSCN expression

To further study the anti-melanoma mechanism of LH-1, mRNA sequencing was performed in B16-F10 cells treated with LH-1. As shown in Figure 6A, the total number of 6,130 genes was markedly altered in B16-F10 cells, a heatmap was generated to show LH-1-induced changes in gene expression in B16-F10 cells. The GO enrichment analysis indicated that the significant changes mainly focused on the “TGF-β signaling pathway” and “Glutathione transferase activity.” As we all know, the transforming growth factor (TGF)-β signaling events are to control diverse processes and numerous responses, such as cell proliferation, differentiation, apoptosis, and migration (Xie et al., 2018). Among them, promoting apoptosis and mesenchymal transformation are the two most important functions of TGF-β (Song and Shi, 2018). Although our experimental results showed that the TGF-β signaling pathway was activated after LH-1 treatment, the occurrence and development of the tumor is a complex process, not the result of the action of a single factor. In the future, the specific mechanisms of action can be studied by detecting key proteins in this pathway. In addition, γ-Glutamylcyclotransferase is one of the main enzymes in glutathione metabolism. It is upregulated in many cancers (breast, ovarian, cervical, lung, etc.) and promotes the progression of cancer. Its deletion leads to the inhibition of cancer cell proliferation, invasion, and migration (Kageyama et al., 2018). The experimental results suggested that LH-1 may inhibit melanoma growth by downregulating glutathione metabolism. And then several genes related to carcinogenesis were selected from the top 20 mRNA-seq upregulated genes and were further verified by qRT-PCR. As shown in Figure 6B, the OBSCN gene was upregulated significantly. Our study suggested that LH-1 may play an anti-melanoma role by upregulating OBSCN gene expression, activating the TGF-β signaling pathway, and inhibiting glutathione transferase activity.


[image: image]

FIGURE 6
Gene expression changes induced by LH-1 in melanoma cells. (A) Differential expressed genes (DEGs) expression profile and related functional term enrichments. Each row represents a single DEG and each column represents a sample. Heatmap values were normalized from –2 (blue; low expression counts) to +2 (red; high expression counts) (the left heatmap panel). Representative genes (middle panel) and enriched pathways (right panel) are then displayed. The upregulated genes and pathways are marked by orange, and the downregulated pathways are marked by blue. (B) The qRT-PCR validation of representative gene expression in B16-F10 cells. qRT-PCR was repeated at least three times. *P < 0.05 vs. control.





Discussion

Human malignant melanoma is a highly invasive human cancer, and its incidence has increased faster than any other cancer in the past few decades (Sung et al., 2021). For advanced melanoma, targeted therapies (e.g., dabrafenib, ipilimumab) are now available in other countries but are costly (Gordon et al., 2016). Therefore, new anti-melanoma targeted therapies are urgently needed. In recent years, due to the wide sources of natural products, more and more studies have been conducted on their anti-tumor effects (Fontana et al., 2019). Especially, microbial secondary metabolites have become a rich source of new drugs, which have made great contributions to the discovery of new drugs (Lei et al., 2021; Ramirez-Rendon et al., 2022).

In this study, we extracted, isolated, and purified the target compound LH-1 from the secondary metabolites of the marine fungus Pestalotiopsis sp. and its structure was identified as 4,4-dimethyl-5α-ergosta-8,24(28)-dien-3β-ol. Afterward, its biological activities against melanoma were explored for the first time. The inhibitory effect of LH-1 on melanoma and its molecular mechanism was investigated in vitro and in vivo (Figure 7). First of all, LH-1 inhibited the proliferation of two melanoma cell lines in a time-and concentration-dependent manner and had no significant inhibitory effect on normal cells. A sterol derived ergosterol peroxide (EP), extracted from medicinal mushrooms, has been reported to exert antitumor activity in several tumor types. The IC50 to ovarian cancer cells and lung cancer cells is about 50 and 23 μM, respectively (Tan et al., 2017; Wu et al., 2018). However, the IC50 value of LH-1 on B16-F10 melanoma cells is 16.57 μM, which is better than that of EP. Furthermore, to explore the anti-proliferation mechanism of LH-1, Hoechst 33342 staining was performed, and we found that LH-1 could induce apoptosis of melanoma cells in a dose-dependent manner. Apoptosis is an important way to destroy cancer cells, and the mitochondrial apoptosis pathway is the main signal pathway of apoptosis (Cotter, 2009). Bax, a member of the pro-apoptotic family, is a member of the BCL-2 family, which plays a central role in the permeability of the mitochondrial outer membrane and then induces apoptosis (Gibson and Davids, 2015). After LH-1 treatment, the pro-apoptotic protein Bax, Cleaved Caspase-3, and Cleaved Caspase-9 were increased, while the anti-apoptotic proteins Bcl-2 were decreased. Summarizing these data, LH-1 induced the apoptosis of melanoma cells through the mitochondrial apoptotic pathway. In vivo, the C57BL/6 mice tumor model of subcutaneous transplants showed that LH-1 inhibited tumor growth and had no significant effect on the body weight of mice. We also found the activation of apoptosis (Cleaved Caspase-3 positive cells) and the decrease of cell proliferation (Ki-67 positive cells) by immunohistochemistry with mouse tumor tissue.


[image: image]

FIGURE 7
Diagram of the mechanism of LH-1 inhibiting melanoma.


The main cause of melanoma death is the occurrence of metastases (Xia et al., 2021). Upregulation of MMP-9 is often associated with increased cancer cell migration, invasion, and metastasis (Zhu et al., 2019). Therefore, the inhibitory effect of LH-1 on melanoma metastasis was evaluated by cell migration assay. Wound healing assay and transwell assay showed that LH-1 could inhibit the migration of melanoma cells. In addition, LH-1 downregulated the expression levels of MMP-9 in B16-F10. The above results have shown that LH-1 inhibited the migration of melanoma in vitro.

Recently, OBSCN mutations have been found in many types of cancer, suggesting that the gene may play a key role in different cancers. It has been reported that giant obscurin regulates migration and metastasis in pancreatic cancer (Tuntithavornwat et al., 2022), and the loss of giant obscurins from breast epithelium promotes epithelial-to-mesenchymal transition, tumorigenicity, and metastasis (Shriver et al., 2015). These results suggest that OBSCN may be a gene related to inhibiting the occurrence and development of cancer. Some studies have found that OBSCN has mutations in melanoma, suggesting that OBSCN may be related to the mechanism of melanoma progression (Balakrishnan et al., 2007). We found that the OBSCN was significantly increased after LH-1 treatment in melanoma cells, and it was speculated that LH-1 inhibited the proliferation and migration of melanoma by targeting OBSCN. However, how LH-1 affects the upregulation of OBSCN requires further analysis. (Tan et al., 2017) reported that EP showed antitumor effects toward ovarian cancer cells through both β-catenin and STAT3 signaling pathways, and we speculate whether LH-1, which is similar to EP’s structure, also acts through this pathway. We will study in this direction in follow-up experiments.

Due to the easy access and non-toxicity side effects, the use of marine natural products particularly marine fungi-derived biomolecules for inflammation, and cancer therapy has received much attention. This study paves the way for us to study anti-melanoma drugs of marine fungal secondary metabolites.



Conclusion

This study has extracted, isolated, purified the target compound LH-1, and evaluated the anti-melanoma activity of LH-1 in vivo and in vitro. Our study verified that LH-1 induced apoptosis through the mitochondrial apoptosis pathway and inhibited the migration via downregulated expression levels of MMP-9 in melanoma cells. In addition, LH-1 showed anti-tumor activity in the xenograft model in vivo and had no significant toxicity. Altogether, LH-1 is a promising candidate for treating melanoma growth and metastasis.
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